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Abstract.

Aerosols that are efficient ice nucleating particles (IN&g)crucial for the formation of cloud ice via heterogenenurse-
ation in the atmosphere. The distribution of INPs on a lapgggial scale and as a function of height determines theiaghp
on clouds and climate. However, in-situ measurements oEIpiBvide 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 efficiency parameterizatienglifferent freezing mechanisms (immersion freezing,os&mn
nucleation). Here, we assess the feasibility of this newhogefor both ground-based and space-borne lidar measutgmen
using in-situ observations collected with Unmanned Aevighicles (UAVs) and subsequently analyzed with the FRIDGE
(FRankfurt Ice nucleation Deposition freezinG ExperiméNtP counter from an experimental campaign at Cyprus in [Apri
2016. Analyzing five case studies we calculated the clowlaslt particle number concentrations using lidar measemnésn
(n250,ary With an uncertainty of 20 to 40% ant},, with an uncertainty of 30 to 50%) and we assessed the siitjabilthe
different INP parameterizations with respect to the terapge range and the type of particles considered. Spebyficair
analysis suggests that our calculations using the paramegten of Ullrich et al. (2017) (applicable for the tempaire range
—50°C to —33°C) agrees within one order of magnitude with the in-situ obms#ons ofnyp thus, the parameterization of
Ullrich et al. (2017) can efficiently address the depositioicleation pathway in dust-dominated environments. Aaotakly,
our calculations using the combination of the parametBaza of DeMott et al. (2015) and DeMott et al. (2010) (apptie
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for the temperature range35°C to —9°C) agrees within two orders of magnitude with the in-situeylations of INP con-
centrations«#{,np) and can thus efficiently address the immersion/condersptithway of dust and continental/anthropogenic
particles. The same conclusion is derived from the conipitadf the parameterizations of DeMott et al. (2015) for darsd
Ullrich et al. (2017) for soot.

Furthermore, we applied this methodology to estimate tHe ¢dncentration profiles before and after a cloud formation,
indicating the seeding role of the particles and their sgbset impact on cloud formation and characteristics. Mgneggistic
datasets are expected to become available in the futureBRRLINET (European Aerosol Research Lidar NETwork) and in
the frame of the European ACTRIS-RI (Aerosols, Clouds, arattd gases Research Infrastructure).

Our analysis shows that the developed techniques, wheredmpi CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) space-born lidar observatiorgsijravery good agreement with the in-situ measurements Stioidy
gives us confidence for the production of global 3D produétsi@ud relevant particle number concentrationss dry Sary
andnyp) using the CALIPSO 13-yrs dataset. This could provide MValeignsight into global height-resolved distribution of
INP concentrations related to mineral dust, and possiliigraierosol types.

1 Introduction

The interaction of aerosol particles with clouds, and thateel climatic effects have been in the focus of atmosphiesearch
for several decades. Aerosols can act as cloud condensautitei (CCN) in liquid water clouds and as ice nucleatingipbas
(INPs) in mixed-phase and ice clouds. Changes in their caraton affect cloud extent, lifetime, particle size aadiative
properties (Lohmann and Feichter, 2005; Tao et al., 201&3ré&tiz et al., 2014; Rosenfeld et al., 2014). As importaase¢h
interactions are, they are the source of the highest unerta assessing the anthropogenic climate change (IPG@ Fi
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 one particle in a million act as INP; Nenes et al. (2Jahd become increasingly sparse with increasing tertyrera
(Pruppacher and Klett, 1997; Kanji et al., 2017). Aeroselcsgs which are identified in the past as potentially impartisPs
are mineral dust, biological species (pollen, bacteriagél spores and plankton), carbonaceous combustion psydiant,
volcanic ash and sea spray (Murray et al., 2012; DeMott e2@L5b). From these aerosol types, mineral dust and soef-are
ficient INPs at temperatures belewi5°C to —20°C (dust) and-40°C (soot) and they have been studied extensively for their
INP properties in field experiments and laboratory studiaspy et al., 2009, 2017; Kamphus et al., 2010; Hoose and &tghl
2012; Murray et al., 2012; Sullivan et al., 2016; Ullrich &t 2017). Biological particles are one of the most activ® i§pecies,
however their abundance is likely low on a global scale,ipaerly when compared to other aerosol types such as nlinera
dust (Morris et al., 2014). It has been suggested that sdilcéay particles may act as carriers of biological nanostds
(e.g. proteins), which could potentially contribute to allly/locally source of INP (Schnell and Vali, 1976; O’'$edn et al.,
2014, 2015, 2016). Finally, marine aerosols (with posditfleience of a biological microlayer close to the surface) also
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important INPs in areas where the influence of mineral dustss pronounced (e.g. Southern Ocean; Wilson et al. 2015;
Vergara-Temprado et al. 2017).

There is a variety of pathways for heterogeneous ice nugleatontact freezing, immersion freezing, condensatieaZing
and deposition nucleation (Vali et al., 2015). Individwzd nucleation pathways dominate at characteristic terypessand su-
persaturation ranges. Observational studies have shawimtimersion freezing dominates at temperatures higharti3a°C,
while deposition nucleation dominates belowd5°C (Ansmann et al., 2008, 2009; Westbrook et al., 2011; de Boal:,
2011). The factors that regulate the efficiency of heteregas ice nucleation are qualitatively understood, but ntegsd
theory of heterogeneous ice nucleation exists yet. It has lsown that in regions not influenced by sea salt aeros8l, IN
concentrations are strongly correlated with the numbeewdsol particles with dry radius greater than 250 magd qr,) Which
form the reservoir of favorable INPs (DeMott et al., 2010120 However, we have limited knowledge on how the ice nu-
clei activity of these particles together with their spbgiad vertical distributions depend on cloud nucleationditions (i.e.
temperature’{’) and supersaturation over wates,) and ice §s;)). Furthermore, field measurements of INP concentrations
are very localized in space and time, whilst there are lagg@ons without any data at all (Murray et al., 2012). The latk
data inhibits our quantitative understanding of aerosmlid interactions and requires new strategies for obtgidiatasets
(Seinfeld et al., 2016; Buhl et al., 2016).

Active remote sensing with aerosol lidar and cloud radavides valuable data for studying aerosol-cloud interacsiace it
enables observations with high vertical and temporal té&wl over long time periods (Ansmann et al., 2005; lllingthoet al.,
2007; Seifert et al., 2010; de Boer et al., 2011; Kanitz e&l11; Bihl et al., 2016). Lidar measurements can providéles
of nas0,ary (the number of aerosol particles with dry radius greaten th80 nm) andSgr, (the aerosol particles dry surface
area concentration) related to mineral dust, continerdblifon and marine aerosol, as described in Mamouri andems
(2015, 2016). Their methodology uses lidar-derived optizaameters (i.e. the particle backscatter coefficiedgrliratio
and particle depolarization ratio) to separate the coutioh of mineral dust in the lidar profiles (Tesche et al., 20and
subsequently applies sun-photometer based paramei@miz&d transform the optical property profiles into profidsierosol
mass, number, and surface-area concentration (Ansmahn20¥2; Mamouri and Ansmann, 2015, 2016). The latter can th
be used as input to INP parameterizations that have beeimetitiiom laboratory and field measurements (e.g. DeMott et a
2010; Niemand et al. 2012; DeMott et al. 2015; Steinke etGl52Ullrich et al. 2017) to derive profiles of INP concenivat
(unp).

The INP retrieval calculated from the lidar measurementsiges a promising insight into atmospheric INP conceitnst
To date, there has been no other evaluation of the lidavekkgrofiles o250 ary Sary andnynp by means of independent in-situ
observations apart from one dust case in Schrod et al. (2Uh&)study presented here compaitgs qry andnne as inferred
from space-borne and ground-based lidar observationsdimja from airborne in-situ measurements using data frenjoiint
experiment "INUIT-BACCHUS-ACTRIS" (Ice Nuclei Researchmit- Impact of Biogenic versus Anthropogenic emissions on
Clouds and Climate: towards a Holistic UnderStanding - Aels, Clouds, and Trace gases Research Infrastructuephel
April 2016 in Cyprus (Schrod et al., 2017; Mamali et al., 2DTfhe paper starts with a review of the different INP parame-
terizations for mineral dust, soot and continental aesspBection 2. Section 3 describes the instruments usedsistiindy
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and the methodology to retrieve INP concentrations frorarlieasurements. The results of the intercomparison betthiee
lidar-derived and Unmanned Aerial Vehicle (UAV) measunggh 4yandnp 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 obtgjsn from aerosol concentration measurements. In particular,
a global aerosol type-independent parameterization was introduced by DeMott et al. (2010%t-dpecificnyp param-
eterizations were introduced by Niemand et al. (2012); Deelgiioal. (2015); Steinke et al. (2015); Ullrich et al. (20&af)d
soot-specifioynp parameterizations were proposed by Murray et al. (2012)Hhidh et al. (2017). The aforementioned pa-
rameterizations address immersion freezing at or abovervgaturation and deposition nucleation for ice saturatiios
ranging from unity up to the homogeneous freezing threshottiwater saturation. Table 1 provides an overview of the tem
perature ranges and the freezing mechanisms for which gagaeneterizations are 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 depenmdthe cloud supersaturation, its diameter, the waterrpdso
tion characteristics and the composition of soluble cagatil.evin et al., 2005; Kumar et al., 2011a, b; Garimella gt24114;
Begue et al., 2015). Kumar et al. (2011b) showed that aliggmyerated dust samples with radizi§0 nm are activated to CCN
at water supersaturatioss(,) of 0.5% while the activation radius increases-t@50 nm when water supersaturation decreases
to ssw =~ 0.1%. This is the minimum level ofs,, required to activate INP for immersion freezing.

For immersion freezing of dust particles, the parametgarmaf Ullrich et al. (2017) (U17-imm) (Table 1; Eq. 1) is eakson
heterogeneous ice nucleation experiments at the cloudlmrafDA (Aerosol Interaction and Dynamics in the Atmospd)er
of the Karlsruhe Institute of Technology. The desert dustigd samples used in this study originated from differesededust
locations around the world (Saharan, Takla Makan, Candends Israel). The parameterization quantifies the desesttide
nucleation efficiency as a function of ice-nucleation\aegurface-site densitys(7") and dust dry surface area concentration
Sa,dry- If the CCN activated fraction is less than 50%, Eq. (1) fo7bthm needs to be scaled to be representative for the CCN
activatedSyry (Ullrich et al., 2017). In this work, we apply the U17-imm paweterization taking into consideration the total
Sdry-

Additionally, the parameterization of DeMott et al. (201B)L5) (Table 1; Eq. 2) addresses the immersion and condensat
freezing activity of natural mineral dust particles basedlaboratory studies using the continuous flow diffusionnohar
(CFDC) of the Colorado State University’s (CSU) and fieldad&tbm atmospheric measurements in Saharan dust layers.
D15 quantifiesnyp a@s a function of temperature and the total number concéniraf dust particles with dry radii larger
than 250 nm42s0,4,ar). We note here that the ambient values of measuigs(p,T’) need to be transferred in standard (std)
pressure and temperature conditiongs§,q,ar(10, 7o, 7)) before the use of (Eq. 2).

For the deposition nucleation of dust particles, the patarizations of Steinke et al. (2015) and Ullrich et al. (2D(S15
and U17-dep, respectively) quantify the ice nucleatiorciefficy as a function ofq 4ry andns(T', Sice) With Sice the ice sat-
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uration ratio. Both were based on AIDA laboratory studiag, they used different dust samples. U17-dep (Table 1; Eq. 3)
was based on ground desert dust samples from Sahara, TaklmMaanary Island and Israel while S15 (Table 1; Eq. 4) was
based on dust samples from Arizona, which were treated @dashilled, treated with acid) and are much more ice active
than natural desert dusts particles on average. Althou§lp&ftameterization was based on "treated" dust sampleswhic

ally show an enhanced freezing efficiency, it is used in theMBADREAM model (Non-hydrostatic Mesoscale Model on E
grid, Janjic et al. (2001); Dust REgional Atmospheric Moditkovic et al. (2001); Pérez et al. (2006)) for INP concatibn
estimations (Nickovic et al. , 2016). For this reason, ihiduded in this work.

For the ice activation of soot particles, Ullrich et al. (ZQ)Introduced two parameterizations, one for immersiopZieg
(Table 1; Eq. 5) and a second one for deposition nucleatiahléTl; Eq. 6). Both were based on experiments at the AIDA
chamber with soot samples generated from four differenicédsvand quantify the soot ice nucleation efficiency as atfonc
of Sary andng(T) (for immersion) andhs(T', Sice) (for deposition).

Finally, the global type-independentyp parameterization of DeMott et al. (2010) (Table 1; Eq. 7)sveased on field
data collected during nine field campaigns (in ColoradotegasCanada, Amazonia, Alaska, and Pacific Basin) and agglyz
with the CFDC instrument of the CSU. As the majority of the p&s used for D10 were non-desert continental aerosols,
this INP parameterization has been considered to be saitabhddressing the immersion and condensation freezingtac
of mixtures of anthropogenic haze, biomass burning smakéydical particles, soil and road dust (Mamouri and Ansman
2016). From here on these mixtures are addressed as cdatiaerosols.

The naso,dry and Sgry Used in all the aforementioned parameterizations are leddclifrom the lidar extinction profiles as
described in Section 3.2 and shown in Figures A1 and A2 in thendlix.

Figure 1 provides an indication of the relative differenotthe observed,np in nature for immersion (right) and deposition
(left) modes and in relation with the different aerosol casifions by showing a summary of the differentp parameter-
izations. Specifically, the plot shows the fraction of the-axtivated particlesf( = nip/ns0,4ry) for desert dust (dark blue,
orange, red, light blue), continental (green) and sootc@)larhe particle concentrations used here, are derivathd@ag an
extinction coefficient of 50 Mm! for each of the different aerosol types (dust, continestdt). The shaded areas take into
account a range of the extinction coefficient from 10 Mnglower limit) to 200 Mn1 ! (upper limit). The error bars mark the
cumulative error inf; that results from the uncertainty in the lidar observatiand their conversion to mass concentration as
well as from the errors in the respective parameterizatiénsoverview of the typical values and the uncertaintiesduee
the error estimation in this study is provided in Table 2. Tegosition nucleation estimations in the left panel of Fegli
are provided fors; = 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
possible values. Note here that although the immersiompetezizations were obtained using measurements at thestamp
ture ranges of [-30, -14TC (U17-imm, dust), [-35, -22C (D15, dust), [-34, -18]C (U17-imm, soot) and [-35, -9C (D10,
continental), they are extrapolated herein to extend dwveimhmersion-freezing temperature range (dashed pareditbs in
the immersion mode chart).

Figure 1 (left panel) shows that, for deposition mode, thet ite-activated fractions from S15 are several orders @-ma
nitude higher than those of U17-imm (e.g. 4 orders of mageitat -40C andss; = 1.15%). Furthermore, the deposition



10

15

20

25

30

ice-activation fraction of dust and soot (from U17-depjetikignificantly with soot being more active than dustTox-38°C
(up to 2 orders of magnitude) and dust being more active thahferT" >-38°C (up to 4 orders of magnitude).

Figure 1 (right panel) shows that, for immersion mode, th&t ie-activated fractions obtained from D15 are one orfler o
magnitude lower than those calculated with U17-imm. Latuoyeice nucleation measurements and corresponding msinti
inter-comparisons, have shown that at a single temperbaiveeen two and four orders of magnitude differences arerabd
as a result of the natural variability of the INP active fraot(DeMott et al., 2010, 2017) or the use of different INP ici@us
(Burkert-Kohn et al., 2017). Hereon, we consider D15 and-wim as the lower and upper bounds of the immersgg
estimations for dust INP populations. Figure 1 (immersioodspanel) illustrates the dust activation increase of ugixo
orders of magnitude within the mixed-phase temperaturiene¢-15°C to —35°C). For a 5 C decreasenq np increases by
about one order of magnitude. Moreover, we see that at T <G18e immersion freezing desert dust ice activation (D15) is
higher than the continental one (D10) while this changes=atT8°C. On the contrary, soot (U17-imm) has always lovfier
than dust (from either D15 or U17-imm). The ice-activatetfions of continental (D10) and soot (U17-imm) aerosoleta
relative difference that is always less than 60% at T <€L8At higher temperatures they diverge with continerfitéb exceed
the soot one by one order of magnitude at T >*Q1

Additionally, Figure 1 provides an indication of the erroduced at the lidar estimateghp due to errors in the selected
values of T andss;. The right panel shows that, for immersion mode’ & ®rror in the assumed T can introduce an error of 1
order of magnitude in the dust relategp estimations (U17-imm and D15) and 1/2 order of magnitudaéémton-dust related
estimations of D10. The same error (1/2 order of magnituslg)duced in the U17-imm(soot) (for T < -18). For deposition
mode, a 8C error in the assumed T can introduce an error of 1/2 orderagfnitude in the dust relatedyp estimations
(U17-dep(dust) and S15). For the Ul7-dep(soot) estimatasat T > - 453C, the error in the assumed T has a significant
impact in then;np product (e.g. 1 order of magnitude between T = -45 andG300n the contrary, at T < -4%, the error in
the assumed T has less impact in the fimgp product (between 100% and 200% fGIGGT error).

Regarding the deposition nucleation, a large variabilitthe onset saturation ratio is observed in laboratory eérpants of
different studies, witlss; varying for example at -4@C between 1 and 1.5 (Hoose and Mohler, 2012). In Figure 1gkaiel),
we see the effect of thes; on the estimated,np. In S15,nnp increase by 1 order of magnitude for 0.1 increase insthe
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 °&1). In U17-dep(soot) 4 orders of magnitudgp range is observed at T < -40 for ss;
between 1.05 and 1.3. This variability provides an indaatf the error induced in the lidar estimatedp product due to the
error in the selecteds;. In thenyp profiles presented in Figure 145; = 1.15 is assumed (bold line here).

3 Instruments and methodology

The "INUIT-BACCHUS-ACTRIS" campaign in April 2016 was ongiaed within the framework of the projects Ice Nuclei
Research Unit (INUIT; https://www.ice-nuclei.de/thasifaproject/), Impact of Biogenic versus Anthropogenicigsions on
Clouds and Climate: towards a Holistic UnderStanding (BALLS; http://www.bacchus-env.eu/) and Aerosols, Cloudsd, a
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Trace gases Research InfraStructure (ACTRIS; https:/aetwis.eu/) and focused on aerosols, clouds and ice nigrlea
within dust-laden air over the Eastern Mediterranean. Altih 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 two UAT&e UAV provided observations of the INP abundance in the
lower troposphere and they were operated from the airfielth®fCyprus Institute at Orounda (3%'42"N, 33’04'53"E,
327 m asl, about 21 km west of Nicosia) (Schrod et al., 201@)Aarosol Robotic Network (AERONET, Holben et al. 1998)
sun photometer was located at the Cyprus Atmospheric Cdteeynwof Agia Marina Xyliatou (3%02'19"N, 3303'28"E, 532 m
asl, 7km west of the UAV airfield). Continuous ground-basedrl observations were performed at Nicosia°(B526"N,
33°22'52"E, 181 m asl) with the EARLINET PollyXT multi-wavelgth Raman lidar of the National Observatory of Athens
(NOA). For the second half of the campaign the lidar obsé@xatwere complemented at Nicosia by a sun/lunar-photamete
which was used to check the homogeneity of the aerosol Igdzbtween the different sites of Nicosia and Agia Marina.

3.1 Lidar measurements

The EARLINET PollyXT-NOA lidar measurements at 532 nm aredim this study for the derivation of particle optical prop-
erties and mass concentration profiles. Quicklooks of dlyR® measurements can be found on the web page of PollyNet
(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 thalieemalasurements of elastically (three channels) and Raoadn s
tered light (387 and 607 channels for aerosols, 407 for wateor) as well the depolarization of the incoming light ab 2&id

532 nm. It also performs near-range measurements of twtcetasl two Raman channels. More details about the instrtimen
and its measurements are provided in Engelmann et al. (20tB3aars et al. (2016). In brief, the nightime backscalearid
extinction (a) coefficient profiles at 532 nm are derived gshre Raman method proposed by Ansmann et al. (1992). The vol-
ume and particle depolarization ratio profiles are deriv@dgithe methodologies described in Freudenthaler et 809and
Freudenthaler (2016). The daytime backscatter and eiimcoefficient profiles are derived using the Klett-Fernalethod
(Klett, 1981; Fernald , 1984), assuming a constant valuthiolidar ratio (LR). The daytime Klett profiles in Sectiod 4vere
derived using a lidar ratio of 50 sr at 15th of April and of 4@s$15, 9, 21 and 22 of April and a vertical smoothing length
using a sliding average of 232.5m. The integrated extinctioefficient profiles calculated with these LRs agree wethwi
the collocated AERONET aerosol optical depth (AOD) obseows. The LR values also are in agreement with the nighttime
Raman measurements indicating mixtures of dust and arggesyc/continental particles at heights between 1 and Jkma.

2D backscatter coefficient curtain for Figure 4 is calcudatéth the methodology described by 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 Pathfindeel8& Observations (CALIPSO) satellite (Winker et al.,020).
During the campaign period CALIPSO passed over Nicosia ast@rite of 5km on 5 and 21 April 2016. Here, we use
the CALIPSO L2 Version 4 (V4) aerosol profile products of 246April 2016 and consider only quality-assured retrievals
(Marinou et al., 2017; Tackett et al., 2018).
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3.2 INP retrieval from lidar measurements

We calculated the,\p profiles from the lidar measurements by first separatingittae backscatter profile in its dust and non-
dust components using the aerosol-type separation taghmtroduced by Shimizu et al. (2004) and Tesche et al. (RG@8

this method we consider a dust particle linear depoladpattio oféy = 0.31+0.04 (Freudenthaler et al. , 2009; Ansmann et al.,
2011a) and a non-dust particle linear depolarization Gftdag = 0.05-+0.03 (Muller et al., 2007; Grol3 et al., 2013; Baars et al.,
2016; Haarig et al., 2017). The observed particle lineaotéjzation ratio in between these marginal values is floegeat-
tributed to a mixture of the two aerosol types. The dust extm coefficient {) is calculated using the mean LR4f+11 sr

for dust transported to Cyprus (Nisantzi et al., 2015). Rerrton-dust component, the extinction coefficien (s calculated
using a LR of50+25 srwhich is representative for non-desert continentaluned (Mamouri and Ansmann, 2014; Baars et al.,
2016; Kim et al., 2018). The profiles @bso g dry Sd,drys 1250,¢.dry@NASe ary @re calculated from the extinction coefficient pro-
files using the POLIPHON algorithm (POlarization-LIdar Pta@eter Networking) and AERONET-based parameterizations
proposed by Mamouri and Ansmann (2015, 2016). Table 3 pesvéth overview of the corresponding formulas used for the
calculations. Weinzierl et al. (2009) showed that for dusti®nments the AERONET-derived values £, are about 95%

of the total particle surface area concentration (inclggarticles with radius< 50 nm). This assumption has been validated
against airborne in-situ observations of the particle diz&ibution during the Saharan Mineral Dust Experime®N&M;
Ansmann et al. (2011b)) in Morocco. The correlation drops-@85+0.10 for urban environments based on ground-based
in-situ measurements of particle size distributions atifian site of Leipzig (Mamouri and Ansmann, 2016).

The uncertainty in the products (considering the initiabes provided in Table 2) are as follows: The estimategh q,dry
uncertainty is 30% in well-detected dessert dust lay®rs-(0.3), 37% in less pronounce aerosol layeig= 0.2) and exceeds
94% in aerosol layers with low dust contributiofy < 0.1). The uncertainty of the estimatety 4., values is 38% in well-
detected dessert dust layers, 44% in less pronounce atagsd and exceeds 97% in aerosol layers with low dust dartioin.

The overall uncertainties of the combined (dust & contia§nt,sg ary and Sqry vValues are between 20 - 40% and 30 - 50%
respectively. The steps of the procedure for obtaining tioéle of noso ary and.Se ary, as described here, are illustrated in an
example in Figure 2. In this example, we use the PollyXT mesments at Nicosia between 1 and 2 UTC on 21 April 2016.

In the final step, theynp profiles are estimated using the ice nuclei parameterizaifpoesented in Section 2 (Eq. (1)-(7)).
For these calculations we are using collocated modeledgsalf the pressure, temperature and humidity fields. Spabif;
for the PollyXT-basedhyp calculations we use hourly outputs from the Weather Rebesard Forecasting atmospheric model
(WRF; Skamarock et al. (2008)) which is operational at thadwal Observatory of Athens at a mesoscale resolution of 12 x
12 km and 31 vertical levels (Solomos et al., 2015, 2018jialnand boundary conditions for the atmospheric fields ded t
sea surface temperature are taken from the National Cemt&nivironmental Prediction (NCEP) global reanalysis at1°
resolution. For the CALIPSO-basegp calculations we use the track-collocated meteorologicailps from the MERRA-2
model (Modern-Era Retrospective analysis for ResearchApptications, Version 2) which are included in the CALIPS@ V
product (Kar et al., 2018).
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3.3 UAV in-situ measurements

Two fixed-wing UAVS, the "Cruiser" and the "Skywalker", penfned aerosol measurements up to altitudes of 2.5km 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 custoitb-bui
lightweight version of a single-sampler PEAC (Schrod et2017). In total, 42 UAV INP flights were performed to coll&&
samples during 19 measurement days: 7 Cruiser flights widtahdf 17 samples during 6 days and 35 Skywalker flights with
a total of 35 samples during 16 days.

The INP samples were subsequently analyzed with the FRIDGEdounter (Schrod et al., 2016, 2017). FRIDGE is an
isostatic diffusion chamber. The typical operation of FRID allows for measurements at temperatures down toG3hd
relative humidity with respect to wateR({H,,) up to water supersaturation. FRIDGE was originally desibto address the con-
densation and deposition freezing ice nucleation modesig#nsaturation and below. However, because condensétiaug
begins at sub-saturation, its measuremenigfat, between 95% and 100% encompass ice nucleation by depasitad@ation
plus condensation/immersion freezing, which cannot bndigished by this measurement technique. Recent measatem
during a big-scale inter-comparison experiment with caligd laboratory settings showed, that the method compaedis
to other INP counters for various aerosol types (DeMott et24118). However, sometimes FRIDGE measurements are on
the lower end of observations when compared to instruméatsehcompass pure immersion freezing. The INP samples col-
lected on 5, 15 and 21 April 2016 were used for comparison thgHidar-derived:np. The samples were analyzed-&20°C,
—25°C and—30°C and atkR Hy, of 95%, 97%, 99% and 101% with respect to water, or equivBlerith respect to ice R Hice)
115% to 135% (Schrod et al., 2017). Hereon, the sampleszsthBtR H,, < 100% are used as a reference for the deposition
mode parameterizations and the samples analyzéd{at of 101% are used as a reference for the immersion/condensati
parameterizations. The errors of the INP measurementsegtiraated to be-20% considering the statistical reproducibility
of an individual sample, for the samples analyzed for theegrpent.

Cruiser was additionally equipped with an Optical PartiCteunter (OPC, Met One Instruments, Model 212 Profiler) that
measures the aerosol particle number concentration withresblution in eight channels ranging from 0.15 fen® in radius
(Mamali et al., 2018). The inlet of the OPC was preheated épkbe relative humidity below 50% to minimize the influence
of water absorption. The Cruiser-OPC measurements on 5, &d 22 April 2016 were used to calculate g qry profiles
discussed in Section 4.1.

The measurements from the OPC onboard the Cruiser UAV wéidated at the ground, using a similar OPC and a Differ-
ential Mobility Analyzer (DMA). The first comparison showedderestimation for the bin with radius L to 2.5um and
for the last bin with radius more than.®n. The second comparison showed that the OPC underestibaliess than 10% the
number concentration of particles with radius between Qrh%and 0.5:m (Burkart et al., 2010). Moreover, there are no data
provided for particles with radius less than Oud8. In order to correct for this under-sampling we fit a bimodainber size
distribution on the in-situ data and derive a correoctegh 4y and Sqry. An example of this correction is shown in Figure 3 for
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the number and surface size distributions measured at 1dhksmApril 2016. For the cases discussed herein we foundhbat t
correctednosp,dry iN-situ values were-20% higher than the raw measurements.

3.4 Space-borne cloud observations

A-Train space-borne cloud observations are complimeniaegd to provide us the 3D distribution and characteristidgh®
clouds formed in the presence of the calculaigg. For the spatial distribution of the clouds formed duringAitil 2016, the
true color observations from the MODIS instrument (Modemaesolution Imaging Spectroradiometer) on board Aqud-sate
lite are used. To get a better insight into the vertical cletrdcture, we use outputs from the synergistic radar-lidareval
DARDAR (raDAR/IIDAR; Delanoé and Hogan (2008)). The DARDARtrieval (initiated by LATMOS and the University
of Reading) uses collocated CloudSat, CALIPSO, and MODI&asuements and provides a cloud classification product
(DARDAR-MASK; Ceccaldi et al. (2013)) and ice cloud retr@products (DARDAR-CLOUD; Delanoé et al. (2014)) on a
60 m vertical and 1.1 km horizontal resolution (availabldp://www.icare.univ-lillel.fr/projects/dardar). this work, we
use the DADAR-MASK product for cloud classification, and witize the DARDAR-CLOUD product to derive an estimation
of the ice crystal number concentration.t) of the scene. With increasing maximum diamefey, (), the ice crystals become
more complex and their effective density decreases (Heghdsdt al. , 2010). The DARDAR algorithm describe this relati
ship using a combination of in-situ measurements by BrowhFaancis (1995) for low-density aggregatés (... > 300 um)

and by Mitchell (1996) for hexagonal columnB.( .. < 300 um). We derive thenic. (DARDAR-Nice) following the approach
presented by Sourdeval et al. (2018) on the DARDAR-Cloudupaters of the ice water content (IWC) and the normaliza-
tion factor of the modified gamma size distributiaNj). The direct propagation of uncertainties for IWC aNg provided

by DARDAR-Cloud gives an estimate for the relative uncetiain nice from about25% in lidar-radar conditions t60% in
lidar-only or radar-only conditions (Sourdeval et al. , 81T his estimation accounts for instrumental errors angkrtainties
associated with aprioris used in DARDAR-Cloud. In case$iwigh homogeneous nucleation rates or dominant aggregatio
processesy; can be underestimated (respective overestimated) byi@ulis0% due to deviations from the assumed particle
size distribution. Due to further assumptions within DARRAIoud (e.g. a fixed mass-dimensional relationship), taateil
uncertainties can increase the error of the retrievgd In Section 4.3, the retrievedce is only used as a hint to estimate the
order of magnitude of the trugce.

4 Results and discussion

We present here the comparison between the UAV-OPC obgmrsaind the lidar-derived,so profiles (Section 4.1). The
measurements used for this comparison corresponds to mmséndust event, where the UAV measurements were conducted
under cloudy conditions (9 April) and three moderate dostiinental events, where the UAV flights were conducted unde
cloud-free conditions (5, 15 and 22 April). Subsequently,present the comparison between the UAV-INP measuremedts a
the lidar-derivechypduring three days with moderate dust load conditions (8ei2). From a total of six INP samples, one

sample is collected during 21 of April in the presence of aepauist event under cloudy conditions and the remaining five
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samples are collected during 5 and 15 of April inside dust &ticental aerosol layers under cloud-free conditions. igfbr
description of the aerosol conditions of the measuremes#d are provided herein.

On 5 April 2016, a homogeneous elevated dust layer was o&detvove the lidar station at 1.0-1.8 km from 0 to 8UTC
which was later on mixed into the developing planetary bampthyer (PBL). In the next hours (until 12 UTC), only modera
variability was observed above the station (in the lidakisaatter coefficient and}, curtains - not shown). The UAV samples
were collected between 11:37 and 11:57 UTC at 30 km west ofidhe site with westerly winds prevailing. Constaftof
around 0.15 between 0.5 and 2.5 km supports the qualitatirbeneity between the two observation sites during this ti
period.

On 9 April 2016, a thick pure dust layer (with ~ 0.3) was observed above the lidar station, as part of a majoresasit
above Cyprus between 8 to 11 April 2016. The mean AOD at Nécesis 0.83 (at 500-nm) with a corresponding mean
Angstrém exponent of 0.17 (at 440-870 nm). During the evieatand water clouds were frequently formed at the top of the
dust layer (mainly between 3 and 6 km). DREAM model and bac#virajectory analysis revealed that this event originated
from the central Sahara, with the dust particles being aédaday a southwesterly flow directly towards Cyprus, reaghine
island after one day (Schrod et al., 2017). The UAV sampleg wellected between 8:12 and 8:23 UTC inside the dust layer
and these observations were compared with the lidar-deprafiles at 6:50-6:59 UTC (a closer-in-time lil&HAV collocation
is not possible due to clouds with a cloud base at 4 km laterfdrg OPC concentrations collected that day were the highest
observed during the period of the INUIT-BACCHUS-ACTRIS erment.

On 15 April 2016 a persistent elevated dust layer was obdeabbeve Nicosia. Backward trajectory analysis (not shown)
revealed that this dust event originated from Algeria arad the dust plume was transported over Greece and Turkeyebefo
reaching Cyprus. Cruiser UAVs collected samples betwes# &nd 8:45 UTC (during the boundary layer development). At
that time, a pure dust layedf~ 0.3) was present between 2.5 and 3.8 km height. Below 2.0 km teewlas mixed with
spherical/continental particles from the residual layéhw, decreasing with height (reaching0.1 at 0.6 km). During the
2-hour flight, the scene above the station changed consigereith 31% increase in the aerosol optical thicknessn(f33
to 0.48) and 16% decrease in the Angstrém exponent (fromt6.826). The UAV measurements that day reached heights of
up to 2.2 km, thus capturing only the mixed bottom layer amddkver part of the elevated dust layer. For the comparisom wi
the lidar-derived concentrations, only the UAV measuretserside the lower part of the elevated dust layer (1.7 - B1R&re
used.

The pure dust event on 20 to 21 April 2016 is considered thdegptase of our dataset, as it has been observed simulta-
neously with the PollyXT lidar, the UAVs and the A-Train détes. Additionally, it is the only pure-dust event of ouatdset
where we have simultaneously good lidar observations asitunlNP measurements. Figure 4 provides an overview of the
times and heights of the PollyXT measurements, along wighGALIPSO overpass and UAV measurement times, between
20 and 22 April 2016. During that period atmospheric cond#i supported the transport of dust from the Saharan desért a
the Arabian Peninsula to the Eastern Mediterranége=(0.28 - 0.03) (Floutsi, 2018). The elevated dust plume arrived over
the lidar site at 4-5km height(15UTC on 20 April 2016), quickly widened to stretch from 2 t&rB height with the top
of the main plume at 5km height, and disappeared at 18 UTC ehdt1April. On that day, ice clouds were formed within
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the dust plume and were present between 02:00 and 10:45 Ud¥& éficosia. As shown in the figure, UAV flights were
performed inside the dust layer on 21 April 2016 (OPC measangs and INP sampling). The event was captured from the
A-Train satellites at 11:01 UTC (CALIPSO over-pass timayjufe 5 provides an overview of the aerosol and clouds above
the area, with the MODIS true color image (upper panel) arccimbined DARDAR and CALIPSO L2 feature mask (lower
panel). Dust is observed above the broader region in adtitwgb to 6 km and ice clouds are formed inside the dust layehSou
of Cyprus in altitudes greater than 4km (T &Q). The ice clouds are detected/characterized at 1 km hdgkeesolution
(DARDAR-MASK product) while the dust plume is detected ate2@ 80 km horizontal resolution (CALIPSO L2 product).

On 22 April 2016 a transported plume was detected betwed®G81d 10:00 UTC, in altitudes of 1 to 2 km above Cyprus.
The layer consisted of a mixture of dust with pollution aet@nd is characterized by a homogeneous particle lineas-dep
larisation ratio ofé, = 0.1740.03. UAV flights (OPC and INP sampling) were performed in the mdi@yer during that day
between 04:32 and 05:13 UTC (Figure 4).

All in-situ samples were collected at a location about 28 &rthe west of the lidar site, thus the atmospheric homoggneit
of the two areas had to be considered to select suitable megasnt times for the comparisons. For this analysis we used t
sun-photometer measurements at Agia Marina and Nicostkwzad trajectories, model fields and MODIS measurements.
This was especially necessary for the case on 21 of April wihemds were formed at the top of the dust layer. During that
day, the CALIPSO-derived;np at 11:01 UTC were compared to UAV-measurege acquired approximately one and a half
hours earlier (between 8:30 and 9:40 UTC). The space/timeoleneity of the CALIPSO-derivesly andnaso ary profiles
(acquired shortly after the end of the cloudy period) is coméid by the respective estimates from the PollyXT measumnsne
during 1 to 2UTC (before the beginning of the cloud formafias shown in Figure 6. The different measurement times of the
ground-based and spaceborne lidars are marked in Figuce tha=CALIPSO profiles, along-track observatian$) km away
from the lidar station are used. During that time, the dustq@ declined by approximately 300 m. Nevertheless, CALIPSO
and PollyXT retrieved profiles are in agreement within tleghor bars within the dense dust plume. Aerosol conditioasew
less homogeneous above and below this layer (see Figureudingastronger differences between the profiles of the four
parameters from the two instruments. The comparison betWeeCALIPSO-derived,np 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-basggl)-retrieval we used the OPC measurements on 5, 9, 15 and 2R RNpei profiles of
na50,dry retrieved from PollyXT observations and in-situ measunetsiare shown in Figure 7 (upper panel). The lidar dust-only
profiles (orange lines) are calculated from the dust extingrofiles and Eq. 8 (Table 3). The remaining non-dust camepb

is considered continental witlhs ¢ ary provided by Eq. 10 (Table 3). The totads qary profiles (Figure 7, upper panel, black
lines) are the summation @k q,dry andnaso c.ary- The red dots correspond to the uncorrected UAY, 4y measurements.
The blue dots correspond to the corrected UAY), ¢y measurements (as described in Section 3.3). We use onlggpeactive
height ranges at which homogeneous aerosol conditions &loa comparison of the UAV- and lidar-derived estimatdsede
measurements correspond to heights above 0.5km on 5th df Apove the PBL on 9 and 15 April (> 1km and > 2km
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respectively) and above the nocturnal boundary layer on@# £ 0.7km). It seems that the distance has little imparctie
lidar-derived and the in-situ measuregko q4ry presented in Figure 7, with most of the in-situ-derivegy, 4, being well within
the error bars of the lidar retrieval when considering thetigbutions of both mineral dust and continental polluti@n 9
April we observed the highest differences between the-ildsived and in-situ-measureds, qary, Which may be attributed to
the ~1 hr time difference between the in-situ sampling and tharlrétrieval (limitation due to mid-level clouds as disasss
already). Nevertheless, the case is included here, ag@gept the strongest dust event observed during the camgaigrall,
the values ofi250 ary varied between 1 and 50 cmh.

Figure 8 provides a quantitative comparison of the obsematpresented in Figure 7 for lidar retrievalsiofo ary cON-
sidering both mineral dust and continental pollution angl ¢brresponding in-situ measurements at the same heigts.lev
Again, we see that the results agree well within the erros béthe lidar retrieval with?? = 0.98. The uncertainties of the
UAV-derivednasg ary Values presented in Figure 7 and Figure 8 correspond todheatd deviation of the 30 seconds average
(OPC initial resolution of 1 second). The error in the OPGadhte to the assumption of the refractive index and the shiape o
the particles used for the derivation of the particle siztritiution from the OPC measurements, were not taken irtowad
in this study. Nevertheless, it is not expected to be higlabse the refractive index used is characteristic for dudicpes
(n=1.59). We have to keep in mind the effect of a possiblenmbgeneity between the two stations. In view of all uncetjain
sources, the lidar- and UAV- deriveds, gy are in good agreement. In terms of absolute values, thedielavedrnsg ary are
slightly lower than the UAV-derived ones. We conclude tiddil measurements are capable to provide reliable spatipdral
distributions ofnas0 gry in cases with dust and continental aerosol presence witinegrtainty of 20 to 40%.

The profiles ofSgyry, retrieved from PollyXT observations and in-situ measunei:iare shown in Figure 7 (lower panel). The
dust-only profiles (orange lines) are calculated from thgt @utinction profiles and Eq. 9 (Table 3). The remaining dast
component is considered continental wit}y, ¢ ary provided by Eq. 11 (Table 3). The tot8, profiles (Figure 7, lower panel,
black lines) are the summation 6f 4y and Scq4r,- These profiles are compared to the teigl, derived from the corrected
in-situ number size distribution (e.g. Figure 3b). We sex the latter agree well within the uncertainty of the lidi@rived
Sa,dry (orange line), but do not agree well when both mineral dudt@mtinental pollution are considered (black line). This
is mainly due to the sampling cut-off of the OPC instrumemtgarticles with radius smaller than 150 nm which are mainly
composed by the polluted continental particles. The effeobt seen in the correctegsq, since the size ranges considered

there are larger than 250 nm.
4.2 Evaluation of thenp retrieval

For the assessment of the lidar-basgg-retrieval, the UAV measurements on 5, 15 and 21 April 206usied. The samples
of 5 and 15 of April were collected under the moderately migedt/continental conditions shown in Figure 7. On 5 April,
the sample was collected at an altitude of 1.823 km altitdgle=(0.14 & 0.02). On 15 April two samples were collected from
0.998 km and 1.281 km altitudé(= 0.1540.03). On 21 April, the pure-dust sample was collected from 2B5etitude

(0p = 0.28 +0.03) (Figure 4). Analysis performed in FRIDGE chamber providleel INP concentrations for these cases. The
in-situ samples were analyzed-a20°C, —25°C and—30°C. For the deposition nucleation (Figure 9a) and (Figure,ifa
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samples were analyzed RtH,, of 95%, 97%, and 99%, leading to three valuesSgf for each temperature (1.16, 1.18 and
1.23 for—20°C, 1.21, 1.24 and 1.26 for25°C and 1.27, 1.30 and 1.33 fer30°C). For the immersion freezing (Figure 9
b), the samples were analyzedrati,, of 101%, leading t®ic of 1.23, 1.29 and 1.35 for the temperatures-@0°C —25°C

and —30°C, respectively. Fofl' = —20°C, RH,, = 101% andSice = 1.23, we refer to the freezing process as condensation
freezing.

The sample of 21 April was analyzed by single particle analysing a scanning electron microscope, which showed that
99% of the particles were dust and 1% was Ca sulfates andrebous particles (Schrod et al., 2017). This sample is used
in order to evaluate the performance of thgp lidar estimates in a pure dust case, where (i) the errorénatigg from the
first step of our methodology (separation in dust and not-aki®sol components) are small $§0%) and (ii) the uncertainties
induced from the D10 and U17-(soot) parameterizations anémmm. Figure 9 shows the;np on 21 April as they were
calculated from the CALIPSO lidar measurements (coloredi®js) and measured from the UAV-FRIDGE samples (black
triangles), (a) for deposition nucleation (as a functiosaturation over ice) and (b) for condensation and immerfserzing
(as a function of temperature).

Likewise, we are using all the aforementioned cases, inrdodevaluate the performance of thgp lidar estimates in cases
with dust and continental aerosols. Figure 10 shows sqalties of all the lidar-estimatedyp (from PollyXT and CALIPSO)
against the in-situ measurements for (a) deposition nticteand (b) condensation and immersion freezing. In Figréb)
the ratio between the lidar-derived and the in-sity is provided as a function of temperature. Similar resulésarserved
for both the pure dust (Figure 9) and the dust and contineatsés (Figure 10), with the lidar estimategp during the pure
dust event to show the best agreement with the in-situ.

For thenyp retrievals in the deposition mode we see that, using the di&lr7in a dust case the lidar-derived concentrations
are in excellent agreement with the in-situ observationsll(within their uncertainties), witmyp values to span over 2.5
orders of magnitude (for different ice supersaturationditions) and the retrievals to capture the whole extend isfridinge
(Figure 9a). The lidar-retrieved U17-dep values in thissca®e dominated from the dust relatedp (estimated from Eq. 3;
Table 1), with the non-dust relatedyp (estimated from Eq. 6; Table 1) being five orders of magnitiesieer. In dust and
continental cases (Figure 10a), the 97% of all the U17-d&gy-ierivedyp are within the error bars of the in-situ and within
a factor of 10 around the 1:1 line (r=0.75). Thgp sampled with the UAVs ranged between 0.02 and 20.lUsing S15
parameterization, the predicteg\p values are 3 to 5 orders of magnitude larger than the in-sgasurements in both dust
and dust-continental cases (r=0.42). An overestimatianalr@ady expected as discussed in Section 2 and Steinkd20Hp)
but for completeness we include these results.

Figure 9 (b) and Figure 10 (b) shows the lidar derived imnoersiondensation INPs. U17-imm dust-relatgde are cal-
culated using the INP parameterization of Eq. 1 (Table 1h wie Sy 4y from Eq. 9 (Table 3). The D15 dust-relatege are
calculated using the Eq. 2 (Table 1) with the;o.q,.ary from Eq. 8 (Table 3). The D10 continental-relatedr are calculated
using the Eq. 7 (Table 1) with theyso ¢,ary from Eq. 10 (Table 3). The D15+D10 values for the total (dusbrtinental) aerosol
in the scene, are the summation of the aforementioned DX3-(dlated) and D10 (continental-relateg)p calculations (See
Figure A1 and A2 in Appendix). We did not include the U17-imoosestimates in the plot since these are quite similar to the
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estimated values from D10 at temperatures <€18Section 2; Figure 1). Consequently, for the total INP loathe scene,
the estimations provided from the D15+D10 are similar todhes provided from D15+U17-imm(soot). In the rest of this
manuscript, we will discuss only the joint D15+D10 estinsateeeping in mind that the same conclusions apply for thd joi
D15+U17-imm(soot) estimates.

In Figure 9 (b) and Figure 10 (b) we see that the lidar-derivgg using D15 for dust and D10 for continental particles are
in good agreement with the in-situ observations, within rémpective uncertainties for the samples analyzed2&°C and
—25°C. The bestnp agreement is observed for the pure-dust sample analyzezt enddensation freezing conditions (at
—20°C): with in-situ measurements 6f6 +-0.1L~! and lidar-derived D15+D10 estimates of 3.8'L From them, 2.4 !
originated from the D15 dust contribution and the 14 lfrom the D10 non-dust contribution (although the contridifrom
the non-dust INP at lower temperatures was insignificartt witn-dust concentrations of one order of magnitude lowen th
the dust ones). Using all the dust and continental cases aéhag for the samples analyzed under condensation figeezin
conditions, the D15+D10 estimategp are no more than 2.5 times higher than the in-situ measutsr(ieigure 10b). Larger
differences are observed at the temperatures where inomdrsiezing dominates over condensation as the main INRvasth
with 1.5 - 7 times larger values at25°C and 4 - 13 times larger values-aB0O°C. Indicatively, for the pure dust case, at T =
-25°C the in-situn;yp were 123 L~ and the D15+D10 lidar-derivedyp were 26 L1 (with a negative error of 141!). At
T = -30°C, the in-situn;p Were 624 14 L~ while D15+D10np estimates were one order of magnitude higher (249 L
Overall, in 85% of the analyzed cases, the D15+D10 lidarenals are less than an order of magnitude higher than the UAV
measurements. Regarding the U17-imm lidar-deriygg values, they are overall 1 to 3 orders of magnitude higher tihevin-
situ ones. In particular they are 3-11, 2-80 and 2-1000 timgger than the samples analyzed at FRIDGE chambef@f C,
—25°C and—30°C, respectively. Nevertheless, the in-situ observatioasaathing the uncertainty of the parameterization
for all the cases. Indicatively, for the pure dust case, th&-isnm lidar-derivedyyp values ar&s0L~! at T= -20°C. Recent
comparisons ofyyp derived from samples analyzed in FRIDGE chamber usuallygmtsgood linear correlations but somewhat
lower values with observations derived from pure immergiaths (e.g. D15) (DeMott et al., 2018). Possible reasonthése
discrepancies may be (a) deficits and inadequacies in mstitation and measurement techniques, (b) the lackindapvef
the freezing modes, (c) inconsistencies between the ipdéems of the parameterization measurement (using cutoftsthe
in-situ measurements (using no cutoff) and (d) a variatioR H,, (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 thge from
in-situ data is very low. Under most experimental condiiothe repeatability of the ice nucleation in the FRIDGE cham
dominates other uncertainties. An uncertainty of 20% has Baggested as a useful guideline for the uncertainty afithirsic
measurements, corresponding to the statistical reprbiibcdf an individual sample. However, it has also beenomegd that
natural variability by far outweighs the intrinsic uncénts (Schrod et al., 2016). We need to consider the full utadety
including precision and accuracy. The DeMott et al. (20I8¢r-comparison of INP methods saw that at all temperatures
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and for various test aerosols thgpe uncertainty for immersion freezing is one order of magretuarhile for deposition
condensation the uncertainty is expected to be even larger.

Our analysis suggests that the D15+D10 (and D15+U17-imot)jsionmersion/condensation parameterization (applecab
for the temperature rang85°C to —9°C) and the U17-dep parameterization (applicable for theptrature range-50°C
to —33°C) agree well with in-situ observations ofyp and can provide goodip estimates in pure-dust and dust-continental
environments. The U17-imm pure immersion parameteriagtiovides 1-2 orders of magnitude larger values, we thezefo
consider theyyp estimates according to D15+D10 as the lower boundary ofifplesslues, with the actual values to be up to
one order of magnitude larger in the temperature regime ofarsion freezing.

4.3 nynp profiles from PollyXT and CALIOP during the evolution of mixe d-phase clouds in a Saharan dust event

The case study of 21 April 2016 demonstrates the feasilofitiie proposed methodology to provide profiles of cloudvant
aerosol parameters up to the cloud levels, using (grousd-aad space-borne) lidar measurements. In particulani®ocase,
the temporarily averaged PollyXT lidar observations at WTX and the spatially averaged CALIPSO observations at111:0
UTC provide us the information of th&sg ary, Sary andnine right before and after the cloud event which was formed mgie
dust layer that day between 02:00 and 10:45 UTC. The profflessg 4y and.Sqry before (PollyXT) and after (CALIPSO) the
cloud event are the ones already presented in Figure 6. Agstisd above, the dust plume declined by approximately 300 m
during that period while ita,np Stayed relatively constant inside its dense part. Abovetiia dust layer the aerosol conditions
were variable, with multiple thin layers present up to 8 kiitide only before the appearance of the clouds. Specifjcall
contribution of non-dust/continental particles is obserbetween 5.6 and 8 km aglo ary = 0.4+ 0.2 cnm?; Figure 6 (d))
and three thin dust layers are visible at 6.4, 6.8 and 7.8 kth @iistnsg gry Of 2.9, 1.5 and 2.0 cm?, respectively, and a
local minimum at 7.55km (0.01 cn?) (Figure 6 (c)). Figure 11 shows theye concentrations derived from the different
parameterizations at altitudes between 3 and 8 km agl. FneriRF and MERRA-2 assimilations we see that T <>35n
heights up to 7.8 km agl, which indicate that the immersieefing mechanism is dominant in this case and that the deposi
nucleation mechanism is not significant.

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 170L~! (-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&@itesU17-imm dust estimates are 60'L(-
22°C), 200! (-25°C) and 1000 ! (-33°C). Overall, 91% of the totahp is attributed to dust aerosols (D15) and 9%
to non-dust/continental aerosols (D10) at altitudes betw& 3-8 km (Temperatures < -2€). These abundances are reversed
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inside the main dust layer (altitudes between 4-5.5 km; Tatpres [-20,-6]C) where 34% of the totalyp 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 at first at altituetegeen 5-7 km and during the rest of the cloudy period mainly
above 4 km (Figure 4).

Figure 11 (b) show the lidar-derivedyp above the station shortly after the end of the cloudy coowliti At that time,
the main dust layer is observed at altitudes up to 5.5 km witladditional layers above it. These observations are dlmse
the local noon with the air temperature above the stationgoigicreased by 2.7 degrees, leading to temperatures ©fad
3.6kmand -15C at 5.4 km agl. At these altitudes, a relatively constantritmution of non-dust/continental particles is present
(n2so,ary= 0.4+ 0.2 cnT3; Figure 6 (d)) which leads to a gradually increase of the dostnne per height from 2x10 L !
(4km; -2°C) to 102L~! (4.4km; -5°C) to 0.2 ! (5.3km; -12°C) (D10 estimates). Additionally, the dust concentration
per altitude is constant inside the dust layer and is deetegsadually above 4.6 kmgso ary= 16 cnT3; 4 - 4.6 km); Figure 6
(). The dust-relatedp per height are 8x10* L~! (4 km; -2°C), 3x103L~! (4.4km; -5°C) and 0.1 ' (5.3km; -12°C)
(D10 estimates). Overall, 25% of the totakp is attributed to dust aerosols (D15) and 75% to non-dustifvemtal aerosols
(D10) at altitudes between 3.8-5.6 km.

Taking into consideration all the aerosols, thge before and after the cloud developmentis 0:6land 0.1L-' respec-
tively at 5.3 km altitude (D15+D10 in Figure 6). This diffeiee is due to the increase of the air temperature during the da
and the decrease @bsoary and Sqry. Before the cloud formation, thene values at [6,7.5] km are one order of magnitude
larger than at 5.3 km ( 3t!') and at 7.8 km two orders of magnitude higher than at 6 km (200.LThese results indicate that
the particles in the main dust layer and the thin layers alitoaeted as seeding INPs for the cloud that formed in thatrJaye
affecting also its characteristics. However, further nieasients are necessary to reach a more concrete conclasidaor,
example, measurements of the atmosphere dynamics (ergafvand lidar) and observations of the cloud evolution (am
a cloud radar as in the recent study of Ansmann et al. (20A8)ough these measurements are absent from our grouredtbas
instrumentation, we utilize the DARDAR-Nice product (bdsa the CLOUDSAT/CALIPSO observations on 21 April 2016 -
Figure 5) as a hint for the truenp of the scene, and we compare them with the neighboring CAQIRQp estimates.

Figure 12 shows the DARDAR;.. estimations along the A-train track (presented in Figurars) Figure 13 shows thenp
calculations on the same curtain using the D15+D10 (uppeelpand U17-imm (lower panel) parametrizations. Clouds ar
formed on top of the dust layer at latitudes of 32, 32.8 anth\B4l' he clouds observed at 32 and 32\8are coupled/collocated
with an aerosol layer at their cloud top, at altitudes of 1@ a.3 km and temperatures of -18 and ¢€5respectively. Figure 14
shows thence profiles derived in these two clouds, along with thge profiles estimates in their vicinity. Due to the strong INP
number increase with deceasing temperature, the highgstoncentrations are observed at the top of the upper aectmal-
layers. We assume that the ice crystals in these two cloudgate close to the cloud top (where the coldest tempemature
are observed) and that afterwards the crystals grow andhfallgh the lower heights of the clouds formed. Moreover, we
consider that no secondary ice production (SIP) processgsrasent in these clouds, or at least their contributicdhéa;ce
is insignificant, as the cloud top temperatures are muchrithia the temperatures where SIP have been observed (lmetwee
-3 and -8C) (Hallett and Mossop , 1974, Field et al., 2017; Sullivaalet2017, 2018). We compare thgp at cloud top
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height with thenice inside the cloud, having in mind that, with our hypotheshs e values can be up to thenp values

if all the INPs are activated to ice crystals. For the smatleud, at~32°N, nicc between 0.8 and 81! are retrieved and
ninp between 0.3 to 2L and 4 to 20! are estimated with the D15+D10 and the U17-imm respectiay the cloud at
~32.8°N, njce between 0.4 and 601! are retrieved aneyp between 3 to 20! and 100 to 400 L' are estimated with
the D15+D10 and the U17-imm respectively. Overall, in thige clouds thennp estimates in the top of the clouds have
1-2 order of magnitude uncertainty in their estsimates arelayder of magnitude differences in the retrievals betwessh
other. Additionally the retrieved DARDAR profiles provids only with a hint of the order of magnitude of the truge.
Nevertheless thece estimates are between the estimaigg values and within the errors of the two parameterizatiohesé
results strengthen our conclusion that we can use thedieiavednyp from D15+D10 and U17-imm to estimate a minimum

and maximum boundary of thge in a cloud formed in their presence, when immersion is theidant mechanism.

5 Summary and conclusions

We present a methodology for derivimgyp profiles from lidar measurements and a comparison withtinddAV measure-
ments ofn;np. More specifically, seven INP parameterizations are test@thtain lidar (ground-based and space-borngy
estimates representative of mineral dust and contingotaltion/soot aerosol. We prove that a compilation of tlaeape-
terizations of DeMott et al. (2015) (D15) and DeMott et al01R) (D10), for dust and non dust particles respectivelyp is
good agreement with airborne in-situ measurements (Satrald, 2017) for addressing immersion/condensation finggat
T>-35°C). A similar conclusion is derived from the compilation betparameterizations of DeMott et al. (2015) (D15) for
dust and Ullrich et al. (2017) (U17) for soot. Specificaligar-derivednnp using D15+D10 (and D15+U17-imm(soot)) agree
with the in-situ measurements within the reported uncetyaange of the D15 parameterization (i.e., two orders ajmitade;
DeMott et al. (2015)). The best assessment for the depositiated INPs is derived with the Ullrich et al. (2017) dsition
nucleation parameterization for dust and soot (for-B8°C), with results agreeing with the UAV-FRIDGE measurements
within one order of magnitude for different values of ice srgaturation.

The cloud-relevant aerosol parameters necessary for [IlNRat®Ns (1250,4ry@aNd.Syry) are derived from lidar measurements
as shown by Mamouri and Ansmann (2015, 2016). The compabistween the lidar-derived concentrations of dry particles
with radii larger than 250 nm with coincident UAV-OPC intsitneasurements showed a good agreement with slightly lower
values (32%) for thexos0 ary derived by the lidar. This effect is less pronounced at loncemtrations with squared correlation
coefficient of 0.98. For the majority of the cases, we find thagitu observations and remote-sensing estimates aredd g
agreement within their uncertainty ranges.

A further step for improving the lidar-derived INP retriévaand investigating the different parametrizations usetyi
conducting dedicated studies with collocated lidar mesments and additional temperature and humidity profilingroer
to calculate the INP concentrations at real conditions, thedcombination of the retrievedp with airborne in-situ ice

concentration measurements.
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Our methodology is validated for cases with dust presendelitdnal measurements are required in order to define the
optimum INP parameterizations for non-dust atmosphenditions (e.g. continental, marine, smoke). Future expenial
INP campaigns with airborne in-situ observations fromraifts (including UAVs) collocated with lidar measuremeatpure
marine conditions and at mixed aerosol conditions coul#digean ideal set-up for an in-depth investigation of theeptal
of the lidar-based INP profiles in complex and non-dust aphesc conditions.

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

Moreover, the study enhances the confidence for the pramtuofiglobal 3D products of.250,dry Sary andnine from the
CALIPSO dataset. The application of our methodology to ntbem a decade-long CALIPSO measurements could provide
valuable insight into global height-resolved distributiof 12,50 ary andnnp related to mineral dust, and possibly other aerosol
types. This will enable global-wide studies of aerosol dimteractions to combine the new product with satellitearazbser-
vations (CloudSat) and the upcoming EarthCARE (Earth Cleibsol and Radiation Explorer) mission.

A challenge of a new global INP climatology will be the assesst of its underestimation at high altitudes where is known
that CALIPSO observations can miss thin layers with smaticemtrations. A way to investigate the effect of the saeelli
undetected layers in thexsg dry Sary @andnnp CALIPSO products is the utilization of ground-based lidatwork observations
as for example EARLINET and PollyNet.

Data availability. The CALIPSO and DARDAR data used in this study can be accessed thitbed CARE Data and Services center:
http://www.icare.univ-lillel.fr/archive?dir=CALIOP/ and http://www.ieanniv-lillel.fr/archive?dir=MULTI_SENSOR/ respectively. The

datais accessible after a free registration. The MODIS true color imagdsecaccessed through the NASA Worldview center: https://worldvielvdza

The in-situ INP data used in this study can be accessed through the BAS@Hiidbase of INP observations. The database is accessible to
members only but membership is free: http://www.bacchus-env.etifig/in-situ INP dataset of this study can be reached through this link:
http://www.bacchus-env.eu/in/info.php?id=72. The PollyXT lidar datajrife@tu OPC measurement and the WRF modeled profiles above
NICOSIA that are used in this study are available at: https://react-clowd spe.gr/papers/. All data sets created during the calculation of
the lidar-based number concentrations and the correction of the in-s@un@mber concentrations are provided upon request.

Appendix A: Lidar retrievals of nnp
Al Methodological diagram for the analysis of the ground-basd 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 measuréhbptoperties into the microphysical properties are et in
Table 3. The equations for the conversions of the microglaygiroperties to INPs are provided in Table 1.
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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.

Author contributions. V.A. and E.M. conceived the presented idea. E.M. performed thb/sis, drafted the manuscript and designed the
figures with support from M.T. and A.T.. A.N. guide and superviBed. on the ice nuclei mechanism and parameterizations and encdurage
E.M. to investigate the errors of the lidar-derived INP concentrationA. guided and supervised E.M. on the methodology and parame-
terizations for the lidar-derived INP concentrations and encouragddtg investigate the errors of the in-situ OPC concentrations and the
DARDAR nice concentrations. J. Sch. performed the analysis of the INP samplegiatatl E.M. on the limitations of these measurements.
J.Sci. conceived and planned the experiment. M.P. was responsiliteef UAV flights and the analysis of the OPC measurements. D.M.
and A.T. performed the correction of the OPC measurements. RoBoged essentially the PollyXT measurements during the campaign.
H.B. supported the derivation of the PollyXT lidar backscatter coeffisie®.S. derived the WRF model profiles. F.E. derivedrthefrom
DARDAR. All authors provided critical feedback and helped shapeékearch, analysis and manuscript.

Competing interests. The authors declare that they have no conflict of interest.

Disclaimer. This article is part of the special issue “EARLINET aerosol profilingnteibutions to atmospheric and climate research”. It is

not associated with a conference.

Acknowledgements. We are grateful to Prof. Dr. Balis Dimitrios, Dr. Bingemer Heinz G. and Biskos George for their helpful contri-
bution and advice on the interpretation of the results of this study. We thanRHilippe Goloub for the provision of one of the cimel
instruments operating during the campaign. We are grateful to the Cinstitsite Unmanned System Research Laboratory (USRL) team
for their support in the operation of the UAV flights. We thank EARLINETww.earlinet.org), ACTRIS (/www.actris.eu), AERONET
(https://aeronet.gsfc.nasa.gov/) and AERONET-Europe for the dditeciion, calibration, processing and dissemination. We thank Pol-
IyNET group, and especially Dr. Dietrich Althausen, and Dr. Birgit Hedsetheir support during the development and operation of the
PollyXT lidar of NOA. We are grateful to the AERIS/ICARE Data and Sersi@enter for generating and storing the DARDAR products
and for providing access to the CALIPSO data used and their computatiemzr (http://www.icare.univ-lillel.fr/). We thank the NASA
CloudSat Project and NASA/LaRC/ASDC for making available the Cloud8atCALIPSO products, respectively, which are used to build
the synergetic DARDAR products. The provision of the HYSPLIT tramspad dispersion model from the NOAA Air Resources Lab-
oratory is also gratefully acknowledged. The research leading to tees#s has received funding from the European Research Council
(ERC) project D-TECT (Does dust triboelectrification affect our clifatender grant agreement no. 725698, European Union’s Seventh

20



Framework programme (FP7/2007-2013) project BACCHUS (Immp&Biogenic versus Anthropogenic emissions on Clouds and Climate:
towards a Holistic UnderStanding) under grant agreement no. 608%1Beutsche Forschungsgemeinschaft (DFG) under the Resédtch
FOR 1525 (INUIT) and the European Union’s Horizon 2020 reseanchinnovation program ACTRIS-2 (Aerosols, Clouds and Tracesgase
Research InfraStructure Network) under grant agreement dd.086 Marinou E. acknowledges the support of the Deutscher Akiadber
Austauschdienst (DAAD) through a post-doc scholarship (no. 57370 The authors affiliated to National Observatory of Athens acknowl-
edge support through the Stavros Niarchos Foundation. Voudodié&knowledges the support of the General Secretariat for Résaadc
Technology (GSRT) and the Hellenic Foundation for Research anddtina (HFRI) (no. 294).

21



10

15

20

25

30

35

References

Altaratz, O., Koren, |., Remer, L. A., and Hirsch, E.: Review: Clandgoration by aerosols—Coupling between microphysics and dynamics,
Atmos. Res., 140, 38-60, doi:10.1016/j.atmosres.2014.01.009,. 2

Amiridis, V., Wandinger, U., Marinou, E., Giannakaki, E., Tsekeri, Basart, S., Kazadzis, S., Gkikas, A., Taylor, M., Baldasan@an#l
Ansmann, A.: Optimizing CALIPSO Saharan dust retrievals, Atmos.nCHehys., 13, 12089-12106, https://doi.org/10.5194/acp-13-
12089-2013, 2013.

Ansmann, A., Wandinger, U., Riebesell, M., Weitkamp, C., Michaelisindependent measurement of extinction and backscatter profiles in
cirrus clouds by using a combined raman elastic-backscatter lidar, Appfécs, 31 (33), pp. 7113-7131. DOI: 10.1364/A0.31.007113,
1992.

Ansmann, A., |. Mattis, D. Muller, U. Wandinger, M. Radlach, D. Althansand R. Damoah: Ice formation in Saharan dust over central
Europe observed with temperature/humidity/aerosol Raman lidar, jphgsoRes., 110, D18S12, doi:10.1029/2004JD005000, 2005.

Ansmann, A., Tesche, M. Althausen, D., Miller, D. Freudenthaletd®ese, B. Wiegner, M. Pisani, G. Knippertz, P. and Dubovik,
O.: Influence of Saharan dust on cloud glaciation in southern Morabming SAMUM, J. Geophys. Res., 112, D04210,
doi:10.1029/2007JD008785, 2008.

Ansmann, A., Tesche, M., Seifert, P. Althausen, D. Engelmannriiitke, J. Wandinger, U. Mattis, |. and Mdller, D.: Evolution of the ice
phase in tropical altocumulus: SAMUM lidar observations over Capee/erdseophys. Res., 114, D17208, doi: 10.1029/2008JD011659,
20009.

Ansmann, A., Tesche, M., Seifert, P., GroR3, S., Freudenthalefpituley, A., Wilson, K. M., Serikov, I., Linné, H., Heinold, B., Hisbh,

A., Schnell, F., Schmidt, J., Mattis, I., Wandinger, U., and Wiegner, Adh and fine-mode particle mass profiles from EARLINET-
AERONET observations over central Europe after the eruptions ofyjadj&lajokull volcano in 2010, J. Geophys. Res. - Atmos., 116,
2011a.

Ansmann, A., Petzold, A., Kandler, K., Tegen, |., Wendisch, Mullkt, D., Weinzierl, B., Muller, T., and Heintzenberg, J.: Sahararenah
dust experiments SAMUM-1 and SAMUM-2: what have we learned?u3é, 63, 403-429, doi:10.1111/j.1600- 0889.2011.00555.x,
2011b.

Ansmann, A., Seifert, P., Tesche, M., and Wandinger, U.: Profiih§ine and coarse particle mass: case studies of Saharan dust and
Eyjafjallajokull/Grimsvétn volcanic plumes, Atmos. Chem. Phys., 12, 93985, doi:10.5194/acp-12-9399-2012, 2012.

Ansmann, A., Mamouri, R.-E., Buhl, J., Seifert, P., EngelmannHgfer, J., Nisantzi, A., Atkinson, J. D., Kanji, Z. A., Sierau, B.ekr
oussis, M., and Sciare, J.: Ice-nucleating particle versus ice crygtatber concentration in altocumulus and cirrus embedded in Saharan
dust: A closure study, Atmos. Chem. Phys. Discuss., https://doi.o&j/Q8/acp-2019-447, in review, 2019.

Baars, H., Kanitz, T., Engelmann, R., Althausen, D., Heese, Bnpfuila, M., PreiBler, J., Tesche, M., Ansmann, A., Wandinger_ih,
J.-H., Ahn, J. Y., Stachlewska, I. S., Amiridis, V., Marinou, E.jf&e, P., Hofer, J., Skupin, A., Schneider, F., Bohlmann, S., FaAth
Bley, S., Pfiller, A., Giannakaki, E., Lihavainen, H., Viisanen, Yodda, R. K., Pereira, S. N., Bortoli, D., Wagner, F., Mattis, |., Jeaic
L., Markowicz, K. M., Achtert, P., Artaxo, P., Pauliquevis, T., SauR. A. F., Sharma, V. P., van Zyl, P. G., Beukes, J. P., SuRphwer,

E. G., Deng, R., Mamouri, R.-E., and Zamorano, F.: An overviéthe first decade of PollyNET: An emerging network of automated
Raman-polarization lidars for continuous aerosol profiling, AtmosnCh#hys., 16, 5111-5137, doi:10.5194/acp-16-5111-2016,.2016
Baars, H., Seifert, P., Engelmann, R., and Wandinger, U.: Tagegorization of aerosol and clouds by continuous multiwavelength-

polarization lidar measurements, Atmos. Meas. Tech., 10, 3175-B80%://doi.org/10.5194/amt-10-3175-2017, 2017.

22



10

15

20

25

30

35

Barahona, D. and Nenes, A.: Parameterizing the competition betwesngemeous and heterogeneous freezing in cirrus cloud formation —
monodisperse ice nuclei, Atmos. Chem. Phys., 9, 369-381, doid/&499-369-2009, 2009.

Begue, N., Tulet, P., Pelon, J., Aouizerats, B., Berger, A., almiv@rzenboeck, A.: Aerosol processing and CCN formation of amgate
Saharan dust plume during the EUCAARI 2008 campaign, Atmos. CRaygs., 15, 3497-3516, doi:10.5194/acp-15-3497-2015, 2015.
Brown, P.R. and P.N. Francis, 1995: Improved Measurementseofcth Water Content in Cirrus Using a Total-Water Probe. J. Atmos.

Oceanic Technol., 12, 410-414, https://doi.org/10.1175/1520-0926{012<0410:IMOTIW>2.0.CO;2, 1995.

Buhl, J., Seifert, P., Myagkov, A., and Ansmann, A.: Measuring &l liquid-water properties in mixed-phase cloud layers at the Leipzig
Cloudnet station, Atmos. Chem. Phys., 16, 10609-10620, https://ddi®o5194/acp-16-10609-2016, 2016.

Burkart, J.,Steiner, G., Reischl, G., Moshammer, H.,NeubelMernd Hitzenberger, R.: Characterizing the performance of two dptica
particle counters (Grimm OPC1.108 and OPC1.109) under urbas@demnditions, Journal of Aerosol Science, Volume 41, Issue 10,
Pages 953-962, ISSN 0021-8502, doi:https://doi.org/10.1016/j.gie26%0.07.007, 2010.

Burkert-Kohn, M., Wex, H., Welti, A., Hartmann, S., Grawe, S., HetlrL., Herenz, P., Atkinson, J. D., Stratmann, F., and Kanji, Z. A.:
Leipzig Ice Nucleation chamber Comparison (LINC): Intercomparisofour online ice nucleation counters, Atmos. Chem. Phys., 17,
11683-11705, doi:10.5194/acp-17-11683-2017, 2017.

Ceccaldi, M., J. Delanog, R. J. Hogan, N. L. Pounder, A. Protat,JarRelon: From CloudSat-CALIPSO to EarthCare: Evolution of
the DARDAR cloud classification and its comparison to airborne radar-bbaervations, J. Geophys. Res. Atmos.,118, 7962-7981,
doi:10.1002/jgrd.50579, 2013.

de Boer, G., Morrison, H., Shupe, M. D., and Hildner, R.: Evidesid&uid dependent ice nucleation in high-latitude stratiform clouds from
surface remote sensors, Geophys. Res. Lett., 38, L01803, d@i2i9)2010GL046016, 2011.

Delanoé, J. and Hogan, R. J.: A variational scheme for retrievingacel @roperties from combined radar, lidar, and infrared radiométer,
Geophys. Res., 113, D07204, doi:10.1029/2007JD009000, 2008.

Delanoé, J., and Hogan R. J.: Combined CloudSat-CALIPSO-MOBIigevals of the properties of ice clouds. J. Geophys. Res., 115,
DOO0H29, doi:10.1029/2009JD012346, 2010.

Delanoé, J. M. E., Heymsfield, A. J., Protat, A., Bansemer, A.,ldogan, R.J.: Normalized particle size distribution for remote sensing
application, J. Geophys. Res. Atmos., 119, 4204— 4227, doi:1020021D020700, 2014.

DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters, M. TWwohy, C. H., Richardson, M. S., Eidhammer, T., and Rogers,
D. C.: Predicting global atmospheric ice nuclei distributions and their itspac climate, P. Natl. Acad. Sci., 107, 11217-11222,
doi:10.1073/pnas.0910818107, 2010.

DeMott, P. J., Prenni, A. J., McMeeking, G. R., Sullivan, R. C., Pstter. D., Tobo, Y., Niemand, M., Méhler, O., Snider, J. R., Wang, Z
and Kreidenweis, S. M.: Integrating laboratory and field data to quantifyrttmersion freezing ice nucleation activity of mineral dust
particles, Atmos. Chem. Phys., 15, 393-409, doi:10.5194/ac8352615, 2015.

DeMott, P. J., Hill, T. C. J., McCluskey, C. S., Prather, K. A., Collins B, Sullivan, R. C., Ruppel, M. J., Mason, R. H., Irish, V. E., Lee
T.,Hwang, C. Y., Rhee, T. S., Snider, J. R., McMeeking, G. Raiyala, S., Lewis, E. R., Wentzell, J. J. B., Abbatt, J., Lee, C., Saytan
C. M., Ault, A. P,, Axson, J. L., Martinez, M. D., Venero, |., SanfBigueroa, G., Stokes, M. D., Deane, G. B., Mayol-Bracero, O. L.
Grassian, V. H., Bertram, T. H., Bertram, A. K., Moffett, B. F., @@nc, G. D.: Sea spray aerosol as a unique source of ice nucleating
particles, P. Natl. Acad. Sci., doi:10.1073/pnas.1514034112, Editipk, 2015b.

DeMott, P. J., Hill, T. C. J., Petters, M. D., Bertram, A. K., Tobo, Yaddn, R. H., Suski, K. J., McCluskey, C. S., Levin, E. J. T., Schill, G
P., Boose, Y., Rauker, A. M., Miller, A. J., Zaragoza, J., Roccj,Rothfuss, N. E., Taylor, H. P., Hader, J. D., Chou, C., Huffimh A,

23



10

15

20

25

30

35

Pdschl, U., Prenni, A. J., and Kreidenweis, S. M.: Comparativesoreaents of ambient atmospheric concentrations of ice nucleating
particles using multiple immersion freezing methods and a continuous fléusidii chamber, Atmos. Chem. Phys., 17, 11227-11245,
doi:10.5194/acp-17-11227-2017, 2017.

DeMott, P. J., Méhler, O., Cziczo, D. J., Hiranuma, N., Petters, MPRtters, S. S., Belosi, F., Bingemer, H. G., Brooks, S. D., Budke,
Burkert-Kohn, M., Collier, K. N., Danielczok, A., Eppers, O., FelghsL., Garimella, S., Grothe, H., Herenz, P, Hill, T. C. J., Hohler, K
Kaniji, Z. A., Kiselev, A., Koop, T., Kristensen, T. B., Krtiger, K.ukarni, G., Levin, E. J. T., Murray, B. J., Nicosia, A., O'Sullivab,,
Peckaus, A., Polen, M. J., Price, H. C., Reicher, N., RothenBedy,, Rudich, Y., Santachiara, G., Schiebel, T., Schrod, J.,i8djfT. M.,
Stratmann, F., Sullivan, R. C., Suski, K. J., Szakall, M., Taylor, HURrich, R., Vergara-Temprado, J., Wagner, R., Whale, T. lebgV,

D., Welti, A., Wilson, T. W., Wolf, M. J., and Zenker, J.: The Fifth Imetional Workshop on Ice Nucleation phase 2 (FIN-02): Laboratory
intercomparison of ice nucleation measurements, Atmos. Meas. Testiud3., https://doi.org/10.5194/amt-2018-191, in review, 2018.
Dusek, U., Frank, G. P., Hildebrandt, L., Curtius, J., SchneiderWalter, S., Chand, D., Drewnick, F., Hings, S., Jung, D., Bor-
rmann, S., and Andreae M. O.: Size matters more than chemistry fad-clocleating ability of aerosol particles, Science, 1375-1378,

doi:10.1126/science.1125261, 2006.

Engelmann, R., Kanitz, T., Baars, H., Heese, B., Althausen, ipiBkA., Wandinger, U., Komppula, M., Stachlewska, I. S., Amiridis,
Marinou, E., Mattis, I., Linné, H., and Ansmann, A.: The automatettimavelength Raman polarization and water-vapor lidar PollyXT:
The neXT generation, Atmos. Meas. Tech., 9, 1767-1784, doi:9@/58int-9-1767-2016, 2016.

Fernald, F. G.: Analysis of atmospheric lidar observations: some @tsnAppl. Opt. 23, 652-653, https://doi.org/10.1364/A0.23.000652,
1984.

Field, P.R., R.P. Lawson, P.R. Brown, G. Lloyd, C. Westbrook, Diddeev, A. Miltenberger, A. Nenes, A. Blyth, T. Choularton, P. Cdlgno
J. Buehl, J. Crosier, Z. Cui, C. Dearden, P. DeMott, A. FlossmanHe&msfield, Y. Huang, H. Kalesse, Z.A. Kaniji, A. Korolev, A. Kirch-
gaessner, S. Lasher-Trapp, T. Leisner, G. McFarquhar, V. Bhilligstith, and S. Sullivan: Secondary Ice Production: Current Sttte o
Science and Recommendations for the Future. Meteorological Mqgplogyras, 7.1-7.20, https://doi.org/10.1175/AMSMONOGRAPHS-
D-16-0014.1, 2017.

Floutsi, A.: Determination of aerosol optical properties with lidar. A corigom between algorithms, (Master thesis), TU Delft,
uuid:6c012d93-4df8-49be-8b04-e09196ba7a37, 2018.

Freudenthaler, V., Esselborn, M., Wiegner, M., Heese, B., Eeddh, Ansmann, A., Miiller, D., Althausen, D., Wirth, M., Fix, A., Efy
G., Knippertz, P., Toledano, C., Gasteiger, J., Garhammer, M.Saefeldner, M.: Depolarization ratio profiling at several wavelerigths
pure Saharan dust during SAMUM 2006, Tellus B, 61, 165-179, ddiifld/j.1600-0889.2008.00396.x, 2009.

Freudenthaler, V.: About the effects of polarising optics on lidar sigaats the A90 calibration, Atmos. Meas. Tech., 9, 4181-4255,
https://doi.org/10.5194/amt-9-4181-2016, 2016.

Garimella, S., Huang, Y.-W., Seewald, J. S., and Cziczo, D. J.:d0tomdensation nucleus activity comparison of dry- and wet-generated
mineral dust aerosol: The significance of soluble material, Atmos. CRégs., 14, 6003-6019, doi:10.5194/acp-14-6003-2014, 2014.

Haarig, M., Ansmann, A., Gasteiger, J., Kandler, K., AlthausenBBars, H., Radenz, M., and Farrell, D. A.: Dry versus wet magsamticle
optical properties: RH dependence of depolarization ratio, backsaatiextinction from multiwavelength lidar measurements during
SALTRACE, Atmos. Chem. Phys., 17, 14199-14217, https://doi.or§i/acp-17-14199-2017, 2017.

Hallett, J. and Mossop, S. C.: Production of secondary ice particlesngduthe riming process, Nature, 249, 26-28,
doi:https://doi.org/10.1038/249026a0, 1974.

24



10

15

20

25

30

35

Heymsfield, A. J., Schmitt, C., Bansemer, A., and Twohy, C. H.:rbupd Representation of Ice Particle Masses Based on Observations in
Natural Clouds, J. Atmos. Sci., 67, 3303-3318, https://doi.org/16/20710JAS3507.1, 2010.

GroR3S, Esselborn M, Abicht F, Wirth M, Fix A, Minikin A.: Airborne highegtral resolution lidar observation of pollution aerosol during
EUCAARI-Longrex, Atmos. Chem. Phys., 13, 2435-2444, https:/éigi10.5194/acp-13-2435-2013, 2013.

Holben, B. N., Eck, T. F., Slutsker, 1., Tanré, D., Buis, J. P., 8&et&., Vermote, E., Reagan, J. A., Kaufman, Y. J., Nakajimal.davenu,

F., Jankowiakl., and Smirnov, A.: AERONET—A federated instrutmeziwork and data archive for aerosol characterization, Rem. Sens
Environ., 66, 1-16, doi:10.1016/S0034-4257(98)00031-5, 1998

Hoose, C. and Mohler, O.: Heterogeneous ice nucleation on atmispkeosols: A review of results from laboratory experiments, Atmos.
Chem. Phys., 12, 9817-9854, doi:10.5194/acp-12-9817-2@112.2

lllingworth, A. J., Hogan, R. J., O’Connor, E. J., Bouniol, D., DaénJ., Pelon, J., Protat, A., Brooks, M. E., Gaussiat, N., WilsoR.D.
Donovan, D. P., Klein Baltink, H., van Zadelhoff, G.-J., EastmenD.,JGoddard, J. W. F., Wrench, C. L., Haeffelin, M., KrasnovAQ.
Russchenberg, H. W. J., Piriou, J.-M., Vinit, F., Seifert, A., TompkA. M., and Willen, J., CLOUDNET: Continuos evaluation of cloud
profiles in seven operational models using ground-based obsera@ioAm. Meteorol. Soc., 88, 883—-898, 2007.

Janjic, Z. ., Gerrity Jr., J. P., and Nickovic, S.: An Alternative Apgech to Nonhydrostatic Modeling, Mon. Weather Rev., 129, 11641178
2001.

Kamphus, M., Ettner-Mahl, M., Klimach, T., Drewnick, F., Keller, ICziczo, D. J., Mertes, S., Borrmann, S., and Curtius, J.: Chemical
composition of ambient aerosol, ice residues and cloud droplet residueixed-phase clouds: single particle analysis during the Cloud
and Aerosol Characterization Experiment (CLACE 6), Atmos. ChdmisP 10, 8077-8095, doi:10.5194/acp-10-8077-2010, 2010.

Kanitz, T., Seifert, P., Ansmann, A., Engelmann, R., AlthausenCasiccia, C., and Rohwer, E. G.: Contrasting the impact of aerosols at
northern and southern midlatitudes on heterogeneous ice formatioph@edres. Lett., 38, L17802, doi:10.1029/2011GL048532, 2011.

Kaniji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-Kohn, MCziczo, D. J., Kramer, M.: Overview of ice nucleating particles, Meteo-
rological Monographs, 58, doi:10.1175/AMSMONOGRAPHS-D-1®&®a, 2017.

Kar, J., Vaughan, M. A, Lee, K. P,, Tackett, J. L., Avery, M. Garnier, A., Getzewich, B. J., Hunt, W. H., Josset, D., Liu, Z., larcl. L.,
Magill, B., Omar, A. H., Pelon, J., Rogers, R. R., Toth, T. D., TrefeR., Vernier, J. P., Winker, D. M., and Young, S. A.: CALIPSO
lidar calibration at 532 nm: version 4 nighttime algorithm, Atmos. Meas. Ta@dh1459-1479, https://doi.org/10.5194/amt-11-1459-2018,
2018.

Kelly, J. T., Chuang, C. C., and Wexler, A. S.: Influence of dushposition on cloud droplet formation, Atmos. Environ., 41, 2904-2916
2007.

Kim, M.-H., Omar, A. H., Tackett, J. L., Vaughan, M. A., Winker, Bl., Trepte, C. R., Hu, Y., Liu, Z., Poole, L. R., Pitts, M. C., Kar, J.,
and Magill, B. E.: The CALIPSO Version 4 Automated Aerosol Classificatind Lidar Ratio Selection Algorithm, Atmos. Meas. Tech.
Discuss., https://doi.org/10.5194/amt-2018-166, in review, 2018.

Klett, J.: Stable analytical inversion solution for processing lidar retukpp|. Optics, 20, 211-220, 1981.

Kumar, P., Sokolik, I. N., and Nenes, A.: Measurements of cloudiensation nuclei activity and droplet activation kinetics of fresh unpro
cessed regional dust samples and minerals, Atmos. Chem. Phy35217t3541, doi:10.5194/acp-11-3527-2011, 2011a.

Kumar, P., Sokolik, I. N. and Nenes, A.: Measurements of cloudiensation nuclei activity and droplet activation kinetics of wet proaksse
regional dust samples and minerals, Atmos. Chem. Phys., 11, 8666-doi:10.5194/acp-11-8661-2011, 2011b.

Levin, Z., Teller, A., Ganor, E., and Yin, Y.: On the interactions of malelust, sea-salt particles, and clouds: A measurement and modeling
study from the Mediterranean Israeli Dust Experiment campaignedpl®ys. Res., 110, D20202, doi:10.1029/2005JD005810, 2005.

25



10

15

20

25

30

35

Lohmann, U. and Feichter, J.: Global indirect aerosol effectsvieve Atmos. Chem. Phys., 5, 715-737, doi:10.5194/acp-5-715.28005.

Mamali, D., Marinou, E., Sciare, J., Pikridas, M., Kokkalis, P., Kqtids Binietoglou, 1., Tsekeri, A., Keleshis, C., Engelmann, R., Baar
H., Ansmann, A., Amiridis, V., Russchenberg, H., and Biskos \V@rtical profiles of aerosol mass concentration derived by unnthnne
airborne in situ and remote sensing instruments during dust events, Atteas. Tech., 11, 2897-2910, https://doi.org/10.5194/amt-11-
2897-2018, 2018.

Mamouri, R. E. and Ansmann, A.: Fine and coarse dust separation puoifrization lidar, Atmos. Meas. Tech., 7, 3717-3735,
https://doi.org/10.5194/amt-7-3717-2014, 2014.

Mamouri, R. E. and Ansmann, A.: Estimated desert-dust ice nucléilggdrom polarization lidar: Methodology and case studies, Atmos.
Chem. Phys., 15, 3463-3477, doi:10.5194/acp-15-3463-2@1%5. 2

Mamouri, R.-E. and Ansmann, A.: Potential of polarization lidar to preyjdofiles of CCN- and INP-relevant aerosol parameters, Atmos.
Chem. Phys., 16, 5905-5931, doi:10.5194/acp-16-5905-2@&. 2

Marinou, E., Amiridis, V., Binietoglou, I., Tsikerdekis, A., Solomos, Broestakis, E., Konsta, D., Papagiannopoulos, N., Tsekeri, A.,
Vlastou, G., Zanis, P., Balis, D., Wandinger, U., and Ansmann, Are&-dimensional evolution of Saharan dust transport towardgpEuro
based on a 9-year EARLINET-optimized CALIPSO dataset, Atmos. CRéys., 17, 5893-5919, doi:10.5194/acp-17-5893-2017, 2017.

Mason, R. H., Si, M., Chou, C., Irish, V. E., Dickie, R., Elizondg,\®Rong, R., Brintnell, M., Elsasser, M., Lassar, W. M., Pierce, K, M.
Leaitch, W. R., MacDonald, A. M., Platt, A., Toom-Sauntry, D., SaEsaeve, R., Schiller, C. L., Suski, K. J., Hill, T. C. J., Abbatt, J. P.
D., Huffman, J. A., DeMott, P. J., and Bertram, A. K.: Size-resdlweeasurements of ice-nucleating particles at six locations in North
America and one in Europe, Atmos. Chem. Phys., 16, 1637-16510d®194/acp-16-1637-2016, 2016.

McFiggans, G., Artaxo, P., Baltensperger, U., Coe, H., FacchiniCMFeingold, G., Fuzzi, S., Gysel, M., Laaksonen, A., Lohmé&hnp,
Mentel, T. F., Murphy, D. M., O'Dowd, C. D., Snid-er, J. R., andisid@rtner, E.: The effect of physical and chemical aerosol ptigse
on warm cloud droplet activation, Atmos. Chem. Phys., 6, 2593-26di910.5194/acp-6-2593-2006, 2006.

Mitchell, D.L.: Use of Mass- and Area-Dimensional Power Laws fotdbmining Precipitation Particle Terminal Velocities. J. Atmos. Sci.,
53, 1710-1723, https://doi.org/10.1175/1520-0469(1996)053%xWUMAAD>2.0.CO;2, 1996.

Morris, C.E., Conen, F., Alex Huffman, J., Phillips, V., Péschl, 8ands, D.C.: Bioprecipitation: A feedback cycle linking Earth history,
ecosystem dynamics and land use through biological ice nucleators inntlosphere, Global Change Biology, 20 (2), pp. 341-351,
DOI:10.1111/gcbh.12447, 2014.

Muller, D., A. Ansmann, |. Mattis, M. Tesche, U. Wandinger, D. Althansand G. Pisani: Aerosol-type-dependent lidar ratios observed with
Raman lidar, J. Geophys. Res., 112, D16202, doi:10.1029/200829Q, 2007.

Murray, B. J., O’Sullivan, D., Atkinson, J. D., and Webb, M. E e lcucleation by particles immersed in supercooled cloud droplets, Chem.
Soc. Rev.,, 41, 6519-6554, doi:10.1039/c2cs35200a, 2012.

Nenes, A., Murray, B., and Bougiatioti, A.: Mineral Dust and Its Mjaigsical Interactions with Clouds, In Knippertz, P., and Stuut, J.B.,
Mineral Dust: A Key Player in the Earth System, pp. 287-325, Spring&\N 978-94-017-8977-6, 2014.

Nickovic, S., Kallos, G., Papadopoulos, A., and Kakaliagou, O.: Alehéor prediction of desert dust cycle in the atmosphere, J. Geophys
Res., 106, 18113-18129, 2001.

Nickovic, S., Cvetkovic, B., Madonna, F., Rosoldi, M., Pejanovig, Petkovic, S., and Nikolic, J.: Cloud ice caused by atmospheric min-
eral dust — Part 1: Parameterization of ice nuclei concentration in th®IEHDREAM model, Atmos. Chem. Phys., 16, 11367-11378,
https://doi.org/10.5194/acp-16-11367-2016, 2016.

26



10

15

20

25

30

35

Niemand, M., Moéhler, O., Vogel, B., Vogel, H., Hoose, C., Conndfly,Klein, H., Bingemer, H., DeMott, P., Skrotzki, J., and Leisner, T.
parameterisation of immersion freezing on mineral dust particles:@icapon in a regional scale model, J. Atmos. Sci., 69, 3077-3092,
2012.

Nisantzi, A., Mamouri, R. E., Ansmann, A., Schuster, G. L., andjidatsis, D. G.: Middle East versus Saharan dust extinction-to-backscatte
ratios, Atmos. Chem. Phys., 15, 7071-7084, doi:10.5194/ac@1%-2015, 2015.

O’Sullivan, D., Murray, B.J., Malkin, T.L., Whale, T.F., Umo, N,®tkinson, J.D., Price, H.C., Baustian, K.J., Browse, J., Wa8h,.: Ice
nucleation by fertile soil dusts: relative importance of mineral and bieggymponents. Atmospheric Chemistry and Physics, 14 (4), pp.
1853-1867, DOI:10.5194/acp-14-1853-2014, 2014.

O’Sullivan, D., Murray, B.J., Ross, J.F., Whale, T.F., PriceCH Atkinson, J.D., Umo, N.S., Webb, M.E.: The relevance of saate
biological fragments for ice nucleation in clouds, Scientific Reports,tSnar A8082, DOI:10.1038/srep08082, 2015.

O’Sullivan, D., Murray, B.J., Ross, J.F., Webb, M.E.: The agton of fungal ice-nucleating proteins on mineral dusts: a terresesarwoir
of atmospheric ice-nucleating particles, Atmospheric Chemistry andid2hyis$ (12), pp. 7879-7887, DOI:10.5194/acp-16-7879-2016,
2016.

Pérez, C., Nickovic, S., Baldasano, J., Sicard, M., Rocadehbbs@nd Cachorro, V. E.: Along Saharan dust event over theeweldlediter-
ranean: Lidar, Sun photometer observations, and regional dustlimgd). Geophys. Res., 111, D15214, doi:10.1029/2005JD006579
2006.

Petters, M. D. and Kreidenweis, S. M.: A single parameter represemtattioygroscopic growth and cloud condensation nucleus activity,
Atmos. Chem. Phys., 7, 1961-1971, doi:10.5194/acp-7-196 7, Z0D7.

Pruppacher, H. R. and Klett, J. D.: Microphysics of clouds and pitagipn 2nd ed., Kluwer Academic Publishers, Boston, MA, 1997.

Rosenfeld, D., Andreae, M. O., Asmi, A., Chin, M., de Leeuw, Gonbvan, D. P., Kahn, R., Kinne, S., Kivekas, N., Kulmala, M., \A{,
Schmidt, K. S., Suni, T., Wagner, T., Wild, M. and Quaas, J.: Globakovations of aerosol-cloud-precipitation-climate interactions, Rev.
Geophys., 52, 750-808, doi:10.1002/2013RG000441, 2014.

Schnell R.C. and Vali G.: Biogenic ice nuclei: part |. Terrestrial aradine sources, J Atmos Sci., 33:1554-1564, 1976.

Schrod, J., Danielczok, A., Weber, D., Ebert, M., Thomson, Far8l Bingemer, H. G.: Re-evaluating the Frankfurt isothermal stafiesitin
chamber for ice nucleation, Atmos. Meas. Tech., 9, 1313-1324,@6it94/amt-9-1313-2016, 2016.

Schrod, J., Weber, D., Drticke, J., Keleshis, C., Pikridas, MerEM., Cvetkove, B., Nickovic, S., Marinou, E., Baars, H., Ansmann, A.,
Vrekoussis, M., Mihalopoulos, N., Sciare, J., Curtius, J., and BirggeH. G.: Ice nucleating particles over the Eastern Mediterranean
measured by unmanned aircraft systems, Atmos. Chem. Phyd817-4835, doi:10.5194/acp-17-4817-2017, 2017.

Seifert, P., Ansmann, A., Mattis, I., Wandinger, U., Tesche, Mgeéimann, R., Muller, D., Pérez, C., and Haustein, K.: Saharanasust
heterogeneous ice formation: Eleven years of cloud observationseatti@l European EARLINET site, J. Geophys. Res., 115, D20201,
doi:10.1029/2009JD013222, 2010.

Seinfeld, J.H., Bretherton, C., Carslaw, K.S., Coe, H., DeMott, Bunlea, E.J., Feingold, G., Ghan, S., Guenther, A.B., KahnKRw-
cunas, l., Kreidenweis, S.M., Molina, M.J., Nenes, A., Pennkr, Prather, K.A., Ramanathan, V., Ramaswamy, V., RaschRavis-
hankara, A.R., Rosenfeld, D., Stephens, G. and Wood, R.: Mimgour fundamental understanding of the role of aerosol-cloud ittera
tions in the climate system, P. Natl. Acad. Sci., 113 (21), pp. 5781-5%9010.1073/pnas.1514043113, 2016.

Shimizu, A., N. Sugimoto, |. Matsui, K. Arao, |. Uno, T. Murayama, lagawa, K. Aoki, A. Uchiyama, and A. Yamazaki: Continuous
observations of Asian dust and other aerosols by polarization lidarsim@nhd Japan during ACE-Asia, J. Geophys. Res., 109, D19S17,
doi: 10.1029/2002JD003253, 2004.

27



10

15

20

25

30

35

Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.Muda, M.G., Huang, X.Y., Wang, W., Powers, J.G.: A Descriptibthe
Advanced Research WRF Version 3. In: NCAR Technical Note 4783 26ttp://www.mmm.ucar.edu/wrf/users/docs/arw_v3.pdf, 2008.

Solomos, S., Amiridis, V., Zanis, P., Gerasopoulos, E., Sofiou, fdrekakis, T., Brioude, J., Stohl, A., Kahn, R.A., Kontoes, Sinioke
dispersion modeling over complex terrain using high resolution meteadcalogata and satellite observations — The FireHub platform,
Atmospheric Environment, Volume 119, Pages 348-361, doi:10.18t6(senv.2015.08.066, 2015.

Solomos, S., Kalivitis, N., Mihalopoulos, N., Amiridis, V., Kouvarak(,, Gkikas, A., Binietoglou, |., Tsekeri, A., Kazadzis, S., Kottas,
M., Pradhan, Y., Proestakis, E., Nastos, P.T., Marenco, AmHmpospheric Folding to Khamsin and Foehn Winds: How Atmospheric
Dynamics Advanced a Record-Breaking Dust Episode in Crete, Athesep2018, 9(7), 240., https://doi.org/10.3390/atmos9070240,
2018.

Sourdeval, O., Gryspeerdt, E., Kramer, M., Goren, T., Deladgé&\fchine, A., Hemmer, F., and Quaas, J.: Ice crystal numbecen-
tration estimates from lidar—radar satellite remote sensing — Part 1. Metitb@waluation, Atmos. Chem. Phys., 18, 14327-14350,
https://doi.org/10.5194/acp-18-14327-2018, 2018.

Steinke, ., Hoose, C., Mohler, O., Connolly, P., and Leisner, Thev temperature- and humidity-dependent surface site density approa
for deposition ice nucleation, Atmos. Chem. Phys., 15, 3703-3717,0d6194/acp-15-3703-2015, 2015.

Sullivan, S. C., Morales Betancourt, R., Barahona, D., and Neked)nderstanding cirrus ice crystal number variability for different
heterogeneous ice nucleation spectra, Atmos. Chem. Phys., 16288%21https://doi.org/10.5194/acp-16-2611-2016, 2016.

Sullivan, S. C., Hoose, C., and Nenes, A.: Investigating the contribufcsecondary ice production to in-cloud ice crystal numbers, J.
Geophys. Res. Atmos. Atmospheres, 122, 9391- 9412, doi:1020M02)D026546, 2017.

Sullivan, S. C., Hoose, C., Kiselev, A., Leisner, T., and Neneslniiation of secondary ice production in clouds, Atmos. Chem. Ph¥s., 1
1593-1610, https://doi.org/10.5194/acp-18-1593-2018, 2018.

Tackett, J. L., Winker, D. M., Getzewich, B. J., Vaughan, M. A., iguS. A., and Kar, J.: CALIPSO lidar level 3 aerosol profile praduc
version 3 algorithm design, Atmos. Meas. Tech., 11, 4129-4152; ttipisorg/10.5194/amt-11-4129-2018, 2018.

Tao, W.-K., Chen, J.-P. , Li, Z, Wang, C. Zhang, C.: Impact abaels on convective clouds and precipitation, Rev. Geophys., 508G
doi:10.1029/2011RG000369, 2012.

Tesche, M., Ansmann, A., Miiller, D., Althausen, D., EngelmannFReudenthaler, V., and GrofR3, S.: Vertically resolved separationsif d
and smoke over Cape Verde using multiwavelength Raman and polaritidaos during Saharan Mineral Dust Experiment 2008, J.
Geophys. Res., 114, D13202, doi:10.1029/2009JD011862, 2009.

Tesche, M., Wandinger, U., Ansmann, A., Althausen, D., Miller,add Omar, A.H.: Ground-based validation of CALIPSO observations
of dust and smoke in the Cape Verde region. J. Geophys. Res. Athi8s2889-2902, doi:10.1002/jgrd.50248, 2013.

Twohy, C. H., et al.. Saharan dust particles nucleate droplets in pagtdantic clouds, Geophys. Res. Lett., 36, L01807,
doi:10.1029/2008GL035846, 2009.

Twohy, C. H., Anderson, B. E., Ferrare, R. A., Sauter, K. EEduyer, T. S., van den Heever, S. C., Heymsfield, A. J., Ismailagl
Diskin, G. S.: Saharan dust, convective lofting, aerosol enhantezoees, and potential impacts on ice nucleation in the tropical upper
troposphere, J. Geophys. Res. Atmos., 122, 8833-8851, dddd®2017JD026933, 2017.

Ullrich, R., Hoose, C., Méhler, O., Niemand, M., Wagner, R., HgHter Hiranuma, H., Saathoff, H., and Leisner, T.: A new ice nucleatio
active site parameterization for desert dust and soot, J. Atmos. &cilpi710.1175/JAS-D-16-0074.1, 2017.

Vali, G., DeMott, P. J., Moéhler, O., and Whale, T. F.: Technical Notgréposal for ice nucleation terminology, Atmos. Chem. Phys., 15,
10263-10270, doi:10.5194/acp-15-10263-2015, 2015.

28



10

15

Vergara-Temprado, J., Murray, B.J., Wilson, T.W., O’SullivBn, Browse, J., Pringle, K.J., Ardon-Dryer, K., Bertram, A.Ryrrows, S.M.,
Ceburnis, D., Demott, P.J., Mason, R.H., O'Dowd, C.D., Rinaldi,&&arslaw, K.S.: Contribution of feldspar and marine organic aerosols
to global ice-nucleating particle concentrations, Atmospheric ChemistrPapsics, 17 (5), 3637-3658, DOI:10.5194/acp-17-3637-2017,
2017.

Weinzierl, B., Petzold, A., Esselborn, M., Wirth, M., Rasp, K., Kandie, Schitz, L., Koepke, P., and Fiebig, M.: Airborne measure-
ments of dust layer properties, particle size distribution and mixing statatwdr@n dust during SAMUM 2006, Tellus B, 61, 96-117,
doi:10.1111/j.1600-0889.2008.00392.x, 2009.

Westbrook, C. D. and lllingworth A. J.: Evidence that ice forms primarilgupercooled liquid clouds at temperatures-27°C, Geophys.
Res. Lett., 38, L14808, doi:10.1029/2011GL048021, 2011.

Wilson, T.W., Ladino, L.A., Alpert, P.A., Breckels, M.N., BrookisM., Browse, J., Burrows, S.M., Carslaw, K.S., Huffman, J.2udd,

C., Kilthau, W.P., Mason, R.H., McFiggans, G., Miller, L.A., Najedal., Polishchuk, E., Rae, S., Schiller, C.L., Si, M., Tempradb, J.
Whale, T.F., Wong, J.P.S., Wurl, O., Yakobi-Hancock, J.D.,#hhl.P.D., Aller, J.Y., Bertram, A.K., Knopf, D.A., Murray, B.A marine
biogenic source of atmospheric ice-nucleating particles, Nature, S88)7pp. 234-238, DOI:10.1038/nature14986, 2015.

Winker, D. M., Vaughan, M. A., Omar, A., Hu, Y., Powell, K. A,, Lid,, Hunt, W. H., and Young, S. A.: Overview of the CALIPSO Mission

and CALIOP Data Processing Algorithms, J. Atmos. Oceanic Tech236)-2323, doi:10.1175/2009JTECHA1281.1, 2009.

Table 1. Overview of INP parameterizations used in this study together with theifigezode and the temperature range for which they
have been developed. The parameterizations of D15 and U17-imnbeaneextrapolated 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 of50 Mm™* for each of the different aerosol types
(dust, continental, soot). The shaded areas take into account a fiahgeeatinction coefficient froml0Mm ™ (lower limit) to 200 Mm !
(upper limit). The error bars mark the error of the respective parisations 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 pegiela the immersion mode (right) panel, the parameterizations

are extrapolated over the immersion-freezing temperature randee(tibses).
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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 0.2ap (only for f; estimations)

Sp 0.15dp

dd 0.31+0.04 Freudenthaler et al. (2009); Ansmann et al. (2011a)

Ond 0.05+0.03 Muller et al. (2007); GroR et al. (2013); Baars et al. (2016); Haetrig. (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 (1.94+0.68) 1072 Mmm?cm~  Mamouri and Ansmann (2016) (Cape Verde, Barbados)

€290,c 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 +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-height PollyXT observations between 12 UTC on 20 April 2016 &hdIC on 22 April 2016 of the backscatter coefficient
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Figure 5. A-Train observations on 21 April 2016 at 11 UTC of MODIS-Aqua treéoc (up) and DARDAR & CALIPSO feature classifica-
tion (bottom).
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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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