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Abstract. A quantitative comparison study fRamanlidar and ceilometer observatiqrend for modesimulationsof mass
concentration estimed of smoke particless presentedLayers of biomass burning aerogurticleswere observed in the

lower tropospkre, at 2to 5 km height on 40 6 June 2019, over Kuopio, Finland. These loaggetransported smoke
particles originate from a Canadian wildfire event. The most pronounced smoke plume detected on 5 June was intensively
investigated. Optical properties were retrieved from the madtielength Raman polarization lidar P&lly Particle linear
depolarization ratiofPDR) of this plumeweremeasuredo be0.08+ 0.02 at 355 nm and 0.350.01 at 532 nmsuggesting

the presence of partly coated soot particles or particles that have mixed with a small amount of dust or-sfit@ricah

aerosol typeThe layermean PDR at 355m (532 nm) decreased during the day, from ~ 0.11 (0.06) in the morning to ~ 0.05
(0.04) in the evening; this decrease with time could be linked to the particle aging and related changed in the smeoke particl
shape propertied.idar ratios were derived as74t 5 sr at 355 nm and 7.5 sr at 532 nmA complete ceilometer data
processindgor a Vaisala CL51is presented, including the water vapor correction for high latitude for the first friome

sensor providedttenuated backscatter coefficient to pagtiolass concenttian. Aerosol tackscatter coefficients (BSCs)

were measured at four wavelengths (355, 532, 1064 nm Paliy*", and 910 nm from CL51). Two methods, basedaon
combined lidar and suphotometer approachare applied for mass concentration estimations from Heohy*™ and the
ceilometer CL51observationsin the first method#1 we usedconverted BSCs at 532 nm (from measured BSCs) by
corresponding measured bachtterrelated Angstrom exponenwhereas in the secomdethod#2 we usedmeasured BSCs

at each wavelength independentdy differenceof ~ 12 % or ~ 36 % was found between Polfyand CL51 estimated mass
concentrationsising method #1 or #Zhowing the ptential of mass concentration estimates from ceilomé&eilometer
estimationshaveuncertainty of ~-50 % in themass retrieval, buhe potential of the data lays in theeat spatial coverage

these instrumentsThe massretrievals were compared witthe ModerrEra Retrospective analysis for Research and
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Applications, version 2MERRA-2) meteorological anderosol reanalysi§ he inclusion of dugias indicated by MERRA
datg in the retrieved mass concentratiannegligible considering the uncertainties, which adwws that ceilometer
observations for mass retrievals can be used even without lexawtedge on theeomposition of the smoke dominant

aerosol plume ithetroposphere

1 Introduction

Wildfires releasdarge amoats of aerosoldnto the atmosphereontributingsignificantly to direct radiative forcingPCC
2013, https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter08_FINAlastifaccess: 31 March 202ahd
affecting cloud optical propertieby acting as cloud condensation nudéu, 2000)or ice nuclei(Prenni et al., 2012)
Biomass burning is the dominant global source for carbonaceous aerosols, including organic and bladicdrbae,
2019) which can be transported over thousands of kilometrese atmospher@Andreae, 1991; Fromm and Servranckx,
2003; Mielonen et al., 2012; Portin et al., 20IM)ese smokplumescan mix withother aerosal(such as dus®riginating
from regional and local sourcé®sborne et al., 2019; Tesche et al., 200®ngrange transport oparticles originating
from biomass burning has been recognized as a significant souropo$pheric aerosofgt northern latitude@Generoso et
al., 2003) with the most common being smoke from Russia or North Am¢kicdler et al., 2005; Wotawa et al., 2001)
The tical properties of smoke particles vadgpending ornthe vegetationfuel types in the source regionand the
combusibn phasethey also changiequentlywhen dispersing in the &iReid et al., 2005a, 2005b)

Lidars providequantitative rangeesolvedinformation of atmosphdc aerosols Multi-wavelength Raman lidatogether
with its depolarization capabilityprovides comprehensive informatioon aerosol optical and microphysicptoperties
(Muller et al., 1999, 2005krnd allowtheidentification ofthe aerosol typasingtheintensive optical parametef&rol3 et al.,
2013; lllingworth et al., 208). Groundbased lidar networkssuch as EARLINET (European Aerosol Researctiat
Network, https://www.earlinet.orglast access3 May 2021, Pappalardo et al., 201,4PollyNET (Raman and polarization
lidar network, http://picasso.tropos.dest access3 May 2021, Baars et al.,, 2006 and MPLNET Micropulse Lidar
Network, https://mplnet.gsf.nasa.goMast acces20 July2021, Welton et al., 200thave continued to providebservations
of clouds and aerosots/erlarge spatial scalesdam et al(2020)present a methodolodgr analysing the biomass burning
events recorded in the EARLINET database, and provide a literature review afdidlead intensive parameters of biomass

burning aerosols (46 reference values from 39 cited papers), including fresh and agéé@lanebsevations showed that

biomass burning aerosols are medium high-absorbing particles with an almost spherical shape and small particle size,

producing medium to high lidar ratios, low depolarization ratios and high Angstrom exp¢AkmesArboledas et al.,

2011; Amiridis et al., 2009; Baars et al., 2012; Muller et al., 2007; Murayama et al., 2004; Nepomuceno Pereira et al., 2014)

Spaceborne lidars such as CAIR (CloudAerosol Lidarwith Orthogonal Polaration) onboard the CALIPSO (Cloud
Aerosol Lidar andnfraredPathfinder Satellite Observation@yinker et al., 2009)and the ADMAeolus lidar of European
Space Agency (ESA[Stoffelen et al., 2005are complementary to these network observations by providibgagrosol
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distributionsaround the glohewhich also contribute signdfantly to the monitoring and documentation of thensportof
the smokdgBaars et al., 2021; Kim et al., 2009; Ohneiser et al., 2020)

Numerous studies have investigated the properties of smoke plumes transported from Canadian wildfires to Europe
(Ansmann et al., 2018; Fiebig et al., 2003; Hu et al., 2019; Miiller et al., .2BO5examplejn 2017 a recordbreaking
Canadian wildfire smoke evemtas observed over European lidar statioftse arrival ofbiomass burning smokiayers
from this event in August 201Was first reported by Khaykin et gR018) Haarig et al.(2018) present nightime lidar
observations of wildfire smoke aerosalgring the evenin both tropospheric and stratospheric layers over Leipzig, with
lidar ratios of 4045 sr (355 nm), 6880 sr (532 nm), 8®5 sr (1064 nm), low depolarization ratio (<0.03 at 355, 532, 1064
nm) for plumes in the troposphere and higher depolarization ratio (0.22 at 355nm, 0.18 at 532 nm, 0.04 at 1064 nm) for
plumes in the stratosphere. Latar, Baars et al(2019) reported six monthsbservationgfrom August 2017 to January
2018) ofsuchwildfire smokeaerosolguring the episodeith a network of 28 EARLINET grountased lidars in Europe,
shawing the aerosol properties and the evolution of the smoke layer during theatugey transportRecently, wildfire
smoke layers were measured over the North Pole with a lidar aboard the icebreaker Polarstern during the MOSAIC
(Multidisciplinary drifting Observatory for the Study of Arctic Climate) expedit{@ngelmann et al., 2020; Ohneiser et al.,
2021) However, he spatial resolution remains sparse, as adddidars are expensiveSimilar observational records over
NorthernEurope are more scarce in the literature.

Several national weather services have built up ceilometer networks for cloud monitorindnt{e:fceilometer.fmi.fi
Hirsikko et al., 2014E-Profile: https://eprofile.ey last access: 21 April 202With unattended operation on a 24/7 basis.
Information from he large number of ceilometeirs these networkgan fill the gaps between advanced lidar stations.
Ceilometers arsinglewavelength, eyaafe backscatter lidars, originally designed to determine cloud base heights. Studies
(e.g., Wiegner and Geil3, 2012how that ceilometers can also be used to retrieve the aerosol backscatter coefficient with
high accuracy. However, the accuracy of the aerosol exinatoefficient retrieval is sensitive to the estimate of the
unknown lidar ratio (LR). Ceilometers typically operé the nearinfrared (1064 nm or 910 nm) but the lidar ratios for
different aerosol types have usually been observed and reported o8 ahé 355 nm. Only recenthavelidar ratics at

1064 nm been measured by Raman l{iaarig et al., 2016)

Ceilometer measuremertiave beemsedin severalerosol studiesven though the instrumentsgreoriginally designed to
measure cloud heightsrom an Arctic stationMielonen et al(2013)reportedceilometerobservation®f biomass burning

plume heightsfrom the 2010 Russian wildfires in northern Finla@kilometer masurements of the German Weather
Service (DWD) networKhttp://www.dwd.de/ceilomagdast acces20 July 2021)were employed tdollow the progression

of the volcanic ash layefEmeis et al., 2011)and to visualisehe dispersion and temporal development of the North
American smoke plumegrickl et al., 2015)Vaughan et al(2018)showed how a dense network of lidars and ceilometers

in UK trackedthe evolution of Canadian forest fire smokiuff et al. (2021) demonstrate that ceilometers in the Unified
Ceilometer Network (UCNhttps://alg.umbc.eduén/, last access20 July 2027) can verify and track smoke plume transport

from a prescribed fire, in Maryland. Calibrated ceilometer profiles were also used as a tool to evaluate the aerosol forecast
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100 by the European Centre for MedivRange Weather Forasts (ECMWF) Integrated Forecasting System aerosol module
(IFS-AER) (Flentje et al., 2021)However,ceilometer studies in the literature often only pdevinformation of layer
heights and locationsnainly in terms ofattenuated backscattdn order to analyse to what extent the existing ceilometer
infrastructure could do in case of smoke monitoring, we performed a comparison study using andafaeamncelidar, a
ceilometer, and model data.

105 On 46 June 2019biomass burning aerosol layers were observed in therlawposphere over Kuopio, Finland. These
smoke particles originatidfrom a Canadian wildfire evenin this study, we presenbeervation®f the smokeplumefrom a
multi-wavelength Raman polarization lidar Pdllyand a Vaisala CL51 ceilometek combined lidaiphotometer approach
is presented foestimatingmass concentration @agood knowledge of the aerosol mass concentration is required from the
aviation safety point of vieySchumann et al., 2011Based on this approach, we applied two methods in this stuetod

110 #1, measired backscatter coefficients were converted to backscatter coefficients at 532 nm by corresponding measurec
backscatterelated Angstrom exponent, and then be applied to estimate the mass concentrations; methads#2,
concentrations were estimated froneasuredackscatter coefficiestat each waveleng{855, 532, 1064 nm frorRolly*T,
and 910 nm from CL51lindependentlyThis study reports,or the first time,a quantitative comparison study fBaman
lidar and ceilometer observations of smoke padidiéoreover, veé demonstrate thesefulness of a Vaisala ceilometer to

115 monitor smoke in the tropospherthe potential for mass concentration retrieval from ceilometer observations is also
discussedln addition, the mass retrievals were compared wWith ModernnEra Retrospective analysis for Research and
Applications, version PMERRA-2) meteorological anderosol reanalysis.

This paper is organized as followis Sect.2, the measurement site, instruregiun, anddata analysiare describedn Sect.
3, themass estimatin methods ancesults are presenteahd discussed.he conclusions are given in Sett.

120 2 Measurement siteinstrumentation and data analysis

The Vehmasmaki statian Kuopio (62°44'N, 27°33'E190 m above sea level), belonging to the European Aerosol Research
Lidar Network (EARLINET, https://www.earlinet.ordast access3 May 2021) and PollyNET (http://picasso.tropos.déast
access3 May 202)), is a ruralsite, located ~18&m from the city ceme of Kuopio, in Eastern Finland. The statiwas been
an operationalprofiling site since Autumn 2012 ands operated by the Finnish Meteorological Instit(itBrsikko et al.,

125 2014) Itis equippd with a grounebased multwavelength Raman polarization lidar P&flyBaars et al., 2016; Engelmann
et al., 2016) Vaisala ceilometers CL31 and CL51, a Doppler lidar, argitininstrumentsnext to a 318 m tall mast (for the
meteorolodral observationsyluring theperiod Vehmasméki idocatedfar from major aerosol sourcesich asdust or

anthropogenic aerosahdthe atmosphere is relatively clean.
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2.1 Ancillary data

The closesAErosol RObotic NETworkKk AERONET, http://aeronet.gsfc.nasa.gdast access3 May 2021 stationto the
Vehmasmaki site is the Kuopio station (62°53'N, 27°3885 m above sea level), ~18 km from Vehmasméki. The
AERONET sunphotometers measuthe aerosol optical depth (AOD) from 340 to 1640 reiglit channels) for the total
atmospheric column, with an uncertairfitgm 0.01 t00.02 (Eck et al., 1999)The AERONET (version 3.0) level 2.0 direct
sun product{ O6 Ne i | dndinversiod groductgDubovik and King, 2000were usedn this study These products
includespectral AODs, finenode and coarseode AODs (at 440,675, 870, 1020 nrof inversion productsor at 500 nm of
direct sun producjs fine-mode and coarseoderelated volume concentrations in the entire vertical atmospheric column.
The volume particle se distributionwas retrieved in the range of radius of 0i@5 pnt the minimum within the size
interval from 0.4390.992 um was used as a separation point between fine and coarse mode.padietaied uncertainty
analysis was performed yubovik et al.(2000) showing low erroran AOD, and about 10 20 % error in volume
concentration.

Temperature and pressure profiles from the GDAS (Global Data Assimilation System,
https://www.ready.noaa.gov/gdasl.php, last access: 19 March 2021) datalyasesed for thecorrection of Rayleigh
extinction and backsdating effects for lidar data analysi&iming at the observations of water vapor profiles, the most
used and welestablished measurement method is radiosonde soutttimgever, he closet available radiosonde data are
from Jokioinen(Finland, located ~300 km away from the easurement sitéilioglou et al.(2017)reporedthe inadequate
vertical representation of water vapor due to the-stable atmospheric conditions between two sites, when using a
radiosonde 10@m away. Thus, he relative humidity profiles from GDAS data wewsed for thewater vapor number
densities  estimations HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory,
https://ready.arl.noaa.gov/HYSPLIT.php, last access: 19 March 202 lyvaattkajectories were also analysed to study the
air mass origins. Additionallythe thermal anomaliesife sourcesfrom Terra and AqQuMODIS data(MODIS, 2019)were
synergistically used ttocatewhere the forest firewereoccurringThe fADust scor edo dnbsphentr ovi
InfraRed Sound@mwere used to determine tbecurrences of dugventghttps://airs.jpl.nasa.goVast access: 1 July 2021).
MERRA-2 is a global reanalysis producedth the NASA global Earth System model, GEOS (Goddard Earth Observing
System) coupled with the aerosol module GOCART (Goddard Chemistry, AerosoltiGtadiad TransportjGelaro et al.,
2017)and includes the assimilation of aerosol observations (AOD) from various spaceborne instruments such as MODIS,
AVHRR, MISR (Buchard et al., 2017; Randles et al., 201ias a approximatéorizontal raolution 0f0.5° x 0.625° and

72 hybrid-eta levellevels from the surface to 0.01 hFavery 3 hoursMERRA-2 produces vertical profiles of aerosol mass
mixing ratio for five aerosol speciddust, sea salt (SS), black and organic carbon (BC and OC), and sulfatefr(BiJ))

which lidar opti@l parameters, such as aerosol extinction and backscattering coefficients can be calculated.
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2.2 Polly*T lidar

The multi-wavelength Raman polarization lidar Pdllyhas three emission wavelengths (355, 532, 1063 and 12
detection channels, includirg farrange receiver unitvith eight channels(355, 387, 407, 532, 607, 1064 nm, and two
depolarization channels at 355 and 532 nm), a-re@age receiver unit witfour channels (355, 387, 532, and 607 nff)e

initial spatial and time resolution 5 m and 30 s, respectivelf¥he laser beamsretilted to an offzenith angle oB° to

avoid specular reflections from horizontally aligned ice crystds.the calculation of optical properties in this stuie

profiles were temporally averaged in 2 h intervals, smdothed witha vertical gliding averaging window length of 11 bins

(a vertical range of ~ 8@).

Data processing methodsiRéman lidarare well establishedVhenthe signatto-noise ratio ithigh enough foithereceived

signals at inelastic Ramseshifted wavelengths (387 and 607 nmhich is mainly during nightime, profiles of extinction

and backscatter coefficients at 355 and 532 nm can be derived independently using the Raman iechrgjae
(Ansmann et al., 1992apDtherwise, the KlettFernald methodFernald, 1984; Klett, 1981y applied using the elastic
signals to retrieve the backscatter coefficiefiike relative uncertaintiesre in the range ofi30 % for backscatter
coefficients and depolarization raties 355 and 532 nnfAnsmann et al., 1992b; Baars et al.,, 20It)e backscatter
coefficients retrieval at 1064 nm may be possible with a relative uncertainty of 15 % using only elastic signal by assuming a
proper lidar ratioThe lidar ratie at 355 and 532 nm areeasured with a typical relative uncertainty of ~ 20 % when the
inelastic measurements are good enowdgjigher uncertainties in lidar ratio at 1064 nm (~ 30 %) should be considered
(Haarig et al., 2018)-urther details on the instrument setup, principle and error propagation can be found in Engelmann et
al. (2016)

2.3 Ceilometerand data processing

The VaisalaCL51 ceilometerused in this studys a commercial elastic backscatter lidar originally intended for megsurin
cloud baseheights. It operates at 910 nm with an initial temporal resolution of 10 s and range resoldfom,atndwas
tilted to an angle of 213° from vertical The horizontal distances between the laser beams of CL51 and"Rolyofthe
order of~700 m at 5km, which isconsiderednegligible in this studyThe signaito-noise ratio (SNRYor raw CL51
backscatter signals above the boundary layers is weake ls@me temporal aveliag and vertical smoothing werequired
when performingfurther analysisin this study, CL51 ignals were smoothed with vertical gliding averaging window
length of 7 binga vertical range of ~ 7@). The profiles were temporalgveraged in 10 min intervals for the tinheight
cross section quick look, ama 2 h intervals to calculate the optical properties

Kotthaus et al(2016) states that background corrections are needed for so@ilemeter firmware versiongollowing the
method proposed in Kotthaus et @016) range histograms of observationsnir@&cL51 on cleassky days were analysed.

The results show that the background corrections are not needed for the CL51 data from Kuopio station, because the CL51



operating with a specific firmware version which is recommeriged-Profile and ACTRISthe Aerosol, Clouds and Trace
Gases Research Infrastructurps://www.actris.east access3 May 2021]).
The instrument constant is not accurately calibrated in absolute terms for many of the ceilometers in the network
(http://ceilometer.fmi.filast acces:3 May 2021), because the main application is the ckmade height detection in which a
195 correct instrument constant is naquired Different calibration procedures (e.g., relative/absolute calibration) have been
proposed and applied in literature.eTétratocumulus cloud techniqeOd Co n n o r isthe nwdt appropdafeGos the
CL51 sensor which was used in this staaylrecommendedby E-Profile for this sensor typ&tratocumuluscloud cases in
2019 were analysed, and five good cases from April to September 2018wede A calibration factor of 1.75 + 0.08as
derived with small standard deviatioduring the6 months showng that the CL51 system is quite stable. A relative
200 uncertainty on the instrument constant within 10 % should be considered, as the calibration agprizéich a range of
possiblemultiple-scattering factors.
Wiegner and Gasteig€R015) repot that the ceilometer signal must be corrected for water vapor if emitting wavelengths
around 910hm are used. They show that the error in the backscatter coefficient retrieval can be in the ordérforf 20d
latitudes, and more than 50 % for the tropi€syater vapor absorption is ignoredie performedsimilar simulationsin
205 Kuopio station,following the method given iWiegner and GasteiggR015) The watervapor number dengis were
calculated fronthe relative humidityand the temperatunerofiles from GDAS1 dataThe water vapor absorption cress
sectiors in the spectral rangeetween 90 and 20 nmweresimulatedbasel on HITRAN (Rothman et al., 2005)ata base
which covers a wide range betweEd?® cn? and 167 cn?. Wiegner and Gasteig€2015)state that the annual variability of
pressure and temperature has no significant influence on the water vapor absorptiseatimsslt is possible to use the
210 tabulated mean absorpii crosssection to calculate an approximative water vapor transmission with a high acdheacy (
inherent errorof the squared water vapor transmissions is €@;3nore details are given in section 4\iiegner and
Gasteiger, 2015 For the CL51, we assum@ a Gaussian shape of the spectrwith the central wavelengtfl ) of 910nm
anda full width at half maximum 08.4nm, as specified by Vaisal&hus, he water vapor transmission can be estimated
andthe effectivewater vapor transmission wagpplied b the ceilometer signals for the water vapor correct{egsiations
215 and more details can be foundWiegner and Gasteiger, 201®ne example is given iRig. 1:
() Using theforward integration methodthe retrievedparticle backscatter coefficients without water vapor
cor r ectwemmuch Ibwen than the ones withat e r vapor (Fgolc)rThis undecestimat b )
increagdwith heightin the boundary layer, anglith ~ 40 % for the elevated layer
(I Using thebackward integration methodgeglecing the water vaporied to an overestima which increagd
220 with the distance from the chosen reference heightoverestimate of 50 % can be found atear ground for the
given exampleNeverthelessa much smaller errof~ 6 %) was found for theelevated layeusing this method

compared to the forward integration method.



The uncertainties range due to wrong assumptide+ 2 nmis given by the hogontal lines in Figl. The uncertainties in
backscatter coefficients of the analytical solution were also shown by dashed\finke water vapocontributioncannot

225 be neglectedt Kuopio duringsummerthe water vapor corrections have bagplied toCL51 data irthis study.
The retrieval method$or deriving the backscatter coefficieritom ceilometersare quite maturéWiegner et al., 2014;
Wiegner and Geil3, 2012Under favourable conditiong,relative errorof the backscatter coefficient on tbeder of10 %
seems feasiblwith a careful calibratiody applying the forward integratio®n the contrary, sigficant temporal averaging
of ceilometer data is required for performing a Rayleigh calibration, as the detection of molecular signals is intxiagjcally

230 difficult. Binietoglou et al.(2011) propose a twstep approach, resulting promising agreement comparing to their lidar
PEARL (Potenza EARLINET Raman lidar). The uncertaivityhe backscatter coefficient could imethe range of 20 %
using the backward integratiohhe advantage of the forward algorithm is that calibration is required only occasionally, and
it is not affected by the low SNR in the upper troposphei@vever,the accuracyin deriving extinction coefficients is
limited due to the unknown LRt 910 or 1064 nnand its uncertaintiedn particular the presence of mdliyered aerosol

235 distributions (with different aerosol typespay introduce more uncertaintieln addition, theuncertainty due to th
neglecting the water vapor increased with the distance from the chosen referencdm#ighstudy, weapplied the Klett
method (Wiegner et al., 2014py defining the reference heighas close as tohe layer of interestso that the error
propagation(due to uncertaiigs of LR and water vapor transmissionpuld be minimizedfor that layer Characteristid.R
values for aerosol typese often measured at 355 or 532 iitng only recentlythatHaarig et al(2016)measurd the LR at

240 1064nm, and repoedvalues of 8095 sr for aged biomadmirning smokéHaarig et al., 2018)A valueof 82 srfor LR, as
measured at 1064 n(B2 + 22sr inHaarig et al., 2018wasassumed as being appropriate for usgl@tnm in this study.

3 Resultsand discussion

From 4to 6 June 2019several lofted aerosgarticle layers were detected with Pally (nearreattime quicklooks are
publicly accessible at the Poll@N website: http://picasso.tropos.de, last acc@sdlay 2021). The AERONET sun
245 photometer observeehhancd AOD valuesfor these daysthe total AOD at 500 nm randdérom 0.24 to 0.42, whereas the
mean values for the previous week andfttlewing weekwere both felow 0.08.
In this study, we focus on thebservationson 5 Jungwhen the most pronounteerosollayers were detected Range
corrected signal (RCS) at 1064 nm from P8llandat 910 nmfrom CL51 on 5i 6 Juneare presented ifig. 2. A dense
lofted aerosol layer was highlighted by the enhddicir signals, located at5 km in the morning andihich descededto
250 ~ 2 km in the eveningthis layer is defined as SPdbrioke Plume of Interest) Two faint lofted thin layers were also
detected How this layer in the morningThe presence ofglen in the boundary layefbelow 2 km)caused strong
backscattering together with high depolarization ratio at 532 nm witbaadiurnal g/cle. Our in situ pollen measurements

(more information about pollen instruments can be fourlBonimann et al., 2091shows high pine pollen loading (highest
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2 h pollen concentrations were ~ 3008 on 5 June and ~ 7000%hon 6 June)Although also of interesthe analysis of the
pollenlayeris out ofthe scope of this paper.

As shown inFig. 3, the AERONET(level 2.0 aerosol spectral deconvolution algorithm (SDA) prodidicts-mode AOD
fraction on5 Junewashigher than 93 %, and the Angstrém exponent at 5020nm (380 500 nm) varied between 1.4 and
1.8 (0.8 and 1.1), indicating the presence of fine particles in the atmospheric column. Thenuowdes@OD slightly
increagd during the daytimdalways below 0.02pn 5 Jungwhich can be interpreted as the poHerlatedcontribution to
optical depthin the boundary layeThe higher coarsemode AODGs on 6 June couldlsobe a consequence diigher pollen
contributions As a consequence, ceilometer signals were almost totally attenuatedddbowen 6 June (Figb).

The backward trajectgranalysis was performed using the HYSPIrhodel. The analysishows that particles inthe SPol
hadtravelled abousevendaysfrom theforestfire sourcegMODIS, 2019)in western Canada to North Euroff€ég. 4). The
AIRS dust score maph{tps://airs.jpl.nasa.gov/maplast access: 1 July 2021) also showed some dust presence in North

America on 30 May.

3.1 Optical properties

The pronounced smoke layée. SPolshown in black box ifrig. 2, had a layer depth of .8 km in the early morningnd
be@me much thinnewhendescendingt night. The Polly*"-derivedAOD at 355 nm (532 nm) of this layer decreased from
0.21 (0.13) in the morning to 0.@@.02)in the night.

Layermean values of optical properties of the SPol were derivecaggiven in Table 1. Two-hour time-averagedand
vertical smoothed (with a smoothing window of 218) lidar profileswere usedn orderto increase SNR. LR retrievals at
355 nmwereavailable for the whole daprovidinglayermean valuesf 47 + 5srwhich remaired quite constant during the
period LR retrievals at 532 nnereonly possibleafter sunsefafter 18hUTC), resultingin layermean values of1 + 5sr.

The 532 nm lidar ratio for aged smoke is lartien the 355 nm lidar ratién contrasto urban haze and fresh smokehere

the 355 nm lidar ratio is typically larger than the 532 nm lidar (atig., Nicolae et al., 2013; Pereira et al., 2024jually,

as stated byansmann et al(2021)and references thereithis characteristic ratian LR, i.e. LR(355nm) / LR(532nm) <1,

is not prodged by any other aerosol type and allows a clear identification of aged smoke.

The backscatter coefficienbdf aged wildfire smoke show a clear and strong wavelength dependence for BB B85/

and 5321064 nm wavelength rangehe backscatterelatedAngstrém exponentBAE) between 355 and 532 nm (between
532 and 1064 nm) shows high values &.5 (~2.2). Nonetheless, the wavelength dependence of the extinction coefficient
for the 355532 nm spectral range is much weaker, \aitlextinctionrelated Agstrom exponen(EAE) of ~ 1.4. Nicolae et

al. (2013)state that th&AE can be used for identifying the evolution of ageing processes of biomass burning, a&sibsol
decreased from 2 for fresh t0l.4i 0.5 for ages biomass burning aerosdlke microphysical analysis was not performed in
this study;yet the measuteEAE would be related to the effective radius of ~ 0.23 um, when considering the relationship
between EAE and effective radius of forest fires smoke reporteMijer et al.,(2005) (c.f., Fig. 6 in that papéer This

estimatedeffective radiusvalue is consistent with thosef aged smokeaerosols reporteih literature (Table 1). The
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AERONET sunphotometeiAngstréom exponent at 38800 nmon 5 June showed lower values than lidar EAE ai 338

nm; possible cirrus contamination could partly explainsasphotometer data are for the total atmospheric column. Note
that | idard6s EAE wdime (lmetweken Streandi6ih). abl e f or ni ght

The smoke particles causslightly enhancegbarticle linear depolarization ratigDR) at 355 nm (532 nm) witla mean

value of 0.08 £ 0.02 (0.05 = 0.01) in the smoke lageggesting the presence of partly coated soot particles or particles that
have mixed with a small amount of dust or other-spherical aerosol typ&.he khyermean PDRat 355 nm (532 nm)
decreasd during the day, from 9.11 (0.06)in the morningto ~0.05 (0.04)in the eveningThe decrease of the PDR with

time could be linkedo the particle aging and related changed in the smoke particle shape properties, as stated by Baars et al
(2019) The relative humidity (RH) profiles from GDAS1 data showed low values in the lower atmosphefé 86w 6

km) before 15h UTCand even lower RH<40 %) atthe SPolaltitude.RH slightly increased in thevening.The signalin

the 407 nm Ramasshifted channel was used to determine the water vapor mixing ratio profile aigimgime, showing

that the layeimean RH changed from27 % at 19h to ~38 % at 23h, whichwas associated witthe advection o& moister

air mass witha water vapor mixing ratio close ta 3 gkg?. The smoke particles were dry, and then capktwater vapor in

the atmospherduringthe eveningThe decreasing temperature and increasing RH also increase the probability that smoke
particles become glassyhe depolarization ratgof agedbiomass burning aerosdlsriginating from Canada and/or North
America)reported in the literaturer @ble1) range from 0.01 to 0.11 (0.01 to 0.08) at B2 (355nm). More information of

the aged smoke from other regions can be found in the literature review by Adaf2@2@lseethe Supplement).

3.2 Mass concentratiorestimation

Ansmann et al.(2011) present a combined lidghotometer method thahableghe retrieval of the vertical profiles of ash
and norash (finemode) particle mass concentrati@n)( It is based on the maglensity(” ) of considered particles (mainly
from literature) the volume t o exti nct i ono (Fomnlitemturs or camputedfromt AERONET sun
photometer productshhe backscatter coefficieBSC,f ) (from lidar measurementsind thelidar ratio (0 'Y (from Raman

lidar measurements or assumptiolepending on aerosol types)llbwing the equation:
a Wy 9 _DY_, @)

wheredindicaesthe aerosol type, andthe wavelengtht;, uses the temporal mean value within a given time period to

convert particle extinction coefficients into particle volume concentrations:
WF — . (2)

The column particle volume concentratiorand corresponding optical thicknestor aerosol componembare obtained

from AERONET surphotometer products.
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This approach was applied to both PSThand CL51 data to estimate the mass concentration profiles for biomass burning
aerosols in the SPoAdapting from the methods describg Ansmann et al(2021) we applied two methods in this study:
Method #1:Massconcentrations were estimattdm the measuretackscatter coefficientshich were converted
to 532 nm, using the corresponding measured backscaks¢ed Angstrom exponent. Teo |l ume t o e xt |
conversion factorait 532 nm from literature was apgdi currently the only available wavelength for the smoke
factor in the literature).
Method #2: Mass concentrations were estimated from measured backscatter coefficients at each wavelength of 355
532, 1064 and 910 nm. Theo | ume t o e x t ifactorswere pvaluated at eresporaing wavelengths
using AERONET data.
In this study, we assume that both methods can be applied appropriately, mitations and sources of uncertaintigfs
method 2 will be discussed in Se&.2.2 The recommendatioon the chosemethod will bediscussedater.
We assume that therare only biomass burning aerosols in tB&ol Valuesfor the smoke particle densityary in the
literature(Chen et al., 2017; Li et al., 2016; Reid et al., 200Bba)should be in the range of 1D.3 g cn® (Ansmann et al.,
2021) In this study,a particle density’ of 1.3 g cm® was used for the biomasmirning particls. In the SPol, the
backscatter coefficient of smoke particles is assumed to be equal to theattitdé backscatter coefficien I
Figure 5 (a) shows the lidaderived backscatter coefficients 265 nm (blue), 532 nm (green), and 1064 nm (red) from
Polly*T, and at 910 nm (black) from CL51 for tmur timeaveraged lidar profilesn 5 June 2019. Signals were smoothed
with vertical gliding averaging window lengths of 11 bins for P8llgnd 7 bins for CL51. The peak value of backscatter
coefficients in theSPol reached ~ 5 Mihsr! at 355nm in the morning6i 8h UTQ) and reducedot~ 3 Mt srt at 355 nm
at night(22i 24h UTQ.

3.2.1 Method #1: based on BAE & the conversion factor from literature

Ansmann et al(2021) recommended the used of 0.130.01 x16° m as the conversion factor at 532 nm for the smoke

observations far away from fire regions. In this section, we used this recommended smoke conversion factor of 0.13
(denoted aso ). The backscatterelated Angstrom exponents (BAE) between different wavelefigtie., 355, 1064 nm

of Polly*T, 910 nm of CL51)and 532 nm(of Polly*") were derived (Eq. 3) for the SP@hown inTable 2) using the
measured backscatter coefficie(@SC,] _ ). These measured backscatter coefficients were converted to the wavelength
of 532 nm, denoted &s , following the Eq. (4); the profiles of these converted backscatter coefficients are givenin Fig.

(b). The mass concentration can theis estimatedy Eq. (5), asthe product of , the smoke lidar raticat 532 nm

(0 Y ), the conversion factat 532 nm and the smoke particle densiti@@ble2). The mass concentration profiles of the

SPol, retrievd from measured backscatter coefficients at four wavelengths based on mkthoel given irfFig. 5 (c).
660 _bwogqg — (3)
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The peak value of the mass concentrations was foundsat 8TC, of ~ 23.5 (27.5) ug thestimated frm the backscatter
coefficients ab32nm (910 nm)If we take the mass concentration estimated fronB8@at 532 nm as the referengeod
agreements are found between the mass concentrations estimat&iSi@sat different wavelengthgFig. 5 d). The mean
values of he relative differencewere around 8 %, 12 %, and 18 % for the estimations B&@sat 355, 910 and 1064 nm,
respectively. Comparing 53thd 355 nm mass estimeat better agreements were found during daytim2a@ UTC), with a
difference <6 %. Mnethelessconsidering 532 and 910 nm estissatthe best agreements were foundid &nd 2024h
UTC, with a difference <3 %, whereas the woagireemenbf ~ 30 %was found at 1416h UTC. Larger differences
between 910 and 1064 nm estimates were found, with a rakdivedifference of ~ 28 %, and a highest value of ~ 64t%
14i16h UTC.

In Table 3, the uncertainties in the input parameters and the estimated mass concentrations are listed. We assume &
uncertainty of 20 % in the smoke mass denéfgsmann et al., 2021)The uncertainties in backscatter coefficients at
different wavelengths and lidar ratio at 532 nm follow fromdrseussions in Sec2. The conversion factor and lidar ratio

at 532 nm are required as input, with assumed uncertainties of 10 % (gixesrrann et al., 2031and 20 % (c.f.Sect.

2.2), respectively.The uncertainties in BABbetween different wavelength pairs, and in were obtained by error
propagatios to Ecs. (3,4). Note that the standard deviations of BAE from our measurem€ailtde(2) show lower values

than their uncertaintieginally, after applying the law of error propagation to Eq. (5), we expect an overall uncertainty in the
mass concentrath estimate of 32145 %. The highest uncertainty of 45 % was found when usiegeilometer method,

mainly due to the higher uncertainty of 20 % in the backscatter coefficient retrieval.

However, thelidar measurements at 532 nm are not alwegtocated especially for numerous ceilometer statioRsr

those caseshe lidar ratio at 532 nm and the BAEs (or colour ratios) should be assumed, thus with higher uncertainties. We
can assume uncertainties of 30ifdidar ratio at 532 nm and 30 % in BAEs for all wavelength p#inss,the uncertainty

for theestimated mass concentrations will be over 50réble 2). For the smke particles, extended overviews of observed

wavelength dependencies of backscatter coefficients can be found in Burtof2@12)and Adam et al2020)

3.2.2 Method #2: BSC at each wavelength &conversionfactors from site

The method #1 is recommended when the measurements at 532 addiéianaly available, or the BAE (or backscatter
colour ratio) can be reasonably assumed. Nevertheless, here we suggest a second methoanassvbicicentrations were
estimated from measured backscatter coefficients at several wavelengths independentty ragabtiiement anesingle

wavelength (e.g., for elastic lidars and ceilometergdquired as input for each estimatdis method #2 is recommended in

the regions with the pure aerosol type (dust, smoke, marine, etc) condition, where the convdmiaariaee evaluated

12
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with high accuracyThe mass estimationsf the SPolfrom measured backscatter coefficients at each wavelength are
comparedn this section

Since AERONET inversion productsf level 2.0were not available on5 June 2019the AERONET products for the
observations 0B June 2014threedistributionsat 06:33, 07:10, and 14:Xtvere used to computtev ol ume t o e x t |
conversion factorst different wavelengthfor fine-mode particleg®). The finemode fraction on 6 Juneas a bit lower

than on 5 June (Fi®), but still higher than 90 % before 10h UTC and around 87 % in the afternddt6f)1From the size
distribution, the separation pogibetween fine and coarse mode particles were found as ~ 0.5Th@rsize classes 10

were considered fdine-modeaerosols)Here, the assumption is made that the photonusgved fine particleare mainly

smoke paicles.Both the Dubovik approactiDubovik et al., 2006; Dubovik and King, 200andtheOd Ne i | | (2008 t ho d
were appliecatthe wavelength of 538m, resultingin similarvalues for this factof~ 0.1 % difference) For wavelengths of

355, 910and 1064 m, only the Dubovik approach was applielhe mean conversion factoasfour wavelengthsare given

in Table2 (method #) together with thie standard deviaticn

The estimatedconversion factovalue at 532 nnof 0.211 + 0.003 x10° m is higher than what we used in the previous
section, with the differencé/(=0.08 x1® m) larger than the uncertainfhis valueis higher tharthe values foboth fresh

and agedmokeobservationgfrom 0.13 0.01to 0.17 0.02 x16 m) atseveral ARONET stations reported ilnsmann
et al.(2021) However, Ansmann et a(2012)alsoapplieda high value of 0.24 0.02 x16° m for the mass concentration

retrieval ofsmoke aerosols (fine mode) when studying lofted layers containing desert dust and biomiagssmoke. It is
hard to distinguistbetweensmoke and urban hazerosolsas they are often small (with size up to about 1 um in radius)
and quasspherical aerosols. Further, the characteristic conversion factors are in the similar valué-oaregamples,

Ansmann et al.(2011) reported aconversion factoof 0.18 0.02 x16 m for thecentral European haz Mamali et al.,
(2018) found a factor of 0.14 0.02 x1 m for continental/pollution particles over Cypruglamouri et al.,(2017)
computed a factor of 0.300.08 x1 m for continental aerosol pollution over Germany.

Air mass sources of e@sols on 6 June were investigated bg backward trajectory analygidYSPLIT mode). It shows

that some of the particles were coming from the forest fire in Caregflan, while part of them were transported from
Polandwhere urban hazeould have beewith smoke aerosols (e,d=ig. 6). The aerosol subtype products (version 4.20)

from CALIPSO when the orbit passing over Poland on 3 June (orbit from UTC 11:445®8) And 4 June (orbit from UTC

01:18 to 01:31) indicate the presence of polluted continental/smoke and polluted dust.

Consequently, it is possible thBtiropean pollutiorwas mixedwith Canadian smoke aerosols on 6 June in therfinde
particles.Hence the retrieved conversion factors cannot perfectly describertiuke. However, in this section we still
assume these factors reflect the smoke, so as to do the comparison analysis of estimated mass concentratioff from Polly
and CL51.

The mass concentiahs were derived by the product of thackscatter coefficien(8SCs] _ ) at four wavelengthgheir

respectivesmoke lidar ratiosthe related conversion factors, and the smoke particle der{$isiele2, Eq. J. The estimated
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mass concentration profiles are given Hig. 7 (a), based onthe lidar-derived BSCs at 355, 532 910 or 1064nm,
independently

The peakvalue of themass concentratiorestimated from th&SCsat 532nm reached- 38 ug m3 at 6 8h UTC, higher

than the one estimated from method #1 becaustheohbiggerconversion factarThe relative differences othe mass
concentrationsgstimated from thé8SCs atdifferent wavelengthsvere analysd (Fig. 7 b). Similarly, we take the mass
concentration estimated frothe BSCsat 532 nm(which is the wavelength mosiften used inearlier studiesas the
referenceandfound an underestimatehen usingBSCsat 355 nm with a mean bias of ~51%, and a peak bias of 25 %

at4i 6h UTC the best agreement was fouiod nighttime measurements (B4 h UTC) with a bias <5 %Nevertheless, an
overestimate was found ftine mass concentration estimated frili@BSCsat 910 nm, with a mean bias of 6 36, a peak

bias of ~68% at 4i 16h UTC and a minimum bias of ¥4 % at 1G12h UTC. The overestimat for CL51-derived mass
concentrationcould be due tan overestimat of LR at 910nm, sincewe used LR at 106dm in the calculationsin
addition, big differences (with a mean value of ~ 42 %) were found betwee@GL51-derivedmass concentratisrandthe

ones stimated from théolly*"-derivedBSCsat 1064nm; highest disapancy were found of 95 % at 1416h and~ 75 %

at16/ 18h UTC, whereas better agreements were found 6,4L0i 12h, and 18 24h, with bias < %.

The uncertainties in the input parameters and the estimated mass concentrations of this method #2 afeltik&d Tine
uncertainties in the conversion factorsnfradhe standard deviation ifiable 2 are very small due to the limited sample
number, thus 0.10 was used as proposefinsmann et al(2021) The uncertainties in backscatter coefficients and lidar
ratios at each wavelength follow from the discussion in.Qettncertainties in the lidar ratio at ceilometer wavelengths are
much largerparticularly,aswe applied the lidar ratio value measured at 1064 nm to the cedlbmavelength of 910 nm.

Thus, we assume an uncertainty of 40 % in the ceilometer lidar ratio. The overall uncertainties in the mass concentration
estimates are of abouti3D %, with the highest uncertainty of 52wWhen usingceilometemeasurements.

As can be seen ifiable3, when applying the method #2, the uncertainty in mass concentration estimations is slightly lower
using measured BSCs at 355 nutereas higher uncertainties were found when using measured BSCs at 1064 and 910 nm.
The main reason lies in the high uncertainties in lidar ratios at 1064 and 910 nm. Hence, when the lidar ratio can be
measured or properly estimated, and the converaictoif can be estimated under thee aerosol type conditiomethod 2

is recommended. Otherwise, methddcan be applied by using properly estimated BAEs or colour ratios.

The good agreement between mass concentrations derived fromi" Roity CL51 mesurements in this study show the
potential of mass concentration estimates from ceilometer. However, when deriving parameters such as mass concentratic
from ceilometer, the applied parameters (BAFss2.010value for method #1, drReipand®y  values for method 2) and

their uncertairies should always be carefully evaluated and provided, as the accuracy of the retrieved mass concentration

dependgprimarily on the accuracy dhe parameters that are not derived from the ceilometer observations.
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3.3 Comparison with MERRA -2 model- wildfire smoke and dust aerosol mixture

The mass concentrations from MERRAmModel data aresedfor the comparisorwith the lidar retrievalsAn interesting
feature in theMERRA-2 simulationresults isthe presence alust in the SPol. The contribution of dust to the total AOD is

445 very low (much lower than the carbon optical depth), indicating that the dust particles are in the fine mode. However, the
dust contribution to the total mass concentrationois-megligible. Low values of lidaderived depolarization ratio suggest
no significant presence of napherical particles, bum principle,a small amount of dust could be mixed with the smike.
is possible that there are biomass burning aerosolsimadlfist aerosols in the SPol, as only fine dust particles should be
able to remain long enough in the atmosphere to be transported from North America to Ruthiermore,he air masses

450 in SPol passed by the areaNorth Americawheredustwas presenfshown by tle AIRSdata).

In this sectionthe MERRA2 mass concentrations were compared Withmass concentratisestimated from th@ollyX"
backscatter coefficieatat 532 nm (from method #Eig. 5 ¢, and method#2-Fig. 7 &). Note that the main difference on
Polly*T-estimatedmassconcentrationfrom two methods ardue tothe different conversion factor valuégaple?2), thus the
mass concentrations estimated from BSCs at 532 nm msitigpd # are~ 40 % lower than method2#When the Poll§"

455 estimates from method #1 were used as the reference,cgosistenciesvere found in the morning(at éh, 9h, and 12h
UTC), with overestimatioa (<30 %9 of MERRA-2 mass concentrations; whereas large discrepancies were found in the
afternoon, with high overestimations ofL60 % at 15h UTC and ~ 90 % at 18h UTC. If the Pdlstimatesrom method
#2 were used as the reference, good consistencies were alsoirfotlmedmorning (at B, 9h, and 12h UTC), but with
underestimatios (<30 %9; and a large overestimation of ~ 63 %wvas foundat 15h UTC.At 15h UTC, the MERRA2

460 simulateddust mass concentration fraction is more than half oMBE&RA-2 simulated total mass concentratitiris good
to keep in mind that both observations and simulatimage significant uncertaintieShe presence of cirrus cloud in the
upper atmosphere dag the day may also have some impacts on MODIS AOD, which is assimilated by the MERRA
model.

In order to check how the inclusion of d¢as indicated by MERRA) would affect the mass concentration estimatioves,

465 assume that therevere wildfire smoke andfine dust aerosol mixture in the SPathe POLIPHON(Polarizationlidar
photometer networkinginethod (Mamouri and Ansmann, 2012017) was applied to separate fine dyptarticles with
radius < 500 nmyand biomass burning aerosols for the SPol. Here we used th& Patyieved particle backscatter
coefficient and particle linear depolarization ratio profiles at 532 bhetausehe uncertainty in the 355 nm particle
depolarization ratios are much largbtamouri and Ansmann, 2017)he depolarization ratios at 532 nm of smoke and fine

470 dust particles were assumiedbe0.03(Haarig et al., 2018\nd 0.16Sakai et al., 2010)he fine dust and smoke extinction
coefficientswereobtained by multiplyinghe backscatter coefficients witheir respective lidar ratioas follows:Ansmann
et al. (2019)report that the typical dust lidar ratio is 40 sr at 532 and lidar ratis for fine and coarsenode dust were
assumed to be the sameor smoke particles, we took the lidar ratib71 sr, which was retrieved during our nigime

measurementsFor the fine dust, theonversion factof;, of 0.22x10® m (Ansmann et al., 2019andthe particledensity
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of 2.6 g cn® (Ansmann et al., 2012yere usedFor smoke particled,.3g cmr®was used as the particle dengiynsmann et
al., 2021; Reid et al., 2005ayhereas the conversion factetg of 0.13 x10°% m (method #1) and 21 x10® m (method #2)
were both appliedThes parameters are reportedTiable 4. The fine dust and smoke particle mass concentrati@rs
derived using Eq. (1For theexamplegivenin Fig. 8, thefine dustcontributes- 13 % to the extinctiorin the SPol, whereas
its mass oncentrationcontributes~ 32 % (method #1) or 23 % (method #2}o the total massorncentration.However the
derived total mass concentration conside@rfine dust and smoke mixtutie only ~ 18 % (method #1) of 4 % (method
#2) higher than onassuming smoke particlesily. The inclusion of a dust mixture results in slightly highstimated mass
concentration valuesvith a differencenegligibleconsicering the uncertainties.

We have also performddOLIPHON considering coarse mode dust mixtinigher (~2030 %) total mass concentrations
wereretrievedbut still within theuncertainty rangeThe aged smoke aerosols may also introduce enhanced degiadariz
ratios. If we use a bigger value (e.g., 0.05) instead of 0.03 as the smoke depolarizatiorP@titPHON, the dust impagt
on the mass concentration estimatians even smalleHence, the mass estimations of the SPol considering only smoke are
good enough even the plume contains small amount of dust

Similar conclusion can also be applied to ceilometer observatiossnot possible tgperformthe aerosol separatiarsing
ceilometer data alone, as no depolarization information is availatiies atavelength For this instrument, rdy one aerosol
type should always be assumed in the layer of intengkich then imparts aradditional biaswhen estimating thenass
conentration However, we have shown in this section thalometer observations for mass retrievals can be erged

without exacknowledge on theomposition of themokeplumein thetroposphere.

4  Summary and onclusions

On 46 June 2019erosol layersrasing frombiomass burning were observed in the éotvopospherdetween?i 5 kmin
altitudeover Kuopio, Finland. Enhanced backscatesignalsvere detectetly both a multiwavelength Raman polarization
lidar Polly™ and a Vaisala CL51 ceilomet&ihe HYSPLIT backward trajectories analysisd MODISfire datasuggestd
thattheselong-rangetransported smoke particles origindifeom a Canadian wildfire everdn AERONET surphotometer
located in Kuopiabserved enhandeAOD values in concenvith high Angstrém exponest indicating the presence of fine
modedominantaerosols irthe atmospheric column.

The most pronounced smoke pluntefined asSPol Smoke Plume of Interest) detected onb June was intensively
investigatedLidar ratios were derived frorhe Raman lidar, as 47 £ 5 sr at 355 nm andt A sr at 532 nm, showinidpat
the aerosols dbiomass burningrigin in the SPolwere medium to high absorbing particled?article linear depolarization
ratiosin this layerwere measured as 0.080.02 at 355 nm and 0.@50.01 at 532 nm; whichould indicate the presenoé
irregularshaped aged smoke particles and/or mixing with a small amount of fine dust patictgdete processing steps
for Vaisala CL51ceilometer data analysigere firstly reported in this studyThe water vapor correctiowas analysed and

appliedat ahigh latitude for the first timeshowing that water vapor absorpticennot be neglected fbigh latitudestatiors
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during summerTwo methods, based on@mbined lidar and suphotometer approach (based on AERONET products)
were applied to both Polff and CL51 data forestimatingmass concentratisn method #1,measured backscatter
coefficients were converted to backscatter coeffisiett532 nm by corresponding measured backsaataed Angstrom
exponent, and then be applied to estimate the mass concentrations; methwbgt2Zoncentrations were estimated from
measured backscatter coefficients at each wavelergfif, (532, 1064 nmfrom Polly*™, and 910 nm from CL51)
independently. A differencef ~ 12 % or ~ 36 % was found between Polfyand CL51 estimated mass concentrations using
method #1 or #2showing that ceilometers apetentialtools formass concentratioretrievalswith ~ 50 % uncertainty but
with great spatial coverag@he retrieved mass concentration profiles wasmcompared with MERRA?2 aerosol profiles
where ve considered and analys&gbtscenarios in the SP®I1) only smokeparticlesand2) mixture offine dust and smoke
aerosols, and reportegith the corresponding uncertaied The inclusion of dust in the retrieved mass concentrdgon
negligible considering the uncertaintieghich indicatesthat ceilometer observatiorier mass retrievals can be used even
without exactknowledge on theomposition of the smok#ominant aerosgdlume inthe troposphereWe demonstrated the
potential of the Vaisala CL51 ceilometer to contribute to atmospheric aerosol researcheiritiaé profile(e.g., to monitor

smoke in the tropospherdjom sensoiprovided attenuated backscatter coefficient to particle mass concentration.

Data availability. The datafor this papemre available from the authors upon request. Potiata quek-looks are available

on the PollyNET website (http://polly.tropos.de, last acc8dgtay 2021). Ceilometer quickooks are available oRMI
Realtime ceilometer daténttp://ceilometer.fmi.filast access3 May 2021) and data files on request from FMitd archive
Trajectories are calculated with the NOAA (National Oceanic and Atmospheric Administration) HYSPLIT (HYbrid Single
Particle Lagrangian Integrated Trajectory) model (https://ready.arl.noaa.gov/HYSPLIT.php, last B@8cksch2021).

Fire dataare available at the NASA Worldview applicatidnttps://worldview.earthdata.nasa.gov, last access: 2 February
2021).Dust score data from AIRS are available at AIRS application Browse Tool (https://airs.jpl.nasa.gov/map/, last access:
1 July 2021). CALIPSO products are available at the Browsémages Page [ttps://www
calipso.larc.nasa.gov/products/lidar/browse_images/produdash access20 July 202). MERRA-2 data are available
through the NASA Goddard Earth Science@GES) Data and Information e®/ices Center (DISC)
(https://disc.gsfc.nasa.gov/datasets?project=MERRAast accessi6 April 2021) The AERONET (AErosol RObotic
NETwork) data are available attp://aeronet.gsfc.nasa.gflast access3 May 2021).
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Figure 1. Example of water vapor corrections on zh averaged ceilometer data orb June 2019 (20:0022:00 UTC). (a) Relative
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Figure 3. AERONET sun-photometer observations (in Kuopio station, on5 and 6 June 2019,http://aeronet.gsfc.nasa.goylast

access3 May 2021) of (top) 500nm aerosol optical depth (level 2.0 data) and (bottom) Angstrém exponents (AE) computed from

the optical depths measured at 380, 500, antD20 nm. The fineemoderelated (for particle with diameters < 1um) and coarse

mode-related aerosol optcal depth (diameters > 1um) are shown in addition (toplevel 2.0 aerosol spectral deconvolution
860 algorithm (SDA) products).
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Figure 6. Five-day backward trajectories from the HYSPLIT model (a) in Frequencyoption, and (b) in Ensemble option, ending at
875 6h UTC on 6June 2019 for Kuopio, Finland. The end location of the air mass is at 1.5 km agl in the rang@ansported plume.
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