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Abstract. This paper presents the GARRLIC algorithm 1 Introduction

(Generalized Aerosol Retrieval from Radiometer and Lidar

Combined data) that simultaneously inverts coincident li-

dar and radiometer observations and derives a united set ditmospheric aerosols are known to be important part of

aerosol parameters. Such synergetic retrieval results in adhe complex physical-chemical processes thatimpact Earth’s

ditional enhancements in derived aerosol properties becauséimate. Such impacts take their effects both on global and

the back-scattering observations by lidar improve sensitivityr€gional scales (e.@'Almeida et al, 1991, Charlson et aJ.

to the columnar properties of aerosol, while radiometric ob-1992 Hobbs 1993 Pilinis et al, 1995 Ramanathan et al.

servations provide sufficient constraints on aerosol amoun001, Forster et al.2007 Hansen et al2011). Also, aerosol

and type that are generally missing in lidar signals. pollution affects a population’s health (e.gones 1999
GARRLIC is based on the AERONET algorithm, im- Harrison and Yin 2000 and ecological equilibrium (e.g.

proved to invert combined observations by radiometer andBarker and Tingeyl992.

multi-wavelength elastic lidar observations. The algorithm is  In order to estimate these impacts, a large variety of meth-

set to derive not only the vertical profile of total aerosol con- 0ds for monitoring atmospheric aerosols were developed.

centration but it also differentiates between the contributions®Mong others, remote sensing methods, both active and pas-

of fine and coarse modes of aerosol. The detailed microphyssive, proved to be fruitful and convenient. A number of devel-

ical properties are assumed height independent and differoPed and launched space instruments g@rgon et al.2002

ent for each mode and derived as a part of the retrieval. ThVinker et al, 2007 provide global monitoring of aerosol

GARRLIC inversion retrieves vertical distribution of both Properties (e.gKing et al, 1999 Kokhanovsky et a).2007).

fine and coarse aerosol concentrations as well as the size di§Pservations by ground-based instruments generally provide

tribution and complex refractive index for each mode. more detailed and accurate information about aerosol prop-
The potential and limitations of the method are demon-€rties (e.gNakajima et al. 1996 Dubovik and King 2000

strated by the series of sensitivity tests. The effects of presbut cover only the local area near the observation site. In or-

ence of lidar data and random noise on aerosol retrievals arder to obtain such data at extended geographical scales, the

studied. Limited sensitivity to the properties of the fine mode 9round-based observations are often collected within obser-

as well as dependence of retrieval accuracy on the aerosdftional networks employing identical instrumentation and

optical thickness were found. The practical outcome of thestandardized data processing procedures. At present, there is

approach is illustrated by applications of the algorithm to the@ number of global and regional networks conducting both

real lidar and radiometer observations obtained over MinskP@ssive and active ground-based observations. For exam-
AERONET site. ple, the global AERONETHolben 1998 and East Asian

SKYNET (Nakajima et al.2007) networks of sun photome-
ters, as well as, a variety of lidar networks including regional
EARLINET (Bosenberg2000, ADNET (Murayama et aJ.
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2001, MPL-Net (Welton et al, 2002, ALiNe (Antuia et al, the spectral backscattering and usually rely on assumptions
2006, Cis-LiNet (Chaikovsky et al. 2006H and a recent about aerosol columnar properties. For example, information
global lidar network GALION Bodsenberg and Hgf2007) about aerosol type is usually used for constraining the lidar
have been established during the last two decades. Aerosehtio that defines relation between aerosol backscatter and
data collected by these networks provide valuable aerosoéxtinction. Combined with known boundary conditions, this
information that is widely used for validating satellite ob- provides missing information and allows quantitative inter-
servations (e.gRemer et al.2002 2005 Schuster et al.  pretation of lidar signals and retrieval of vertical profiles of
2012 Hasekamp et gl2011 Yoon et al, 2011, Kahn et al, aerosol backscatter and extinctidfl€tt, 1981, 1985. Com-
2010 Ahmad et al. 2010 and constraining aerosol prop- monly, the lidar ratio is chosen using a priori climatological
erties in climate simulation efforts (e.finne et al, 2003 data sets. For example, processing of lidar observations from
2008 Textor et al, 2006 Koch et al, 2009. the CALIPSO spaceborne platform relies on the climatologi-
Despite of the achieved progress in aerosol remote sensingal models of lidar ratio derived by cluster analysis of the en-
the limited accuracy in the knowledge of aerosol propertiestire database of AERONET retrievals obtainedfot0 yr of
remains one of the main uncertainties in climate assessmentshservationsQmar et al.2005. However, inconsistencies in
(Forster et al.2007 Hansen et al.2011). The expected im- the chosen lidar ratio directly propagate into derived results
provements in the ground-based aerosol monitoring are ass@nd may strongly affect the lidar retrievalSgsano et al.
ciated with two kinds of efforts: (i) enhancement of the obser- 1985 Kovalev, 1995. The most reliable and therefore prefer-
vation completeness by employing a variety of complimen-able approach is to define lidar ratio using coincident mea-
tary observational techniques and (ii) improvement of the acsurement by developing enhanced lidar capabilities or by ob-
curacy of derived aerosol information. For example, the num-taining missing information from other instrumenEe(rare
ber of extensive multi-instrumental aerosol campaigns haveet al, 1998a Gobbi et al, 2003. For example, enhancement
been organized (e.qRussell et al.1999 Raes et a).200Q of lidar observation can be achieved by employing lidar sys-
Ramanathan et al2001;, Miuller et al, 2003 Papayannis tems registering combined elastic-Raman signatsstnann
et al, 2005 McKendry et al, 2007 Huebert et al.2003 et al, 1992 Ferrare et al.1998ab; Turner et al. 2002
Ansmann et a).2011a Holben et al.2011). In addition, the  Mdller et al, 2007) or by conducting high spectral resolution
number of permanent monitoring sites equipped with severalidar observationshipley et al, 1983 Liu et al., 2002 Hair
instruments is continuously increasing (elgkamura etal. et al, 2008 Burton et al, 2012 Grol3 et al.2013. Usage of
1994 Waquet et al. 2005 Miuller et al, 2004 Ansmann  approaches with non-elastic observations result in significant
et al, 2010. In these regards, the columnar properties ofenhancement of the information contents in backscattering
aerosol derived by the photometers and aerosol vertical proebservations, which allows derivation of aerosol extinction
files provided by the lidars are clearly complimentary piecesprofiles and even estimations of aerosol microphysical prop-
of information about aerosol, both important for climatic erties without a priori constraints on aerosol type or load-
studies. Specifically, the columnar properties are importaning (Muller et al, 1999 2005 Veselovskii et al.2004). De-
for direct aerosol forcing estimations both on global and re-spite of the achieved progress in non-elastic lidar technology
gional scalesRilinis et al, 1995 Costa et al.2004). On (Baars et a].2009 Althausen et a).2009 the bulk of moni-
the other hand, the vertical structure of the aerosol is needetbring of vertical aerosol variability is conducted by the con-
for accounting of the indirect effects like influence on cloud ventional lidars and the constraining of aerosol type is done
formation McCormick et al, 1993 Bréon 2006. The im- using coincident airborne measurements by nephelometers
portance of obtaining simultaneous information about both(Hoff et al., 1996 Adam et al, 2004, spectrophotometers
columnar and vertical aerosol properties is rather evident foMarenco et al.1997) or using ground-based measurements
the scientific community, and, a substantial number of sitesdby sun photometerdNaquet et al.2005.
within ground-based networks conducting coincident lidar The straightforward constraining of the lidar retrievals us-
and photometric measurements have been established.  ing values of total aerosol optical thickness is a common way
In addition, the accumulation of a variety of complemen- of utilizing coincident sun-photometer measurements for the
tary data is not the only positive effect. It also helps to im- improvement of lidar observations processikgrnald et al.
prove the accuracy of the obtained data and derive quali972 Fernald 1984. In addition, several more sophisti-
itatively new aerosol characteristics. Indeed, processing otated approaches of combining two types of measurements
both passive and active remote measurements relies on a seere proposed recently for exploring additional sensitivi-
of several assumptions. For example, retrievals of aerosdiies in both lidar and photometric observations. Such meth-
columnar properties from passive methods use an assumpds are usually aimed not only at improving accuracy of
tion of the vertical distribution of aerosol. The uncertainties the retrieved aerosol characteristics, but rather at retrieving
in this assumption may have a notable effect on the retrievatjualitatively new aerosol information. For example, the most
result, especially in the case of polarimetric observations. Reeommon lidar products include vertical profiles of extinction
trievals from active sounding, on the other hand, deal withor/and concentration of aerosols that are derived using a li-
relatively limited information from the altitude profiles of dar ratio fixed under some assumptions about aerosol type,
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and coincident data from sun photometers could provide thesame time, some additional sensitivity to columnar proper-
required information about aerosol type. However, aerosoties of aerosol compared to radiometric data is provided from
type may change vertically, for example, when backgroundlidar measurements. For example, the radiometric observa-
aerosol is mixed with layers of transported aerosols as thoséons from ground do not include observation in back scat-
from desert dust or biomass burning aerosols. Ground-baseigring direction. In addition, the radiation field observed by
radiometric data have practically no sensitivity to vertical the radiometers, in particular its polarimetric properties, has
variability of aerosol; they can only provide some indica- some sensitivity to aerosol vertical distribution but usage of
tion of possible aerosol mixtures. On the other hand, specthis sensitivity is practically impossible without relying on
tral (sensitive to variations of aerosol sizes) and polarimet-independent information about vertical variability of aerosol.
ric (sensitive to particle shape) lidar measurements can trac&herefore, the approach proposed here is aimed to take the
a rather clear qualitative picture of vertical variability of advantage from all sensitivities in lidar and radiometric data
aerosol properties. Utilization of such lidar data in a combi- to both vertical and columnar aerosol properties and to com-
nation with coincident radiometric data allows some quanti-bine the benefits of the most powerful approaches to com-
tative description of vertical distribution of aerosol mixtures. bined lidar/radiometer data treatment.

Generally, information about sizes and composition of
aerosol particles obtained from radiometers is used for defin-
ing a number of different aerosol components and their de2 The GARRLIC algorithm concept
tailed properties (size distributions, complex refractive index
and particle shape). Then lidar data are fitted using opticaBoth LIRIC and GARRLIC algorithms use positive heritage
properties of these assumed aerosol components by searcbf the AERONET retrieval. For example, several key ele-
ing for their vertical mixture that provides the best match of ments of the statistically optimized inversion approach de-
lidar data. For example, studies Baikovsky et al(2002 signed for AERONET byDubovik and King(2000 were
2004 2006a 2012 andCuesta et al(2008 used the mea- adapted in LIRIC. In addition, LIRIC uses the identical to
sured spectral dependence of backscatter and extinction tAERONET model of aerosol microphysics. At the same
derive vertical distribution of two optically distinct aerosol time, LiRIC takes its roots from earlier lidar retrievals adopt-
modes assuming that only concentrations of the each aerosaig some elements of the AERONET retrieval. In this regard,
mode can change vertically. The size distributions and com-GARRLIC was created by direct modification of AERONET
plex refractive indices of each aerosol component were fixecand PARASOL algorithms adapting them for inclusion of
using the aerosol retrievals from AERONET radiometers.lidar data. The comparison of the mentioned algorithm in-
In the LIRIC (Lidar/Radiometer Inversion Code) algorithm puts is given in Figl. The approach for treating lidar data
Chaikovsky et al(2012 assumed two mono-modal fine and strongly relies on LiRIC heritage. Therefore, below we will
coarse aerosol components with the size distributions obreview the key aspects of all these algorithms that are used in
tained by dividing AERONET derived distribution into two the GARRLIC design.
using the minimum in the range of sizes from 0.194 to The AERONET operational retrieval is implemented suc-
0.576 um as a separation point. The complex refractive incessfully for more than a decade by the algorithm described
dex for both modes was assumed the same and equal to th®y Dubovik and King(2000. It had been testeddbovik
one retrieved by the AERONETuesta et al(2008 used et al, 2000, improved and upgraded over time. For ex-
more complex procedure. First, the AERONET size distri- ample, the following new modelling aspects have been in-
bution was decomposed into log-normal mono-modal distri-cluded: (i) accounting for particle non-sphericity in aerosol
butions. Then both bi-modal size distributions of each modescatteringDubovik et al, 2002k 20086, (ii) simulation of bi-
and complex refractive indices were defined using availabledirectional land and ocean surface propert@isyuk et al,
ancillary data.Ansmann et al(2011 used measured de- 2007, and (iii) both modelling of linear polarization and us-
polarization profiles in order to derive vertical distribution ing the polarimetric measurements in the retriealljovik
of spherical and non-spherical aerosol components with sizet al, 2006 Li et al., 2009. Years of the algorithm’s ex-
distributions and complex refractive indices fixed from mod- ploitation has shown the possibility to provide new valuable
elling. Also Sinyuk et al.(2008 have proposed retrieval of details of aerosol properties (e@ubovik et al, 20023 Eck
both columnar and vertical aerosol properties by inverting aet al, 2005 2012 etc.). The algorithm bypubovik and King
combined data from coincident observations by CALIPSO (2000 has been developed with the idea to achieve high flex-
satellite lidar and AERONET radiometers. ibility in using the various observations and deriving the ex-

The GARRLIC (Generalized Aerosol Retrieval from Ra- tended set of aerosol parameters. Specifically, the algorithm
diometer and Lidar Combined data) approach proposed iris based (se®ubovik and King 2000 Dubovik, 2004 on
this paper pursues even deeper synergy of lidar and radiomenulti-term LSM (least square method) that allows flexible
ter data in the retrievals. Indeed, the methods described abovend rigorous inversion of the various combinations of the in-
are aimed at enhanced processing of lidar data and do not irdependent multi-source measurements. As a result, the mod-
clude any feedback on aerosol columnar properties. At thdfications of the algorithm have been used for inverting the
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Fig. 1. Comparison of LiRIC and GARRLIC algorithms.

various combined data. For examp&inyuk et al.(2007) the algorithm byDubovik et al. (2011 can be used with
used a modified algorithm for deriving both aerosol and sur-no modifications in multiple applications. For example, the
face properties from coincident ground-based radiometer andame program can be used for aerosol retrieval from satellite
satellite observation§atebe et a2010 have implemented (e.g. POLDER/PARASOL), ground-based (e.g. AERONET)
a modification for inverting the combination of the ground- or aircraft observations. In the present development we used
based AERONET observations with the airborne observathis last version of the algorithm and modified it by adding
tions by the photometer and up- and down-looking radiome-a possibility to invert lidar observations together with pas-
ter and derived the detailed properties of aerosol both ovesive radiometric data. With that purpose modelling of lidar
and under the airplane together with properties of surface reebservations was included in the “forward model” and the
flectance. The latest modification of the algorithm has beerfnumerical inversion” module was adapted for inverting the
developed bybubovik et al.(2011) for retrieving both prop- combined radiometer and lidar observations. The details of
erties of aerosol and surface from observations of PARA-these modifications are described in two following sections.
SOL/POLDER. This version of the algorithm generalizes

and includes most of precedent modifications. Moreover, the o ) . i

main part of the computer routine realizing the algorithm has3 Modifications employed in the *“forward model

been significantly rewritten with the objective of the enhanc-
ing algorithm flexibility in order that it could be used in mul-
tiple applications with no or only minor modifications of the
main body of the algorithm routine. The algorithm has the
nearly independent modules “forward model” and “numeri-
cal inversion” (see Fig2) in the respect that these modules
can be modified independently. Correspondingly, if a possi-
bility of simulating a new measured atmospheric character-
istic is included in the “forward model” this characteristic
can be inverted with no modifications of the “numerical in-
version” module in the source code. Only input parameters
of the inversion program need to be changed. As a result

The previous versions of the retrieval codaupovik and
King, 2000 Dubovik et al, 2011 and its modifications
(Sinyuk et al, 2007 Gatebe et al2010 were developed for
inverting only passive observations by ground-based, satel-
lite 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 Fig3illustrates the concept of accounting for the
aerosol vertical variability in the “forward model” module of
the present algorithm. Although the concept has significant
similarities with LiRIC, it has several new aspects.
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Fig. 2. General structure of the inversion algorithm.
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Fig. 3. General scheme of the measurements modelling using a two-component vertically distributed aerosol model.

Similarly to LiIRIC, GARRLIC is designed to provide two 3.1 Attenuated backscatter
independent vertical profiles of the concentrations of fine
and coarse modes that are among the retrieved characteri$he attenuated backscatteci, 2) measured by lidar was
tics. Aerosol is described as a bi-component mixture of finemodelled in single-scattering approximation using the lidar
and coarse aerosol modes. The microphysical properties giquation:
each mode (particle sizes, complex index of refraction and N
shape) are height independent, while vertical profiles of con- N
centrations vary with altitude. Such approach minimizes theL (A 1) = A B(%, h) exp _2/ o, h)dh" ), @)
amount of a priori estimations used in the retrieval, and it is 0
expected to prgvide more detailed and accurate_ informatiothereA(M is the lidar calibration parameter(x, k) is the
about both vertical and columnar aerosol properties. In a con

trast 1o LIRIC. in the GARRLIC model the size int Is of vertical profile of atmospheric extinction, agdx, &) is the
rastto LIRIL, in the IL model the Size INevals Ot q ey profile of the atmospheric backscattering that is mod-

fractive ind be diff e h I tee'lled using profiles of atmosphere single-scattering albedo
ractive index may be different for each aerosol component. ' v 41 the phase functioR1(®, %, h) at scattering

angle® =180 as follows:
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1 and non-spherical aerosol fractio3upovik et al, 2011).
B, h) = EG()H h)wo(%, h) P11 (1800)‘7 h) (2) For reducing calculation time in the numerical integration
o . of spheroid optical properties over size and shape, these
The extinction and backscattering of the atmosphere argeqrnels were arranged as the look-up tables simulated for
affected by gaseous absorption, molecular scattering angadrature coefficients employed as discussed in details by
aerosol scattering and absorption: Dubovik et al.(2006. The calculations of kernels for non-

N _ oabs, scat ext sphericgl fraction were done gssuming nop—spherical aerqsol

o, h) Ggass( 1)+ o Ohn h) + o5 ), 3 as a mixture of randomly oriented polydisperse spheroids
with the distribution of the aspect ratios fixed to the one pro-

BGL 1) = BroiGes 1) + PaelGh, ). (@) b o

viding the best fit to the laboratory measurements of min-

The lidar measurements are made in window channel€ral dust (feldspar sample) phase matricesvblfen et al.

(0.355, 0.532 and 1.064pum) with very minor gaseous(ZOOJ).Such strategy of accounting for non-spherical shape
absorption that is accounted using known cIimatoIogi-Of desert dust aerosol is successfully used in the operational

cal data. The effects of molecular scattering are also acAERONET retrieval. .

counted by usage of climatological data. Specifically, the It is noteworthy that the spheroid model developed by
phase functiowﬂo'(18@ A, h) of molecular scattering is Dubovik et al.(2002h 2006 appeared to be rather useful
constant and well known. The variability of a molecu- for other aerosol remote sensing applications. It was shown

lar scattering profileoSS8{(5, 1) over an observation site that the spheroid model allows qualitative reproduction of the
mo ’

can be simulated with acceptable accuracy based on th@ain features of lidar observations of non-spherical desert
information about site’s geographical coordinates and el-dust Cattrall et al, 2005 Schuster et ].2012. Further-
evation Fleming et al 1988 http://ccme.gsfc.nasa.gov/ More,Veselovskii etal(2010), Di Girolamo et al(2012 and
modelweb/atmos/cosparl.hjmHowever, the aerosol prop- Muller et al. (2013 have incorporated the spheroid model
ertieso &4, h) and Baedr, 1) are highly variable and can- into the algorithm retrieving aerosol properties from lidar ob-

aer . . .
not be modelled using climatologies. Therefore, in the “for- Servations, which were, probably, one of the first attempts to

ward model” these properties are driven by the parameterg‘terpra qua}ntitatively the's'ensitivity of the lidar observa-
included in the vector of unknowns that are retrieved duringfions to particle non-sphericity. It should be noted that the
inversion. The radiometric observations both from groundStudies byMiiller et al.(201Q 2012 outlined some potential
and space are mostly sensitive to columnar properties ofSSues in the ability of the spheroidal model to reproduce ac-
aerosol; therefore the “forward model” in the previous ver- curately some specific features of the obtained backscatter-
sion of the algorithm was driven by the parameters describi"g observations. More recent comparisons of detailed Ra-
ing these columnar properties. The aerosol was assumed &82N observations with LIRIC retrleval_s (based on spheroid
a mixture of the several aerosol components. Each aerosdlodel) by Wagner et al(2013 and with AERONET re-
component was represented by a sum of spherical and noriti€ved columnar aerosol properties buller et al. (2013
spherical fractions. The spherical fraction was modelled as @rovided notably more positive conclusions regarding the po-
polydisperse mixture of the spheres. The non-spherical fractential of using spheroids for modelling aerosol backscatter-
tion was modelled as mixture of randomly oriented polydis- INg Properties. Though uncertainties in interpretation of the
perse spheroids. The distributions of particle volumes and théidar observations using spheroids exist, all above studies are
complex refractive indices were assumed the same in bot#) consensus that using spheroids as models of aerosol par-
spherical and non-spherical aerosol fractions. The extinctionlicles instead of spheres provides significant improvements
absorption and scattering properties of the aerosol in the totdl? interpretation of desert dust observations. Moreover, at

atmospheric column were modelled as present, a polydisperse mixture of spheroids is the only phys-
ical model used rigorously in operational aerosol retrievals
sph and, based on accumulated results and experience, there are
Textabdt) = Z , Z (cSPhKext/abs(“" i) numerous efforts dedicated to improving the spheroid model
k=loerrli Li=L,.... Ny or identifying a more accurate alternative model.
+ (1_ Csph) KPS apd- - ri)) d;/llc (’”i)i|’ 5) It should be noted that Eqs5)(and @) are written
nr for aerosol composed by, (k = 1, ..., N;) components,
where each component has different values of complex re-
wo(W) Pir(©,0) = Y [ > (csthfi’?h(..., ) fractive indexn, kx and size distributiofyc’2  Such pos-
k=1...Ny Li=1..n; sibility of modelling multi-component aerosol is included

+ (1 = csph) K7 (... i) dinr ing ground basedOubovik and King 2000 and satellite
(Dubovik et al, 2011) observations. In principle, such as-
where Kzggab ....ry) andK(..., ;) are the kernels of sumption allows for accurate modelling of scattering by mix-

extinction, absorption and scattering properties of sphericatures of aerosols of different types with distinctly different

dvi (ri)} ©) in the previous version of the algorithm for both invert-
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indices of the refraction. Such situations often appear in re-approximation using vertically dependent optical character-
ality, for example, when smoke is mixed with a transportedistics of the atmosphere:
layer of desert dust. The differentiation and retrieval of both

the size distributions and the complex refractive indices forA% = AT 4 Ar 4 Z ATP, )
each fraction of mixed aerosol from remote sensing is highly k=12

demanded and recommendellighchenko et al. 2007). Ar™ 4 S AT R )

However, due to the limited information content of radiomet- ' k=12

ric observation, realizing such retrieval is a very challeng—woo‘) - AT AT T A28 (10)
ing task. For example, sensitivity studies Bybovik et al. ' ! k=12

(2000 demonstrated and studied such retrieval in a series mol — aetk

of numerical tests with synthetic AERONET dataand found ,, AR R (©. ) 4 3 At oo Py 1) 1)

that the retrieval of bi-componendf, = 2) aerosol was non- AT 4 Y AT wg(h)
unigue. Specifically, using different initial guesses the re- k=12

trieval algorithm was finding several different bi-component o ~ ; .
aerosol mixtures providing an equally good fit of the observa-V-Vhere.Ar” @o(») and Fy; (©, 2) represent optical proper
P ganequally g ties ofi-th homogeneous layer of the atmosphere. It should

tions. As a result of this feature, the operational AERONET be noted that in the AERONET retrieval algorithBupovik
algonthm uses the assumption of mon(_)-cqmponent aerosal King 2000 the accountancy for aerosol vertical vari-
with size independent complex refractive index. Nonethe-ppiivy s also possible. However, the sensitivity studies

less, :n tEe present Is.tudy we use a ?|—component aeroscﬂy Dubovik et al. (2000 show practically no sensitivity
model, where aerosol is composed by fike () and coarse 4 4ar050] vertical profile and, as a result, the operational

(k =2) aerosol components with different size distributions \FRONET retrievals are conducted under the assumption of

and complex refractive indices. It is expected that a Combina'vertically homogeneous atmosphere. The PARASOL aerosol

tion of the observations by ground-based radiometer with thg o riayal byDubovik et al.(2011) accounts for vertical vari-
spectral lidar observations provide sufficient information for ability of aerosol (similarly as shown in Eqg)( and is de-
satisfactory retrieval of bi-component aerosol mixture prop-gigneq to retrieve some information about aerosol vertical
erties. Indeed, the spectral observations of lidar have sensjiciribution. However, the passive radiometric and polari-
tivity to mixture of aerosol layers at different altitudes. This eyc ohservations from space have very moderate sensitiv-
sensitivity shquld help to differentiate the properties of a bi- ity to aerosol vertical variability. Therefore, vertical profiles
componenF mlxtur.e. . . of aerosol concentrationg (k) in the PARASOL algorithm
_ The vertical variability of the atmosphere is modelled us- 50 40roximated by the Gaussian distribution and only the
ing vertical profiles of the volume concent_rauong(h) of median height of aerosol layér, is retrieved. In contrast,
the aerosol components under an assumption that such chagye profilese, () in the present study are not approximated
acteristics as size distribution, complex refractive index andby any specific function and could have practically arbitrary
particle shape of each aerosol component. are vertically i”'shapes. Such approach is necessary for adequate modeliling
dePe”‘?'e”t- There_fore, aerosol backscattefigg, 7) and ¢ jigar observations. In principle, such accurate accounting
extinction propertiesae(, 1) can be modelled as for aerosol vertical variability in radiative transfer calcula-

1 tions is not necessary for processing of passive observations,
Baedr, h) = — Z ok h, (V) Pf (180, 1) (7)  however, this may have some positive effects once radiomet-

4r k=1,2 ric data are combined with lidar observations, as it was done
in this study.
and
' 3.2 Adjustments of the “forward model” to model lidar
Oaelr, h) = T (A) cr(h), (8) observations

where the vertical profiles of the volume concentrationsTheoretically, the profiles; (1) should describe the variabil-
Zk(h) of aerosol components are normalized to unity: jty of aerosol at all altitudes from ground to space. How-
}OA co(hydh=1. ever, the height range of lidar measurements has limitations.
0 Usually ground-based lidar measurements do not cover all
Thus, this approach is convenient for both modelling atmosphere altitudes and are conducted between the upper
columnar aerosol properties by EgS) and @) and vertical  hmax and the lowernmin limits. Therefore, the vertical pro-
lidar observations by Eqlj. filesci (h) can be derived only between these limits and some
In addition, vertical variability of aerosol may have some assumptions about (k) for i > hmaxandh < hmin Should be
effect on the outgoing atmospheric radiances measured frormade in order to describe the vertical distribution of aerosol
space Dubovik et al, 2017). This variability is accounted by in the whole atmosphere column which is required for ra-
solving full radiative transfer equations in the plane parallel diative transfer calculations. Here, the aerosol dygix was
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Table 1. Parameters retrieved by the algorithm.

Aerosol characteristics

% i=1,... ,Ni"; k =1,2) values of volume size distribution in size binsceth aerosol component
ok (ny) (k=1, 2) vertical distribution of aerosol concentrationketh aerosol component, normalized to 1
Csph Faction of spherical particles of coarse aerosol component

n* () (i=1,...,Ny=7;k=1, 2) the real part of the refractive index foith aerosol component at every

of combined lidar/photometric measurement

K5 () i=1,..., N, =7;k=1, 2) the imaginary part of the refractive index foth aerosol component at every
of combined lidar/photometric measurement

Lidar calibration parameters

A(Ap) (i=1, ..., 3) Lidar calibration coefficient at eazhof the lidar measurement

assumed exponentially, decreasing froftimax) to a value 3.3 The calibration of lidar signal
close to zero (10%°) on the top of the atmosphekgoa, and _
underimin it was assumed constant and equal to the lowesCommonly, retrievals use the attenuated backscatter(eq.

estimated point; (/min) as the following: normalized by attenuated backscatter at the reference alti-
tudeh,es. This reference altitude is chosen from the altitudes
c(h) = c(hmin), h < hmin higher thanimay, assuming that amount of the aerosol over
c(h) = ¢ (hmay) exp(—ah), h > hmax (12)  thataltitude is negligible, i.e.
wherea is chosen from the condition that(htoa) — 0. L (X, hret) = Bmol (A, hre) X €XP
The actual lidar observations used in the present study had hret
an altitude range from 0.5 up to 10 km, with the altitude reso- —2| %0 + / (0gagh, 1) + omol(r, 1)) di” | | . (13)

lution Ak of 15 m, which provides information about aerosol
backscatter properties M, ~ 600 altitude point#;. In order
to avoid an excessively high number of the retrieved parameCorrespondingly ift®¥(1) is known the above attenuated
ters in the algorithniv;, was limited to a smaller number (60). backscattering at the reference altituglg can be easily cal-
Since air density decreases exponentially and a similar scaleulated. However, due to the high presence of noise at high
is expected for the variability of aerosol profiles, the logarith- altitudes the selection of the reference point remains a man-
mically equidistant £ In 4 = Consty:; have been chosen for ual procedure that influences lidar retrievat®yalev and
describing profilesy (1) in the algorithm. Oller, 1994 Matsumoto and TakeucHi994. To address this
The lidar measurements(i, ) were also scaled down problemChaikovsky et al(2004 have introduced the “cal-
from N, ~600 to a smaller number. This decreases calcu-bration coefficient’A(x) in Eq. (1) and included this value
lation time, and in addition, helps to decrease the effect ofinto the set of the retrieved parameters. If the error is small
high frequency noise. Since the power of the laser pulse reA (%) — 1. Here we follow the same concept and derive)
turned to a receiver decreases as square of the distance diiegether with the other unknowns (see the list of the retrieved
ing beam propagation in the atmosphere the level of noisarameters in Tablg).
strongly increases with the altitude. Therefore, the decima-
tion of lidar signals in logarithmic scale over altitude pro-
vides practically useful noise suppression. Since lidar signa
is measured with constant vertical resolutiai(=Const), e retrieval is organized as a multi-term LSM fitting simi-
the de_C|mat|0n in Iogarlthm|c scale r_esults ina de_crease Ofarly to the previous developmen@ybovik and King 200Q
samplllng rate W|th the increase of _altltude. Accordmg to theDubovik, 2004 Dubovik et al, 2013). This approach has
Kotelnikov—Nyquist theoremNyquist 1928 Kotelnikov, o to be convenient for designing efficient inversions of
1933. the lower ;ampllng rate at h.lgh.altltude§ decreases the. ) hined complex data setSifyuk et al, 2007 Gatebe
amplitudes of high frequency oscillations, which usually are o al, 2010. This approach considers an inversion as a sta-

attributed to noise. The described decimation method COUIQisticalIy optimized simultaneous solution of a system of sev-

be considered as an expanding sliding window low pass fil-5 4 independent equations:

ho

fl “Numerical inversion” organization

ter, allowing efficient noise suppression without loss of sig-
nificant information about aerosol vertical structure. ff=fi@+A2c(k=1,2 ..., Np), (14)
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where f;* are the data from different sources; i. are the  spectral measurements of attenuated backscatter. Thus, com-
estimations of the characteristigs(a). Since these estima- pared to the AERONET retrievaD{ubovik and King 2000
tions are originated from different sources their eridgsare  the measurement group in EG8) includes additional terms
independent. Correspondingly, under the assumption of theorresponding to the measurements of attenuated backscatter
Gaussian distribution of errora; the optimum solution is  at different wavelengths.
provided by multi-term LSM corresponding to a minimum It should be noted that in many practical situations the
of the quadratic formb (@) defined as observations are uncorrelated and provide equally accurate
data, i.e. weighting matrices are equal to unity matrices
= * T ~—1( % in (15 W, =1. Such weight matrix structure directly applicable to
2v@ ;(fk fe@)” G = fil@) — min, (15) the passive measurements both for sky radiances and aerosol
optical thickness performed at different wavelengths. How-
ever such estimations that were implied in the AERONET
and POLDER retrievals are not applicable to lidar measure-
ments, as their variances depend both on the altitude and on
the wavelength. Thus the weight matrix of lidar measure-
diagonal element oE;): ment will have a form of diagonal matrix that describes rela-
tive altitude dependence of the variance for the given spectral

whereC; are covariance matrices of the errdtg. Accord-
ing to the suggestion of earlier studiddupovik and King
200Q etc.) the above condition can be conveniently refor-
mulated using weighting matricé¥; = 8—12 Ck (s,f is the first

k

N (2
2W(a) =y % (ff = fi@)" W H(ff = fil@)) — min, (16)  channel:

- Cp.. (i) 0 0
whereej is first diagonal element a€;_; — covariance ma- W, = % 0 0 , (19)
trix of the data set corresponding k= 1. Correspondingly, &y 0 0 o (hmad

the contribution of each term in EdL®) is scaled by the ra-

2 . .. . .
tios of error varianceég. As outlined byDubovik and King wheresf is the minimum diagonal element of covariance
&

(2000 this coefficient can be considered as the Lagrangematrlx C,._ whose elements are defined similar with the

multiplier used in the constrained inversion techniques. lnapproach proposed for LiRICChaikovsky et al. 20063

addition, in a case when noise properties are assumed coPemSOV et al.200§ Chaikovsky et a].2012):
g%+ g2 P* (hi. 2y)

rectly, the achieved minimum can be used for estima;tﬁwg

Cy. (hi) = v2 +
as ! AM (P* — B*(%)))
W(a)ed) — & 17) 2
( 0) min 0 + M—Z + 40[% + 40[%’ (20)
Additionally, in previous studiesDubovik and King 200Q (P* = B*(2}))

Dubovik, 2004 Dubovik et al, 201]) the data both obtained \yhere P*(x;. h;) is recorded during lidar measurements,
from actual observations and from a priori knowledge arep+(j ) is the background noise estimatiaf,is the num-
considered equally in equation system (B). Such con-  per of lidar profiles used for the time averaging, is the
sideration allows convenient interpretation of a priori con- nymper of the lidar signal counts in the altitude-averaging
use of multiple constraints. Specifically, for the conveniencejn receiving channel is the index that characterizes fluctu-
of interpretation of the present algorithm, the quadratic formation noise of the photo receiver and could be estimated on

(Eq.16) can be represented by two terms: dark measurements of the photo-receiving modulis, the
Nmeas 2 ; coefficient that characterizes the amplitude of synchronous

2 (‘W@ES) = Z :(2) (fF = fi@) W = fr@) noise in receiving channel, is the non-linearity parameter;
=1 &

a1 andao are the relative errors of molecular optical thick-
Nprior &2 T ness and backscatter coefficient estimations. Paramgters
+ Z o2 (Sf» - Sp(a)) W, (57» - Sp(“))-(ls) q, u, andv are system dependent and estimated from test-
p=1p ing of the lidar registration system, and parametersaind
Here, the first group unite¥meassSets of independent mea- «» are known for the used model of molecular atmosphere
surements (with different level of accuracies) and the secondFleming et al. 1988 http://ccmc.gsfc.nasa.gov/imodelweb/
represents a priori constraints. It unite¥gior sets of known  atmos/cosparl.htil The second group in Eql®) unites
a priori data setch) used as a priori values of characteristics Nprior Sets of known a priori derivatives of the aerosol
sp(a). The measurements group hageas= 5 and includes  characteristics. Specifically, we used the derivatives of re-
(k=1) AERONET spectral and angular measurements of attrieved size distributions; .(r)/dinr, the complex refrac-
mospheric sky-radiancesk £ 2) AERONET spectral mea- tive indices spectral dependencieg. (1) andky (1), and
surements of aerosol optical thickness a@nd 8, ..., 5) lidar  the vertical variability of profiles: s .(%). In order to avoid
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unrealistic oscillations of retrieved aerosol parameters, wes GARRLIC algorithm functionality and sensitivity
assume that a priori values ef are zeros, i.es; =0 and tests
Eq. (18) can be written as
Series of sensitivity tests have been performed to verify the

Nmeas 2 . .
€0 [ ox T =1 s rformance of the developed algorithm and to provide the
2(V(a)ed) = ) - i) Wit - pe p g p
( (@) °> ]; &2 (i = fu@)" Wi (fi = feta) illustration of capabilities and limitations of the algorithm to
Norior 2 derive a set of aerosol parameters (see Tapfeom coinci-
+ ‘ifz) a SZ Sya’, (21)  dentlidar and sun-photometer observations.
p=1 %k The sensitivity tests had been designed to conform with

realistic conditions of each of the measurements. The tests
were carried out for two cases representing situations when
Mdesert dust is mixed with urban pollution and biomass
burning aerosols. Six different scenarios were considered
for the each mixture. Among them 3 scenarios were per-
formed for high aerosol loading with total AOT @f532=1
and 3 with very low AOT 0fz%32=0.05 ati =0.532 um.

here matrixS, represents coefficients for calculating finite
differences used to estimate the derivatives. The explicit for
of these matrices is given iDubovik (2004 and Dubovik

et al. (201)). Thus, compared to the AERONET algorithm
the a priori constraint group uses limitations on the deriva-
tives of vertical profiles of aerosol concentrations. Addition-

aIny in_the present algorithm we use the limitation on the These two situations where chosen from the following con-
derlvatlve§ separately fong.(r)/dinr, n s.c(») andkf"'()‘), siderations. At the high aerosol loading we expect that
for both fine and coarse modes. As a result, the algorlthmbynergetic retrieval would maximally benefit from infor-

USﬁdlxpriolr;bS cor?p(ljetrl:e{[r]'Far>t/ a:_pnon fct(;]ns(tjral_ntst._ fth mation from radiometric observations, while at very low
should be noted that imitations ot the derivatives ot the OT, the lidar data should provide maximum benefits. In-

vertical profiles appears t.o pearather gseful a_nd_very_ logica eed, the accuracy of AERONET retrievals is generally
a'lpproach'to avoid unrgallstlc ;plkyvert|pal variations in pro- higher at high aerosol loading and significantly falls at
filing that is also u§§d in the LIRIC algorithm l@ha|kovsky. very low AOT (Dubovik et al, 2000. In contrast, the li-

_et aI_.(ZOOZ). Surprls_mgly, _sgch apparently nat_ural constrain- - gata remain reliable even at low aerosol loadings. For
ing Is rarely used In profiling techniques (with few excep- both high and low aerosol loading cases, three different

tions: Dubovik et al, 1998 Oshchepkov et 8l2003. For cases of fine/coarse mode partition were modettegdt, = 4,

example, even.t_he cornerstone methodologlcal S.tl.,IdIeS. of atr—f/rc =1 andt,/7. =0.25. Thus, resulting in six mixture
mosphere profiling (e.drodgers1976 propose limiting di- scenariost;=0.8, 7.=0.2, 7/ =7, =0.5, 7, =0.2, 7, =0.8
rectly the values of profile using a priori estimations. Such . "_ 594 ; :b 0l 1 .;T =0.025 T" 001 T =0.04
approach is generally rather restrictive and can lead to th%orre‘gpor{din’glcy Bt Ak A

notab(lje bla]lcﬁes In th? re_:r 'evi: w:j_';?e catsfe Whtehn a pr||or| 85" For each of the six scenarios, two series of the tests were
sumed profiles are significantly ditterent from the real ones. ., , yq. (i) tests to estimate the sensitivity to random noise

For example, in the aerosol microphysical applications WhergNere made without any noise added and with random noise
aerosol size distributions are retrieved from the measure-

s of iral and | teri h h added to the simulated measurements, and (ii) tests to il-
ments of spectral and angular scatlering such approach agnqy 40 the possible improvements introduced by using both

pears tlo pe lanfrqgfu!. Indeed, the slhape andd rg_agmtudeg Yadiometric and lidar measurements in comparison with the
aerosol size distribution may strongly vary and direct restric-,. .\~ -4 AERONET inversion.

tion of its magnitude by a priori values is too restrictive. As
a result, although the use of a priori estimates as a constrai
in the retrieval of size distribution was proposed and tried
by Twomey (1963 much earlier than in atmospheric profil-
ing (e.g.Rodgers 1976 it was never widely used. Instead
most of established aerosol retrieval algorithms (Kigg
et al, 1978 Nakajima et al. 1983 1996 Dubovik et al,

B.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).

; . : A To make the size distributions directly comparable with ac-

é99.5 tl?ubowfk and K:ng Zogqte{)c.z_ useSthehllTnlt_atltlgns of tual AERONET observations the values of the generated bin
erivatives ot aerosol size distribution. Such imiations are o i \yere chosen corresponding to the ones of the standard

obviously more universal and do not have apparent deloer]AERONET retrieval. The values used to model size distribu-

deqce on aerosol pre, loading, etc. The same property otfions of fine and coarse modes (see T&)leere taken from
derivatives constraining seems to be very advantageous f

L ) . : ! . %he AERONET retrieval climatology corresponding to desert
constraining vertical profile retrievals (as it was done in thedust and biomass-burning aerosdsibovik et al, 20023

present work). S . The values of complex refractive indices at0.44,
The actual minimization of Eq2() in the present algo- 0.67, 0.87 and 1.02um for “urban pollution”, “biomass

rithm i? performed in exa_ctly thg same way as descr-ibed byburning" and “desert dust” aerosol models were adapted
Dubovik et al.(201]) for “single-pixel” retrieval scenario. from actual long-time observation statistics over the GSFC
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Table 2. Parameters of log-normal distributions used for aerosol size distribution modelling.

Aerosol mode rmin, MM rmax MM  rmean MM rsid T, (Triotal = 1) 7, (Ttotal = 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
—-1=0.2 —+-1=0.025 —=1=0.01 —TRUE
"Dust" aerosol model "Smoke" aerosol model "Urban" aerosol model
c T T T c 04 T T T c 04 T T T
kel 9 o ; s :
£ 035| £ 035 = 1 SRR S N S—
2 o) 2
s 03 s 03 T 03}
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Fig. 4. Retrievals of size distributions of “Dust”, “Smoke” and “Urban” aerosol models under different AOT.

4

Imaginary part of refractive index o

(Goddard Space Flight Center), Banizombou and Solar Vil- —TRUE ~+-1=0.025 ~*1=0.01
lage AERONET sites correspondingly, where the listed
types of the aerosols usually dominate in aerosol load

(Dubovik et al, 20023. The values for spectral channels

o

©
)

A=0.355, 0.532 and 1.064 um corresponding to lidar mea-§ '® ) ’a
surements were obtained by the extrapolation. 145 ‘\\’\\k
Each of the aerosol components was modelled as a mix- 4 0.001 ::\t\!%:;

ture of polydisperse spheres and spheroids following Es. (
and @) with faction of spherical particlespn) of 10 %, the
faction of non-spherical particles was 90 % correspondingly.
The sameCsph for coarse and fine aerosol modes was cho-
sen due to the limited sensitivity of the measurements to thé~ig. 5. Retrievals of complex refractive index of the “Dust” aerosol
shape of smaller particles. model under different AOT.
Two scenarios with clear vertical separation of fine and
coarse aerosol components were used. The fine mode was
assumed to represent the background aerosol with specifi®L(x, h) cn(h) (22)
vertical distribution, while coarse mode distribution had a L(), /) ’
thick layer approximately at 3km. Both modes had a sig-
nificant amount of aerosol in the layers close to the groundWhere e(4)=0.2, 0'15, and 0.1 fom-:o.355, 0.532 and
and monotonous decrease over the altitude. Such distribut-064 M, correspondingly, and vertical dependence was set
tions were chosen to mimic the particularities of aerosol ver-2 the following function:
tical distribution usually found in the real lidar observations. ;, ) — 1, log(h) < 1,
The values of the complex refractive indices, size distri-
butions as well as vertical distribution profiles of the aerosoln(h) = log(h), log(h) > 1. (23)
models could be found marked as “TRUE” in Figs9. Using the above described microphysical model the synthetic
To model realistic measurement conditions the randomAERONET and lidar measurements were simulated and then

normally distributed noise was added to the generated mednverted. The results were compared with the “assumed”
surements. The variance of noise in optical thickness meaproperties.

surement was set as 0.005, and the variance of noise in scat-
tered irradiance was chosen as 3 %, %é.=0.03; spectral 5.2 Sensitivity test results

and altitude dependent variances of lidar measurements were
defined as The discussion of the sensitivity study results will focus on

the retrievals of the aerosol properties that were not part of

Real part of refractive index

0.0001
03040506070809 1 1.1 03 040506070809 1 1.1

Wavelenght, pm Wavelength, um
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Fig. 7. Retrievals of complex refractive index of the “Smoke”

Fig. 6. Retrievals of complex refractive index of the “Urban” aerosol aerosol model under different AOT.

model under different AOT.

the standard AERONET inversion. Specifically, we will pay short wavelengths, and scattering of the big particles is more
particular attention to the retrieval of aerosol vertical pro- pronounced at long ones.
files and differentiation between the properties of fine and Figure8 illustrates that a similar tendency is observed for
coarse aerosol mode parameters including complex refracthe retrievals of single-scattering albedo. This trend is espe-
tive indices, size distributions, etc. The results of the sen-cially evident in the situations with low total AOT and when
sitivity tests are presented in Figg-9. These results show of one of the components dominates. As can be seen iBFig.
that the algorithm derives all aerosol parameters with goodn such situation retrieval errors of the properties of minor
accuracy, and clearly distinguishes both aerosol modes. Thaerosol mode become unacceptably high. This leads to incor-
addition of the realistic random noise did not dramatically rect separation of the total single-scattering albedo between
affect the retrieval results, although once noise is added th¢hese two aerosol components at shorter wavelengths. The
retrieval results depart further from the “assumed” values. Inretrievals of total single-scattering albedo depend on the to-
addition, we would like to note that the accuracy of aerosoltal optical thickness similarly as observed bybovik et al.
size distribution retrieval is not discussed here. The result§2000. The scenario with high total AOT and equal parti-
of our sensitivity tests show generally very similar tenden-tion between the modes is the most favourable for overall
cies as observed in earlier studiesbybovik et al.(2000. retrieval.
However, Fig.4 shows the retrievals of size distributions of ~ Figure9 shows the retrievals of vertical distributions. As
aerosol components under different aerosol loads in the preszan be seen from these plots the algorithm gives generally
ence of random noise for a more descriptive presentation oddequate vertical profiles for both modes. At the same time,
the sensitivity study. it tends to slightly overestimate the amount of the fine mode
Figures5—7 show the retrievals of aerosol complex refrac- and to underestimate coarse mode content in the layers that
tive indices of each aerosol component under noisy condicontain the mixture of aerosols of both types. However, the
tions performed for six different AOTs and obtained for two algorithm always provides adequate total extinction estima-
aerosol mixtures listed above. As it is seen in Fiys/, the  tions for the given layer.
method shows higher accuracy of columnar property retrieval This tendency remains even in noise free conditions, yet
in the cases with higher aerosol loadings. A similar tendencyhaving less drastic scales. It probably can be explained by
is observed for the retrieval of vertical profiles. insufficient information content for the perfect separation of
Another observed trend is that the accuracy of the refine and coarse mode contributions to the total lidar signal in
trievals of complex refractive index for each aerosol modethe mixed layers.
strongly correlates with the contribution of this mode to the  Another tendency observed in the sensitivity study is lower
signal. Specifically, the two following tendencies are ob- sensitivity of the retrieval to the properties of the fine mode,
served. First, the higher relative contribution of the aerosolespecially to the complex refractive index. These high errors
mode into the total optical thickness the better is the accuin derived complex indices of refraction propagate to the es-
racy in the retrieval of the optical properties of this aerosol timations of other optical properties of fine mode. The trend
mode. Second, the retrieval error of the refractive index in-is less pronounced in situations with high aerosol loading in
creases from shorter wavelengths to longer ones for the fineoise free conditions. FigurEO showing the dependence of
mode. The tendency for the coarse mode is opposite. Suclidar ratios of fine and coarse modes on the complex refrac-
behaviour could be explained by the fact that the efficiencytive index for particles of different shape indicates that the
of scattering by small particles reaches the maximum valuesundamental reason for this feature is a selective sensitiv-
when the size parameter is comparable with the wavelengthity of the lidar measurement to the optical properties of the
thus scattering of small particles is more pronounced at theparticles of different size and shape. Values of lidar ratios
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Fig. 9. Retrievals of the vertical distributions of aerosol components under different AOT.

depicted in Fig.10 were retrieved using size distributions part of the information about fine fraction relies namely on

mentioned in Table with corresponding optical thickness shorter wavelengths.

of 7y =7.=0.5. To retrieve the lidar ratios of spherical and It should be noted that a number of studisighchenko

non-spherical particles paramet€gy, was set to 100 and et al, 2000 2004 Dubovik et al, 2009 indicate high sensi-

0% correspondingly. Values of the fixed parts of the com-tivity of polarimetric passive measurements to the refractive

plex refractive index were set as 0.05 for the imaginary partindex of the fine mode. Therefore, usage of radiometers with

and 1.55 for the real part, for the cases with changing reapolarimetric capabilities could potentially result in better re-

and imaginary parts correspondingly. Specifically, Eigjin- trievals of the aerosol parameters of the fine mode.

dicates that lidar ratio of the fine mode is less affected by

the changes in refractive index compared to the coarse mod; 3 |mprovements introduced by joint inversion of lidar

This could be explained by smaller sensitivity of light scat- and AERONET

tering to the particle shape of the fine mode that is well il-

lustrated in Fig10, showing stronger dependence of the li-

dar ratio on complex refractive index for the spherical parti- ; . - . .

cles of coarse mode. Therefore, since lidar measurements afg obviously b_ene_:flual for the acquisition of |r_nprove_d verti-
cal characterization of aerosol. The processing of lidar data

sensitive mainly to the lidar ratio, lidar measurements do notal avs relies on assumptions about some aerosol broperties
provide significantly new information about the refractive in- way : umpti u properties.

dex of fine mode. Obtaining this missing information from a nearby radiometer

Also, at shorter wavelengths the high molecular scatteringJS gwdently pr.eferable.to a simple assumptlon. (.)f th'ese prop-
erties from climatologies. Therefore, the positive influence

reduces the aerosol contribution to the lidar signal. This also  the radi ter dat the Iid trieval hasized
leads to a decrease of the sensitivity to the fine mode aerosd| e ra lljomefer ataon ¢ ed'l g re_krleva S V\;asl ezr886a5|ze
properties, as it was seen in Fids-8, since a significant In & number of previous studie&kaikovsky et al. ¢

Cuesta et a].2008. However, all previous radiometer/lidar

A synergetic handling of coincident radiometer and lidar data
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Fig. 10.Dependence of lidar ratio of fine and coarse modes on complex refractive index and particle shape.

synergy approaches used AERONET retrievals in the form  -=-fine mode AERONET retrieval --coarse mode AERONET retrieval

of a priori assumptions for improving lidar retrievals. GAR- "™ mOd: o ;e::;a' " coarse mode f:”(’)t_;e:rfg_‘;'
RLiC is the first development trying to explore the possibility s 1 : < = 2 t <

of improving AERONET retrieval by using extra informa- 5 g 5 200]..t

tion of co-located lidar observations. The possibility to dis- :'; f |

tinguish indices of the refraction of fine and coarse particles 2 * B9 s ) R B Y

is one of the most significant innovations proposed by GAR- g 40} g 100 N

RLiC, since it was not achievable using only AERONET data & 2 AN 2 . i o N\ ‘\‘\

as shown in studies bpubovik et al.(2000. The results of & e e il I N T
sensitivity tests presented in a previous section showed the” o sXeroroosos—74 %sﬁﬁis 0708 08 a4

achievable levels of retrieval accuracy of the complex refrac- Wavelenght, ym Wavelenght, um

tive index using both lidar and radiometer data. At the same_ _ ) o )

time, itis clear that the lidar data provide additional informa- Flg._ll. Retrieval errors of lidar ratio with and without accountancy
tion about aerosol properties because of high sensitivity offor lidar data.

lidar data to aerosol lidar ratio. Therefore, in order to provide

additional illustration of the positive effect from using lidar

data on aerosol columnar properties, we analyse the changesixture. Consequently, the retrieval of the vertical profile of
in accuracy of the retrieval of lidar ratios by adding lidar data the minor mode concentration also should be more accurate
to AERONET observations. Also, any improvement in lidar compared to the retrievals by the approache€lwiikovsky
ratio estimations brings straightforward enhancements in thet al. (20069 and Cuesta et al(2008 which assume lidar
retrieval of vertical profiles of aerosol concentrations. ratios from the AERONET retrievals.

With a purpose to access and illustrate the possible im- Also, based on the observations made in E@.i.e. that
provements in the retrieval of aerosol columnar propertiesjidar ratio is very sensitive to the retrieval accuracy of spheri-
an additional scenario was added to the sensitivity studycal particles faction, we have evaluated the possible improve-
inversion neglecting the measurements provided by lidarments in the retrieval of this parameter by using joint inver-
Figure 11 shows the comparisons of errors of lidar ratio sion of AERONET and lidar data.
retrievals conducted for the AERONET data only and for Table3 summarizes the relative errors in retrieval of this
a combination of AERONET and lidar. The lidar ratios parameter for three cases of aerosol with different partition
were derived from size distributions that could be found in of aerosol modes. The results were obtained for high aerosol
Fig. 4 for the “Urban”+ “Dust” aerosol mixture with cor- load within three inversion scenarios: the joint inversion of
responding optical thickness of 0.8/0.2 and 0.2/0.8. The reradiometer and lidar data without any noise added; the joint
sults demonstrate that joint retrieval allows more accurate reinversion with random noise added to the data and the inver-
trievals of lidar ratio for both aerosol components in suchsion of radiometer data only with random noise added to the
challenging cases when one mode dominates in optical thickebservations. Although without information about polariza-
ness. In such cases retrieval without lidar measurementtion the sensitivity to this parameter is quite low and depends
tends to estimate all properties of both modes close to thosen aerosol optical thickness, the fact that backscatter depends
of dominating one, leading to dramatic errors in lidar ratio es-on this parameter (see FitQ) allows decreasing retrieval er-
timations. The errors of the retrieval of the dominating moderors in the situations when coarse mode dominates in optical
lidar ratio remain almost the same for both inversion strate-thickness. As it is seen in TabBzthe absence of lidar data in
gies. These results lead us to conclude that supplementinghe presence of the random noise makes accurate GARRLIC
radiometer data by lidar observations helps to improve theretrieval of this parameter impossible even in a situation with
retrieval of aerosol properties of minor mode in the aerosolsignificant amount of coarse mode, while in the presence of
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Table 3. Relative errors of spherical particle faction retrieval.
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Fig. 13. Air mass back trajectories for the Minsk measurement site

on 13 August 2010.
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The decrease of the retrieval error with growth of the
coarse mode concentration is explained by higher sensitivFig. 14.Retrieved aerosol size distributions.
ity of the measurements to the shape parameters of bigger
particles.

The analysis of test results allows us to conclude that, be- . . ) . )
ing supplied with sufficient measurement information, the Two typical situations were chosen to illustrate the inver-

combined inversion could provide deep synergy of two dif- sion results: (i) the obseryation of dust outburst from_ the Sa-
ferent types of aerosol remote sensing, resulting in more achara transported over Minsk on 2 June 2008 and (ii) obser-
vation on 13 August 2010 of smoke plum transported from

curate and qualitative retrievals compared to the single in- , ; 1
strument inversions. Ryssmn forest fires over eastern Europe. The total optical
thicknesses for these cases wefgy=0.36 andrs4o=0.46
correspondingly. Figured2 and 13 show the atmosphere
back trajectories provided for Minsk AERONET sitettp:
/lcroc.gsfc.nasa.gov/aerone&dthoeberl and Newmah995
Pickering et al.200]) for these cases. The analysis of these
The algorithm has been applied to lidar/sun-photometer meaback trajectories illustrates that air masses from mentioned
surements collected at the observation site of the LabOI’atOI‘Yegions should be present over Minsk during measurement
of Scattering Media at the Institute of Physics, Minsk, Be- periods.
larus. The station is equipped with the standard AERONET  Figures14 and 15 present the retrieved aerosol colum-
sun photometer and several multi-wavelength lidars thatar microphysical properties and Figs7 and 18 show
provided measurements of attenuated backscatter at 0.358e retrieved columnar optical parameters all in comparison
0.532 and 1.064 um. with standard AERONET retrievals for this site. Figufie
Parameters that characterize noise (&H).in these lidar  and 19-21 present the retrieved vertical profiles of micro-
systems were estimated as shown in Table physical and optical aerosol properties. Figais dedi-
cated to qualifications of the vertical retrievals, presenting

6 GARRLIC applications to real lidar/sun-photometer
observations
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Table 4. Parameters of noise estimations for the lidar system. Minsk 2Jun2008 Minsk 13Aug2010
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The retrieved size distributions (Fig4) are consistent
with the expectations for observed aerosol types: dominaFig. 17.Retrieved aerosol lidar ratios.
tion of fine 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 betweerabsorption of the fine particles in the dust case and very low
the two methods in the dust observation case could probablabsorption of the coarse particles for the smoke case (see bot-
be explained by lower sensitivity of the AERONET inversion tom panels in Figl5). Such retrievals could be explained by
to minor aerosol modes. Observed size shift in the favour ofvery low optical thickness of the minor modes & 0.19 for
larger particles for both cases could be explained by influ-the dust case and. =0.04 for the smoke case). As it was
ence of the lidar data on the retrieval. demonstrated by the sensitivity study, such low contributions

The retrieved refractive indices (Fig5) are clearly dis-  of the minor modes could lead to high estimation errors in
tinguished between modes and are coherent with the valtheir complex refractive index.
ues expected for these aerosol types: highly absorbing fine The vertical distributions of fine and coarse modes
mode for smoke, and the real part of the refractive index(Fig. 16) clearly discriminate the vertical structure of the
for coarse mode close to the observations of this parameaerosols of different types. Both retrievals agree well with
ter for dust Dubovik et al, 20023. Since, the AERONET back-trajectory analysis: according to Fi2.and13, the at-
retrieval does not discriminate the refractive index of the mospheric layer from the region of forest fires was expected
modes, the AERONET derived values cannot be comparedat the altitude of about 2 km, and the layer from the Sahara
directly to the GARRLIC retrieval. Nonetheless, it is clear was expected at around 4 km.
that there is logical agreement between two retrievals since Retrievals of lidar ratios shown in Fig7 demonstrate no-
the AERONET derived refractive indices are generally in thetable differences between the AERONET and GARRLIC val-
middle between values of fine and coarse modes obtainedes. The main difference is located at shorter wavelengths.
by GARRLIC. Two trends observed in the retrievals of the These differences are probably caused by the significant dif-
imaginary part of refractive indexes should be outlined: highferences in the sensitivities of both data sets, and by the
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differences in assumptions. Specifically, the AERONET ra-

diometer does not include observations in backscattering diFig. 19. Retrieved vertical profiles of aerosol single-scattering
rection, and assumption of size independent refractive in&/bedo.

dex may also result in an additional error in the lidar ratio

estimation. Minsk 2Jun2008 Minsk 13Aug2010
The spherical particles faction retrieved for these two cases dust event 10 smoke event

gave 40% of spherical particles for the smoke event and N

25 % for the dust event, compared to the 99 and 2% from \\\ 8t

the AERONET retrievals. This difference can be explained ]

by high sensitivity of the lidar measurements to backscatter g £

from non-spherical particles (séaubovik et al, 2006 and : 6 : 6

Fig. 10). 3 ( —0.355 um E \\\\\
Figure 18 illustrates the retrievals of columnar single- % 4 g 4 A

scattering albedo (SSA). The total (i.e. mixture of fine and (\Q —1.064 um i i

coarse) SSA shows good agreement with AERONET re- 2 > 2 >

trievals, climatological@ubovik et al, 20028 and observed f/ BYy.vs ~

(Toledano et al.201] values. Both spectral dependencies 0 0

of smoke and dust single-scattering albedos were retrieved. 30 40 5_0 60 70_80 901100 30 40 5_0 60 70_80 90100

Lidar ratio Lidar ratio

The total single-scattering albedo is closer to the value of the
dominating aerosol mode for both retrievals. This also couldrig. 20. Retrieved vertical profiles of aerosol lidar ratio.
be explained by low contributions of the minor modes to the
total optical thickness and higher absorption estimations of
the dominating aerosol components. ratio observed in Fig20 illustrates the fact that IR (infrared)
Figures19-21 demonstrate the vertical distributions of light has less pronounced scattering on the smoke particles
single-scattering albedos, lidar ratios and extinction calcu-than light at the shorter wavelengths.
lated using retrieved parameters at the wavelengths of li- It should be noted, that the particular behaviour of profiles
dar measurements. All distributions have a noticeable verin Figs.19and20 at higher altitudes could be explained by a
tical structure that agrees with the retrieved vertical dis-very small amount of the aerosol present in the upper atmo-
tributions of aerosol concentrations. The values of single-sphere layers and very weak signal returned from this altitude
scattering albedo (see Fi§j9) at all single layers are in the range.
ranges of typical values for dust and smoke aerosols (e.g. Figure22is aimed to demonstrate the consistency between
Toledano et a).2011). The retrieved lidar ratios (Fi@0) are  the LIRIC and GARRLIC retrievals in a case where no dif-
in the ranges of values for dust and smoke aerosols givefierences are expected. Both algorithms provide two distinct
by Dubovik et al.(20023 and Cattrall et al.(20095. These vertical concentration profiles for different aerosol compo-
values, however, are lower than the assumptions for dust paments and the comparison of profiles retrieved by GARRLIC
ticles given bySchuster et al2012, Grof3 et al.(2011) or and LiRIC was made. The main difference is that GARRLIC
by Tesche et al(2009 2011). The lower lidar ratios in this modifies the retrieved columnar properties of aerosol. In ad-
case could have been caused by contamination of the purdition, GARRLIC uses a bi-component aerosol model that
dust layers during the long-range aerosol transport depictedhay have different complex refractive indexes. This assump-
in Fig. 12. Strong spectral dependence of the smoke lidartion affects estimations of lidar ratios for each mode and
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therefore affects the retrieved vertical profiles. Therefore, theglt?soerlrt\r]a?gﬁlh; ?Lgeorgn\r/ln Eli dsis;]l/gSrILed tﬁg;gﬁ:;gf fho;?igﬁgf
demonstration of LIRIC and GARRLIC codes consistency y P 9

. ; : . ters direct and scattered atmospheric radiation at four wave-
has been performed using the case with small difference ”?engths in up to 35 directions and multi-wavelength elas-

complex refractive indices of fine and coarse aerosol modes” '~ . L
P ﬁc lidar that registers backscattered radiation at three wave-

(see Figl5). X X X '
Figure 22 shows vertical distributions retrieved by GAR- lengths in up to 1000 altitude layers. The algorithm derives
RLIC compared with the results of the LIRIC inversion an extended set of parameters for both columnar and verti-
(Chaikovsky et al.2012 made for the same measurement cal aerosol properties, including aerosol sizes, shape, spec-
set during a smoké event. Both retrieved profiles are in goo&ral complex refractive index for both fine and coarse aerosol

agreement. The minor dif:ferences could be explained by thémdes’ as well as vertical profilgs o_f mode congentratiqns.
smaller amount of altitude layers in the GARRLIC retrieval The coqcept of th_e algon.thm IS aimed to achieve a higher
and differences in lidar ratio estimations for both modes,2¢c4racy in the retrieval, since in such an approach the so-

Therefore, in situations when the usage of the same values o"F't'(.)n usual!y relylng_ only on passive _measurer_nent .Of the

o radiometer is benefiting from information contained in co-
complex refractive indices for both aerosol modes could bemcident active observations by lidar, and this method uses
justified, these two methods should provide similar results, y '

a smaller number of assumptions about aerosol. This paper

demonstrating the succession of the newer method. We have ™ . . - !
9 provides a detailed description of the full set of formulations

observed that in less favourable situations the AERONET es. ecessary for realizing this concent
timates of the lidar ratio for aerosol components can show y 9 pL.

- L : . The performance of the developed algorithm has been
more significant deviations compared with the ones retneveddemon trated by application to both svnthetically generated
by GARRLIC, thus affecting the retrievals of vertical con- S y applicall Sy ica’y 9

centration profiles more drastically. and real coincident sun-photometer and lidar observations.

Thus, the results of GARRLIC application to the real data F Irst, a series of sensitivity tests were conducted by apply-

and their comparisons to the AERONET and LiRIC retrieval ing the aIgomhm to the synthetic sun-photqmeter and I!'
results showed an encouraging agreement for both cqum.glar observations f_or the cases Of. aerosol ”.“X‘“res cont_am-
nar and vertical properties of aerosol. At the same time, the"9 desert dust .Wlth L_eran pollutlon_ and b|om:_is§ burning
GARRLIC retrieval differentiates between columnar optical aerosqls. The simulations were (_je3|gned to mimic the ob-
properties of fine and coarse modes of aerosol relying on adger\_/atlons of real aerosol. With this purpose, aerosol models
ditional information contained in lidar observations. derlveq from the AERONET observatloqs at Solar Village
(Saudi Arabia), African savanna (Zambia) and the GSFC
(Greenbelt, MD) were used to generate synthetic proxy mea-
surements, both photometric and both photometric and lidar.
The data were perturbed by random noise before applying
This paper has discussed in detail a concept for a new GARthe retrieval algorithm. The results of the tests showed that
RLIiC algorithm developed for deriving detailed properties of the complete set of aerosol parameters for each aerosol com-
two atmospheric aerosol components from coincident lidarponent can be robustly derived with acceptable accuracy in
and photometric measurements. The algorithm is developedll considered situations. Lower estimation errors for lidar ra-

using the heritage of the AERONET, PARASOL and LiRIC tios of the aerosol components compared to the AERONET

7 Conclusions
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