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Abstract.

Aerosols that are efficient ice nucleating particles (IN&)crucial for the formation of cloud ice via heterogenenuse-
ation in the atmosphere. The distribution of INPs on a lapggial scale and as a function of height determines theiaghp
on clouds and climate. However, in-situ measurements okIpi®vide sparse coverage over space and time. A promising

5 approach to address this gap is to retrieve INP concentratiofiles by combining particle concentration profiles dedi by
lidar measurements with INP efficiency parameterizationglifferent freezing mechanisms (immersion freezing,cdéon
nucleation). Here, we assess the feasibility of this newhotkfor both ground-based and space-borne lidar measutgmen
using in-situ observations collected with Unmanned Aévkhicles (UAVS) and subsequently analyzed with the FRIDGE
(FRankfurt Ice nucleation Deposition freezinG ExperiméntP counter from an experimental campaign at Cyprus in [Apri

10 2016. Analyzing five case studies we calculated the clowglaglt particle number concentrations using lidar measenésn
(n250,ary With an uncertainty of 20 to 40% ansl,, with an uncertainty of 30 to 50%) and we assessed the siitjadilthe
different INP parameterizations with respect to the terapge range and the type of particles considered. Spedbjficalr
analysis suggests that our calculations using the parazegten 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 obesgons ofnnp thus, the parameterization of

15 Ullrich et al. (2017) can efficiently address the depositioicleation pathway in dust-dominated environments. Aaiakily,



10

15

20

25

30

our calculations using the combination of the parametgoma of DeMott et al. (2015) and DeMott et al. (2010) (applie

for the temperature range35°C to —9°C) agrees within two orders of magnitude with the in-situeslations 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 conipiladf the parameterizations of DeMott et al. (2015) for darsd
Ullrich et al. (2017) for soot.

Furthermore, we applied this methodology to estimate thHe ¢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 futureE®IRLINET (European Aerosol Research Lidar NETwork) and in
the frame of the European ACTRIS-RI (Aerosols, Clouds, arstd gases Research Infrastructure).

Our analysis shows that the developed techniques, wheredppi CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) space-born lidar observatiorgsjravery good agreement with the in-situ measurements Stiidy
gives us confidence for the production of global 3D produttsi@ud relevant particle number concentrationssf dry Sdry
andnyp) using the CALIPSO 13-yrs dataset. This could provide Maleignsight into global height-resolved distribution of
INP concentrations related to mineral dust, and possiliigraterosol 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 condensatitei (CCN) in liquid water clouds and as ice nucleatingipkes
(INPs) in mixed-phase and ice clouds. Changes in their curat#on affect cloud extent, lifetime, particle size aadiative
properties (Lohmann and Feichter, 2005; Tao et al., 201&rétz et al., 2014; Rosenfeld et al., 2014). As importaasé¢h
interactions are, they are the source of the highest unertm 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. (29Jahd become increasingly sparse with increasing tenyrera
(Pruppacher and Klett, 1997; Kanji et al., 2017). Aeroselcsgs which are identified in the past as potentially imparisPs
are mineral dust, biological species (pollen, bacteringél spores and plankton), carbonaceous combustion psydiaot,
volcanic ash and sea spray (Murray et al., 2012; DeMott g2@l.5b). From these aerosol types, mineral dust and soef-are
ficient INPs at temperatures belewl5°C to —20°C (dust) and-40°C (soot) and they have been studied extensively for their
INP properties in field experiments and laboratory studiaepy et al., 2009, 2017; Kamphus et al., 2010; Hoose and &tphl
2012; Murray et al., 2012; Sullivan et al., 2016; Ullrich &t 2017). Biological particles are one of the most activ® ifpecies,
however their abundance is likely low on a global scale,ipalerly when compared to other aerosol types such as minera
dust (Morris et al., 2014). It has been suggested that sdilcéay particles may act as carriers of biological nanostdiRs
(e.g. proteins), which could potentially contribute to alglly/locally source of INP (Schnell and Vali, 1976; O’'8edn et al.,
2014, 2015, 2016). Finally, marine aerosols (with possdinfleience 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
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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 (in the lidar backscatter coedfitianddy, curtains - not shown). The UAV samples were collected
between 11:37 and 11:57 UTC at 30km west of the lidar site wiglsterly winds prevailing. Constang of around 0.15
between 0.5 and 2.5 km supports the qualitative homogebettyeen the two observation sites during this time period.

On 9 April 2016, a thick pure dust layer (withh ~ 0.3) was observed above the lidar station, as part of a majoreshesit
above Cyprus between 8 to 11 April 2016. The mean AOD at Nicasis 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 bacéw@jectory analysis revealed that this event originated
from the central Sahara, with the dust particles being aédday a southwesterly flow directly towards Cyprus, reaghire
island after one day (Schrod et al., 2017). The UAV sample® wellected between 8:12 and 8:23 UTC inside the dust layer
and these observations were compared with the lidar-depirefiles at 6:50-6:59 UTC (a closer-in-time li&AV collocation
is not possible due to clouds with a cloud base at 4 km laterTimg OPC concentrations collected that day were the highest
observed during the period of the INUIT-BACCHUS-ACTRIS eximent.

On 15 April 2016 a persistent elevated dust layer was obdexeve 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 betweg#4 &nd 8:45 UTC (during the boundary layer development). At
that time, a pure dust layed(~ 0.3) was present between 2.5 and 3.8 km height. Below 2.0 km thewas 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 thicknessnif 33
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 amddver part of the elevated dust layer. For the comparisém wi
the lidar-derived concentrations, only the UAV measuretsarside the lower part of the elevated dust layer (1.7 - BiR&re
used.

The pure dust event on 20 to 21 April 2016 is considered thdggotase 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 4 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&r8 height with the top
of the main plume at 5km height, and disappeared at 18 UTC shdt1April. On that day, ice clouds were formed within
the dust plume and were present between 02:00 and 10:45 Ud¥ aéficosia. As shown in the figure, UAV flights were
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performed inside the dust layer on 21 April 2016 (OPC measargs 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) arccttimbined DARDAR and CALIPSO L2 feature mask (lower
panel). Dust is observed above the broader region in a##wg 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 hugkoesolution
(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 aetend is characterized by a homogeneous particle lineas-dep
larisation ratio ofé, = 0.17 4 0.03. UAV flights (OPC and INP sampling) were performed in the mdix@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 mezasnt times for the comparisons. For this analysis we used t
sun-photometer measurements at Agia Marina and Nicostkwaad trajectories, model fields and MODIS measurements.
This was especially necessary for the case on 21 of April wdhaunds were formed at the top of the dust layer. During that
day, the CALIPSO-derivedyp at 11:01 UTC were compared to UAV-measurgdr acquired approximately one and a half
hours earlier (between 8:30 and 9:40 UTC). The space/timeogeneity of the CALIPSO-deriveg, andnasg gy profiles
(acquired shortly after the end of the cloudy period) is coméid by the respective estimates from the PollyXT measunsne
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 Figuoe thd&=CALIPSO profiles, along-track observatiand) km away
from the lidar station are used. During that time, the dustya declined by approximately 300 m. Nevertheless, CALIPSO
and PollyXT retrieved profiles are in agreement within thegnor bars within the dense dust plume. Aerosol conditioagew
less homogeneous above and below this layer (see Figureudingastronger differences between the profiles of the four
parameters from the two instruments. The comparison betteeCALIPSO-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-basggh-retrieval we used the OPC measurements on 5, 9, 15 and 2R Npei profiles of
nas0,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 extingtrofiles and Eq. 8 (Table 3). The remaining non-dust carepo

is considered continental witlhso ¢ ary Provided by Eq. 10 (Table 3). The totabso ary profiles (Figure 7, upper panel, black
lines) are the summation @k, g,ary andnaso ¢.ary- The red dots correspond to the uncorrected UAY, 4y measurements.
The blue dots correspond to the corrected UAY), «ry measurements (as described in Section 3.3). We use onlggpective
height ranges at which homogeneous aerosol conditions fdloa comparison of the UAV- and lidar-derived estimatesede
measurements correspond to heights above 0.5km on 5th df Apove the PBL on 9 and 15 April (> 1km and > 2km
respectively) and above the nocturnal boundary layer on@# £ 0.7km). It seems that the distance has little impacthe
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lidar-derived and the in-situ measuresgk 4y presented in Figure 7, with most of the in-situ-deriveg, 4y being well within
the error bars of the lidar retrieval when considering thetidbutions of both mineral dust and continental polluti@n 9
April we observed the highest differences between the-il#aived and in-situ-measureds, qry, Which may be attributed to
the ~1 hr time difference between the in-situ sampling and tharlrétrieval (limitation due to mid-level clouds as dis@ss
already). Nevertheless, the case is included here, agé@gept the strongest dust event observed during the camg@agrall,
the values ofia50 qry Varied between 1 and 50 crh.

Figure 8 provides a quantitative comparison of the obskmatpresented in Figure 7 for lidar retrievalsiofo ary cON-
sidering both mineral dust and continental pollution anel ¢brresponding in-situ measurements at the same heigs.lev
Again, we see that the results agree well within the erros béthe lidar retrieval with?? = 0.98. The uncertainties of the
UAV-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 OPCadhte 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 irtouat
in this study. Nevertheless, it is not expected to be higlabse the refractive index used is characteristic for dusicpes
(n=1.59). We have to keep in mind the effect of a possiblerimbgeneity between the two stations. In view of all uncetyain
sources, the lidar- and UAV- deriveds, gy are in good agreement. In terms of absolute values, thedielavedns ary are
slightly lower than the UAV-derived ones. We conclude tiddd measurements are capable to provide reliable spatipdral
distributions ofnas0 ary in cases with dust and continental aerosol presence witlnegrtainty of 20 to 40%.

The profiles ofSq,y retrieved from PollyXT observations and in-situ measuneisiare shown in Figure 7 (lower panel). The
dust-only profiles (orange lines) are calculated from thet @utinction profiles and Eq. 9 (Table 3). The remaining dast
component is considered continental withyo ¢ ary provided by Eq. 11 (Table 3). The tot8,y profiles (Figure 7, lower panel,
black lines) are the summation 6f 4y and Sc q4r,. These profiles are compared to the taigl, derived from the corrected
in-situ number size distribution (e.g. Figure 3b). We sex the latter agree well within the uncertainty of the lidarived
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 instrumemtdarticles with radius smaller than 150 nm which are mainly
composed by the polluted continental particles. The effenobt seen in the correctedsq, 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 20E6used. 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(= 0.15 £ 0.03). On 21 April, the pure-dust sample was collected from 2r5dtitude

(0p = 0.28 £ 0.03) (Figure 4). Analysis performed in FRIDGE chamber provitleel INP concentrations for these cases. The
in-situ samples were analyzed-a0°C, —25°C and—30°C. For the deposition nucleation (Figure 9a) and (Figurég,iBa
samples were analyzed RtH,, of 95%, 97%, and 99%, leading to three valuesSgf for each temperature (1.16, 1.18 and
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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 anglysing a scanning electron microscope, which showed that
99% of the particles were dust and 1% was Ca sulfates andriacbous 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 non-@i®sol components) are smal $0%) and (ii) the uncertainties
induced from the D10 and U17-(soot) parameterizations anémmm. Figure 9 shows the;np on 21 April as they were
calculated from the lidar measurements (colored symbal$y@easured from the UAV-FRIDGE samples (black triangigs),
for deposition nucleation (as a function of saturation dgej and (b) for condensation and immersion freezing (asetion
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 sqatiey of all the lidar-estimated,\p against the in-situ measurements
for (a) deposition nucleation and (b) condensation and irsioe freezing. In Figure 10 (b) the ratio between the lidarived
and the in-situnp is provided as a function of temperature. Similar resuksadrserved for both the pure dust (Figure 9) and
the dust and continental cases (Figure 10), with the lid@mesedn,yp 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 d&b7in a dust case the lidar-derived concentrations
are in excellent agreement with the in-situ observationall(within their uncertainties), wit,p values to span over 2.5
orders of magnitude (for different ice supersaturationditions) and the retrievals to capture the whole extend isfrdnge
(Figure 9a). The lidar-retrieved U17-dep values in thisecaie dominated from the dust relatefp (estimated from Eq. 3;
Table 1), with the non-dust relatedyp (estimated from Eq. 6; Table 1) being five orders of magnitiesheer. In dust and
continental cases (Figure 10a), the 97% of all the U17-akp-derivedyp 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 overestimatisalr@ady expected as discussed in Section 2 and Steinkd 20Hb)
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 thgs q.ary from Eq. 8 (Table 3). The D10 continental-relategp are calculated
using the Eq. 7 (Table 1) with thesso ¢ary from Eq. 10 (Table 3). The D15+D10 values for the total (dusbrtinental) aerosol
in the scene, are the summation of the aforementioned DXi-(dlated) and D10 (continental-relategp calculations (See
Figure Al and A2 in Appendix). We did not include the U17-imoosestimates in the plot since these are quite similar to the
estimated values from D10 at temperatures <€l 8Section 2; Figure 1). Consequently, for the total INP |lgathe scene,
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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 th 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, withinrdspective uncertainties for the samples analyzed24rC 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 Ifrom the D10 non-dust contribution (although the contiidtfrom
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 &¢hag for the samples analyzed under condensation figgezin
conditions, the D15+D10 estimateghp are no more than 2.5 times higher than the in-situ measursr(ieigure 10b). Larger
differences are observed at the temperatures where inondrsezing dominates over condensation as the main INRvagth
with 1.5 - 7 times larger values at25°C and 4 - 13 times larger values-aB0°C. Indicatively, for the pure dust case, at T =
-25°C the in-situn;yp Were 123 L~! and the D15+D10 lidar-derivednp Were 26 L= (with a negative error of 1411). At
T = -30°C, the in-situn;p Were 624 14 L—! while D15+D10np estimates were one order of magnitude higher (249L
Overall, in 85% of the analyzed cases, the D15+D10 lidarewts 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 thevin-
situ ones. In particular they are 3-11, 2-80 and 2-1000 tilmgger than the samples analyzed at FRIDGE chambef@fC,
—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-derivedqnp values ares0 L—! at T= -20°C. Recent
comparisons ofynp derived from samples analyzed in FRIDGE chamber usuallggmigood 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 msfitation and measurement techniques, (b) the lackindapvef
the freezing modes, (c) inconsistencies between the ipdtéms 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-baseghp estimations in Figure 9 and Figure 10 are calculated usings&an error propagation
together with the typical uncertainties provided in Tabldr2 DeMott et al. (2015), a standard deviation of two ordefrs o
magnitude is reported as the uncertainty of the D15 paraipat®n. In the same plots, the uncertainty of thhge from
in-situ data is very low. Under most experimental condgioiie repeatability of the ice nucleation in the FRIDGE cham
dominates other uncertainties. An uncertainty of 20% has saggested as a useful guideline for the uncertainty afttiesic
measurements, corresponding to the statistical reprbiiticdf an individual sample. However, it has also beenomtgd 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. (20X8¢r-comparison of INP methods saw that at all temperatures
and for various test aerosols thgyp uncertainty for immersion freezing is one order of magrétudhile for deposition
condensation the uncertainty is expected to be even larger.
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Our analysis suggests that the D15+D10 (and D15+U17-imob))simmersion/condensation parameterization (applecab
for the temperature rang85°C to —9°C) and the U17-dep parameterization (applicable for thepature range-50°C
to —33°C) agree well with in-situ observations ofyp and can provide good,\p estimates in pure-dust and dust-continental
environments. The U17-imm pure immersion parameteringtiovides 1-2 orders of magnitude larger values, we thezefo
consider theynp estimates according to D15+D10 as the lower boundary ofilplesslues, with the actual values to be up to
one order of magnitude larger in the temperature regime oférsion 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 clou@wvant
aerosol parameters up to the cloud levels, using (grousd-aad space-borne) lidar measurements. In particulanifocase,
the temporarily averaged PollyXT lidar observations at W92 and the spatially averaged CALIPSO observations at111:0
UTC provide us the information of thexsg qry Sary @andnynpe right before and after the cloud event which was formed g
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. Asstied above, the dust plume declined by approximately 300 m
during that period while ita,\p stayed relatively constant inside its dense part. Aboveidie dust layer the aerosol conditions
were variable, with multiple thin layers present up to 8 knitide 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 cn3; Figure 6 (d))
and three thin dust layers are visible at 6.4, 6.8 and 7.8 kth @istnyso gy 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 theyp concentrations derived from the different
parameterizations at altitudes between 3 and 8 km agl. FneriMRF and MERRA-2 assimilations we see that T <>G5n
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 0.4L! (5.8km; -20°C) and 4 L=! (7.8 km; -34°C) (based on D10). Using U17-imm
for soot we derived thewp for the relevant non-dust particles of 170L~! (-10°C), 0.04 ! (-20°C) and 8 -! (-34°C).
Figure 11 (a) shows here again the relatively good agreebeateen the lidar-derived non-dusfp using D10 and U17-
imm parameterizations at T< -2C and their significant discrepancies at lower temperatdies dust aerosols in the scene
contribute to a gradual increasergf;p inside the main dust layer from 0.05L (4.5km;-10°C) to 0.4 ! (5.3km; -14°C).
Then a decrease of one order of magnitude is observed up to(6.R@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 kA bf ! (-22°C), 4L~ ! (-25°C)
and 200 =! (-33°C). The aforementioned values correspond to D15 estima@tesU17-imm dust estimates are 60'L(-
22°C), 200! (-25°C) and 1000L! (-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
inside the main dust layer (altitudes between 4-5.5 km; Eatpres [-20,-6]C) where 34% of the totalp is attributed to
dust aerosols (0.061!) and 66% to non-dust/continental aerosols (0.12)L Shortly after the period analyzed here, mixed
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phase clouds are observed above Nicosia at first at altituet@geen 5-7 km and during the rest of the cloudy period mainly
above 4 km (Figure 4).

Figure 11 (b) show the lidar-derivednp above the station shortly after the end of the cloudy cooiéti At that time,
the main dust layer is observed at altitudes up to 5.5 km witladditional layers above it. These observations are dmse
the local noon with the air temperature above the stationgogicreased by 2.7 degrees, leading to temperatures ©fad
3.6kmand -15C at 5.4 km agl. At these altitudes, a relatively constantritaution of non-dust/continental particles is present
(n2so0.ary= 0.4+ 0.2 cnm3; Figure 6 (d)) which leads to a gradually increase of the dostn e per height from 2x10% L1
(4km; -2°C) to 10 2L ! (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 kmufso ary= 16 cnT3; 4 - 4.6 km); Figure 6
()). The dust-relatedyp 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 0:8land 0.1L-' respec-
tively at 5.3 km altitude (D15+D10 in Figure 6). This diffexee is due to the increase of the air temperature during the da
and the decrease obso ary and Sgry. 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 conclasidor,
example, measurements of the atmosphere dynamics (emafrdnd lidar) and observations of the cloud evolution (Eam
a cloud radar). Although these measurements are absenbfroground-based instrumentation, we utilize the DARDAREN
product (based on the CLOUDSAT/CALIPSO observations on il 2016 - Figure 5) as a hint for the trug\pof the scene,
and we compare them with the neighboring CALIP&(» estimates.

Figure 12 shows the DARDAR;.. estimations along the A-train track (presented in Figurars) Figure 13 shows theyp
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\84The clouds observed at 32 and 32\8are coupled/collocated
with an aerosol layer at their cloud top, at altitudes of 8 &3 km and temperatures of -18 and ¢Z5respectively. 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 aectzsal-
layers. We assume that the ice crystals in these two cloudsate 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 contributidhéace
is insignificant, as the cloud top temperatures are muchrltinag 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
height with thenic. inside the cloud, having in mind that, with our hypotheshsetce values can be up to theyp values
if all the INPs are activated to ice crystals. For the smatleud, at~32°N, nice between 0.8 and 81! are retrieved and
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nine between 0.3 to 2! and 4 to 20! are estimated with the D15+D10 and the U17-imm respectiay the cloud at
~32.8°N, nice between 0.4 and 601 are retrieved aneyp between 3 to 20t! and 100 to 400 E! are estimated with
the D15+D10 and the U17-imm respectively. Overall, in thiege clouds thenyp estimates in the top of the clouds have
1-2 order of magnitude uncertainty in their estsimates arelarder of magnitude differences in the retrievals betwesarh
other. Additionally the retrieved DARDAR profiles provides only with a hint of the order of magnitude of the truage.
Nevertheless theice estimates are between the estimatgg values and within the errors of the two parameterizatiohgs€
results strengthen our conclusion that we can use thedieidavedn,yp from D15+D10 and U17-imm to estimate a minimum

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

5 Summary and conclusions

We present a methodology for derivimgyp profiles from lidar measurements and a comparison withtintdAV measure-
ments ofn;np. More specifically, seven INP parameterizations are tesi@thtain lidar (ground-based and space-borngy
estimates representative of mineral dust and contingotaltion/soot aerosol. We prove that a compilation of tlagapne-
terizations of DeMott et al. (2015) (D15) and DeMott et al01R) (D10), for dust and non dust particles respectivelyn is
good agreement with airborne in-situ measurements (Satrald, 2017) for addressing immersion/condensation iingeat
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. Specificallgiar-derivednnp using D15+D10 (and D15+U17-imm(soot)) agree
with the in-situ measurements within the reported uncetyaiange 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 ItWRa®NS (1250, ary@ndSqry) are derived from lidar measurements
as shown by Mamouri and Ansmann (2015, 2016). The compabstween the lidar-derived concentrations of dry particles
with radii larger than 250 nm with coincident UAV-OPC intsineasurements showed a good agreement with slightly lower
values (32%) for the:,s0,qry 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 thegitu observations and remote-sensing estimates aredd g
agreement within their uncertainty ranges.

A further step for improving the lidar-derived INP retriégvaand investigating the different parametrizations usetyi
conducting dedicated studies with collocated lidar mearsents and additional temperature and humidity profilingrater
to calculate the INP concentrations at real conditions, tiedcombination of the retrievednp with airborne in-situ ice
concentration measurements.

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

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

Moreover, the study enhances the confidence for the pramtuofiglobal 3D products of2sg dry Sary @andnne from the
CALIPSO dataset. The application of our methodology to nitbem a decade-long CALIPSO measurements could provide
valuable insight into global height-resolved distributiof 1250 4y andnne related to mineral dust, and possibly other aerosol
types. This will enable global-wide studies of aerosol dinteractions 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 @andnyp CALIPSO products is the utilization of ground-based lidetwork observations
as for example EARLINET and PollyNet.

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.

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

The Figure A2 illustrates the general idea of the methodofojowed for the INP estimations from the CALIPSO 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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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
at 1064-nm (up), the volume linear depolarization ratio at 532-nm (Qeatel the feature mask (bottom). The magenta markers refer to
the analysed period of PollyXT (left box: 1 - 2UTC on 21 April 2016), IGAP (dashed line: 11:01 UTC on 21 April 2016) and UAV
(horizontal bar: INP sampling between 8:30 and 9:40 UTC on 21 Apri62€igght box: OPC measurements between 5:00 and 5:30 UTC on
22 April 2016) that are being referred to in this study. The bad retriguaise feature mask refers to observations affected from (i) total
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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 10. Comparison of INP concentrations derived from the lidar observagmas UAV-FRIDGE measurements for (a) deposition
freezing and (b) condensation and immersion freezing for cases uéthadid continental presence. Colours and symbols refer to the used

parameterization. Lines in (a) and (b) mark the 1:1 line. Numbers inya)Rgarson’s of the linear fits.

37



T RN B B B B B ™

= - 2 oty 1 :

Y U17-dep ]

7 ::‘_y ¥ "7 [ U17-imm (dust) ]

T S 1 U17-imm (soot) 1

i~ K i . D10-con 1

g R 1 [ D15+D10 1
=)
©
£
o

35 :

¢ b-

0100-0200 UTC | 1101 UTC |

mi ul . mi mi P-IOI.IyX-JT J . mi ul . mi C-JAEIO.IP J

do4 02" 00T H0r T 10t 104 407 400 A0 404

Ny (L) Ny (L)

Figure 11.INP concentration profiles estimated from the measurements with (a) Foblgveen 01:00 and 02:00 UTC on 21 April 2016
and (b) CALIOP at 11:01 UTC on 21 April 2016. Temperature levelsdamdved from the WRF and MERRA-2 models. Colours refer to

different INP parameterisations. Solid lines mark the temperature fangeénich the corresponding parameterisation has been developed.
Dashed lines refer to the extrapolated temperature range (see Table 1).

o DARDAR- Number concentration of ice particles

| ! 10°
\
E 7r J ’ 10°
k]
=6l .
g 10 i—_',
E st ‘ 10° €
>
°
T al 'l H 10"
| B!
3 1 1 1 1 10-2
31 32 33 34 35 36

Latitude (deg)
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38



10°
’g 10
=
= 10'
2] -
© Tz
= 10° €
o
% 10"
3 L Il L L 10'2
31 32 33 34 35 36
. CALIPSO - n,, [U17-imm
10°
E 10?
X
el 1 —
3 10 q
= 10° €
o
©
T 10"
10?

3 L 1 L 1
31 32 33 34 35 36
Latitude (deg)
Figure 13.Spatial distribution of the INP concentrations during the event of 21 Apfibzat 11:01 UTC, as derived with the D15+D10 (top)

and U17-imm (bottom) parameterisations. The location of the clouds\azsare depicted with gray contours. The dotted lines correspond
to T =0, -10, -20 and -30C, based on the MERRA-2 model.

39



n. (L)

810'2 101 10° 10" 102 10° 102 10 10° 10" 102 10°

nice (L-1)

[T
N.(DARDAR)

[ Ny U17-imm ]
7F n,, D15+D10 4

Height asl (km)

31.9-32.4 °N

LRALL BELELLLL BRI BRRLLL. Bl

32.7-33.3°N]

PRETITY RERTTTT REWTTT EEWTTTT BTt

3l vl vl il 4

102 10' 10° 10" 102 10° 102 10" 10° 10' 10%2 10°

Nie (L

Figure 14.Concentration profiles afine andnice from the A-Train measurements presented in Figure 12 and Figure 3fareas of (a)
31.9 to 32.4°N (left) and (b) 32.7 to 33.3N (right). Thennp dotted lines denote the uncertainties of the estimationszikheotted lines

correspond to the 25 and 75% percentiles of the concentrations retietiericloud. The overall uncertainty of the retrievals is discussed in

Nive (L

the manuscript. The indicative temperature lines are from the MERRAd&mo

40



Desert: N250,d,dry
A ™ "
PollyXT | By oy S,dry
Py <N desert:| |Conti I:
on-desert:| |Continental:| | | Ny, ;
Bnd T Bc' ac Sc,dr\/

BW trajectories
Angstrom exponent

Figure Al. Overview of the data analysis scheme followed for the PollyXT measuresniethis work. In the first step, we separate desert
and non-desert backscatter coefficiemisdnd Sng) by means of the particle linear depolarization rafig).(The backscatter coefficients for
the non-desert aerosol is estimated to be continental aerosol migibgsneans of, e.g., backward (BW) trajectory analysis and Angstrém
exponent information. The two backscatter coefficients are then dedv® aerosol-type-dependent particle extinction coefficien)s iy

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

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

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