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Abstract

In this paper we validatthe LidarRadiometer Inversion Cod&IRIC) retrievals ofthe aerosol concentratioim the fine
mode using he airborneaerosolchemical compositionataset obtained over the Greater AthemsaA(GAA)in Greece
during theACEMED campaignThe study focuses on the'2of September 2011, when a lerange transportedmoke
layer was observed in the free troposphere over Greece, in the heightfrang2to 3 km. CIMEL sunphotometric
measurementevealed high AOD (~0.4 at 53#n) andAngstrémexponent values (~ 1at440870 nn), in agreement with
coincident groundased lidarobservations Airborne chemical composition measurements performed over the, GAA
revealed increased CO volume concentration (~ 110 ppbv), with 57% sutfgrainance ithe PM fraction. For this case,
we compare LIRIC retrievals of the aerosol concentraitiotihe fine modewith the airborneAerosol Mass Spectrometer
(AMS) andPassive Cavity Aerosol Spectrometer Prab@ASPH measurements. Our analysisows that the renote sensing
retrievalsare in a goodagreementvith the measured airborne-gitu datafrom 2 to 4 km. The discrepancies observed
between LIRIC andiirbornemeasurements at the lemtroposphere (below Bm), could be explained by thepatial and
temporal variability othe aerosolload within the area where the airborne data were averalgedy with the different time

windows oftheretrievals.

1 Introduction

According to the report of the Intergovernmental Panel on Climate €hdREC; Myhre et al., 2013)anthropogenic
aerosols result into a net cooligipbally through their interaction with radiation and clouds, by amwmwar that remains
difficult to quantify accurately and which could be comparable in maggito the net warming effect of greenhouse gases.
Moreover,according to the World Health Organization (WH@ere is a significant linkage between suspended particles
and human’s mortality (WHO, 2006) Aerosol effects aredetermineg among others, byarticlés size their chemical
composition and number concentratiofo understanchow atmospheric particles are affectitige Earth’s climate the
scientific communityhas establishd and operas global networksequippedwith active and passive remogensing
instrumentationMore preciselythe AErosol RObotic NETwork (AERONET) providesalmost reatime columnar aerosol
optical andmicrophysical propertiedased on the operation of more thdl 4unsky radiometerslistributed worldwide
(Holben et al., 1998 Several aerosol lidar networks are used for aerosol/cloud research incluelingstablished
infrastructures and networks likéite European AerosoldRearch Lidar Network (EARLINETPappalardo et al., 20,4he
Micro Pulse LidamMNetwork (MPLNET; Welton and Campbell, 2002nd the Asian Dust and aerosol lidar observation
network (AD-Net Sugimoto et al., 2034

Depending on the capabilities of each system and the employed teshfid@emeasurementare usedo retrievethe
vertical distribution of(a) the aerosol backscatt&oefficient(8,.,-), (€g. Fernald et al., 197Xlett, 1981) (b) the aerosol
extinction coefficient(a,,,), (Ansmann et al., 1990Ansmann et al., 19923nd (c)the particlelinear depolarizatiomatio

bqer (€.9.Cairo et al., 1999Sasser200b; Freudenthaler et al., 2009 he aerosol backscatter and extinction coefficieain
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be retrieved from the backscatter, Ramansmannet al.,1992 Whiteman et al., 1992Vhiteman, 2008 or High Spectral
Resolution Lidar (HSRL) technigue.g. Eloranta, 2005)The selected technique defines also the accuracy of the retrieved
aerosol productsMany studieshave demonstrated that the spectral information of the aforementioned aepiswll o
propertiesmakes feasible the provision a€curate retrievalé the fine modgeregardingaerosol microphysical pameters
namely: aerosol size distribution, aerosol efige radius, number and volume concentration(Muller et al., 1999
Veselovskii et al., 2002Veselovskii et al., 2010)in case that the aerosol extinction coefficienfprovided by Raman
techniquethe microphysical retrievaksretypically limited to night-time measurementsince theiraccuracydepend®n the
errorof the optical parametengrovided asnitial inputs

During the last yearshere are increaseafforts to retrieve aerosol concentration profééso during dayime. For example,
the polarization lidar photometer networkifgJLIPHON) techniqueis capableof retrieving the concentration profiles of
dust and nodust particlesising single wavelenly backscatter and depolarization coefficient lidar profifesmann et al.,
2011, Ansmann et al., 2032In this technigueAERONET microphysical retrievalare used to provide columnar volume
to-AOD values needed to convert the optical properties to concentr@ioa.continuatioreffort, Mamouri and Ansmann
(2014, have expanded the technique to separating the contribution of fine and dosrsmodes, based on laborgtor
measurements of fine and coarse dust depotanizeatios.

In the framevork of Aerosols, Clouds, and Trace gases Research Infrastructure (ACTRtSRIgorithms have been
developed for retrieving conegation profiles from the synergy of lidar and spimtometric measuneents. The
GeneralizedAerosol Retrieval from Radiometer and Lidar Combin@ARRLIC; Lopatin et al., 2018inversion algothm
retrieves verticalprofiles of both fine and coarse aerosol concentrations as well as the size distributiocomplex
refractive index for each modBased orsimilar approachthe Lidar-Radiometer Inversion CodeIRIC; Chaikovsky et al.,
2016 considers that the fine and coarse partiotensiveproperties are constamtith height taken equal to the column
integrated values provided by AERONET, with only their concentration varyiran@lthe atmospheric columhlRIC,
GARRLIC and POLIPHONechniques have beaisedby many EARLINETFAERONET stations during large and medium
scale duskventsover theEuropan continentfor evaluating dust model performance in termsladt layer geometrical
properties (height range ameéntreof mas$ as wel as dustload (particle concentratiofge.g. Binietoglou et al., 2015
GranadosMufioz et al., 2016)or a case study of Saharan dust outbreak over Athens, Greece, Tsek¢€20dBalfound a
satisfactory agreement taeeen LIRIC output and dust concentration profilEisulated bythe regional dust mod&8SC
DREAMS8Db (Pérez et al., 2006#&¢érez eal., 2006b Basart et a).2019. Furthermorecomparisons of LIRIC outputvith
dispersion modelsf other aerosol types than dust (e.g. volcanic diiist) LagrangiandispersiormodelFLEXPART (Stohl
et al., 1998 Stohl et al., 200% showeda Rearson’s coefficient (R) varying from 0.69 to 0.@4okkalis et al., 2013)
Moreover,Wagner et al.(2013, inte-compared LIRIC and POLIPHON concentration prafiley applying both techniques
on two case studies of irregularly shaped partitiethe atmospher@.e. one Sahara dust outbreak and one volcanic dust
event) The comparison between the two techniques revealed acceptable agrdemener the potentiadf LIRIC to

retrieve optical properties, namely particle backscatter coefficient, lidar aatl Angstrom exponent was found to
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demonstrate systematic deviatiooc@mpared tocorresponding measurements obtained with a Raman lidaddition
Papayannis et a[2014) showed thathe relative difference betwe&tRIC and POLIPHON mass concentration retrievals, is
in the range of +20%of the case ofoarsenon-spherical particles

Furthermore,LIRIC retrievals of volume concentratiorhave beencompared withaircraft insitu measurementdby
GranadosMufioz et al.(2016)during a Saharan dust episode over Granada, Spaéncasestudy of coarse modédus),
nonspherical particles, is introducingmitations regarding the potential of in-situ instrumentationto measuresize
distribution in thesize range above 8m (diameter) Thus, dring their study, they combinedhn-situ depolarization
measurements fror@loud and Aerosol Spectrometer with Polarization detection (E@S; Baumgardner et al., 2001
operating at the size range 6 um (diametey, anda Passive Cavity Aerosol Spectrometer (PCASP 1(Rdsenberg et
al.,, 2012 Cai et al., 2018 measuringaerosolsize distribution in0.1-3 um diameterrange Correcting the retrieved size
distributions for refractive index assumptions, thegmonstratedolume concentration discrepancies less thap@®cnt?
(0.02 ppbv)and they attributed time to CAS-POL overestimation due to the aspheridfydust particlesnd to the possible
underestimation of LIRICdespite the fadhatthe derivedsize distributions fron€CAS-POL and lidaywerefound to be in a
goodagreement

In this study, we validatethe volume concentration retrietby LIRIC, with independent ksitu measurementsf chemical
compositionfor a case of predominant fine mode particles in the atmospharetheGreaterAthensArea (GAA Saronic
Gulf, Evoikos Gulf and AegeanGreece.To our knowledgethis is the first timetha fine modeLIRIC retrievals are
validated against airborneThe case of fine mode particles favourable for comparing remote sensing andsitu
observationssincein this case there arfewer limitations on the instrumental side for thesitu measurementshile for
remote sensingartthe Mie scattering simulations are applicable since the particles are mainly spHerigsdtion 2we
present thénstrumentation andthethodologyused Sectim 3 presents brief description of ACEMED campaign along with
the casestudy used for the evaluation dhe LIRIC fine mode aerosol concertatioatrieval Our analysis containg
thoroughcharacterization of the aerosol load monitored over the GAA, instefrtheir optical properties andhemical
composition In the second padf Section 3we compare theetrieved concentrationsith theindependenin-situ airborne

measurements-inally, our conclusions are given Section4.

2 Instrumentation and method
2.1 Backscatter-Depolarization lidar

At the National Technical University of Athens (NTUB7.97°N, 23.79°E, elevation212 m) a sixwavelength Raman
backscattefidar system(EOLE) operates since February 20@8a member of the EARLINET networkB@senberg et al.,
2003 Pappalardo et al., 20L4rhe emission unit is based omMdd:YAG laser emitting high energy laser pulsas355, 532
and 1064 nnwith a repetition rate 0f0 Hz. The respective emitted energies per palsef the order o240, 300and260

mJ. A Galilean typebeam expandefx3) is mounted just before the emission of the laser beam in the atmosgbere
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reducing the laser beam divergence and increasingahm diameteralmostwith the same efficiencjor all the emitted
wavelengths The optical receiver is based on a Cassegrainian telesuitipes00 mmfocal lengthand ckar aperture
diameter300 mm, directly coupled with amptical fiber to thewavelength separation undetecting finally signalat 355,
387,407, 532, 607 and 1064 nm

During day timeoperation the gstem is capable to provide aerosol backscatter prdfiles) at 355, 532 and 1064 nm,
based on thetandard backscatter lidar technicared employing the Klett inversion methddl€tt, 1981). The technique
assunes the existenceof an aerosefree region(e.g. upper troposphereand a linear relationship betweaerosol
backscatter and extinction coefficient, the so cdltbat ratio §,.,-), constant in théasertelescopeath.A variety of studies
performed in the framework of EARLINETevealed a wide range for the lidar ratioovering values from 20 to 100 sr
(Ackermann, 1998Mattis et al., 2004Amiridis et al., 2005Mdiller et al., 2007 Papayannis et al., 2008miridis et al.,
2009 GroR et al., 201,1Grof3 et al., 201;3Grol3 et al., 201,5Giannakaki et al., 20)5In elastic backscatter lidar technique,
the assumption dd constant lidar ratio valuthroughout thdasersounding rangeis the most critical for solving the lidar
equation while the overaluncertainty includingboth statistical and systematic errasg, theretrievedg,,,values is of the
order of 26-30% (B&senberg et al1997 Comerdn et al., 200Rocadenbosch et al., 2010

Next to EOLE systerra depolarization lidar systefAlAS), was also operating continuouslyring September 201AIAS

is capable taletect both the parallehnd perpendiculacomponents of the backscattered light at 532with, respect to the
linear polarization plane of theitially emitted laser beam. The emission uniAbAS is based on a Nd:YAG lasermitting
short laser pulses at 532 nm wahergy of the order dd5 mJper pulse.The backscattered light is collected &yall-

Kirkham/Cassegrainianielescopewith 1000 mm focal length an@00 mm clear aperture diameter, and guided to a

Polarization Beam Splitter Cube (PBS@here the two polarization components are separated and directed to the

corresponding detectofSassen, 2005)The calibrated ratio of these two components is known asnevldepolarization
ratio, and the key for deriving accurgparticle lineardepolarization measurements,.,) lies in obtaining a reliable
calibration of the lidar systenvarious calibration methodsxistin the literature €.g. Biele et al., 2000Reichardt et al.,
2003 Alvarez et al., 2006 howeverthe +4% calibration techniquéFreudenthaler et al., 2009)as been employe&d our
case

Both lidar systems are affected by the overlap height and below this regimotacapableot provide trustworthy aerosol
products.The geometrical specification &OLE systenmakesfeasible the full overlap of the laser beam with the receiver
field of view to be reached at heights 7800 m aboveground(Kokkalis et al., 2012)Regarding the depolarization lidar
AIAS, the measured volume depolarization ratio is reliable to about &Yave ground since overlap effects widely cancel
outdue to the signal ratios needed for the calculation of the depolarizatiarH@atiever, in this studthe data are analysed
for heights abov&850 m Below that heightve set the measured aerosol tethphysical quantitie® heightindependent

values.
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2.2 CIMEL sun-sky radiometer

In this study, lhe reportedtolumnaraerosol optical properties, have been retrielgd CIMEL sunsky radiometerkolben

et al., 1998 located on the roof of the Research Center for Atmospheric Physicdiaradalbgy of the Academy of Athens
(37.99°N, 23.78°E, elevation: 130 m). The radiometstaion is in the city centreapproximatelyl0 km awayfrom the
coasal line and 1.6 km North from the lidar stationThe instrument ipart of NASA'’s global sun photometric network
AERONET, and iscapable to performmutomatic measurements of the direct solar irradiahttee commonwavelengths of
340, 380, 440500, 675, 870, 940 and 1020 amd diffuse sky radianca 440, 675, 870 and 1020 prespectively Those
measurements ar@rther usedto provide, both optal and microphysical aerosol optical properties in the atmospheric
column (Dubovik and King, 2000Dubovik et al., 2006 The CIMEL data used in this studgrethe cloud screened and
quality assured level 2.8ata products, providing information regarding the columnar aerosol og¢iptii AOD), fine and
coarse mode fractions of AOD at 500 rthe particle volume size distributidm the size range @.05 to 15 pm in terms of
particle radis, and theAngstém exponent The separation of fine and coarsize distributionis done by finding the
minimum concentration valuga the particle’s radius rang@.194-0.576 pum. The AOD uncertainty is <0.02 for UV
wavelengths and < +0.01 fawavelengths longer than 440 nfack et al., 1999)The uncertainty of theaerosol size
distribution retrieved by the sky radiance measurenisritased on the calibratiamcertainty of each wavelength, assumed
to be <+5%.

2.3 Lidar-Sun-photometric inversion algorithm (LIRIC)

The LIRIC algorithm has been developed by Belarusianinstitute of Physics in Minskn collaboration with thd-rench
Laboratoire d’'Optjue Atmosphérique ihille. LIRIC combines theelasticallybackscattered lidar signals at 355, 532 and
1064 nm, along with theadiometric measurements from CIMEandis capable ofetrieving the fine(C,(z)) and coarse
mode particlevolume concentration profile§ C. (z)) (Chaikovsky et al., 2016)n parts per billion volume (ppbv)in case
that depolarization measurements are available, LIRIC algorithm is eafmalprovide also the concentration profiles of
coarse spherical and coarse spheroid modes. However, in the present stadpathikty has not been examined, since an
olderversion of the LIRIC code has been ustle threshold value for definirfgne and coarse mode particles innte of
their sizg is obtainedfrom the columnar volume size distribution retrieved by AERONET inveraigorithms.Thus, in the
case of LIRIC,fine mode particlesmay assumeo be particles with radiuapproximatelyless than 0.um. Finally, the
retrieval is based oa maximurlikelihood estimation of the concentration profikss that the lidar signals are reproduced
within their measurementncertainty and the integral of the retrieved aeraswicentrations matches the total volume
concentration of théne and coarse modederived from susphotometric measurements.

LIRIC’s retrieval uncertaintydepends botlon the regularizatiorparameters defined by thaperator,as well as on the
uncertainty of the input datdMore precisely,for various atmospheric conditionbgar geometrical characteristics, and

LIRIC’s regularization parameterthe uncertainties in the retrieved aerosobpsetersverefound to be maximum 30%or
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case of complex aerosol structurespwevertaking valuesoelow 10, during cases of homogeneous aerosol mixing and
simple aerosol structuré&ranadosMuioz et al., 2014 Uncertainties due to the regularization parameterefound to be
below2%. Overall,according taChaikovsky et al(2016, the retrieved viume concentration profilemay beprovided with

a standard deviation in thange5-20% of the maximum aerosol layer concentratioith the concentration uncertainty to
be significantonly for cases of low concentration values. In the studied easeonsidered that the retrieved concentration

profiles areprovided withanoveralluncertainty 020%.

2.4 In-situ airbor ne aer osol instrumentation

The sizeresolved chemicatomposition and massoncentrationhave beemmeasured withan Aerodyne timeof-flight
Aerosol Mass Spectromet€FORAMS; Allan et al., 2003 Canagaratna et al., 200Morgan et al., 2010 The AMS is
capable to measure the fine mode partiaesssconcentration{M), of the following chemical compoundsulphategS0,),
nitrates(N0;), ammonium(NH,), chloride(Cl) and organic matteroM). Particle s aerodynamic diameter, are related to
their physical diameters, ranging usually betw@eir1l um. The initially reported mass concentratipase measured in
micrograms per standard cubic metgg (Sm°), at standard temperatypeessure condition§T = 273.15°K andP =
1013.25 hPa).

Volume concentration of gaseous pollutahtave been alsmeasurediuring the flightsusingthe followinggas analysers:
Aero-Laser (AL) 5002 VUV Fast Fluorescenanalyseyfor carbonmonoxide €0) measurementanda ThermeElectron
(TE) 49C UV photometric analysdor ozone(0;) measurements

The sizeresolvedparticle’snumber @nsityhas been measured with a Passive Cavity Aerosol Spectrometer ProbdJPCAS
The instruments capable to measuparticlés number size distributigrover the diameter range of 0.1 tud, in 30size
bins. The principle of operationf PCASPis based oithe scatteringof alaser lightfrom suspended particles. The scattered
radiation over an angular range 86°- 12 (primary angle) an®0° -1423 (secondary ang)eis collected by a parabolic
mirror and is focused onto a photodetect@roducingan electronicpulse. The pulse height for each particle is linearly
related to garticlés cross section and therefore nonlinearly related to the particle’s diaffeterumber of pulses counted
per second is proportional to the concentratitowever sincescatteringcross sectiodepend among other parameters also
on particle’sshape and refractive index, a correction regarding refractive index have to ledappus, br deriving
calibratedparticle’snumber density distributionse followed the procedure demonstratedRmsenberg et al(2012), and
applied also byTsekeri et al.(2016), for ACEMED campaigrdataset

Finally, temperature sensofRosemount/Goodriclgnd hygrometer_yman-alpha)mounted orthe aircraft arecapable to
provide measurements of temperature and relative humidibe overall calibration uncertainties of themperature
measurementare of the order £0.3K
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2.5Modelling

Sourcereceptor relationships between the measurement areas and the potassi@nesourcesare investigated with the
use of the particle dispeosi model FLEXPARTWRF (Stohl et al., 2005Brioude et al., 2013 The model is driven by
WRF_ARW Skamarock et al., 2008) meteorological fields at a resolution of 12xI®/&nthe area of interegt.two-way
nested 3x3 km grid over the greater Athens area is also enabled for the desofipiie local sea breezewiauring the
experimental periodhnitial and boundary conditions for WRF are from the National Center foir&mmental Prediction
(NCEP) final analysis (FNL) dataset at 1°x1° resolution. The sea sudagmetature (SST) is from the NCEP 1°x1°
analysis and total of 10000 tracer particles are assumed for each release in FLEXPART simulationsaBhtkjectories
and emission sensitivity studies during the sampling period indivateassible sources for the aerosol laydesectecboth

by in-situ andremote sensing instruments.

3 Resultsfrom ACEM ED campaign and discussion

During the periodrom 15'to 9" of September 201 the European Fleet for Airborne Research (EUFAR) supported airborne

measurementsver a wide domaiover Greeceby deploying te FAAM-BAe146 research aircraffwo flights, one on the
2@ and one on th&" of Septembewere performedin the framework ofte ACEMED experimental campaigin order to
retrieve detailed information about the physical and chemical aerosol propeaties the flight track of the CALIPSO
satellite ACEMED campaignsupported theollection of qualityassurednd coordinatedroundbasedairbornein-situ and
spaceborne measurementso generaterepresentativecase studieshat will be further used tostudy the aerosol type
classificationschemeapplied onCALIPSO dataet

This studyis focused on th@" of Septembeiflight (FAAM flight ID number B63% wherethe research aircrafook-off
from Chania (Cretdsland, coveringareas fromSouthernGreece to Athens, at variobeights The flight duration was
approximately 4/ hours (~ 08:00L2:30 UTC),andthe aircraftflight trackis depictedin Figurel-a with the black dashed
line. The green circlepf 220 kmradiusin Figure 1a, is depictingthe GAA used for the spatial and temporal averagihg
the onboardin-situ measurementdhe GAA is further zoomed ifrigure tb, presentinglsothe locations of thground
based instrumentation (i.e. stations of-skg radiometerand lidaj, along wih the B638 flight track. Unfortunately the
flight of 9" of Septembewasperformed during night timeand thuscannot be usefibr the validation oLIRIC. Additional
informationregardingACEMED andconcurrent campaigns éearGameand GirbonExp maybe found inBezantakos et
al. (2013) Tombrou et al(2015)andTsekeri et al(2016)

During the entire ACEMED campaigperiod high values offine mode AOD were observed by the CIMEL susky
radiometer. The fine mode framti of columnar AOD at 500 nm was more than 89%, reachmdnitfhest values of 91%
and 9% (Figure 2) on 29 and 3 of September 2011, respectively. Moreoverge Angstrém exponent valuesere

observed during thi8-day period, varying from 1@to 1.8 (Figure2). The similaity in optical properties observed with
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AERONET areindicative of the presence of aonsistent aerosol typever Greece, during the entire campaign period

especially betweer2nd-3 and 7-9™ of September

3.1 Case study description

For the2" of September 201(case study examined hgreve present in Figure 3, themporal variability of theolumnar
aerosol optical propertietBom AERONET. The Angstréom exponent varied from 1.77 toQLWith a mean value of
1.84+0.02, while the AOD at 348nd 500nmincreased duringnorning and noo@ndremained constarturing aftemoon
hours,with mean valus of 0.82+0.01and0.44+0.01respectively(Figure 3. The same pattern of the AOD is followedsal

by the columnar water vap@n cm) asdepictedoy AERONET.An increase of the columnar water vapor is observed from
around 07:00 UTC to 14:00 UTC varying from ~2.00 to 2.80 demonstrating the higtemporalvariability of water
content over the atmpbere(Figure 3) Moreover the volume size distribution retrievals from the photometric thalizae

the presence of rathéine modeparticlesin the atmospheric column (kige 4). The dominance of fine mode particles is
highlighted by the bmodal size distribution witeeparatiomadiusranging from 0.44 um at 13:30 UTC to 0.57 um at 14:20
and 15:52 UTC.

Both backscatter and depolarization lidar systems (EOLE and AIAS) werdingeturing that day fron©9:58 to 17:32
UTC. In Figure 5a we presentthe spatietemporal evolution of the backscattered signal obtained by E@LE64 nm
visualizing the evolution of a distinct aeroayerextendng from 2 up to~3.5km over the stationCloud formation is also
found at 3 km during 11:603:00 UTC.In Figure 5b the vertical profiles of relative humidity and potential temperature are
demonstrated as obtained by radiosonde datd'oof September (11:22 UTC). The launogiarea is located at a coastal
station around 15 km southest of the lidar statiaThe transport of moister marine air due to the initiation of a sea breeze
circulation results in RH increase reaching up to 60% at the lagém2 As seen also by theRF model results in Figure
5-c, the sea breeze flow penetrates the Attica basin and results in SSW surideeexdgeeding 7 nrlsat 11:00 UTC.
Mechanical elevation of these marine air masses along the Attica Mountainslga$oirmation of the shallworographic
clouds that are found by the lidar measurements. This is also showruie Big) for the area of NTUA lidar station where
the moel predicts RH values up to 100 at the layer B3 km during the period 12:006:00 UTC. Condensation is also
evident in the model and the formation of a warm phase orographic clouc wihximum mixing ratio of 0.15 g Rgs
shown in Figure & around 11:0413:00 UTC in accordance with the lidar observations.

In order to avoid the contamination of our retriewaith the presencef low altitude scattered clouddevelopedht the top

of that layer from 11:30 t613:00 UTC, we focused our analysis in the time window 13800 UTC, indicated with a
grey rectangle overlaid in Figure-& For the aforementioned timgeriod the vertical profiles of aerosobackscatter
coefficients(B,..(z)) at 355, 532 and 1064 nhave beemetrieved usinghe Klett inversionmethod(Figure 6a), using the
lidar ratio value of 70 sr at 532 n®imilar lidar ratio values pointedubby AERONET on the same day. More precisely, by
using thevalues ofsingle scattering albedaw(1)) and phase function at 18Q@P(180°)), retrieved with AERONET
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inversion algorithm, thenean daily columnar lidar ratio value at 532 mvasfound to be equal to 65+4 @q. 1)This lidar
ratio value is typicabf smoke €.g Amiridis et al., 2009Mdiller et al., 200Y.

¢ = 4 1)

e w(A) x P(180°)

The backscatterelated Angstrém exponent at VIS/IR is greater than 1.5, in agreemédnttheitcorresponding valsie
retrieved fromAERONET (Figure 6b), denoting also the dominance of fine mode partiatésgher altitudes For the same
time period the paricle linear depolarization rati@,,,-(2)) profile at 532 nm was calculatedrom AIAS lidar signals
(Figure 6c¢). 6,4, (2) depictsan almost constant value of 4%.97+0.19%) for heights above 2 kmvhile at the height range
between 12 km a mean value d&.570.66% is observedThe aforementioned values are indicative for the presehce
rather spherical particlen summary, the high values of backscattelatedAngstromexponent along with the low particle
linear depolarization ratio values in the height range3-52km, are considered as typical finoke as alsoeported by
Burton et al(2012 andGrof3 et al(2013. In Figure 6d, the LIRICretrievalsfrom the synergy of lidar signals and ssky

radiometric measuremengse shown(Cs/,:(z)). The aerosol fine mode is dominant in the entire vertical atmospheric

profile and thecontribution of the coarse modelimited to ~25% of the totaMore precisely, the fine moderosololume
is almost 85% larger than the coarse mddside thefreetroposphericlayer extended from 2 to approximately 3,km
reaching anaximumvalueof 0.03 ppbv

The presence of smoke particles over GAA for our case $iasialso been identififtom model simulationperformed for
our caseSpecifically,we perbrmedbackward emission sensitivitgnalysissmploying theFLEXPART-WRF starting from
three different areas inside the GAS8afonic Gulf, Evoikos Gulf and Aegean Sea). The resoiteatea homogeneous
transport of air masses from the area of West Balkans. The active &itegd¢hdetected during the satime period at this
area by MODIS (red triangles in Figure 7) dkely the saircefor the biomass smoke layetetectedn our measurements.
On 2" of Septemberandfor the time period 09:150:38UTC, the research aircraft FAANBAe146flew at various heights
from 1.6up to 4.5 km, over the GAA, performing measurements of fine modielpazbncentration (PM particles with
diameter less thandm), with theon-boardAMS instrumenation The AMS measurements Bfgure 8a show thathe most
dominantchemicalcomponents of the total measured {Pave sulphates and organic matter. The error kslrswnfor each
chemical compoundgorrespond to thestandard deviationdue to thetemporal averagg of the measured mass
concentratioa Their low valuesndicatethatthe aerosolariability over the GAA was negligiblén the height range from
1.6 to 4.1 kmthe fraction of sulphates in the total measured Rislsfound to be57.8% while the correspnding organic
fractionis 31.6% The high percentage of sulphate and organic species in the submicroméfractory total concentration
could indicate the presence of smoke particles at this altitude, in accordance nditigs fofPratt et al. (2011%nd Sun et
al. (2015)and literature given thereiifhe smoke particles usually present increased fractions of organissilahdts in
both fresh and aged statccording tdPratt et al(2011)
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More precisely abovethe flight height of 2.5 i, themass concentration slulphatesvasMg,, = 6.60 + 4.59 ug m=>,
while the corresponding values regardarganics, nitrates, chlorides aachmoniumarefound to be respectivelW,,, =
5.18 + 2.85 ug m=3, Myp, = 0.17 + 0.08 ug m=3, M¢; = 0.012 + 0.005 g m=3, My, = 1.48 + 0.75 ug m=3.

Simultaneous measurements of the gaseous pollutasled higher values of volume concentrations in the height range

above 2 km, reaching even tha 0 ppbv for CO and 52 ppbv for Os respetively (Figure 8b), indicating the presence of
smoke in that height range. These results are consistent with siesilétsrpublished byerma et al(2009) who reports
values ofOs concentration in the free troposphere of approximatelyfy corresponding to the smoke plume, while CO
concentrationsanges between 120 and 256bv. Moreover, die to the low relative humidity (RHaluesin our case study
(<50%), no humidit corrections are needed for the airbornsita retrieval{Figure 8c). Similar values to our observations

has been reported also Bgmbrou et al(2015 andAthanasopoulou et a2015)

3.2 Validation of volume concentration retrievals

LIRIC provides theconcentration profilesf fine and coarse mode particle€y,. (z)) in ppbv. In contrast, themass
concentration profileg M;(z)) retrieved by the AMS instrumentre expressed in ug cm™, and since thechemical
composition is knowywe are able to convert the mass/olume concentratigrand directly compare them with the LIRIC

retrievals. For the conversiowe usethe following equatiost
M;(2) (2)
i
®)
6 () = Coay () = ) Ci(2)
i=1

where the subscriptdenotesach constituent of the RMraction measured by the AMShe denominatoiin Eq. 2 is the
particle density 4;) for each chemical compoungs,, = 1.75 g cm~3, (Lide, D.R, 2007)poy = 1.2 g cm™3, (Turpin and
Lim, 2001) pyo, = 1.75 g cm™3, pgy = 1.75 g em™3, pyy, = 1.75 g cm™3 (Lide, D.R, 2007. The total fine mode volume
concentratioCpy, (2)) is retrieved by smming the volume concentration of eacnstituen(Eq. 3.

In order to croswalidate our retrievalsindependently with a&econd instrumenbn board we furtherestimatethe PM;

volume concentratignfrom size distribution measurementsbtainedwith PCASP instrumentation at six discrete height

levels The PCASP volme size distributior(;lvn—((rr))) is calculated from the number size distribution PCASP dssaming
spherical particlegs follows (Seinfeld and Pandis, 2006)
W) _ oy NG 4 NG @
dnm " dme) T3 Y dm
wherev(r) the volumeof particles with radius and;ill:’l—((:)) thenumber of particles in the infinitesimal size ramge din(r).

11



10

15

20

25

30

To evaluate the PCASP derived volume size distributimascomparevith the AERONET size distributionIn Figure 9 the
volume concentrations retrieved with PCASRaiousaircraftflight heightsover the GAA dong with theeffectivecolumn
volume size distributionretrieved by AERONET at 13:27 UT@&re shown The error bars on the size distributions of
PCASP denote the refractive index correction uncerta(aigcording to Rosenberg et al., 2D1Ror a directcomparison of
the effectivecolumn AERONET data (in units ofum® um?) with the heightresolvedPCASPdata (in units ofum®cnt?), the
AERONET volume size distribution hdseen divided by a layer depth of Pkm (black solid and dashed lines in Figurg 9
The layer depth of 2+1 kmvas chosefior demastrating the variability of this approadfrom the lidar sounding seems that
aerosol particles are present up to 3 km height. However the under gtedsoffospheric layer is having a layer depth of 1
km, exending from 2 to 3 km a.s.l.. On the other hand, the volume siziéodigin retrieved from AERONET is related to
the entire atmospheric column, in contrast to the size distributions retfieved®CASP measurements at various height
bins. It is observedhat in the height range of2km, the volume concentration of fine mode particles is predominant over
the corresponding coarse modss also observed in LIRIC retrievals. Moreowegpod correlation of the two distributions is
foundin the finemode range of the retrieval§he cutoff radius offine mode has been estimated A¥RONET at 0.439
um, with almost7% differencefrom thein-situ observatiosperformedwith PCASP (0.472um). Additionally, the fine mode
width (FWHM) of the sizalistribution measured by PCASRasfound to vary from 0.143m (at 2.92 km) to 0.168m (at
3.25 km). The corresponding value retrieved from AERONET colummeasurementszasfound to be 8.5 to 27.5% lower
(0.132pm). Regarding the modal radius of the fine mode distributions, PGA&asurements revealed the value of 0.133
um while AERONET columnar observations showed a modal radius at @148

Following the aforementioned methodolggye present in FigureOlthe volume concentrations acquired with the airborne
in-situ instruments(Cpy, (z) in ppby; red circles AMS; black circles PCABRIong with thevolume concentrationof fine
aerosol modg(Cy(z) in ppbv), as derivedfrom the LIRIC algorithm(blue line). Integrating the volume concentration
retrievals of PCASP in the size range bin 600672um (in terms of radiuswe estimated the volume concentration ofiPM
for each height bin.Concentrationsretrieved by PCASP measurements are slightly lower thanctieesponding
measurements of AM@nean relative difference ~30%)owevemwithin the errorbars

The airborne AMS dataset was obtained during morning hours (9:38 UTC) under low to moderate RH conditions (~
50%), while the LIRIC retrievals obtaideunder higher RH conditions, influenced probably from a water eptéfect.
Consequently, we need to take account this effect in order to make a stoawgtdf comparison of LIRIC and AMS
concentration retrievals. Assuming that for the entire timeog€f19:1515:00 UTC), the aerosol chemical composition was
constant above our measurement site but the meteorological cong#ioed, we estimated the growth of the total mass
concentration by employing the ISORROPIA Il model.

ISORROPIAII (Fountoukis and Nenes, 200@3lculates the particle water associated with inorganics for the PM1 aerosol
fraction based on a thermodynamic equilibrium lestiv an inorganic aerosol (M3Q:-NOs-Cl-Na-CaK-Mg-water) and

its gas phase precursoiGUo et al., 2015Bougiatioti et al., 2016 Here, ISORROPIAI was operated in the “forward

mode” assuming a metastable aerosol state. The inputs to ISORRIOR&£e the inorganic ions measured by the AMS,
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while values for N§ C&*, K* and Mg* were considered to beeal to zero as their contribution to the submicron fraction is
negligible, and RH and T measured by the aircraft. Particle water concentraionsubsequently revisited by changing
the respective RH and T values to match the ambient data and the model wiatedgicomparing finally the derived mass
concentration values with the initial ones. The results from simulatithdSORROPIA Il, are demonstrated as inset figure
in Figure 10. The growth of the total mass remains constant (1) up to &@dsRH, taking the values of 1.33 and 1.78 at
70 % and 80 % RH respectively. Since in our dataset we do not have mfashdation regarding the vertical variability of
RH, we consider indicative RH values of the order oB0&. We applied the growth fimes of total mass concentration
derived from ISORROPIA Il to the AMS data set (Figure 10 open turguaid green circles). As demonstrated by the inset
figure, as the RH approaches the 100 % LIRIC assumption of a verticdbynurfine mode propertiegould lead to large
errors.

For thefine mode concentratigorofilesas retrieved with LIRIGlgorithmand AMSmeasurementshown in Figure 10, the
mean relative difference of LIRIC retrievals from AMS measurememtsdfdo be-24.2% with a mean biasf -0.003 ppbv.
This mean bias of LIRIC concentration becorr@801 ppbv for data points obtained above 2 km heigig. RMSE value
found to be 0.00@iith mean fractional bias and mean fractional eofdhe order 0£f0.136 and 0.315 respectively.

A comparison between LIRIC retrievals and airborne measurements at spefit bins, where isitu AMS data are
available,is shownin Figure 11 For this comparisomve usedthe AMS dataset instead of the PCASP, due toléngest
availability of AMS meaurements during thACEMED campaign The total number of data points used & The
correlation coefficienbetween LIRICC;(z) and AMSCpy, (2) is 0.85 showingthe very good agreement betweeldRIC
retrievalsand in-situ measurementddowever thiscorrelation becomes stronger (0)9wvhen excluding the datpoints
sampledat heights below 2 knTThese height binsverefound to be the most distant from the AERONIgd&ar station, and
belongto the lowest part of troposphenichis linked mostlyto anthropogenic activitystronglycontributing to the aerosol
loadinside the planetary boundary lay@&his load can vargignificanty inside the GAA ina horizontal distance @20 km
Overall the C;(z) values preserd very slight underestimationp t00.001+0.001 ppbvcompared t@py,, (z). However his
biasshould be considered negligible since as can be seen from Figure 1leishirithe three data points sampled below
1.9km. Beside the large spatial variability of locally produced particleoup@ km in a horizontal distance of 220 km, the
observed discrepancies below that height may also be attributed to linii&tions. According to the LIRIC retrievals and
the linear particle depolarization ratio (~ 6%) below 2 km, a mixturenefdhnd coarse particles is observed in the lower part
of the atmosphere, while above 2 km mostly fine particles are obs@figede 6). The usage ofconstant with height
AERONET values in LIRIC retrievals may lead hligh uncertainties in the retrieval of the uate concentratn profiles,
especially in cases with ndromogeneous aerosol mixingsfanadosMufioz et al., 2014), as observed in this case.
Moreover, LIRIC volume concentratioatrievalsare also affected by the incomplete overlap of the lidar systems.

The case study of fine particles described here, was an excellent case forngalld&IC with in-situ airborne
instrumentation since there are no limitations regarding (i) the pesdémonspherical particles and (i) the inlet size and

pipeline loses of the iBitu instruments for particles up 1.5um in radius. Due to (i) it is feasible to use Mie scattering
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calculations for estimating the number size distribution values andiagpthe refractive index correction (Rosenberg gt al
2012) Under those conditions LIRIC revealadjoodperformancaegarding the fine mode aerosol concentration retrievals,
especially for the height range above 2 km where the fine mode contributiaghig predominant, and the LIRIC code is

less influenced by the overlap heighte observed discrepancies below 2 km could be partly explained to the presence of
mixed coarse and fine particles, which introduce difficulties in CIRI accurately distinguish between the fine and coarse
particles and to the lidarignals whichare affected by the overlap heightowever, our resultbelow 19 km are not

conclusive since¢here arenly three available data points below that height.

4 Summary

In this study wedemonstrated a good performance for the LIRIC algorithgardng the retrieval of theolume
concentration profilén the fine mode. The evaluation was done against-tpigthity andwell-established irsitu airborne
measurementd his validation is performed for the first tinfer a case of fine mode particlepecificallyfor a smokecase
study overGreeceon 2 of September 201We analysed the case study using all measurements available and characterized
the aerosol load in terms of optical and microphysical/chemical propepiesficallyas follows:(i) we analysed in detail
the increasedalues of aerosol optical properties eh&din the atmospheric column, withERONET (AOD 0.82 at 340
nm), and we estimated the range dependerosol optical propertiewith backscattedeplarization lidar measurements.
(i) The synergistiazise of passive and active rematensing measurememtade also feasible the aerosol characterization
terms of volume concentratipdemonstrating values &.03 ppbv regardindgine mode (iii) The avidable airborne ni-situ
measurements of chemiaampositionrevealed the presence of sulphd®&&6% and organic carbo(81.6% fractionsof
fine modein the atmosphergand justified the biomass origin of the detected lagigy In addition he airborne irsitu
measurementsave been used for validating thee modevolumeconcentratiometrievalsof LIRIC during the specific case
study The correlation coefficienbetween AMS and LIRIC valuesasfound to be 0.85 and reach even the7Qibwe
exclude the data points at heights belefv km, showing a satisfactoryagreement between LIRIC retrievals anekiitu
measurementsThe C;(z) values areslightly underestimate¢ompared ta;,, (z) up to 0.08 ppby, with a mean relative
differene of-24.2 % and a RMSE of 0.006. However, for the height range below, Bigher discrepancies are observed
which may be attributed: (i)o the time difference, of around two to three hours, between LIRICva&@giend the AMS
measurements, and (ifye aerosol spatiabariability over the GAA especially for heights below 2 kmhich are strongly
affected by the anthropogenic activifiji) to the lidar incompleteoverlap region (iv) to LIRIC limitations due tonon

homogeneous aerosol mixing

14



10

Acknowledgment

The research leading to these results has received fufrdimgthe European Union Seventh Framework Programme
ACTRIS-1 (grant agreemento. 262254, and the EuropeaUnion’s Horizon 2020 Research and InnovatisngPanme
ACTRIS-2 (grant agreement o 654109. Airborne data was obtained using the BI6-301 Atmospheric Research
Aircraft (ARA) flown by Directflight Ltd and managed by the Facility for Airborne Atmospheric MeasuremeA&SMIy;
which is a joint entity of the Natural Envirommt Research Council (NERC) and the Met Offiekght hours has been
founded byEUFAR: European Facility for Airborne Research in Environmental andsGeaces The authors would like

to acknowledgealso the funding from European Uniddnion’s Horizon2020 ProgrammeECARS (grant agreemenbn
692014.

15



10

15

20

25

30

35

References

Ackermann, J.: The extinctieto-backscatter ratio of tropospheric aerosol: A numerical study, J. AtredspOcean.
Technol., 15(4)1043-1050, 1998.

Allan, J. D., Jimenez, J. L., Williams, P. I., Alfarra, M. R., Bower, K. N., Jaynd..,JCoe, H. and Worsnop, D. R.:
Quantitative sampling using an Aerodyne aerosol mass spetier 1. Techniques of data interpretation and error agalysi
J. Geophys. Res. Atmospheres, 108(D3), 40200, doi:10.1029/2002JD002358, 2003.

Alvarez, J. M., Vaughan, M. A., Hostetler, C. A., Hunt, W. H. and WinkerM.: Calibration technique for polarization
sensitive lidars, J. Atmospheric Ocean. Techn8(5f 683699, 2006.

Amiridis, V., Balis, D. S., Kazadzis, S., Bais, A., Giannakaki, E., PapayaAnigand Zerefos, C.: Fowrear aerosol
observations with a Raman lidar at Thessaloniki, Greece, in the fan@ivEuropean Aerosol Research Lidar Network
(EARLINET), J. Geophys. Res., 110(D21), doi:10.1029/2005JD006190, 2005.

Amiridis, V., Balis, D. S., Giannakaki, E., Stohl, A., Kazadzis, S., Koukdl E. and Zanis, P.: Optical characteristi€s o
biomass burning aerosols over Southeastern Europe de¢erfnom U\VRaman lidar measurements, Atmospheric Chem.
Phys., 9(7), 24312440, doi:10.5194/aep-2431-2009, 2009.

Ansmann, A., Riebesell, M. and Weitkamp, C.: Measurement of atieas aerosol extinction profiles with a Raman lidar,
Opt. Lett., 15(13), 746, doi:10.1364/0OL.15.000746, 1990.

Ansmann, A., Wandinger, U., Riebesell, M., Weitkamp, C. and MichaalisIndependent measurement of extinction and
backscatter profiles in cirrus clouds by using a combined Raman 4askiscatter lidar, Appl. Opt31(33), 7113,
doi:10.1364/A0.31.007113, 1992.

Ansmann, A., Tesche, M., Seifert, P., Grol3, S., Freudenthaler, V., Apitle Wilson, K. M., Serikov, I., Linné, H.,
Heinold, B., Hiebsch, A., Schnell, F., Schmidt, J., Mattis, |., Wandinger, UWiadner,M.: Ash and finemode particle
mass profiles from EARLINEFAERONET observations over central Europe after the eruptions of tredjaigjokull
volcano in 2010, J. Geophys. Res. Atmospheres, 116(D20), DO0U02, doi;:10.1029/20161)20%%.

Ansmann, A., 8ifert, P., Tesche, M. and Wandinger, U.: Profiling of fine and coarselpanass: case studies of Saharan
dust and Eyjafjallajokull/Grimsvétn volcanic plumes, Atmos @hehys, 12(20), 9399415, doi:10.5194/aep2-9399
2012, 2012.

Athanasopoulou, ERrotonotariou, A. P., Bossioli, E., Dandou, A., Tombrou, M., Allan, J. D., Badylihalopoulos, N.,
Kalogiros, J., Bacak, A., Sciare, J. and Biskos, G.: Aerosol chgnasiove an extended archipelago of the eastern
Mediterranean basin during strong mern winds, Atmospheric Chem. Phys., 15(14), 88d21, doi:10.5194/aep5
8401-2015, 2015.

Basart, S., Pérez, C., Nickovic, S., Cuevas, E. and Baldasano, J. M.ojfeert and evaluation of the BEXREAMS8b
dust regional model over Northern Africa, the diterranean and the Middle East, Tellus B, 64 [online] Availditgen:
http://www.tellusb.net/index.php/tellusb/article/view/18539 ¢@ssed 16 May 2016), 2012.

Baumgardner, D., Newton, R., Jonsson, H., Dawson, W. and O’Connor, D.: |0l @erosol and rpcipitation

spectrometer: a new instrument for cloud investigations, [online] Alaila from:
http://calhoun.nps.edu/handle/10945/46132 (Accessed 16 May 2016), 2001.

16



10

15

20

25

30

35

40

Bezantakos, S., Barmpounis, K., Giamarelou, M., Bossioli, E., Tombtglihalopoulos, N., Eleftheriadis, K., Kalogiros,
J., D. Allan, J., Bacak, A., Percival, C. J., Coe, H. and BiskasC&emical composition and hygroscopic properties of
aerosol particles over the Aegean Sea, Atmospheric Chem. R&{22), 1159511608, doi:10.5194/aep3-115952013,
2013.

Biele, J., Beyerle, G. and Baumgarten, G.: Polarization lidar: correatiotstrumental effects, Opt. Express, 7(12),-427
435, 2000.

Binietoglou, 1., Basart, S., Alade&rboledas, L., Amiridis, V., Argyrouli, A., Baars, H., Baldasano, J. M., Bd.,
Belegante, L., Bravd@randa, J. A., Burlizzi, P., Carrasco, V., Chaikovsky, A., Comerén, AniXo, G., Filioglou, M.,
GranadosMufioz, M. J., GuerrerRascado, J. L., llic, L., Kokkalis, P., Maurizi, A., Mona, L., Monti, F., Mufamcar, C.,
Nicolae, D., Papayannis, A., Pappalardo, G., Pejanovic, Gejr®@e6. N., Perrone, M. R., Pietruczuk, A., Posyniak, M.,
Rocadenbosch, F., Rodriguédmez, A., Sicard, M., Siomos, N., Szkop, A., Terradellas, E., Tsekeri, A., \QkAyi
Wandinge, U. and Wagner, J.: A methodology for investigating dust model penf@menausing synergistic
EARLINET/AERONET dust concentration retrievals, Atmospheric M&ash., 8(9), 35743600, doi:10.5194/ar&-357
2015, 2015.

Bougiatioti, A., Nikolaou, P., Stagulas, I., Kouvarakis, G., Weber, R., Nenes, A., Kanakidou, M. and Mihdtmad\.:
Particle water and pH in the eastern Mediterranean: source variabdityn@lications for nutrient availability, Atmospheri
Chem. Phys., 16(7), 4578591, 2016.

Brioude J., Arnold, D., Stohl, A., Cassiani, M., Morton, D., Seibert, P., Angevine, Vén,Es.,, Dingwell, A., Fast, J. D.,
Easter, R. C., Pisso, I., Burkhart, J. and Wotawa, G.: The Lagrangiaciepdispersion model FLEXPARWRF version
3.1, Geosci Model Dg 6(6), 18891904, doi:10.5194/gmé-18832013, 2013.

Burton, S. P., Ferrare, R. A., Hostetler, C. A, Hair, J. W., Rogers, R. Rndia D., Butler, C. F., Cook, A. L., Hampe
D. B. and Froyd, K. D.: Aerosol classification using airborne High $pleResolution Lidar measurementsnethodology
and examples, Atmospheric Meas. Tech., 5(13983d0i:10.5194/arb-73-2012, 2012.

Cai, Y., Snider, J. R. and Wechsler, P.: Calibration of the passive casitysol spectrometer probe for airborne
determingion of the size distribution, Atmospheric Meas. Tech., 6(9), 23398, doi:10.5194/ar-23492013, 2013.

Cairo, F., Di Donfrancesco, G., Adriani, A., Pulvirenti, L. and IKidf.. Comparison of various linear depolarization
parameters measured by lidappl. Opt., 38(21), 44251432, 1999.

Canagaratna, M. R., Jayne, J. T., Jimenez, J. L., Allan, J. D., Alfarra, M. Rg,4Ba Onasch, T. B., Drewnick, F., Coe,
H., Middlebrook, A., Delia, A., Williams, L. R., Trimborn, A. M., Northway, M, DeCarlo, P. F., Kolb, C. E., Davidovits,
P. and Worsnop, D. R.: Chemical and microphysical characterization of arabi@sols with the aerodyne aerosol mass
spectrometer, Mass Spectrom. Rev., 26(2);-283, doi:10.1002/mas.20115, 2007.

Chaikovsky, A., Dubovik, Q Holben, B., Bril, A., Goloub, P., Tanré, D., Pappalardo, G., Wandinge€haikovskaya, L.,
Denisov, S., Grudo, J., Lopatin, A., Karol, Y., Lapyonok, T., Amiridis, V., Asrsm A., Apituley, A., AlladosArboledas,

L., Binietoglou, I., Boselli, A., D&apos;Amico, G., Freudenthaler, V.le§i D., Granadebluiioz, M. J., Kokkalis, P.,
Nicolae, D., Oshchepkov, S., Papayannis, A., Perrone, M. R.u&ak, A., Rocadenbosch, F., Sicard, M., Slutsker, 1.,
Talianu, C., DelTomasi, F., Tsekeri, A., Wagner, JadaWang, X.: LidatRadiometer Inversion Code (LIRIC) for the
retrieval of vertical aerosol properties from combined lidar/radiondd&a: development and distribution in EARLINET,
Atmospheric Meas. Tech., 9(3), 138205, doi:10.5194/arf-1181-2016, 2016

Comeroén, A., Rocadenbosch, F., Lopez, M. A., Rodriguez, A., Mufioz, C., Gazc&ino, D. and Sicard, M.: Effects of
noise on lidar data inversion with the backward algorithm, Appl. Opt., 43522577, 2004.

17



10

15

20

25

30

35

40

Dubovik, O. and King, M. D.: A flexiblénversion algorithm for retrieval of aerosol optical properties fram &nd sky
radiance measurements, J. Geophys. Res., 105(20%®&73000.

Dubovik, O., Sinyuk, A., Lapyonok, T., Holben, B. N., Mishchenko, M., YangEBk, T. F., Volten, H., MufiozQ.,
Veihelmann, B., van der Zande, W. J., Leor.J.Sorokin, M. and Slutsker, I.: Application of spheroid models to account
for aerosol particle nonsphericity in remote sensing of desert duGeaphys. Res. Atmospheres, 111(D11), D11208,
doi:10.10292005JD006619, 2006.

Eck, T. F., Holben, B. N., Reid, J. S., Dubovik, O., Smirnov, A., @NH. T., Slutsker, I. and Kinne, S.: Wavelength
dependence of the optical depth of biomass burning, urban, and desert dusis,adro&eophys. Res. Atmospheres,
104(D24), 3133331349, d0i:10.1029/1999JD900923, 1999.

Eloranta, E. E.: High Spectral Resolution Lidar, in Lidar, editedbyC. Weitkamp, pp. 14363, Springer New York.
[online] Available from: http://link.springer.com/chapter/10.10038Y-2510%4_5 (Accessed 31 August 2016), 2005.

Fountoukis, C. and Nenes, A.: ISORROPIA II: a computationalligiefft thermodynamic equilibrium model for kK€a
2+-Mg 2+NH 4+Na+SO 4 2-NO 3—CIl—H 2 O aerosols, Atmospheric Chem. Phys., 7(17), 46@%9, 2007.

Freudenthale V., Esselborn, M., Wiegner, M., Heese, B., Tesche, M., Ansmann, A., Muller, Dauaé&h, D., Wirth, M.,
Fix, A., Ehret, G., Knippertz, P., Toledano, C., Gasteiger, J., d&arter, M. and Seefeldner, M.: Depolarization ratio
profiling at several wavelgghs in pure Saharan dust during SAMUM 2006, Tellus B, 61(1);11&% doi:10.1111/j.1660
0889.2008.00396.x, 2009.

Giannakaki, E., Pflller, A., Korhonen, K., Mielonen, T., Laakso, L., VakkéariBaars, H., Engelmann, R., Beukes, J. P.,
Van zyl, P. G., Josipovic, M., Tiitta, P., Chiloane, K., Piketh, S., LihavaiHe, Lehtinen, K. E. J. and Komppula, M.: One
year of Raman lidar observations of fteepospheric aerosol layers over South Africa, Atmospheric Chens.,PH5(10),
54295442, doi:10.5194/ach554292015, 2015.

GranadosMufioz, M. J., GuerrerRascado, J. L., BravAranda, J. A., Nava§&uzman, F., Valenzuela, A., Lyamani, H.,
Chaikovsky, A., Wandinger, U., Ansmann, A., Dubovik, O., Grudo, J. @.AdadosArboledas, L.: Retrieving aerosol
microphysical properties by LiddRadiometer Inversion Code (LIRIC) for different aerosol types: Micysigll properties
by LIRIC, J. Geophys. Res. Atmospheres, 119(8), 4838568, doi:10.1002/2013JD021116, 2014.

GranadosMufioz, M. J., BraveAranda, J. A., Baugardner, D., GuerrerRascado, J. L., Pérézamirez, D., Navas
Guzman, F., Veselovskii, I., Lyamani, H., Valenzuela, A., Olmo, F. J.,, TEgsAndrey, J., Chaikovsky, A., Dubovik, O.,
Gil-Ojeda, M. and Aladeérboledas, L.: A comparative study of aerosttrophysical properties retrieved from ground
based remote sensing and aircraft in situ measurements during a SahaememtiAtmospheric Meas. Tech., 9(3), 1113
1133, doi:10.5194/ar8-11132016, 2016a.

GranadosMufioz, M. J., Navasuzman, F., Gueero-Rascado, J. L., BravAranda, J. A., Binietoglou, I., Pereira, S. N.,
Basart, S., Baldasano, J. M., Belegante, L., Chaikovsky, A., ComerdrD&apos;Amico, G., Dubovik, O., llic, L.,
Kokkalis, P., MufioZPorcar, C., Nickovic, S., Nicolae, D., Olmo, F, Papayannis, A., Pappalardo, G., Rodriguez, A.,
Schepanski, K., Sicard, M., Vukovic, A., Wandinger, U., Dulac, F. and o&ladboledas, L.: Profiling of aerosol
microphysical properties at several EARLINET/AERONET sites during Xy 2012 ChArMEX/EMIP campaign,
Atmospheric Chem. Phys., 16(11), 764066, doi:10.5194/acp6-70432016, 2016b.

Gro3, S., Tesche, M., Freudenthaler, V., Toledano, C., Wiegner, M., AnsmanAlthhausen, D. and Seefeldner, M.:
Characterization of Saharan dust, marine aesoaotl mixtures of biomadmirning aerosols and dust by means of multi
wavelength  depolarization and Raman lidar measurements dulBgMUM 2, Tellus B, 63(4),
doi:10.3402/tellusb.v63i4.16369, 2011.

18



10

15

20

25

30

35

Grol3, S., Esselborn, M., Weinzierl, B., Wirth, M., Fix, akd Petzold, A.: Aerosol classification by airborne high spectral
resolution lidar observations, Atmos Chem Phys, 13(5),-28J5, doi:10.5194/aep3-24872013, 2013.

Grol3, S., Freudenthaler, V., Schepanski, K., Toledano, C., Schaflerngmahn, A. andVeinzierl, B.: Optical properties
of longrange transported Saharan dust over Barbados as measured fhyadlahgth depolarization Raman lidar
measurements, Atmospheric Chem. Phys., 15(19), 10680, do0i:10.5194/aep5-110672015, 2015.

Guo, H., Xu, L., Bougiatioti, A., Cerully, K. M., Capps, S. L., Hite Jr, J. R.It@arA. G., Lee, S. H., Bergin, M. H., Ng, N.
L. and others: Fingarticle water and pH in the southeastern United States, Atmos ChsmlB(D), 52145228, 2015.

Holben, B. N., Eck, T. F., Slutsker, I., Tanré, D., Buis, J. P., Setzer, A., ¥&riag Reagan, J. A., Kaufman, Y. J,,
Nakajima, T., Lavenu, F., Jankowiak, I. and Smirnov, A.: AERONETFederated Instrument Network and Data Archive
for Aerosol Characterization, Remote Sdfviron., 66(1), £16, doi:10.1016/S0034257(98)00035, 1998a.

Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J. P., Setzer, A., \&rilBgtReagan, J. A., Kaufman, Y. J. and
Nakajima, T.: AERONETFA federated instrument network and data archive for aerosol characterizatrnoteR8ens.
Environ., 66(1), 16, 1998b.

Klett, J. D.: Stable analytical inversion solution for processing lidar rmgtu Appl. Opt.,, 20(2), 211,
doi:10.1364/A0.20.000211, 1981.

Kokkalis, P., Papayannis, A., Mamouri, R., Esaknakis, G. and Amiridis, V.: The EOLE lidar system of the National
Technical University of Athens, in Reviewed and revised papers peesainthe 26th International Laser Radar Conference,
pp. 25-29., 2012.

Kokkalis, P., Papayannis, A., Amiridis, V., Mamouri, R. E., Veselovskii, digktin, A., Tsaknakis, G., Kristiansen, N. 1.,
Stohl, A. and Mona, L.: Optical, microphysical, mass and geomepioglerties of aged volcanic particles observed over
Athens, Greece, during the Eyjafjallajokull eruption in April 2010 wlto synergy of Raman lidar and sunphotometer
measurements, Atmospheric Chem. Phys., 13(18),-9328, doi:10.5194/aep3-93032013, 2013.

Lide, D.R: CRC Handbook of Chemistry and Physics, 88th Edition, CRC PFi@die] Available from
https://www.crcpress.com/CRBandbookof-ChemistryandPhysics88th-Edition/Lide/p/book/9780849304880 (Accessed
16 May 2016), 2007.

Lopatin, A., Dubovik, O., Chaikovsky, A., Goloub, P., Lapyonok, T., Tabréand Litvinov, P.: Enhancement of aerosol
chaacterization using synergy of lidar and qphtometer coincident observations: the GARRLIC algorithm, Atmersph
Meas. Tech., 6(8), 2068088, doi:10.5194/ar-20652013, 2013.

Mamouri, R. E. and Ansmann, A.: Fine and coarse dust separation \étization lidar, Atmospheric Meas. Tech., 7(11),
37173735, doi:10.5194/amit-37172014, 2014.

Mattis, I., Ansmann, A., Muller, D., Wandinger, U. and Althausen Muiltiyear aerosol observations with dwahvelength
Raman lidar in the framework of EARLINETMULTIYEAR AEROSOL PROFILING IN EUROPE, J. Geophys. Res.
Atmospheres, 109(D13), nrda, doi:10.1029/2004JD004600, 2004.

Morgan, W. T., Allan, J. D., Bower, K. N., Highwood, E. J., Liu, D., McMeeking, G. R., MagthM. J., Williams, P. I.,

Krejci, R. andCoe, H.: Airborne measurements of the spatial distribution of aerdsahical composition across Europe
and evolution of the organic fraction, Atmos Chem Phys, 10(8),40&3, doi:10.5194/aep0-40652010, 2010.

19



10

15

20

25

30

35

Mdiller, D., Wandinger, U. and Ansmann, A.: Microphysical particle pammmdtom extinction and backscatter lidar data
by inversion with regularization: theory, Appl. Opt., 38(12), 2346, ddi3@/A0.38.002346, 1999.

Mdiller, D., Ansmann, A., Mattis, I., Tesche, M., Wandinger, U., AlthausemnD Pisani, G.: Aerostype-dependent lidar
ratios observed with Raman lidar, J. Geophys. Res., 112(D16), doi:10.102B)208292, 2007.

Myhre, G., Shindell, D., Bréon, M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., Lamargte,, Lee, D.Mendoza,

B., Nakajima, T., Robock, A., Stephens, G., Takemura, T. and Zhangntiiropogenic and Natural Radiative Forcing, in
Climate Change 2013: The Physical Science Basis. Contribution of MgoB<ioup | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by T. F. StockerjrD.GQK. Plattner, M. Tignor, S. K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley, pp.-62®, Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USAonline] Available from: www.climatechange2013.org, 2013.

Papayannis, A., Amiridis, V., Mona, L., Tsaknakis, G., Balis, D., Bosenbe@hdikovski, A., De Tomasi, F., Grigorov, .,
Mattis, 1., Mitev, V., Miiller, D., Nickovic, S., Pérez, C., Pietruczuk, A., Rjsan Ravetta, F., Rizi, V., Sicard, M., Trickl,
T., Wiegner, M., Gerding, M., Mamouri, R. E., D’Amico, G. and Pappuhl, G.: Systematic lidar observations of Saharan
dust over Europe in the frame of EARLINET (26Q002), J. Geophys. Res. Atmospheres, 113(D10), D10204,
doi:10.1029/2007JD009028, 2008.

Papayannis, A., Nicolae, D., Kokkalis, P., Binietoglou, 1., Talianu, Eledante, L., Tsaknakis, G., Cazacu, M. M., Vetres,
I. and llic, L.: Optical, size and mass properties of mixed type aerms@gseece and Romania as observed by synergy of
lidar and sunphotometers in combination with model simulationsas® study, Sci. Total Environ., 58D1, 277294,
doi:10.1016/j.scitotenv.2014.08.101, 2014.

Pappalardo, G., Amodeo, A., Apituley, A.,, Comeron, A., Freudemth&le Linné, H., Ansmann, A., Bésenberg, J.,
D’Amico, G., Mattis, I., Mona, L., Wandinger, U., Amiridis, V., Alad8sboledas, L., Nicolae, D. and Wiegner, M.:
EARLINET: towards an advanced sustainable European aerosol lidar nettarks Meas Tech, 7(8), 2383409,
doi:10.5194/am7-23892014, 2014.

Pérez, C., Nickovic, S., Baldasano, J. M., Sicard, M., Rocadenbosch, Faemor@, V. E.: A long Saharan dust event over
the western Mediterranean: Lidar, Sun photometer observatindsiegional dust modeling, J. Geophys. Res., 111(D15),
doi:10.1029/2005JD006579, 2006a.

Pérez, C., Nickovic, S., Pejanovic, G., Baldasano, J. M. and Ozsoy, &achite dustadiation modeling: A step to
improve weather forecasts, J. Geophys. Rd4.(D16), doi:10.1029/2005JD006717, 2006b.

Pratt, K. A., Murphy, S. M., Subramanian, R., DeMott, P. J., Kok, G. L., Campo®ogers, D. C., Prenni, A. J,,
Heymsfield, A. J., Seinfeld, J. H. and Prather, K. A.: Flighted chemical characterization aérbass burning aerosols
within two prescribed burn smoke plumes, Atmospheric Chem. Phys., 112849312565, doi:10.5194/aepl-12549
2011, 2011.

Reichardt, J., Baumgart, R. and McGee, T. J.: Fhigeal method for accurate measurements of depolarizegt®m with
lidar, Appl. Opt., 42(24), 4909, doi:10.1364/A0.42.004909, 2003.

Rocadenbosch, F., Reba, M. N. M., Sicard, M. and Comerén, A.: Practical ealabgtickscatter error bars for elastic -one
component lidar inversion algorithm, Appl. Opt., 49(13380-3393, 2010.

Rosenberg, P. D., Dean, A. R., Williams, P. I., Dorsey, J. R., Minikin, A., itickeM. A. and Petzold, A.: Particle sizing
calibration with refractive index correction for light scattering agitparticle counters and impacts upon BPAand CDP
data collected during the Fennec campaign, Atmos Meas Tech, 5(5}11687do0i:10.5194/ari-11472012, 2012.

20



10

15

20

25

30

35

Sassen, K.: Polarization in Lidar, in Lidar, edited by D. C. Weitkamp,1p42, Springer New York. [online] Available
from: http:/link.springer.com/chapter/10.1007287-251014 2 (Accessed 29 March 2016), 2005.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry andd@hys Wiley-Inter Science Publication, John Wiley &
Sons Inc, New York., 2006.

Stohl, A., Hittenberger, M. and Wotawa, G.: Validation of ttegiangian particle dispersion model FLEXPART against
largescale tracer experiment data, Atmos. Environ., 32(24),-422631, 1998.

Stohl, A., Forster, C., Frank, A., Seibert, P. and Wotawa, G.: Teadhnote: The Lagrangh particle dispersion model
FLEXPART version 6.2, Atmos Chem Phys, 5(9), 248174, doi:10.5194/aep-2461-2005, 2005.

Sugimoto, N., Nishizawa, T., Shimizu, A., Matsui, |. and Jin, Y.ai@hterization of aerosols in East Asia with the Asian
Dust and Aereol Lidar Observation Network (ADlet), vol. 9262, p. 92620492620K-9., 2014.

Sun, Y. L., Wang, Z. F., Du, W., Zhang, Q., Wang, Q. Q., Fu, P. Q., Pan, X. L., Li, J., JayneWbrandp, D. R.: Long
term realtime measurements of aerosol particle contsin Beijing, China: seasonal variations, meteorological effects,
and source analysis, Atmos Chem Phys, 15(17), 3IDA%5, doi:10.5194/aep5-101492015, 2015.

Tombrou, M., Bossioli, E., Kalogiros, J., Allan, J. D., Bacak, A., Biskos, G., GoeDandou, A., Kouvarakis, G.,
Mihalopoulos, N., Percival, C. J., Protonotariou, A. P. and SZall@cs, B.: Physical and chemical processes of air masses
in the Aegean Sea during Etesians: Aeg8&ME airborne campaign, Sci. Total Environ., 5867, 201216,
doi:10.1016/j.scitotenv.2014.10.098, 2015.

Tsekeri, A., Amiridis, V., Kokkalis, P., Basart, S., Chaikovsky, A., Diko®., Mamouri, R. E., Papayannis, A. and
Baldasano, J. M.: Application of a synergetic lidar and sunphotometeitiahgdor the characterization of a dust event over
Athens, Greece, Br. J. Environ. Clim. Change, 3(4), 531, 2013.

Tsekeri, A., Amiridis, V., Marenco, F., Nenes, A., Marinou, E., Solomos,&eifberg, P., Trembath, J., Nott, G. J., Allan,
J., Le Breton, M., Bacak, A., Coe, Hercival, C. and Mihalopoulos, N.: Profiling aerosol optical, micrspay and
hygroscopic properties in ambient conditions by combinirgjtin and remote sensing, Atmospheric Meas. Tech. Discuss.,
1-61, doi:10.5194/arr2016-193, 2016.

Turpin, B. J. and.im, H.-J.: Species Contributions to PM2.5 Mass Concentrations: Revisitingnoa Assumptions for
Estimating Organic Mass, Aerosol Sci. Technol., 35(1)-60Q, doi:10.1080/02786820119445, 2001.

Verma, S., Worden, J., Pierce, B., Jones, D. B. AS#dd] J., Boersma, F., Bowman, K., Eldering, A., Fisher, B., Jourdain,
L., Kulawik, S. and Worden, H.: Ozone production in boreal fire smokegduming observations from the Tropospheric

Emission Spectrometer and the Ozone Monitoring Instrument, J. Gedpaygs. 114(D2), doi:10.1029/2008JD010108,

2009.

Veselovskii, I., Kolgotin, A., Griaznov, V., Miller, D., Wandinger, &hd Whiteman, D. N.: Inversion with regularization
for the retrieval of tropospheric aerosol parameters from multiwvavéleldgr soundig, Appl. Opt., 41(18), 3685,
doi:10.1364/A0.41.003685, 2002.

Veselovskii, I., Dubovik, O., Kolgotin, A., Lapyonok, T., Di Girolaj®., Summa, D., Whiteman, D. N., Mishchenko, M.

and Tanré, D.: Application of randomly oriented spheroids for retrievelsif particle parameters from multiwavelength
lidar measurements, J. Geophys. Res. Atmospheres, 115(D21), D21203,18@i9/2010JD014139, 2010.

21



Wagner, J., Ansmann, A., Wandinger, U., Seifert, P., Schwarz, A., Tesche, aiko@ky, A. and Dubovik, O.: Eluation
of the Lidar/Radiometer Inversion Code (LIRIC) to determine micraphlysproperties of volcanic and desert dust,
Atmospheric Meas. Tech., 6(7), 171724, doi:10.5194/ar8-17072013, 2013.

Welton, E. J. and Campbell, J. R.: Micropulse lidar aiginUncertainty analysis, J. Atmospheric Ocean. Technol., 19(12),
2089-2094, 2002.

Whiteman, D. N.: Examination of the traditional Raman lidar technique |l Btiatuthe ratios for water vapor and aerosols,
Appl. Opt., 42(15), 2593, doi:10.1364/A0.42.002593, 2003.

Whiteman, D. N., Melfi, S. H. and Ferrare, R. A.: Raman lidar sy$terthe measurement of water vapor and aerosols in
the Earth’s atmosphere, Appl. Opt., 31(16), 3068, doi:10.1364/A0.31.003068, 1992.

10 Figure Captions

15

40°N

39°N

38°N

37°N
36°N

350N I = o o : C.ougleearth

(o] |
3 Bb°E 21°E 22°E 23°E 24°E 25°E 26°E
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Figure 2: AERONET fine/coarse mode AOD retrievals over Athens at 500 nm, forrtieeperiod betweens49™ of September 2011,
along with theAngstrémexponent of 440 nm / 870 nm for the same time period.
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Figure 3: Temporal variability of aerosol optical depth at 1020, 50, 440, 380 and 34thdrngstrom exponent (440/878lpng with
the columnar water vapor (in cnietrieved by CIMEEAERONET station in Athens, during%of September 2011.
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Date: 2" of September 2011, 14:00UTC

Model layer: Integrated Column Emission sensitivity (log) [s m’ kg™]
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Figure 7: Emission sensitivity (login s n? kg! for 3 days FLEXPARTWRF backwards calculation starting2if of September 2014
14:00 UTC. The arrival (receptor) layers are €8 Rm above Saronic Gulf, Evoikos Gulf and Aegean &@A). The red triangles
indicate the location of active fires as detected by MODIS during theationperiod.

28



w
2]
w

- 50, a go = RH
4.5 oM 4.5 R— 3 4.5 %
- NO| § £

ar cl 4 == A=
— E‘E NH4 — =_ —_ —_ T
= 3.58% = 3.5 =g =35 ==
» ? o w e ] =~
s B % ES S =
E s E” = £ ° Ex
A = = == = E5
£25 i £ 2.9 s E25 -+
2 . 2 i 2 &
& L. - © % @ 1
= 2 =4S £ 2 £ £ 2 *
£} - E L E §
2 f -+ = < o ¢
1.5 1.5 T 1.5

1 1 1

0.5 0.5] 0.5
0 v} 0
0 20 40 60 0 50 100 [} 50 100
Mass Goncentration [um m-3] Volume Concentration [ppbv] Relative Humidity [%]

Figure 8: Vertical profiles of (a) PMmass concentration (ing/m® (b) gaseous pollutant (COgzQvolume concentration (in ppbv) and
(c) relative humidity (%), retrieved from various instruments on boardng&®38 flight and for the time period 09:18:38 UTC.

100 —2.63 km
90 3.25 km 1
5 || |—262km
E 80 | 4.51 km i
= —2.92 km
g o 2.59 km i
S 60 __AERONET Integrated -
= over 21 km ;
£ 50 f f
c
S
c 40
3
> 30
£
= 20
G
>
10
G HEFH
107 107

1
Radius [um]

5 Figure 9: Size distributions of volume concentrations obtained BASP at discrete height levels, and size distribution retrieved by
AERONET at 13:27 UTC (solid and dashed black lines). AERONET sizehdistns have been divided by layelepthsof 2+1 km
(black solid and dashed lines) for direct comparison with PACA8&surements.

29



AMS at RH 80% . ISORROPIAI
o AMS at RH 70% it T
< 1
g
(‘5 A / 1
y u-‘0 50 60 70 80 90 100
@ RH [%] 1
©
£ : i
=,
= ° o 1
.% OO_O
I E =
1 1 ——
LIRIC
+ o PCASP i
o AMS
0 : | | | " | : | ; | :
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Fine mode-volume concentration [ppbv]

Figure 10: Fine mode wlume concentration profilagtrieved by LIRIC (blue line), AMS (red open circles), and PCASP (black open

circles) The inset figure demonstrates simulations of ISORROPIA II, regarding thlentaiss concentration growth for various RH
values.
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Figure 11 : AMS versus LIRIC fine mode volume concentrations retrieved at various héigtitsatel with colour scale).
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