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Abstract.

Aerosols that are efficient ice nucleating particles (IN&s)crucial for the formation of cloud ice via heterogenenude-
ation in the atmosphere. The distribution of INPs on a lapggial scale and as a function of height determines theiaghp
on clouds and climate. However, in-situ measurements ofIpi®vide sparse coverage over space and time. A promising
approach to address this gap is to retrieve INP concentratiofiles by combining particle concentration profiles dedi
by lidar measurements with INP efficienpgrameterizatioparameterizationfor different freezing mechanisms (immersion
freezing, deposition nucleation). Here, we assess thébfigsof this new method for both ground-based and spacee

lidar measurements, usirmgrbernein-situ observationsollectedwith UnmannedAerial Vehicles(UAVs) andsubsequently
analyzedwith the FRIDGE (FRankfurtlce nucleationDepositionfreezinGExperiment)INP counterfrom an experimental

campaign at Cyprus in April 2016. Analyzing five case studiescalculated theloud relevantparticle number concentra-
tions using lidar measurements,§o 4o, With an uncertainty of 20 t6:00%40% and Sy, With an uncertaintyof 30 to 50%9)

and we assessed the suitability of the different INP pararizettions with respect to the temperature range and theedf/p
particles considered. Specifically, our analysis sugghat®ur calculationsusingthe parameterization of Ullrich et al. (2017)
(applicable for the temperature rangé0°C to —33 °C) agreewithin-L-agreesvithin oneorder of magnitude with the in-situ
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observations ofynp anelthus, the parameterizatiof Ullrich et al. (2017)can efficiently address the deposition nucleation
pathway in dust-dominated environments. Additionadlyy calculationsusingthe combination of the parameterizations of

DeMott et al. (2015) and DeMott et al. (2010) (applicabletfue temperature range35°C to —9 °C) agreewithin-2-agrees
within two orders of magnitude with the in-situ observationsP_concentrationgnnpane-can) andcanthus efficiently
address the immersion/condensation pathway of dust aritheatal/anthropogenic particles. The same conclusicieised
from the compilation of the parameterizations of DeMottle{2015) for dust and Ullrich et al. (2017) for soot. Furtimare,
we applied this methodology to estimate the INP concewomgirofiles before and after a cloud formation, indicatirgghed-
ing role of the particles and their subsequent impact onccformation and characteristics. More synergistita-setglatasets
are expected to become available in the future from EARLINETropean Aerosol Research Lidar NETwork) and in the frame
of the European ACTRIS-RI (Aerosols, Clouds, and Trace g&&search Infrastructure). Our analysiswnashowsthat the
developed techniques, when applied on CALIPSO (Cloud-g¢@rbidar and Infrared Pathfinder Satellite Observatiopsrs-
born lidar observations, are in very good agreement withirtfsitu measurements. This stugire-givesus confidence for the
production of global 3D products efoudrelevanparticlenumberconcentration$noso ary Sary @andnne) using the CALIPSO
13-yrs dataset. This could provide valuable insight intabgl height-resolved distribution of INP concentratioakated to

mineral dust, and possibly other aerosol types.

1 Introduction

The interaction of aerosol particles with clouds, and thateel climatic effects have been in the focus of atmosplresearch
for several decades. Aerosols can act as cloud condensaitidei (CCN) in liquid water clouds and as ice nucleatingipkas
(INPs) in mixed-phase and ice clouds. Changes in their ¢uration affect cloud extent, lifetime, particle size aadiative
properties (Lohmann and Feichter, 2005; Tao et al., 201&rétiz et al., 2014; Rosenfeld et al., 2014). As importaasé¢h
interactions are, they are the source offesthighestuncertainty in assessirige anthropogenic climate change (IPCC Fifth
Assessment Report, Seinfeld et al. 2016).

All clouds producing ice require, for temperatures abeve 35°C, the presence of INPs. Compared to CCN, INPs are

rare (about-oneparticlein a million aereselparticlesact as INP Nenes et al. (2013)and become increasingly sparse with
increasing temperatu ; ruppacher and Klett, 1997; Kanji et al., 201A&erosol species which

havebeenareidentified in the past as potentially important INPs are mahdust, biological species (pollen, bacteria, fungal
spores and plankton), carbonaceous combustion prodoocts velcanic ash and sea spray (Murray et al., 2012; DeMaitt e
2015b). From these aerosol types, mineral dust and soofffanier INPs at temperatures belowl5°C to —20°C (dust)
and—40°C (soot) and they have been studied extensively for theirghiperties in field experiments and laboratory studies
(Twohy et al., 2009, 2017; Kamphus et al., 2010; Hoose andl&i$P012; Murray et al., 2012; Sullivan et al., 2016; Ulkriet al.,
2017). Biological particles are one of the most active INBc#ps, however their abundance is likely low on a globalescal
particularly when compared to otheseurcesaerosoltypes such as mineratlustsdust (Morris et al., 2014). It has been
suggested that soil and clay particles may act as carriebsotifgical nanoscale INPs (e.g. proteins), which couldepet
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tially contribute to a globally/locallyetevantsource of INP (Schnell and Vali, 1976; O’Sullivan et al., 202015, 2016).
MereeveFinally, marine aerosols (with possible influence of a biologicatrolayer close to the surface) are also impor-
tant INPs in areas whemineraldustinflueneethe influenceof mineral dustis less pronounced (e.g. Southern Ocean;
Wilson-etal{(2015);-Vergara-Temprado-etal(200l3on et al. 2015Vergara-Temprado et al. 2017

There is a variety of pathways for heterogeneous ice nucleatontact freezing, immersion freezing, condensatieaZing
and deposition nucleation (Vali et al., 2015). Individuzg hucleation pathways dominatesetharacteristicemperaturand

supersaturatiomange-Field-observationcharacteristidemperaturesind supersaturatiomanges.Observationaktudies have
shown that immersion freezing dominates at temperatugdsehithan—30°C, while deposition nucleation dominates below

—35°C{Ansmann-etak-2005; Westbrook et-ak 2041 de-Boere281E(Ansmann et al., 2008, 2005; Westbrook et al., 2011; de_
. The factors that regulate the efficiency of heterogenemisucleation are qualitatively understood, but no gernbeary of
heterogeneous ice nucleation exists yet. It has been sh@tiintregions not influenced by sea salt aerosol, INP corment
tions are strongly correlated with the number of aerosdiglas with dry radius greater than 250 nip£ qr) Which form the
reservoir of favorable INPs (DeMott et al., 2010, 2015). ldwer, we have limited knowledge on how the ice nuclei agtioft
these particles together with their spatial and verticstritiutions depend on cloud nucleation conditions (i.eerature )
and supersaturation over wateg) and ice §s;)). Furthermore, field measurements of INP concentratioasery localized
in space and time, whilst there are large regions withoutats at all (Murray et al., 2012). The lack of data inhibits guan-
titative understanding of aerosol-cloud interactions mgliires new strategies for obtainidgta-setglataset¢Seinfeld et al.,
2016; Bihl et al., 2016).

Active remote sensing with aerosol lidar and cloud radaviges valuable data for studying aerosol-cloud interacsioce it
enables observations with high vertical and temporal te®wi over long time periods (Ansmann et al., 2005; lllingthcet al.,
2007; Seifert et al., 2010; de Boer et al., 2011; Kanitz e&l11; Bihl et al., 2016). Lidar measurements can providéles
Of naso ary andl(the numberof aerosobarticleswith dry radiusgreatethan250 nmjand Sgy (theaerosobarticlesdry surface
area concentrati¢i¥qry) related to mineral dust, continental pollution and magasosol, as described in Mamouri and Ansmann
(2015, 2016). Their methodology uses lidar-derived oppeaameters (i.ethe particle backscatter coefficient, lidar ratio and
particle depolarization ratio) to separate the contrdoutdf mineral dust in the lidar profiles (Tesche et al., 2008) aub-
sequently applies sun-photometer based parameterigatiamansform theuantitativeepticatinfermationoptical property
profilesinto profiles of aerosol mass, number, and surface-areaeotmation (Ansmann et al., 2012; Mamouri and Ansmann,
2015, 2016). The latter can then be used as input to INP paeazaions that have been obtained from laboratory and fiel
measurements (e.g. DeMott et al. 2010; Niemand et al. 20&Rjdt et al. 2015; Steinke et al. 2015; Ullrich et al. 2017) to
derive profiles of INP concentrationsp).

The INP retrievatalculatedrom the lidar measuremers povidegprovides
apromising insight into atmospheric INP concentratioaisiremete-sensingbservationsTo date, there has been no other
evaluation of the lidar-derived profiles @bso ary, Sary andninp by means of independent in-situ observations apart from

one dust case in Schrod et al. (2017). The study presentedchatparesizso ary andnne as inferred from space-borne and
ground-based lidar observations to findings from airbonagitu measurements using data from the joint experiméyIT-
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BACCHUS-ACTRIS" (Ice Nuclei Research Unit - Impact of Biogeversus Anthropogenic emissions on Clouds and Climate:
towards a Holistic UnderStanding - Aerosols, Clouds, arat@rgases Research Infrastructure) held on April 2016 imSyp
(Schrod et al., 2017; Mamali et al., 2018). The paper staitis avreview of the different INP parameterizations for niale
dust, soot and continental aerosols in Section 2. Sectiogs8ribes the instruments used in this study and the methgygol

to retrieve INP concentrations from lidar measurement® fsults of the intercomparison between the lidar-deraved
YAV-measureddnmannedierial Vehicle (UAV) measurechoso ary andnine profiles are presented and discussed in Section 4
before the paper closes with a summary in Section 5.

2 INP parameterizations

A variety of parameterizations has been proposed to obigin from aerosol concentration measurements. In particular, a
global aerosol type-independeni,p parameterizatiomsintroducecby(BeMett-et-al-2018)asintroducedoy DeMott et al. (2010)
, dust-specifia,np parameterizationsrewereintroduced by Niemand et al. (2012); DeMott et al. (2015¢ji8te et al. (2015);
Ullrich et al. (2017) and soot-specifignp parameterizationsre-propoesedby-were proposedby Murray et al. (2012and
Ullrich et al. (2017). The aforementioned parameterizegtiaddress immersion freezing at or above water saturatiome-
position nucleation for ice saturation ratios ranging frenity up to the homogeneous freezing threshold and wateragain.
Table 1 provides an overview of the temperature ranges anftélzing mechanisms for which these parameterizatians ar
applicable.

Regarding immersion freezing, the aerosols that are @etiia droplets can contribute to ice formation. In turn, @bdity
of a particle to be activated as a cloud droplet mainly depemdthe cloud supersaturation, its diameter, the waterpdso
tion characteristics and the composition of soluble cagatif.evin et al., 2005; Kumar et al., 2011a, b; Garimella gt24l14;
Begue et al., 2015). Kumar et al. (2011b) showed that aliggmyerated dust samples with radiz§0 nm are activated to CCN
at water supersaturations(,) of 0.5% while the activation radius increases-t@50 nm when water supersaturation decreases
to ssy ~ 0.1%. This is the minimum level ofs,, required to activate INP for immersion freezing.

For immersion freezing of dust particles, the parametédraof Ullrich et al. (2017) (U17-imm) (Table 1; Eq. 1) is leab
on heterogeneous ice nucleation experiments attBé—chambeicloud chamberAIDA (Aerosolinteractionand Dynamics
in the Atmospherepf the Karlsruhe Institute of Technology. The desert dustigd samplesisedin this studyeriginatefrom
sevenoriginatedfrom different desert dust locations around the world (Sahafakla Makan, Canary Island, Israel). The
parameterization quantifies the desert dust ice nucleaffariency as a function of ice-nucleation-active surfaite-density
ns(T) and dust dry surface area concentratByyy. If the CCN activated fraction is less than 50%, Eq. (1) for7dhm
needs to be scaled to be representative for the CCN actisaigtUlIrich et al., 2017). In this work, wereapplyingapplythe
U17-imm parameterization taking into consideration thaltSgry.

Additionally, the parameterization of DeMott et al. (201B)15) (Table 1; Eq. 2) addresses the immersion and condensa-
tion freezing activity of natural mineral dust particlessbe onbeth-laboratory studies using thmntinuousflow diffusion

chamber(CFDC) of the Colorado State University’s (CSWpentinueusilew-diffusionchambefCFDC)andandfield data



10

15

20

25

30

35

from atmospheric measurements in Saharan dust layers. D15fiesamkp as a function of temperature and the total number
concentration of dust particles with dry radii larger th&®2m (250,4,dr). We note here that the ambient values of measured
nine(p, T') need tobetransferred in standard (std) pressure and temperatutBtioms (2250,d,dn(Po, T0, 7)) before the use of
(Eq. 2).

For the deposition nucleation of dust particles, the patarimtions of Steinke et al. (2015) and Ullrich et al. (20515
and U17-dep, respectively) quantify the ice nucleatiorcigificy as a function a$q qry andns(7T, Sice) With Sice the ice satura-
tion ratio. Botharewerebased on AIDA laboratory studies, but thesveused different dust samples. U17-dep (Table 1; Eq.
3) is;wasbased on ground desert dust samples from Sahara, Takla Ma&aary Island and Israel while S15 (Table 1; Eq.
4) iswasbased on dust samples from Arizevideh-hasbeen, which weretreated (washed, milled, treated with acid) and
aremuch more ice active thageseridustsnaturaldesertdustsparticleson average. Although S15 parameterizatiwbased
enrwasbasedn "treated"dust samples which usually show an enhanced freezing eifigié is used in the NMME-DREAM
model (Non-hydrostatic Mesoscale Model on E grid, Janjiale2001); Dust REgional Atmospheric Model, Nickovic et al
(2001); Pérez et al. (2006)) for INP concentration estiorati(Nickovic et al. , 2016). For this reason, it is includadhis
work.

For the ice activation of soot particles, Ullrich et al. (ZQIntroduced two parameterizations, one for immersior4iey
(Table 1; Eq. 5) and a second one for deposition nucleatiahl€Tl; Eq. 6). Botlarewerebased on experiments at the AIDA
chamber with soot samples generated from four diffedenisesdevicesand quantify the soot ice nucleation efficiency as a
function of Syy andns(T") (for immersion) anchs(7', Sice) (for deposition).

Finally, the global type-independeniyp parameterization gfbeMeott-et-al-2010DeMott et al. (2010)Table 1; Eq. 7)is
wasbased on field data collected during nine field campaigns ¢lor@do, eastern Canada, Amazonia, Alaska, and Pacific
Basin) and analyzed with theSU-EFBCinstrumentCEDC instrumentof the CSU. As the majority of the samples used for
D10arewerenon-desert continental aerosols, this INP parametesizdias been considered to be suitable for addressing the
immersion and condensation freezing activity of mixtureardhropogenic haze, biomass burning smoke, biologiadgigbes,
soil and road dust (Mamouri and Ansmann, 20 E8pm hereon thesemixturesareaddressedscontinentakerosols.

The naso,dry and Sgry Used in all the aforementioned parameterizations are leadclifrom the lidar extinction profiles as
described in Section 3.2 asttewshownin Figures Al and A2 in the Apendix.

Figure 1shewsprovidesan indicationof the relative differencesof the observeduye in naturefor immersion(right) and
deposition(left) modesandin relationwith the different aerosolcompositionsoy showinga summary of the differentie
parameterizatiodsrdesertdust continentalandseeot Specifically, the plot shows the fraction of the ice-adtdhparticles
(fi = raw /nso ) for depesitionflefyanaimmersiontrightmodeseseridust(darkblue, orange ed, light blue), continental
(green)andsoot(black) The particle concentrations used here, are derived asguani extinction coefficient of 50 Mt

for each of the different aerosol types (dust, continersadt). The shaded areas take into account a range of thetextin
coefficient from 10 Mnt! (lower limit) to 200 MnT ! (upper limit). The error bars mark the cumulative erroffithat results
from the uncertainty in the lidar observations and theirvession to mass concentration as well as from the errorsdn th

respective parameterizations. An overview of the typiedigs and the uncertainties used for the error estimatitnsrstudy
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is provided in Table 2. The deposition nucleation estinretim the left panel of Figure 1 are provided fof = 1.15 (solid
lines) andss; = (1.05,1.1,1.2,1.3,1.4) (dashed lines) to give a perspective on the range of poseiiles. Note here that
although the immersion parameterizations were obtainedjuseasurements at the temperature ranges of [-30,C14)17-
imm, dust), [-35, -21]C (D15, dust), [-34, -18]C (U17-imm, soot) and [-35, -9C (D10, continental), thefravebeenare
extrapolated herein to extend over the immersion-freet@ngperature range (dashed part of the lines in the immensaite
chart).

Figure 1 (left panel) shows thdbr depositionmode the dust ice-activated fractiom&tainreeirom S15 are several orders of
magnitude higher than those of U17-imm (e.g. 4 orders of nag@ at -40C andss; = 1.15%). Adéditienally-theFurthermore,
the depositionice-activation fractiorebtainedfrem-the-of dust and sooparameterizationst-(from U17-deplifferup-te-2
mmmmmmmm 38°C;
-5C (upto 2 orders of magnitucis—45>C)-—-Onthecentrary,
attemperaturefigherthat) @‘MWWMW% -38°Cthedustice-activatedraction-estimations
are-higherthanthe seotonesdindicativelyat T=—302C -UL7-dep{dust)fi-is(up to 4 orders of magnitudegherthanthe
Yi7-dep{sedt

Figure 1 (right panel) shows thdbr immersionmode,the dust ice-activated fractions obtained from D15 are adercof

magnitude lower than those-calculatedwith U17-imm. As-it-hasbeenrepertedfremlaboratorylLaboratoryice nucleation
measurements and corresponding instrument inter-cosguexhaveshownthatat a single temperature between two and four

orders of magnitude differences are observed as a resuteafidtural variability of the INP active fraction (DeMottagt,
2010, 2017) or the use of different INP counters (BurkerkiKet al., 2017). Hereon, we consider D15 and U17-imm as the
lower and upper bounds of the immersegp estimations for dust INP populations. Figurelseilustratestheinereasean
dustfi(immersionmode panel)illustratesthe dust activationincreaseof up to six orders of magnitude within the mixed-
phase temperature regifem-(—15°C to —35°C). For a 5°C decreasenq,np increases by about one order of magnitude.
Moreover, we see thdbr-at T < -18°C theice-activatedractionderivedwith-immersionfreezingdesertdustice activation
(D15(fer-dessertlust) is higher than théce-activatedractionderivedwith-continentalone (D10(fer-centinental) while this
changesger-atT >-18°C. On the contrangoot(U17-immefseetgives) hasalways lowerf; thanthedustparameterizatiomist
(from eitherD15 or U17-imm) The ice-activated fractions ebntinentalD10andJi7-imm{seet)-atT<-18>C;) andsoot

Ul7-imm)aerosoldhave a relative difference that is always less than 8@#-Ui7-imm{seetbeingupto-25timeshigher
thanbD10-at-36°Canddownto-25timesloweratat T < -18°C. At higher temperatures they diverge witlt0-exeeeding

Ui7-imm{seet)continentalf; to exceedhe sootoneby one order of magnitude at T > Q.

Additionally, Figure lean;additionallyprevideprovidesan indication of the errointreducedin-inducedat the lidar es-
timatednnp due to errors in the selected values of T and As-we-seein-theright-panelThe right panelshowsthat for
immersion mode-a 5°C error in the assumed T can introduce an error of 1 order of iadmin the dust related,yp estima-
tions (U17-imm and D15) and 1/2 order of magnitude in the dost related estimations of D10. The same error (1/2 order
of magnitude) is induced in the U17-imm(soot) (for T <<@3. For deposition mode, &€ error in the assumed T can intro-
duce an error of 1/2 order of magnitude in the dust relajgd estimations (U17-dep(dust) and S15). For the U17-dep|soot
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estimates, and at T > - 46, the error in the assumed T has a significant impact imffaeproduct (e.g. 1 order of magnitude
between T = -45 and -4C). On the contrary, at T < -4%&, the error in the assumed T has less impact in the fipalproduct
(between 100% and 200% fof G T error).

Regardinghedeposition nucleation,lsigvariability-erlargevariability of the onset saturation ratio is observed in laboratory
experiments of different studies, witls; te-vary-varyingfor example at -40C between 1 and 1.5 (Hoose and Mdohler, 2012).
In Figure 1(left panel) we see the effect of thes; on the estimatedyp. In S15,nyp increase by 1 order of magnitude for 0.1
increase in thas;. In U17-dep(dust), 3 orders of magnitudgp range is observed at -30 for ss; between 1.05 and 1.4. The
range is wider at lower temperatures (4 orders at€0In U17-dep(soot}4 orders of magnitude,p range is observed at T
< -40°C for ss; between 1.05 and 1.3. This variabilityevideprovidesan indication of the error induced in the lidar estimated

nnp pProduct due to the error in the selectegl In then.Np profileséi resentedh Figurell,

ss; = 1.15 is assumed (bold line herel

3 Instruments and methodology

The "INUIT-BACCHUS-ACTRIS" campaign in April 2016 was ongized within the framework of the projects Ice Nuclei
Research Unit (INUIT; https://www.ice-nuclei.de/thatitiproject/), Impact of Biogenic versus Anthropogenicigsions on
Clouds and Climate: towards a Holistic UnderStanding (BALLS; http://www.bacchus-env.eu/) and Aerosols, Clouds, a
Trace gases Research InfraStructure (ACTRIS; https:/Aswiws.eu/) and focused on aerosols, clouds and ice rigiea
within dust-laden air over the Eastern Mediterranean. dlgh dust was the main component observed, other aeross typ
were present as well such as soot and continental aerosols.

The atmospheric measurements conducted during the camipgigded remote-sensing with aerosol lidar and sun pho-
tometers as well as in-situ particle sampling with twemanneeaerialvehicles(JAYYUAVS. The UAV provided obser-
vations of the INP abundance in the lower troposphere angdweee operated from the airfield of the Cyprus Institute at
Orounda (3305'42"N, 3304'53"E, 327 m asl, about 21 km west of Nicosia) (Schrod et24l17). An Aerosol Robotic Net-
work (AERONET, Holben et al. 1998) sun photometesseverain-situinstrumentavereoperatedvaslocatedat the Cyprus
Atmospheric Observatory of Agia Marina Xyliatou (32'19"N, 3303'28"E, 532 m aslanother7 km te-the-westwest of
the UAV airfield). Continuous ground-based lidar observations were peedrat Nicosia (358'26"N, 33°22'52"E, 181 m
asl) with the EARLINET PollyXT multi-wavelength Raman lidaf the National Observatory of Athens (NOA). For the sec-
ond half of the campaign the lidar observations were cometdad at Nicosia by a susharphetometemhosedatawere
lunar-photometewhich wasused to check the homogeneitytbe aerosol loading between the different sites of Nicosia and
Agia Marina.
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3.1 Lidar measurements

The EARLINET PollyXT-NOA lidar measurements at 532 nm aredin this study for the derivation of particle optical
properties and mass concentration profiles. Quicklook# BiollyXT measurements can be found on the web page of PellyN
(Raman and polarization lidar network, http://polly.tospde). PollyXT operates using a Nd:YAG laser that emitstlag 355,
532, and 1064 nm. The receiver features 12 channels thateemsasurements of elastically (three channels) and Raman
scattered light (387 and 607 channels for aerosols, 407 &benvapor) as welhsdepolarizatierstatethe depolarizatiorof
the incoming lightat 355 and 532 nipand. It alsoperformsnear-range measuremefs two elastic and twaeroseRaman
ehanneldRamanchannelsMore details about the instrument and its measurementgravéded in Engelmann et al. (2016)
and Baars et al. (2016)espectively In brief, the nightime backscatter (b) and extinction @@fticient profiles at 532 nm are
derived using the Raman method proposed by Ansmann et @2)1Bhevolumeandparticledepolarizatioratio profilesare
derivedusingthe methodologiesiescribedn Freudenthaler et al. (2008ndFreudenthaler (2016Thedaytime backscatter
and extinction coefficient profiles are derived using thettkieernald method (Klett, 1981; Fernald , 1984), assumiogrestant
value for the lidar ratio (LR). The daytime Klett profiles ie@&ion 4.1 were derived using a lidar ratio of 50 sr at 15th pfilA
and of 40sr at 5, 9, 21 and 22 of April and a vertical smootherngth using a sliding average of 232.5m. The integrated
extinction coefficient profiles calculated with these LResggwvell with the collocated AERONET aerosol optical de#@D)
observations. The LR values also are in agreement with gigtithe Raman measurements indicating mixtures of dust and
anthropogenic/continental particles at heights betweamd 3km.The 2D backscatteicoefficientcurtain for Figure 4 is
calculatedwith the methodologydescribedy Baars et al. (2017

In this work we also use space-borne observations from tbad=Aerosol Lidar with Orthogonal Polarisation (CALIOP)
on board the Cloud-Aerosol Lidar and Infrared PathfindeelBtg Observations (CALIPSO) satellite (Winker et al.,020.
During the campaign period CALIPSO passed over Nicosia dstartte of 5km on 5 and 21 April 2016. Here, we use
the CALIPSO L2 Version 4 (V4) aerosol profile products of 2asApril 2016 and consider only quality-assured retrievals
(Marinou et al., 2017; Tackett et al., 2018).

3.2 INP retrieval from lidar measurements

We calculated theynp profiles fromthe lidar measurements by first separating the lidar backscattdile in its dust and
non-dust components using the aerosol-type separatibmitge introduced byshimiza-et-al(2004)Fesche-etal{(2009)
Shimizu et al. (2004andTesche et al. (2009For this method-we considera dust particle linear depolarization ratiodf=

0.31 +£0.04 {(Freudenthaleretal—-2009)-(Freudenthaler et al. , 2009; Ansmann et al., 20Hha) a non-dust particle linear
depolarization ratio obnq = 0.05+0.03 (Muller et al., 2007; Grof3 et al., 2013; Baars et al., 2016aritpet al., 201 Ayas
considered The observed particle linear depolarization ratio in lestw these marginal values is therefore attributed to a
mixture of the two aerosol typeShen;the-The dust extinction coefficiento) is calculated using the mean LR 45 +

11 sr for dust transported to Cyprus (Nisantzi et al., 2015Y). the non-dust component, the extinction coefficiemnf) (is
calculated using a LR af0 +25 sr which is representative for non-desert continentaluneg (Mamouri and Ansmann, 2014;
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Baars et al., 2016; Kim et al., 2018). The profilesr@fo d,dry Sd.dry: 12250,c,dry aNd Sc ary are estimatedcalculatedfrom the
extinction coefficient profiles using the POLIPHGIorithm(POlarization-LIdar PHOtometer Networkinghd AERONET-
based parameterizations proposed by Mamouri and Ansm@ib(2016). Table 3 provides an overview of the correspandin
formulas used for the calculations. Weinzierl et al. (208f)wed that for dust environments the AERONET-derivedeshf
Sary are about 95% of the total particle surface area concentr@itncluding particles with radius: 50 nm). This assumption
has been validated against airborne in-situ observatitthe particle size distribution during tfAMUM-experimenBaharan
Mineral DustExperimen{SAMUM; Ansmann et al. (2011b)n Morocco. Theagreementorrelationdrops to~0.85+-0.10%

for urban environments based on ground-based in-situ meE@sumts of particle size distributions at the urban siteaprig
(Mamouri and Ansmann, 2016).

The uncertaintyin the products(consideringthe initial errorsprovidedin Table2) areasfollows: The estimateduzso d.ay
94%in aerosolayerswith low dustcontribution(dq < 0.1). Theuncertaintyof theestimatedsy 4, Valuesis 38%in well-detected
dessertdust layers,44% in_less pronounceaerosollayersand exceeds97% in_aerosollayerswith low_dust contribution.

respectivelyThesteps of the procedure for obtaining the profile:gfo 4ryand.Se ary, as describedbovdiere are illustrated in
an example in Figure 2. In this example, we use the PollyXTsueaments at Nicosia between 1 and 2 UTC on 21 April 2016.
In the final step, thelust-relatech)\p profiles are estimated using the ice nuclei parameterizafiwesented in Section 2

(Eq. (1)-(7)). For thesecalculationswe are using collocatedmodeledprofiles of the pressure temperatureand humidity
atmospherienodel(WRF; Skamarock et al. (2008yvhichis operationahtthe NationalObservatoryof Athensatamesoscale
fieldsandtheseasurfacdemperaturaretakenfrom theNationalCenterfor EnvironmentaPrediction(NCEP)globalreanalysis

MERRA-2 model (Modern-EraRetrospectiveanalysisfor Researctand Applications, Version 2) which areincludedin the
CALIPSOV4 product(Kar et al., 2018

3.3 UAV in-situ measurements

Two fixed-wingbAVYUAVS, the "Cruiser” and the "Skywalker", performed aerosol raeasents up to altitudes of 2.5 km agl
(2.85km asl). Both UAVs were used to collect INP samples ailtoon wafers using electrostatic precipitation. The i€eu
can carry a payload of up to 10 kg and it was equipped with thig-+ttNP sampler PEAC (programmable electrostatic aerosol
collector) (Schrod et al., 2016). Skywalker X8 (a light UAvat can carry a payload of 2 kg) was equipped with a custort-bui
lightweight version of a single-sampler PEAC (Schrod et2017). In total, 42 UAV INP flights were performed to coll&&
samplessa-during 19 measurement days: 7 Cruiser flights with a total of 17 sasngliring 6 days and 35 Skywalker flights
with a total of 35 samples during 16 days.
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The INP samples were subsequently analyzed with the FRID@GEdounter (Schrod et al., 2016, 2017). FRIDGE is an
isostatic diffusion chamber. The typical operation of FRID allows for measurements at temperatures down toCGhd
relative humidity with respect to wateR({H,,) up to water supersaturation. FRIDGE was originally desibio address the con-
densation and deposition freezing ice nucleation modesgnsaturation and below. However, because condensétaag
begins at sub-saturation, its measuremenigfa}, between 95% and 100% encompass ice nucleation by depasitcdeation
plus condensation/immersion freezing, which cannot béndigished by this measurement technique. Recent measntem
during a big-scale inter-comparison experiment with aalfed laboratory settingshewshowed that the method compares
well to other INP counters for various aerosol types (DeMobtl., 2018). However, sometimes FRIDGE measuremeais
areon the lower end of observations when compared to instrusiteat encompass pure immersion freezing. The INP samples
collected on 5, 15 and 21 April 2016 were used ee-comparisorte-comparisorwith the lidar-derivedqynp. The samples
were analyzed at20°C, —25°C and—30°C and atR H,, of 95%, 97%, 99% and 101% with respect to water, or equivglent
with respect to ice R Hice) 115% to 135% (Schrod et al., 2017). Hereon, the sampleyzsthhtR H,, < 100% are used as a
reference for the deposition mode parameterizations andamples analyzed &H,, of 101% are used as a reference for the
immersion/condensation parameterizations. The errottseofNP measurements were estimated to-26% considering the
statistical reproducibility of an individual sample, févet samples analyzed for the experiment.

Cruiser was additionally equipped with apticalparticle-counterOptical Particle Counter(OPC, Met One Instruments,
Model 212 Profiler) that measures the aerosol particle numtecentration with 1 Hz resolution in eight channels raggi
from 0.15 to 5um in radius (Mamali et al., 2018). The inlet of the OPC was petéd to keep the relative humidity below 50%
to minimize the influence of water absorpt@re-particles The Cruiser-OPC measurements on 5, 9, 15 and 22 April 2016
were used to calculate thesg qry profiles discussed in Section 4.1.

The measurements from the OPC onboarddhgserUAV were validated at the ground, using a similar OfP@twasused

fortheaireraftmeasurementnd a Differential Mobility Analyzer (DMA)Fromthefirstcomparisowe sawthatthedatahave

largeuncertaintiegunderestimation-The first comparisorshowedunderestimatiorfor the bin with radius 1..xm to 2.5um

and for the last bin with radius more tham®. FremtheseconecomparisenveseeThe secondcomparisorshowedthat the
OPC underestimates by less than 10% the number concentddiparticles with radius between 0.4 and 0.5um thanthe

BMA-instrument(Burkart et al., 2010). Moreover, there are no data providegarticles with radius less than 0.45. In
order to correct for this under-sampling we fit a bimodal nemtize distribution on the in-situ data and derive a coegct
n250,dry @Nd Sary. An example of this correction is shown in Figure 3 for the emand surface sizdistributiondistributions

measured at 1.2 km on 5 April 2018tomthis-analysisandfer-For the cases discuss@dthiswerk-{Sectiond-L)hereinwe

found that the correcteahso qry in-situ values were-20% higher than the raw measurements.

3.4 Space-bornecloud observations

A-Train space-borneloud observationgare complimentaryusedto provide us the 3D distribution and characteristic®f the
cloudsformedin thepresencef thecalculated:np. Forthespatialdistributionof thecloudsformedduring21 April 2016,the
truecolorobservationgrom theMODIS instrumeni{ModerateResolutionmagingSpectroradiometedn boardAquasatellite
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are used.To get a betterinsight into the vertical cloud structure,we use outputsfrom the synergisticradar-lidarretrieval
DARDAR (raDAR/IIDAR; Delanoé and Hogan (2008)The DARDAR retrieval (initiated by LATMOS andthe Universit

of Reading)usescollocatedCloudSat,CALIPSO, and MODIS measurementand providesa cloud classificationproduct
DARDAR-MASK; Ceccaldi et al. ndice cloudretrievalproducts DARDAR-CLOUD; Delanoé et al.

60 mverticaland 1.1 kmhorizontalresolution(availableat http://www.icare.univ-lille1.fr/projects/dardamn this work, we

usethe DADAR-MASK productfor cloudclassificationandwe utilize the DARDAR-CLOUD productto deriveanestimation
of the ice crystal numberconcentration(nice) of the scene.With increasingmaximum diameter(D. the ice crystals

becomemorecomplexandtheir effectivedensitydecreasefHeymsfield et al. , 2010The DARDAR algorithmdescribethis
10 relationshipusingacombinatiorof in-situmeasurementsy Brown and Francis (1995dr low-densit regate > 300 um
andby Mitchell (1996)for hexagonatolumns(D...,. < 300 pm). We derivetheni.. (DARDAR-Nice)following theapproach

resentedby Sourdeval et al. (2018)nthe DARDAR-Cloudparametersf theice watercontent(IWC) andthenormalization

factor of the modified gammasize distribution (VF). The direct propagationof uncertaintiedor IWC and N} providedb

DARDAR-Cloud gives an estimatefor the relative uncertaintyin nice from about25% in lidar-radarconditionsto 50% in
15 lidar-only or radar-onlyconditions(Sourdeval et al. , 20187 his estimationaccountdor instrumentakrrorsanduncertainties
sizedistribution.Due to furtherassumptionsvithin DARDAR-Cloud (e.g.a fixed mass-dimensionaklationship) additional
20 orderof magnitudeof thetrue nice.

4 Results and discussion

We present hergesultsfrom-threedAV-flights-eenductedduringthe comparisorbetweerthe UAV-OPC observationgindthe
lidar-derivedn rofiles (Section4.1). The measurementssedfor this comparisorcorresponds$o oneintensedustevent,
wherethe UAV measurementsereconductedindercloudy conditions(9 April) andthreemoderate dust/continentalesenee
25 dwm%gwndercloud -free COhdItIOWéGHGfH-ghFGGHdHGtGdiHHHg&FHH{eHSGdHSﬂﬂyef
iti (5, 15
and22 April). Subsequentlywe present theomparisorbetweerthe UAV-INP measurememggmdwgunng
three days with moderate dust load conditi¢@sction4.2). From a total of sixsamples|NP samplespnesampleis collected
during 21 of April in the presencef a pure dusteventundercloudy conditionsandthe remainingfive samples are collected
30 during 5 and 15 of Aprilnsidedusté& continentakierosolayersunder cloud-free conditiong brief descriptionof theaerosol
conditionsof the measurementssedareprovidedherein.
whichwaslateronmixedinto thedevelopingplanetaryboundarylayer(PBL). In thenexthours(until 12 UTC),only moderate

variability wasobservedin the lidar backscattecoefficientand d,, curtains- not shown).The UAV sampleswere collected
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betweenl1:37 andeneis collectedduring 21-of 11:57 UTCat 30 km westof the lidar site with westerlywinds prevailing.

On9 April 1
m%mmm&%@%@m mmm
at Nicosiawas 0.83 (at 500-nm)with a correspondingneanAngstromexponeniof 0.17 (at 440-870 nm)During the event,
by a southwesterlyflow directly towardsCyprus,reachingthe island after oneday (Schrod et al., 2017)The UAV samples

werecollectedbetweers:12and8:23 UTCinsidethe dustlayer andtheseobservationsvere comparedith the lidar-derived
nnp-estimategSeetiond-2)profilesat 6:50-6:59 UTC(a closer-in-timelidar\UAV collocationis not possibledueto clouds

that time, a pure dustlayer (d, ~ 0.3) was presentbetween2.5 and 3.8 km height. Below 2.0 km the dust was mixed with

spherical/continentgbarticlesfrom the residuallayer with §, decreasingvith height(reaching~0.1 at 0.6 km). During the

2-hourflight, the sceneabovethe stationchangedconsiderablywith 31%increasan the aerosoloptical thicknesgfrom 0.33

t0.0.48)and16%decreasin the Angstromexponentirom 0.31to 0.26). The UAV measurementhatday reachecheightsof
used
Thepuredusteventon20to 21 April 2016is consideredhegoldencaseof ourdatasetasit hasheenobservedsimultaneously

we havesimultaneouslygood lidar observationgndin-situ INP measurementsigure 4 provides an overview of the times
and heights of the PollyXBrdCALPSOlidar-measurements, along with th&d-measuremen@ALIPSO overpassand

UAV measuremertimes between 20 and 22 April 2016. During that penod atmosprmnmuons supported the transport

of dust from the Saharan desert and the Arabian Peninsufa46

Mediterranear(d, = 0.28 +-0.03-)_(Floutsi , 2018) The elevated dust plume arrived over the lidar site at 4-5 kgt at
areund(~15UTC on 20 April 2018 quickly widened to stretch from 2 to 8 km height with the tdptlee main plume at
5km height, and disappeared at 18 UTC on 21st of April. On dlegt ice cloudswereformed within the dust plume and
were present between 02:00 and 10:45 UTC above NicBsiaxthyafterthattime; As shownin thefigure, UAV flights were
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A-Train satellitesat 11:01 UTG y : ion- al A ved CALIPSO
over-pasdime). Figure5 providesan overview of the aerosoland cloudsabovethe area,with the MODIS true color image

(upperpanel)andthe combinedDARDAR andCALIPSOL2 featuremask(lower panel) Dustis observedabovethe broader

On 22 April 2016a transportedplume was detectedbetween 03:00 and 10:00 UBE-22-April-2016;asa-homegenesus
elevatedayerat, in altitudesof 1 to 2 kmaltitudeabevethelidarstatioraboveCyprus The layer consisted of a mixture of

dust with pollution aerosol and is characterized ligtathomogeneouparticle linear depolarisation ratio 6f = 0.1740.03.

As-shewnin-thefigure UAV-flights wereperformedn-thedustlayeren A 016(0OPCmeasuremen

and INP samplinggrdwereperformedn the mixed layeen22-Apri-2016{NP-samplingluringthatday betweerD4:32and
Becausdhe OPCandiNP-sampleshavebeenAll_in-situ sampleswverecollected at a location about 28 km to the west of

the lidar sitethusthe atmospheric homogeneity of the two areas had to be aesido select suitable measurement times for

the comparisons. Fahatweconsideredunphoetometethis analysiswe usedthe sun-photometemeasurements at Agia Ma-
rina and Nicosia, backward trajectories, model fieldsdiederateReselutionimagingSpectreradiometdMODIS)-MODIS

measurements. This was especially necessary for the c&leadApril when clouds were formed at the top of the dust layer
During that day, the CALIPSO-derivedyp at 11:01 UTC were compared to UAV-measurgge acquired approximately one
and a half hours earlier (between 8:30 and 9:40 UTC). Theedpime homogeneity of the CALIPSO-derivegly andnaso. dry
profiles (acquired shortly after the end of the cloudy périsctonfirmed by the respective estimates from the PollyXBme
surements during 1 to 2 UTC (before the beginning of the cfouthation) as shown in Figure 6. The different measurement
times of the ground-based and spaceborne lidars are markgdure 4. For the CALIPSO profiles, along-track observeatio
+80km away from the lidar station are used. During that time,dbist plume declined by approximately 306etweerthe
two-timeperieds Nevertheless, CALIPSO and PollyXT retrieved profiles aragreement within their error bars within the
dense dust plunierali-fourparametersAerosol conditions were less homogeneous above and béiswalyer (see Fig-
ure 4) causing stronger differences betweentthieinstrumentswith-respecto-profiles of the four parameterom the two
instrumentsThe comparison between the CALIPSO-derivgg and the UAV measurements from this case are discussed in
Section 4.2 (see Figure 9).

4.1 Evaluation of thensg ary retrieval

For the assessment of the lidar-basegh-retrieval-apartiremwe usedthe O
on5, Sand, 15April-areused-On5-Apri-2016;a-homogeneousievateddiu
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22 April. The profiles ofnaso ary retrieved from PollyXT observations and in-situ measunet®i@re shown in Figure 7
(upper panel). The lidar dust-only profiles (orange lings)@lculated from the dust extinction profiles and Eq. 8 i@&)).
The remaining non-dust component is considered contiheiitta rnos50 c,ary pProvided by Eq. 10 (Table 3). The totabs ary
profiles (Figure 7, upper panel, black lines) are the sunomatif no50 g,ary @nd naso.cay. The red dots correspond to the
uncorrected UAVhos 4y measurements. The blue dots correspond to the correctedif\yy, measurements (as described
in Section 3.3).
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the respective height ranges at which homogeneous aermsditions allow for a comparison of the UAV- and lidar-dexdv
estimates. These measurements correspond to heights @usdu@ on 5th of April, abovethe PBL onthe-days9 and 15
April (<> 1km and<-> 2 km respectively) and above the nocturnal boundary laye2April (<> 0.7km). Itseamshat
thespatialdifferenceseemghatthe distancehas little impact on theemparisersf-thelidar-derived and the in-situ measured
nas0,dry Presented in Figure-fn-Figure7-we-seethat, with most of the in-situ-derived.so 4y arebeingwell within the error
bars of the lidar retrieval when considering the contritmgi of both mineral dust and continental polluti@n 9 April we

observedhe highestdifferencesetweerthelidar-derivedandin-situ-measureds 4ry, Which may be attributedto the ~1 hr
time differencebetweernthe in-situ samplingandthe lidar retrieval (limitation dueto mid-level cloudsasdiscusseslread

Neverthelessthe caseis includedhere,asit representhe strongestdust eventobservedduring the campaign.Overall, the
values ofnas0 ary Varied between 1 and 50 cmh.

Figure 8 provides a quantitative comparison of the obsimatpresented in Figure 7 for lidar retrievalsiofo ary cON-
sidering both mineral dust and continental pollution anel ¢brresponding in-situ measurements at the same heigs.lev
Again, we see that the results agree well within the erros béthe lidar retrieval with?? = 0.98. The uncertainties of the
UAV-derived naso gry Values presented in Figure 7 and Figure 8 correspond to émelatd deviation of the 30 seconds av-
erage (OPC initial resolution of 1 second). Thestematieerrorof-the OPCmeasurementarrorin the OPCdatadue to the
assumption of the refractive index and the shape of theghestusedn-the ©PCretrievaldor thederivationof the particlesize
distributionfrom the OPCmeasurementsvere not taken into account in this study. Nevertheless ribt expected to be high
because the refractive index usedhe-OPCretrievalsis characteristic for dust particles (n=1.59). We have tepkie mind
alsethe effect ofsemea possibleinhomogeneity between the two statiptisatcannotbe excludeddueto-the-two-different
lecationsof-the PellyXT-andthe UAV-ebservatiensin view of all uncertainty sources, the lidar- and UAV- ded naso dry
are in good agreement. In terms of absolute values, thedigidvednas ary are slightly lower than the UAV-derived one&e

The profiles ofSgyry retrieved from PollyXT observations and in-situ measunet:iare shown in Figure 7 (lower panel). The
dust-only profiles (orange lines) are calculated from thet @utinction profiles and Eq. 9 (Table 3). The remaining dast
component is considered continental witky ¢ oy provided by Eq. 11 (Table 3). The tot8,y profiles (Figure 7, lower panel,
black lines) are the summation 8§ 4ry and.S¢ ary. These profiles are compared to the tdig| derived from the corrected in-
situ number size distribution (e.g. Figure 3b). We see thatatter agree well within the uncertainty of the lidarided Sy ary
(orange line), but do not agree well when both mineral dugdtcamtinental pollution are considered (black line). Thimiainly
due to the sampling cut-off of the OPC instrument for paggalvith radius smaller than 150 npaffectingthe-correctionof

heuldlaywhich aremainly composed
the pollutedcontinentalparticles The effect is not seen in the correctegho, Since thesizessizeranges considered there are

larger than 250 nm.

15



10

15

20

25

30

4.2 Evaluation of thenyp retrieval

For the assessment of the lidar-basgg-retrieval, the UAV measurements on 5, 15 and 21 April 206used. The samples
of 5 and 15 of April were collected undéite moderately mixed dusendmarwqdmatedbyﬂqemeasufedepe#aﬁzahen
----- fgontinentakconditionsshown in Figure 70reOn5 April,
thesample was collectedir5-Apri-from-at analtitudeof 1.823 km altitude d, = 0.14 £ 0.02)and. On 15 April two samples
were collecteabn-5-Apri-from 0.998 km and 1.281 km altitudéy(= 0.154-0.03). On 21 April, particleswerecollectedfrom
insidethedustplumeatthe pure-dussamplewascollectedfrom 2.55 km altitude-with-(d, = 0.28 £0.03) (Figure 4). Analysis
performed in FRIDGE chamber prowded the INP concentratﬂﬂereeve%a#eﬁheaﬂaly&sﬂ%lémesamp}lee%

—20°C, —25°C and—30°C. For the deposition nucleation (Figure @ad(Figure 10a) the samples were analyzed/at,,
of 95%, 97%, and 99%, leading to three valuesSgf for each temperature (1.16, 1.18 and 1.23+$@0°C, 1.21, 1.24 and
1.26 for—25°C and 1.27, 1.30 and 1.33 fer30°C). For the immersion freezing (Figure 9 b), the samples \wasdyzed at
RH, of 101%, leading tcSice of 1.23, 1.29 and 1.35 for the temperatures-@0°C —25°C and—30°CrespeetivelyWhen
thesamplesvereanalyzeeht, respectivelyForT = —20°C, RHy, = 101% andSice = 1.23, we refer to the freezing process as
condensation freezing.

first stepof our methodology(separatiorn dustandnon-dusaerosotomponentsiresmall(~ 30%) and(i) theuncertainties
inducedfrom the D10 and U17-(soot)parameterizationare minimum. Figure 9¢a)-showsthatthe showsthe nine derived
fromidarmeasurementan 21 April asthey were calculatedrom the lidar measurementécoloredsymbols)andmeasured
with dustandcontinentaberosolsFigurel0showsscatteplotsof all thelidar-estimateduyp againsthein-situmeasurements
for (a) depositiomucleationand(b) condensatiomndimmersionfreezing.In Figure10 (b) theratio betweerthelidar-derived
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For the g retrievalsin the depositiormodewe seethat,using the U17-depgreeveryweitin adustcasethelidar-derived
Nggggm@wgg”@g;amwnh the in-situ observatlon@/mwnhm their uncertamtlesMeFeeveH%GMH%S
thewhele-extendef-the), with ninp +a
spanover 2.5 orders of magmtu@%rmmmm
of this range(Figure9a) The lidar-retrieved U17-dep values in this case are domthitom the dust relatednp (estimated
from Eqg. 3; Table 1)aswith the non-dust related,np (estimated from Eq. 6; Table Hrebeingfive orders of magnitude

lower. Fheln dustandcontinentalcasegFigure 10a),the 97% of all the U17-deplidar-derivednnp arewithin the errorbars
of thein-situ andwithin afactorof 10 aroundthe1:1 line (r=0.75).Then ;e sampledwvith the UAVs rangedbetweerD.02and
20L"!, Using S15 parameterizatigmoduees the predictednyp valueswhich-are3-4-are3 to 5 orders of magnitude larger
than the in-situ measurement&-big-in bothdustanddust-continentatasegr=0.42).An overestimation was already expected
as discussed in Section 2 and Steinke et al. (2015) but fopletemess we include these results.

Figure 9 (b)andFigure 10 (b) shows the lidar derived immersion/condensation INPs. Wim-dust-relatedynp are cal-
culated using the INP parameterization of Eq. 1 (Table 1h wie Sy qry from Eq. 9 (Table 3). The D15 dust-relategy are

calculated using the Eq. 2 (Table 1) with the;o q,.qary from Eq. 8 (Table 3). The D10 continental-relatedp are calculated
using the Eq. 7 (Table 1) with th&ysg ¢4y from Eq. 10 (Table 3). The D15+D10 values for the total (dusbrtinental) aerosol
in the scene, are the summation of the aforementioned DXi-(dlated) and D10 (continental-relateghp calculations (See
Figure Al and A2 in Appendix). We did not include the Ul17-imoosestimates in the plot since these are quite similar to the
estimated values from D10 at temperatures <€ 8Section 2; Figure 1). Consequently, for the total INP loathe scene,
the estimations provided from the D15+D10 are similar todghes provided from D15+U17-imm(soot). In the rest of this
manuscript, we will discuss only the joint D15+Dié&rieval@stimateskeeping in mind that the same conclusions apply for
the joint D15+U17-imm(sootletrievabstimates

Fheln Figure9 (b) andFigure10 (b) we seethatthelidar-derivedn e using D15 for dust and D10 for continental particles
are inverygood agreement with the in-situ observations, within tispeetive uncertaintiesA-very-closeagreemenis-shewn
forthefor thesamplesnalyzedat —20°C and—25° C. Thebestre agreemernis observedor the pure-dussample analyzed
under condensation freezing conditions {z0°C): the-with in-situ samplecontainedmeasurementsf 3.6+ 0.1L~! and
MMS%W%MDlS+D10W@GW&lH€S€Stlmate$f 3.8 L‘lfepdastandmz 4L for
yoriginatedfrom
theD15+mmmowmmmert
INP at lower temperaturesvasinsignificantwith non-dustconcentrationsf one order of magnitudebutthe agreementvith
thelowerthanthedustones) Usingall thedustandcontinentacasesve seethat,for thesamplesanalyzedundercondensation
freezing conditions, the D15+D10 estimatedne are no more than 2.5 times higher than the in-situ ebservationss-sti
goodwithin-the-uncertaintyof-the-parameterizationAt-measurementéFigure 10b). Larger differencesare observedat the
at—25°C and4 - 13 timeslargervaluesat —30°C. Indicatively, for the puredustcaseat T = -25°C rthe in-situnine (were
1243 L1 yiswithin-the errorbarsef the concentratiomlerivedwith-andthe D15+D10¢lidar-derivednyp were26 L= (with
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nnpprovidedby D15 At T =

ampledwith-the UAVs-ranaedbetween 0-02 and201—1 ing 5 meterizatiopthepredictedn e3to-50

analyzedcasesthe D15+D10lidar retrievalsarelessthanan orderof magnitude highethatthemeasurements=0-42)-
Figurel0{bande)showsthatthanthe UAY measurementRegardinghe U17-immprevideslidar-derivednne valueshat,
theyare overall 1 to 3 orders of magnitude higher than the inggies In particular they are 3-11, 2-80 and 2-1000 times larger

than the samples analyzed at FRIDGE chamber21°C, —25°C and—30°C, respectivelyDnthecontrary,in-85%of the

observationgrewithing the uncertaintyof
the parameterizatiofior all the caseslndicatively, for the puredustcase the U17-imm lidar-derivedn,yp valuesare50 L+
at T= -20°Cand4-13timestargervaluesat—30°>C. As-shewnin-DeMettetal{2018)recentRecentcomparisons ofynp

derived from samples analyzed in FRIDGE chamber usuallygmtegood linear correlations but somewhat lower values wit
observations derived from pure immersion patfie.g.D15) (DeMott et al., 2018)Possible reasons for these discrepancies
may be (a) deficits and inadequacies in instrumentation sgasaorement techniques, (b) the lacking overlap of theifigez
modes, (c) inconsistencies between the inlet systems opdh@meterization measurement (using cutoffs) and théun-s
measurements (using no cutoff) and (d) a variatioR i, (D15: 105%; FRIDGE: 101%) (Schrod et al., 2017).

The error bars of the lidar-basegp estimations in Figure 9 and Figure 10 are calculated usings&an error propagation
together with the typical uncertainties provided in Tabldr2 DeMott et al. (2015), a standard deviation of two ordefrs o
magnitude is reported as the uncertainty of the D15 paraipat®n. In the same plots, the uncertainty of thhge from
in-situ data is very low. Under most experimental condgiotie repeatability of the ice nucleation in the FRIDGE cham
dominates other uncertainties. An uncertainty of 20% has saggested as a useful guideline for the uncertainty afttiasic
measurements, corresponding to the statistical reprbiliticof an individual sample. However, it has also beenorégd that
natural variability by far outweighs the intrinsic uncéntg (Schrod et al., 2016). We need to consider the full utadety
including precision and accuracy. The DeMott et al. (2018¢r-comparison of INP methods saw thatt all temperatures
and for various test aerosojghe n)yp uncertainty for immersion freezing is one order of magrétugthile for deposition
condensation the uncertainty is expected to be even larger.
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Our analysis suggests that the D15+D10 (and D15+U17-imob))simmersion/condensation parameterization (applecab
for the temperature rang85°C to —9°C) and the U17-dep parameterization (applicable for thepature range-50°C
to —33°C) agree well with in-situ observations ofyp and can provide goodinp estimates irdust-dominategure-dust
anddust-continentaénvironments. The U17-imm pure immersion parameteringtiovides 1-2 orders of magnitude larger
values, we therefore consider thgp estimates according to D15+D10 as the lower boundary ofilplesgalues, with the
actual values to be up to one order of magnitude larger incimpérature regime of immersion freezing.

4.3 nynp profiles from PollyXT and CALIOP befere-and-aftercloudy-ebservationgluring the evolution of
mixed-phasecloudsin a Saharandust event

The case study of 21 April 201¢-igure4)y-demonstrates the feasibility of the proposed methodologyrdvide profiles of
cloud-relevant aerosol parameters up to the cloud levsisguground-base and space-borne) lidar measuremenparin
ticular for this case, the temporarily averaged PollyXTafidbservations at 1-2 UTC and the spatially averaged CAQIPS
observations at 11:01 UTC provide us the information ofith ary Sary andnne right before and after the cloud event which
was formed inside the dust layer that day between 02:00 adéd 10T C. The profiles ofiosg aryand.Sary before (PollyXT) and
after (CALIPSO) the cloud event are the ones already predéantFigure 6. As discussed above, the dust plume declined by
approximately 300 m during that period while itgp stayed relatively constant inside its dense partthecentrary,abeve
the-Above the main dust layer the aerosol conditioase differentverevariable with multiple thin layerspresentup to 8km
altitude only before the appearance of the clouds. Speltjfieecenstancontribution of non-dust/continental particles is ob-
served between 5.6 and 8 kagl (n2s0,ary = 0.4+ 0.2 cnT 3; Figure 6 (d)) and three thin dust layers are visible at 6.8 aid
7.8 km with dustiso gry0f 2.9, 1.5 and 2.0 cm?, respectively, and a local minimum at 7.55 km (0.01¢n(Figure 6 (c))Fhe
Figure11 showsthe nine concentrationst-theseinstanceslerived from the different parameterizations at altitudesveen 3

and 8 kmarepresentednFiguretiagl. Fromthe WRF andMERRA-2 assimilationsve seethat T < -35°C in heightsup to
7.8 kmagl, which indicatethatthe immersionfreezingmechanisnis dominantin this caseandthatthe depositionnucleation

mechanisnis notsignificant
Figure 11 (a) shows that before the cloud formation the nast-derosols contribute to a gradual increase,@f per height

from 0.04L~! (4.5km; -10°C) upto 0.4L7' (5.8km; -20°C) and 4 L=! (7.8 km; -34°C) (based on D10). Using U17-imm
for soot we derived thep for the relevant non-dust particles of 70L~! (-10°C), 0.04 L' (-20°C) and 8 =! (-34°C).
Figure 11 (a) shows here again the relatively good agreebenteen the lidar-derived non-dusfp using D10 and U17-
imm parameterizations at T< -2C€ and their significant discrepancies at lower temperatUies dust aerosols in the scene
contribute to a gradual increaserof;p inside the main dust layer from 0.05L (4.5km;-10°C)to 0.4L! (5.3km; -14°C).
Then a decrease of one order of magnitude is observed up to(6.0&L~!; -20°C) at the top end of the main dust layer.
Above this altitude, a wavynp profile is observed with local maximal at 6.5, 7.0 and 7.9 k2 bf ! (-22°C), 4L~ ! (-25°C)
and 200 ! (-33°C). The aforementioned values correspond to D15 estim@kesU17-imm dust estimatés-thiscaseare
60L~! (-22°C), 200 L' (-25°C) and 1000 L' (-33°C). Overall, 91% of the totabp is attributed to dust aerosols (D15)
and 9% to non-dust/continental aerosols (D10) at altitiween 6.3-8 km (Temperatures < €Z1). These abundances are
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reversed inside the main dust layer (altitudes betweerb &rb; Temperatures [-20,-8C) where 34% of the totahk\p IS
attributed to dust aerosols (0.061) and 66% to non-dust/continental aerosols (0.12)L Shortly after the period analyzed
here, mixed phase clouds are observed above Nicosia attfa#titades between 5-7 km and during the rest of the cloudy
period mainly above 4 km (Figure 4).

Figure 11 (b) show the lidar-derivedyp abovethe stationshortly after the end of the cloudy conditions. At that tirthes
main dust layer is observed at altitudes ugbt65.5km without additional layers above is-theseTheseobservations are
close to the local noopwith the air temperature above the statisincreasedy-7beingincreasedy 2.7 degrees, leading
to temperatures of 0C at3-83.6km and -15°C at5:65.4km agl. At these altitudes, a relatively constant contributiomon-
dust/continental particlesasis present{zso gy = 0.4+ 0.2 cnm3; Figure 6 (d)) whicHeeHeadsto a gradually increase of the
non-dustyne per height from 2x10* L=! (4 km;-2-2°C) to 102 L' (4.4km;-4-5°C) to 0.2 L"! (5.3 km;-15-12°C) (D10
estimates). Additionally, the dust concentration petwad wasis constant inside the dust layer and is decreased gradually
above 4.6 kmifzs0,ary= 16 cnT3; 4 - 4.6 km); Figure 6 (c)). The dust-relategip per height are 8x10° L~! (4 km;-1-2°C),
3x1073L~1! (4.4km;-4-5°C) and 0.1 =! (5.3 km; -12°C) (D10 estimates). Overall, 25% of the totap is attributed to dust
aerosols (D15) and 75% to non-dust/continental aerosdl®) Bt altitudes between 3.8-5.6 km.

FheTakinginto consideratiorall theaerosolsthenine before and after the cloud developmerisis 0.6L~' and 0.1
respectively at 5.3 km altitude (D15+D10 in Figure 6). Thifedence is due to the increase of the air temperature durin
the day and the decreasegiso 4y and Sqry. Before the cloud formation, thene values at [6,7.5] knwereareone order of
magnitude largethanat5.3km( 3L~!) and at 7.8 kmweretwo orders of magnitude highénanat 6 km (200 L~). These
results indicate that the particles in the main dust layerthe thin layers above it acted as seeding INPs for the cloat t
formed in that layer, affecting also its characteristisdthushasbeenrremevedfrom-thetNP-reserveir However, further
measurementsould-bearenecessary to reach a more concrete conclusion, as for esamphsurements of the atmosphere
dynamics (e.g. from a wind lidapand observations of tH&D-evelutionef-thecleudcloudevolution(e.g. from a cloud radar).

\ aVa' oHd
Ci Cl g \LV i tHy 10 50 g O atro oot sSvia N Ci

Figure12 showsthe DARDAR nj. estimationslongthe A-train track (presentedh Figure5) andFigurel3 showsthen,
formedontop of thedustlayeratlatitudesof 32,32.8and34°N. Thecloudsobservedit32and32.8°N arecoupled/collocated
numberincreasawith deceasingemperaturethehighestyye concentrationsreobservedtthetop of theupperaerosol-cloud
layers.We assumehat the ice crystalsin thesetwo cloudsnucleatecloseto the cloud top (wherethe coldesttemperatures
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insignificant,asthe cloudtop temperaturearemuchlower thatthe temperaturesvhereSIP havebeenobservedbetween-3
0.3t02L"" and4to20L"" areestimatedvith the D15+D10andthe U17-immrespectivelyFor the cloudat ~32.8°N, nice
10 retrieved DARDAR profiles provide us only with a hint of the order of magnitudeof the true nice. Neverthelesshe nice

5 Summary and conclusions

15 We present a methodology for derivimgyp profiles from lidar measurements aitsleempariserto-a comparisorwith in-
situ UAV measurementsf np. More specifically, seven INP parameterizatieresearetested to obtain lidar (ground-based
and space-borne)np estimates representative of mineral dust and contin@otaltion/soot aerosol. Werevedprove that
a compilation of the parameterizations of DeMott et al. @0(D15) and DeMott et al. (2010) (D10for dust and non dust
particles respectivelyis in good agreement with airborne in-situ measurementsr(ficet al., 2017) for addressing immer-

20 sion/condensation freezing (at ¥35°C). SameA similarconclusion is derived from the compilation of the pararniesgions
of DeMott et al. (2015) (D15) for dust and Ullrich et al. (201@W17) for soot. Specifically, lidar-derivedyp using D15+D10
(and D15+U17-imm(soot)) agree with the in-situ measurametithin the reported uncertainty range of the D15 parariete
zation (i.e., two orders of magnitude; DeMoitt et al. (201%))e best assessment for the deposition-related ¥2gs derived
with the Ullrich et al. (2017) deposition nucleation paraenization for dust and soot (for F<33°C), with results agreeing

25 with the UAV-FRIDGE measurements within one order of magphit for different values of ice supersaturation.

The cloud-relevant aerosol parameters necessary for INR&®NS (1250,dry and Sqry) Werearederived from lidar mea-

surements as shown by Mamouri and Ansmann (2015, 2016). dim@arison between the lidar-derived concentrations of

dry particles with radii larger than 250 nm with coincidemMHOPC in-situ measurement$tamali-etal;2648showed a
good agreement with slightly lower values (32%6)for the nso ary derivedby the lidafthis-. This effect is lesgproneunces

30 pronouncedat low concentrationi{with squared correlation coefficient of 0)9&or the majority of the cases, vieunefind
that in-situ observations and remote-sensing estimageis good agreement within their uncertainty ranges.

Our-methodelogyhasbeenA further stepfor improving the lidar-derivedINP retrievalsand investigatingthe different
arametrizationsisedis by conductingdedicatedstudieswith collocatedlidar measurementandadditionaltemperatureand
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humidity profiling in orderto calculatethe INP concentrationst real conditions,and the combinationof the retrievednyp
with airbornein-situ ice concentrationmeasurements.

Our methodologyis validated for cases with dust presence. Additional measengs are required in order to define the
optimum INP parameterizations for non-dust atmosphenditimns (e.g. continental, marine, smoke). Future expenial
INP campaigns with airborne in-situ observations fromraifts (including UAVs)aroundlaserbeamscollocatedwith lidar
measurementst pure marine conditions and at mixed aerosol conditienisic-previdecould provideanideal set-up for an
in-depth investigation of the potential of the lidar-ba#idé profiles in complex and non-dust atmospheric conditions

The results presented in this study give us confidence teepbto the next step which is to combine cloud-relevant lidar
aerosol and wind parameters and cloud radar height-redalpservations to monitor the evolution of clouds embedded i
aerosol layers. This will provide a unique opportunity téteeunderstand aerosol-cloud-interactions in the fieldeiéroge-
neous ice formation.

Moreover, the study enhances the confidence for the pramtuofiglobal 3D products ofi250 dry Sary @andnne from the
CALIPSO dataset. The application of our methodology to nibes a decade-long CALIPSO measurements could provide
valuable insight into global height-resolved distributiof 1,50 4y andnnpe related to mineral dust, and possibly other aerosol
types. This will enable global-wide studies of aerosol dlaueractions to combine the new product with satellitearaabser-
vations (CloudSat) and the upcoming EarthCARE (Earth Cleisbsol and Radiation Explorer) mission.

A challenge ofthis-a new global INP climatology will be the assessment of its undémestion at high altitudes where is
known that CALIPSO observations can miss thin layers witlalsconcentrations. A way to investigate the effectiedése
the satellite-undetected layers in theso ary, Sary @andnine CALIPSO products is the utilization of ground-based lidatwork
observations as for example EARLINET and PollyNet.

Appendix A: Lidar retrievals of nnp

Al Methodological diagram for the analysis of the ground-baed lidar measurements

The Figure Al illustrates the general idea of the methodofofowed for the INP estimations from the PollyXT measure-
ments. The equations for the conversions of the measuréthbptoperties into the microphysical properties are ed in
Table 3. The equations for the conversions of the microgiaygiroperties to INPs are provided in Table 1.

A2 Methodological diagram for the analysis of the space-bora lidar measurements

The Figure A2 illustrates the general idea of the methodofofjowed for the INP estimations from the CALIPSO measure-
ments. The equations for the conversions of the measuréthbptoperties into the microphysical properties are ed in
Table 3. The equations for the conversions of the microgiaygiroperties to INPs are provided in Table 1.
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have been developed. The parameterizations of D15 and U17-imnbeameextrapolated to the temperature range freé86°C to —1°C.

In the equationsp2so,dry is in cm ™2, ninp in L7F, T(z)in K andP in hPa. po andTy hold for standard pressure and temperature.

Parameterization name  Reference Mode T°©C) Parameterization, nine = Eq.
Dust:
Ul7-imm Ullrich et al. (2017)  immersion -30t0 -14 Sq,aryns(T') (1)
with ns(T") = exp [150.577 — 0.517T
D15 DeMott et al. (2015)  immersion -35 10 -21 [naso d.dn(po, To)[*1 27310 D+l expy ¢ (273.16 — T) + da )] (Top) / (T'po) (2)
condensation with; = 0.0, b1 = 1.25, ¢1 = 0.46, d; = —11.6
Ul7-dep Ullrich et al. (2017)  deposition -67 t0 -33Sq,aryns(T', Sice) (3)

With (T, Se) = exp [a2(Sice — 1)* cos [ba(T — 12))? arceofrs (T — A2)) /7]
andaz = 285.692, bo = 0.017, 72 = 256.692, k2 = 0.080, A2 = 200.745
S15 Steinke et al. (2015)  deposition -53 10 -204,aryns(T’) (4)
with ng(7T") = 1.88 x 10° exp (0.2659 x (T, Sice))
andx(T, Sice) = — (T — 273.2) + (Sice — 1) x 100

Soot:

U17-imm Ullrich et al. (2017)  immersion -3410 -18 Sc, dryns(T) (5)
with ns(T') = 7.463exp [—0.0101 (T — 273.15) — 0.8525(7 — 273.15) + 0.7667]

U17-dep Ullrich et al. (2017)  deposition -78 10 -385¢,ary 11s(T, Sice) (6)
with ns(7T), Sice) = exp [ag(Sice - 1)% cos [bs (T — v3)]? arccofrs (T — /\3)]/77}
andaz = 46.021, by = 0.011, v3 = 248.560, k3 = 0.148, A3 = 237.570

Non-dust:

D10 DeMott et al. (2010)  immersion -3510-9 [a4(273.16 — T) " nas0 c.an(po, To) 4 27316 =D+dal) (T p) /(Tpy) (7)

condensation witls = 0.0000594, by = 3.33, ¢4 = 0.0265, ds = 0.0033
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Figure 1. Fraction of ice activated particles for the deposition nucleation (left) anceirsion freezing (right) parameterisations used in this
study. The particle concentrations used are derived assuming antiextinoefficient of50Mm™~" for each of the different aerosol types
(dust, continental, soot). The shaded areas take into account a ffathgesatinction coefficient froml0Mm™" (lower limit) to 200 Mm ™!
(upper limit). The error bars mark the error of the respective parnisations from error propagation using the uncertainties provided
in Table 2. Negative error bars that exceed the scale are not showime deposition mode (left) panel, the bold lines correspond to ice
supersaturation of 1.15 and the dashed lines to ice supersaturatiddboflll, 1.2, 1.3 and 1.4. The black and orange dots indicate the

maximum temperatures for which the parameterizations have been plegtdio the immersionmode(right) panel,the parameterizations

areextrapolatedvertheimmersion-freezindemperaturgange(dashedines).

32



Part. Lin. Depol. Ratio

0.0 0.1 0.2 0.3
8 T L BB R R BB R T T
7 ] dust ] ]
1 F non-dust
— 6 ] -: ]
€ ]
= J
=5 1F r ]
(2} J
© ]
e4 ] b ]
2 ]
T3 1¢ ] ;
2 1 E J ]
1 1F 3 ]
0 I L ] : PRSI BT EE B | I [ ]
0 1 2 3 0 50 100 150 0 10 20 30 50 100 150 200 250
Bsc. Coef. (Mm-'sr) Ext. Coef. (Mm™) Ns0,ary (€M) S,y (107m? cm)

Figure 2. PollyXT profiles of the total particle backscatter coefficient (purple) padicle linear depolarisation ratio (green) measured
between 1 and 2 UTC on 21 April 2016. The extinction coefficient as veethe number and surface concentration of particles with a dry
radius larger than 250 nm related to mineral dust (orange) and rsiraedrosol (black) was obtained following the methodology described

in Section 3.2.

Table 2. Values and typical uncertainties used for the estimatiofi,afq, cc, Su,dry, Sc,drys 7250,d,dry 72250,¢,dry@NA7UNP.

Parameter  Value Reference

Bo 0.15 6,

ap 0.20p (only for f; estimations)

Sp 0.15dp

dd 0.31+0.04 Freudenthaleretak—(2009Freudenthaler et al. (2009); Ansmann et al. (2011a)
Ond 0.05+0.03 Muller et al. (2007); GroR et al. (2013); Baars et al. (2016); Haeirigj. (2017)
Sd 45+ 11sr Nisantzi et al. (2015)

Se 50+ 25sr Baars et al. (2016)

C250.d 0.20+0.03 Mmem~3 Mamouri and Ansmann (2016) (Cape Verde, Barbados, Germany)

Csd (1.9440.68) 1072 Mmm?*cm~  Mamouri and Ansmann (2016) (Cape Verde, Barbados)

€290, 0.1040.04 Mmcm™—3 Mamouri and Ansmann (2016) (Germany)

Csc (2.80+0.89) 107> Mmm?cm~2  Mamouri and Ansmann (2016) (Germany)

or 2K DeMott et al. (2017)

Sice 1.15 4 0.05Sice DeMott et al. (2017)
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Figure 3. (a) The number size distribution used for the estimation of the correcigdy (number concentration of particles with radius
larger than 250 nm) and (b) the corresponding surface size distribugghfor the estimation of the correct&g, (surface concentration of

all particles). In-situ measurements are denoted by red circles whildudites give the bimodal log-normal fit on the measurements. The
example refers to the UAV-OPC data acquired at 1.2 km at 1045 UTCApri62016 (see Figure 7).
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Figure 4. Time-heightei i ith-PollyXT observationbetween 12 UTC on 20 April
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centenandthefeaturemask(bottom).The magenta markers refer to the analysed period of PollyXT (left:dox2 UTC on 21 April 2016),
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MODIS true color on 21 April 2016
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Figure 5. A-Train observationson 21 April 2016 at 11 UTC of MODIS-Aqua true color (up) and DARDAR & CALIPSO feature

classificationbottom).
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Figure 6. Profiles of the surface (a, b) and number concentrations (c, d) @ralidust (a, ¢) and continental particles (b, d) with a dry radius

larger than 250 nm derived from measurements with PollyXT betweerd 2 asTC on 21 April 2016 (red) and retrieved from averaging
160 km of CALIOP measurements centred around an overpass aaaadiof 5 km from Nicosia at 11:01 UTC on 21 April 2016 (blue).

Table 3. Overview of the AERONET-based parameterizations used in this studyhéoiconversion of the measured optical aerosol

properties ¢4, ac) into the microphysical propertie$ufso,d,dry Sd.dry, N250,c,dry @Nd Scary). The parameterizations were introduced in

Mamouri and Ansmann (2016). In the equationsis in Mm™', c250 in MM cm™2, ¢s in Mm m? cm™2, nzsoary in cm™ and Sqry in

m?cm™®. For the values of the conversion parametesso(a, ¢s,d, c250,c andcs,) see Table 2.

Parameterization Eq.
Dust:

N250,d,dry= C250,d; Xd  (8)
Sd,dry = Cs,d X Qg 9)
Non-dust, continental:
N250,cdry= C250,c X e (10)
Sedry = Cs,c X Qe (11)
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Figure Al. Overview of the data analysis scheme followed for the PollyXT measuresniethis work. In the first step, we separate desert
and non-desert backscatter coefficiemisdnd Sng) by means of the particle linear depolarization rafig).(The backscatter coefficients for
the non-desert aerosol is estimated to be continental aerosol migibgsneans of, e.g., backward (BW) trajectory analysis and Angstrém
exponent information. The two backscatter coefficients are then dedv® aerosol-type-dependent particle extinction coefficien)s iy

the next step, the extinction coefficients are converted to aerosol-ggendent profiles of particle number concentrationsd; ary) and
particle surface area concentratidfify). In the next step, ice-nucleating particle number concentratioRs;) are estimated by applying
INP parameterisations from the literature indicated by D10, D15, S15,foflDeMott et al. (2010), DeMott et al. (2015), Steinke et al.
(2015) and Ullrich et al. (2017), respectively. Finally, the INP comegions estimated for the different aerosol types are summed in order

to estimate the totatnp.
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Figure A2. Overview of the data analysis scheme applied to CALIPSO measurerrettis. CALIPSO case considered in this work only

dust and polluted dust aerosol types have been observed. Fogdlsan; only these combinations are considered here.
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