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Abstract. There are two fundamental mechanisms through which cirrus clouds form: hathbeterogeneous ice
nucleation (henceforth hom and het). Thktive contribution of each mechanism to ice crystal production often
determnes themicrophysical and radiative properties of a cirrus clowinew satellite remote sensing method is

describedwhereby the sensitivity of wave resonance absorption to small ice crystals is exipldftisdstudy to

estimatecirrus cloud ice particle number concentration #relrelativecontributionof hom and het to cirrusloud
formaton as a function of altituddatitude,season and surface type (e.g. land vs. oceBns method useso-

located observations frothenfrared Imaging Radiometer (IIR) afrdm the CALIOP (Cloud and Aerosol Lidar

with Orthogonal Polarizatioplidar aboard the CALIPSG0loud-Aerosol Lidar and Infrared Pathfinder Satellite
Observationpol ar orbiting satellite, empl dheimetipdslappkedieteannel s
to singlelayered clouds ofisible optical depth between about 0.3 andT3vo years ofVersion 3data have been
analyzed fothe year2008 and 2013, \h each season characterized in terms3@ nm cirrus cloud centroid

altitude and temperaturthecirrus cloudice partcle number concentration, effective diamelayeraveragdce

water contenaindvisible optical depth.Using a conservativeriterion for hom cirrus, o0 averagethe sampled

cirrus clouds formed through hom occur about 43% of the time in the Arctic and 50% of the time in the Antarctic,
and during winter at mitatitudes in the Nrthen Hemispherehom cirrusoccur 37% of the the. Elsewheréand

during other seasons in theithernHemisphere midatitudes), this hom cirrus fraction is loweProcesses that

could potentially explain these observations are discussedell as the potential relevancy of these results to ice

nucleation stidies, climate modeling and jstream dynamics
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1 Introduction

The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC 2013) states that

AClIli mate models now include more cloud and aerosol processes, and their
there remains low confidenceirth r epr esent abi |l ity and quantTheflargesst i on of these processes
single cause of uncertainty in anthropogenic radiative forcing is from the indirect effect of aerosols oraclduds,

the dependence dfie microphysical properties ofrrusclouds omatural and anthropogenéerosols iperhaps the

leastunderstooaf these indirect effects

Cirrus clouds ar@ure ice clouds that form at temperatures less than 235 K (where liquid water cannot exist). They
aredifferent than liquid water ouds in that they can be formed in two different ways; through homogeneous and
heterogeneous ice nucleation (henceforth homhatdrespectively). Heequires aninsolubleaerosol particle like

mineral dust teserve as an ice nuclei (IN) thattiates the ice phasthrough direct deposition of water vapor onto

n

the IN, or by the IN initiating freezing from within an aqueous medium (such agweous aerogolConversely, [Deleted: cloud droplet

hom cirrus do notequire a particlewith ice forming through th&reezing ofpure solution droplets such mshaze

or clouddroplets (Koop, 2000)Without understanding the relative contributions of these two mechanisms to cirrus
cloud formation, and how this varies with temperature, latitude, season and sypfatiee aerosol indirect effect
for cirrus clouds will remain obscure. Moreovérese two formation mechanisman lead to major differences in
cirrus cloud microphysical properties that determine their radiative properties, with the ice particle number
corcentration N generally being much higher in hom cifaug. Barahona and Nenes, 2p0&or purposes of
climate impact, it may be useful to subdivide cirrus into two categohom cirrus and het cirrus, where hom
dominates the microphysical propertisshom cirrus, and conversely for het cirrlie factors that determine
whether hom or & dominate may depend tre amplitude of atmospheric wave actifiyvhich affect the air parcel
cooling ratee.g. Haag et al., 2003Jensen et al., 20aB the IN concentration at cirrus levetmd whether
nucleation occurs in the presence of-présting ice (e.g. Shi et al., 2018)nd these may be a functionsefrface

topography(e.g. mountainous terrain vs. ocean or plains), latitudesaasion

Kréameret al. (201@) evaluated cirrus cloud in situ data from many field campaigimrga detailed cirrus cloud
modelto inferthe microphysical processessponsible for the observation$hey found thahom dominated in
cirrusclouds thaform in fast updréis producedby atmospheric waveg §. leewave cirrus). These cirrus may be

associated with maainous terrain. Otherwigkecirrus tended to result from héthefi| i qui d ori gin cirruso

described in Kramer et al. (20d)6and Luebke et al. (201&)r ice clouds having T < 235, &reformedprimarily by [Deleted: ,

theheterogeneouseezing of liquid dropletsittemperatures T >88°C (235 K)with possible contributions from the [Deleted: ,

homogeneous freezing of cloud dropl#tat occurs onlyat~ 235 K andfrom hom (T < 235 K)f the updratft is fast
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enough. Ice produced at T > 235 K is liffedm theselower levels into théicirrus zoné where T <235 K Liquid

origincirrusi ncl ude anvi l cirrus and some fr émotstare. ci rr us

While these and other studies have advanced our understanding of how cirrus clouds form and thus their
microphysical and radiative properties, tldaw froma limited number of field campaigns thatay not represent
all the conditions in whiclsirrus clouds formand may not provide a reliablederstanding of the geographic and
seasonal distribution of het and hom cirré®r examplethere have been few cirrus cloud field campaigns in the
Polar Regions anih the Southern Hemispherghere INconcentrations are predicted to be much lowetixgdo
the Northern Hemispher&torelvmo et al., 2014)Without aglobalmonitoring systentapable of inferring cirrus
cloudformation processeglobal climate model (GCM) predictions cifrus cloud adiative forcing may not be

realistic, especially ifhe predictedgeographic and seasonal dependence of hom arithetclouds isflawed

This studydescribes a new approach for estimatifoyd layerN, theice particle size distribution (PSffective

diameter @, and thdayeraveragdce water contenfWC) in selectedsemitransparent cirrus clouds using-

fed by ascending

located observationsfromh e 10. 6 5em armhdanh2.I6 on the I maging Infrared Radi ometer

CALIPSO(Cloud-AerosolLidar and Infrared Pathfinder Satellite Observatigmlar orbiting satelliteaugmented
by the cloud laye532 nmcentroid altitudecloud geometricthicknessandextinctionprofile from CALIOP Cloud
and Aerosol Lidar with Orthogonal Polarizatipand by interpolated temperatures from Global Modeling

Assimilation Office (GMAQO) Goddard Earth Observing System Model, version 5 (GEOSADIOP and IIR are

assembled in a neaadir looking configuration. The crossack swath of IIR is by design centered on the CALIOP
track where observations from the two instruments are perfectly temporally collocated. The spatiation is
nearly perfect, as CALIOP samples the same cimuthe Ikm IIR pixel, but withthree laser beam penetrations per
km having ahorizontalfootprintof 90 m While the IIR retrieves layeaverage cloud properties, CALIOP retrieves
vertical profiles within this laye providing additional information tguide the retrievals and enhance the
interpretation. Theseetrieved cloud properties are compavéth corresponding cloud properties measuresitu
duringseverafield campaigns conducted throughout the woighme initiallIR retrieval results areeported for
2008and 2013uring each season for all latitudeEheseresultsareused to formulatevorking hypothess that

explainsome mechanisms ftine seasonalependency of thglobal distribution of hom and het cirrus.

Section 2 describes the rationale d@velopingretrieval results, SecB describes the retrieval physics and
methodologywhile comparisons between retrieved and measured cloud propesiell agetrieval uncertainties,
are discused in Sect4. Retrieval results and discussions thereof are give3ent.5, and other studies arelated

to this study in Sec6. Condusions are presented in Sett.

Aiconvey

(11R)

a

\/ Deleted: a GMAO reanalysis
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2 Discrimination between het and hom

This section describes the method for discriminating between hom and het cirrus clotius ratidnale for using

this method As shown in Barahona and Nenes (208&)a given value of the water vapor deposition coefficient,

ice crystal production ratésy hom aremost sensitive to the cloud updraft (itkee cooling rate), then temperature
andthe neaitloud aerosol concentratignpomparable sensitivities for botgndtheyareleast sensitive to the mean
aerosol particle ge The cooling rate is a key factor determining the relative humidity with respect to ice (RHi) in a
rising air parcel, and hom requires a RHi > 145%, depending on temperatoce. N due to hom results from the

freezing of haze and cloud solution diefg (the larger sizes in their PSDs), and their nurobecentrations are

typically >200L" (reaching concentrations of D@OL* and higher)hom isgenerallyassociated with relatively [Deleted: ,

high N. Undervery cold andunique conditions of weak amdlatively shortlived updraftye.g. lowramplitude
gravity waves) N resulting from hom may be < 1Q¢ (Sprichtinger and Kramer, 201Bramer et al., 201. On
the other handge crystal production rates fronetdepend mostly on the IN concentratind composition
(Pruppacher and Klett, 1997, Ch),vith IN comprising a very small subset of the total aerosol populabore to
this, N resulting from het tends to be less than ~12b(Barahona and Nenes, 2009; Jensen et al.,®201Rziczo

etal., 2013, although higher concentrations are possible under atypical conditibm®over, the RHi required for

hettypically ranges from 1§% to 140% depending on IN compositide.g. Karcheand Lohmann, 2003; Karcher [Deleled:

et al, 2@7)._Given theseriteria for het and hom, one can see how both het and hom can contribute to N in a strong

cirrus cloud updraft, with het producing the first crystals, but due to insufficient ice surface area to prevent the RHi

from climbing, the hom threshold can be reed with crystals produced by hom usually dominating N.

Jn theory, one could use either N or RHi to discriminate between hom and het. But in practegelfite remote [Dmeled;

sensing to discriminate between hom and het conditions among cirrus cloudstttistirguishing feature to
exploitappears tdethe generally observed differences in N.Barahona and Nenes (2009, Fig. 4), competition
effects between het and hom are simulated in a parcel model using a broad spectrum of conditions (affecting
nucleation) found in nature. They find that het generally accounts for N < 2@Md that either hom or het can
account for N between 200" and 500L"%, while hom generally accounts for N > 500. Hence, in this study we

use N > 500 as a conservative threshold for cirrus dominated by hbiis threshold is especially conservative

when one considers that entrainmant ice sedimentatiogffectsare predicted to dilutthe N in cirrus formed

through largescale ascer(Spichtinger ad Gierens, 2009]ensen et al., 20bp Although RHi differs between

hom and het at the time of nucleation, RHi tends to rapidly decrease after the onset of hom due to vigorous
competition for water vapor among the ice crystals occurring at relativelyNigrhis may producwer RHi

under hon conditions relative to het conditisife.g. Jensen et al., 2@)3rendering RHi an uncertain means of
discriminating between hom and hén. addition to N, topographfrelated to cooling rateggn also be used to infer

nucleation mechanisms based ba attributes noted above. For example, mountainous terrain will induce relatively

4
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high amplitude atmospheric waves at cirrus clawels (Jiang et al., 2002; 2004; Wu and Jiang, 26#fmann et
al., 2016, resulting in higher cloud updrafts. Tha®untainous terrain in association with relatively high N should
be a strong indicator for hom cirruslom cirrus may also be more likely to occur in regions having relatively low
IN concentrations, such as the Polar Regiohs the best of our knowledge satellite remote sensing method
sensitive to N (which is dominated by the smallest ice crystals) has not been developeditiad @bgctive of

this study wa to develop such a method.

3 Developing a satellite remote sensing method sensitiveNo

It is widely recognized that the ratio of absorption optical depth from ic

and 11 em (or similar wavelengths) ,h, 6 1985 Paroietdil99l;n cl oud mi crophysical infor ma

Cooper et a).2003;Dubuissoret al, 2008; Heidinger an&avolonis 2009; Pavolonis2010; Mitchell et al.2010;
Cooper and Garrett010; Garnieretgl2 0 1 2 ; Mi t ¢ h e | |2012;rGdrniet ét B12013). €hese studies
have used a r et rdffectivediamdter ) the ice water path (IVéP), thé reassighted ice fall
speed (W), the average fraction of liquid water in a cloud fiaftd the relative concentratiofismall ice crystals in
ice PSDs However, themainreason for the emissivity dérences in satellite remote sensatnnelsentered on
these two wavelengthgas not understood until after the development of the modified anomalous diffraction
approximation (MADA) that, to a first approximation, allowed various scattering/absogroesses to be isolated
and evaluatethdependentlyNlitchell, 2000; Mitchell et al., 200Mitchell, 2002;Mitchell et al., 2006).For
wavel engt hs bet wheanost @itical precegsiraniefefzedswas, wave resonance, also referred to
as ploton tunneling (e.g. Nussenzveig, 1977; Guimaraes and NussenzveigNL@32nzveig, 2002 It was this
process that was found to be primarily responsible foclied emissivity difference between thesavelengths
(12 & m a e cloddsas egcribed in Mitchell et al. (2010)The greatest tunneling contributitm

absorptioroccurswhen the ice particle size and wavelength are comparable and the real refractiveirsdex

relatively high (Mitchell, 200Q) Sincem; at 12 pm is high relative toy fort he 11 Om waenstivedan gt h, b is

thetunneling process arttie relative concentration of small (D < 60 pm) ice crystalsirrus clouds

It was originally thought thatindexofieesnu!| aeédt woomadief fFegéhse¢ad)n the i maginar

near 11 em and 12 &m, but it is actualdl yAdueiheseddfferences in the real in

sufficiently large sdhatmost ice particles in the PSD experience atependent absorptiqne. no radiation passes

through the particle), and the absorption efficiengysQor a gi ven i ce partichses wil.l be ~ 1.0 for both & wt

based onlyonmii.e.theQwspr edi ct ed by Beerds | aw absorptined or
difference betweenQ{ 12 ¢ mp{llaemd) Q sdifferenees itthephoton tunneling contribution to
absorption that primarily depends on (Mitchell, 2000). Thatis,mi s subst anti al when &
| ow when @& ducinglakubstamtial differeace betweenfQl 2 & m)pd B h dEigRle 1 Hows the

anomal ous di ffraction th

= 12 em but is relativel
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size dependence of the tunnelmg@ nt r i buti on for hexagonal columns at 12 e&m. It is evident t
becomes important only for the smallest ice crysizdswhere wavelength and crystal size are compar(glele
maximum dimensio® < 50 & m) , maki ng b werdudleatsd(smallpick cristalsthal et ect i ng recently

primarily determine N (Kréamer et al., 2009).
In this study, we use CALIPS(R channelsat106 mand 12. 05 em and define b as
b= Upd12.05em)Jp10.6em) 1)

wh e més thbretrievedabs or pti on opt i aarievedirerp theheffettive emiasivigHowegen, o

what is retrieved iasoimat ueleasctlhy BfflRet saoff skt tering, defined as the eff
bert is described analytically in Parol et al. (199Fpr a given cirrus cloudetrieveddp{10.6em) may be slighty

less tharllp{11em)since mat 1 Oislésstkampat 11 e&m, meaning that some Beerds | aw type absorpti
may contribute to emissivity differences between the 10.6 em and 12 em cha
narrow. Thi s acts to extend the dynamil@emarmdannfelr etormbeé \nalts omel(atigve to the 11
the limiting maximumr et ri eved wi ll be greater usinthelO0.6 and 12 em relative to 11 ar
methodology for retrievin@ALIPSOIIR effective emissivity andes from co-located CALIOP observations and

IIR radiances is @scribed in Garnier et al. (2012013. IIR retrievals are from the CALIPSO IIR Version 3 Level 2

track product{Vaughan et al., 2015)in this product the scene typing isuilt from the CALIOP Version 3 5km

cloud and &rosol layeproducts. It hasbeenrefined for this study to account fadditionaldense clouds the

planetary boundary layeeported in theCALIOP Version 3333m layer praluct IR retrievals are further

corrected to reduce possible biases, as described in Sect/e3s2on 3CALIOP cloud extinction coefficient

profilesareused for some of the correctionBhese improvementwill be implemented in the next versidrof the

IIR products.
3.1 Relating bei to N/IWC and De based on aircraft PSD measurements

Using aircraft data from the DOE ARM supported Small Particles in Cirrus (SPartlCus) field campaign in the
central United States and tN&ASA supportedlropical Composition, Cloud and Climate Coupling (TC4) field
campai gn ne afwasrelaed @ cirRis coad micophysical propertiBegarding SPARTICUS, the
data set described in Mishra et al. (2014) was used, and the TC4 data is dasdviibeliell et al. (2011).Details

regarding field measurements, the flights analyzed and the microphysical processing are described in these articles.

The PSDs were measured by #i2-S probe (Lawson et al., 2008here ice particle concentrations weneasured [Demed; . ]
down toill® sime5bin) and up to MWheB®siemg niwaldlatappr ot[Deletedi Indeed, ]
criteria). The data in the smallest size bink% e m) has g r(@easeneet aR0lB)det was asecirt y [Deleled: ¢ ]

Deleted: showed that the largest uncertainty in depth of field fc

this analysis since to exclude it would likely result in greater N error than the N uncertainty intiofueems this size bin results in an overestimation of number concentratic
particles in this smallesize bin
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calculated from these PSDs using the method described in Parol et a). &b8Mitchell et al. (2010). This

method was tested in Garnier et al. (2013, Eiy. w h & caleulafed from a radiative transfer model (FASDOM;
Dubui sson et al ., 2s@dcsldted analgicakly viaRamireteal (1991), twith gdod agreement
found between these two methoddo r e s peci f i c & fromySDintthisstudy the RED absoeptioh
efficiency Qansis given asQans= avb Apsp, W h 48sis the PBD absorptioooefficient (determined by MADA

from measured PSnd Asspis the measure®SD projected areaThe PSD effective diameteras determined

from themeasured PSD as described in Mishra et al. (2@li4)in essenceis givenas® ( 3/ 2 )Apsh) WC/ ( }
w h e rigthejdensity of bulk ice (0.917 g &n The PSD extinction efficiencyQex was determined in manner
analogouso Qass Thesingles c at t er i ygwa sa lckad & @=lha Q.8 e ansl therPSD asymmetry
parameter g was obtained frong sing the parameterization of Yang et al. (2005). Know@gs oa&n d erg , b

was calculatedrom the PSDas

Deft = Qabs,ef12 HM)/Qupsef 11 pm) , 2

Qabs.eff= Qabs (1T ¥00) / (1T ¥o). ?3)

Not e (i.ehba: tvithdut scattering effects alsoequal t0Qand 12 "Q8{) V0. 6 & m) .

I'n order to retrieve N, aisusdl Bidguie 8shosvhimepsurbneentsnoéIWC N/ | WC and b
from SPARTICUSHlights over the central United States (blue) wheoene ofthe cirrus samplefi.e.t he #fAr i dge

crest cirrus; see Muhlbauer et al., 28thad high N (50€2200L?) for T <-60°C. Anvil cirrus data from [Deleted: 5 ]

SPARTICUS are also included in Fig. Also shown are N/IWC measurements from the TC4 feelchpaign for

maritime Afresho anvil cirrus (during active deep convection where the anv
for TC4 aged anvil cirrus (anvils detached from convective columPRigure2r e | asttoettee NBWC ratio, where

berr was calculated from the same PSD measurements used to calculate N and IWC, based on tinecthaDA

The PSD measurements inclugleeresolved estimates of ice particle mass concentration based on Baker and

Lawson (2008), sizeresolved measurements of ice projected area concentration, and the size resolved number

concentration. This PSD informati@the input for the MADA methothat yields the coefficients of absorption

and extinction The tunneling efficiency clused in MADA was estimated from Table 1 in Mitchell et al. (2006),

where for 1 ,droxtals anB hexago®d colenmms are assumed ard TO . 9 0 ; far 190 &m, < D

buddingbullet rosettes and hexagonal columns are assumedeand D . 50; for D > 100 em bullet rosettes and
aggregates are assumed apd 0.15. This shapalependence on ice particle size was guided by the ice particle

sizeshape observationgported in Lawson et al. (2006) and Baker and Lawson (§0@&eresmallhexagonal

columns(for which we can estimate.)lare substituted fasmall irregular crystalsThese iceparticle shape [Formaned; Subscript ]

assumptionsffectonly Te, and the cloud optical propertiaseprimarily determined through the PSD
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measurementsoted abovéi.e. not the value of g. Dur@ s t ® e b stunneling andsrpall iteacrystals, a
tight and useful relati omgfhNIWC:3-~s10goAs fardaswe lnowwtie n N/ | WC and b
relationship was n oed<103506emisinotsengtivel tooNiI\WEng N/IWC Eammot bb

est i mat & dMudh ofthemdafa shown in Fig. 2 were derived from ice cloud PSD at temperatures b&@veen

and-38°Cwher SD t end t o be r elpadluesell0§). Bursmee this methoctardets ewrudH

clouds with cloud base temperature less #3°C, PSD at these temperatures tend to be relatively narrow and

appropriate for sampling using this retr@éwnethod. Moreoverpf purposes of discriminating hom cirrus from het [Deleted: F

ci r r uagvs. NfIWCreldhionship appears ideal siihe homhet transition generally occurs in the region where
beff is sensitiveto changes in N/IWCi.e. whenN/IWC > 5x10 g2, based on in situ PSD and the hbat transition

region described in Se@).

Using this same i n sihasalsobeenh mlatednod /asmseowrhiroRigo3Dasggfined as
(37 2) iApMC / W hiasrthe depsity of bulk ice (Mitchell, 2002). Accordinglys Was calculated from the
measuredPSD(see Mishra et al., 2014)The relationship is only useful fore®x 9 0 & my issonlynsensitivé to
the smaller ice particlesbert is a measure dhe relative concentration of small ice crystals in a P®ichell et al.,

2010) andApspa n d (PEBD integrated quantities)ay be associated with a substantial portion of larger ice

particl es ( D ertoseS €enstiviny)to chamdesin.RAlthbugh i is feasible to retrieve fusing the [Formaned; Subscript

IR 8.7 um channel (e.g. Dubuisson et al., 2008; Garnier et al., 2013), by using the same channels fartub D [Formaned; Subscript

the two retrievals are setnsistent with respect to PSD moments. In addition, the analytical PSD calculations for

berr are more accurate when using the 10.6/12 combination relative to the 8.7/12 combination (Figs. 1b and 2b in [Formaned; Subscript

Garnier et al., @13, JAMC) since there is less multiple scattering with the 10.6/12 combindtienuse of these

relationships (i.e. Figs. 2 and 3) in satellite remote sensing necessarily assumes that the in situ measurements they

are based on are globally represengtan assumption that is difficult to test.

Fi gur e 4 cacoigea froeD-Stprobe measurementsTE4 PSDs based on MODIS channels at 11 and [Deleted: and SPARTICUS

12 em with the mean Vv adfranreTCé dirrusv@ms (Be. during thel TE4/carhpaignpukingb
the methodology and results described in Mitchell and dO&éEntremont (2012;

temperature is also retrieved.h e hi g h i ngvaluesfouTCdnear-VOYCexd chlaracterized by lew

IWCs, and thermal emissions from these cloud levels may havebeéem the detection threshold of MODI$

(dashed linejluring TC4 ber tends to be constant in Fig. 4 since the contribution of small (D < 50 pm) particles to [Formaned; Subscript

N is relatively lowfor TC4 cirrus(Mitchell et al., 2011and the MODIS channels used produce lofg@values.

Not e that ethhsechangaddgesto tefMOBIS channels used here. Deleted: bey derived from SPARTICUS data @soincluded to
better illustrate t hs@atwarmengndr
colder temperatures.
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It is noteworthy thatetrievedbest based on MODIS channdbs often quastonstant with Tfor TC4cirrus when T <

235 K, as shown in Fig. 5 of Mi dlmehaedrappears td reslidfiom the e mo n t
variation inice crystal shape with D across the PSBat is tunneling contributions depend on the distribution of

ice particle shape with ice particle size D across the PBEhe shape is not varied, then this flat behavior is not

(2012) .

obtained, as shown in Fig. 12 of tKli(20@5hsenerhe waaredshageGsEnt r emont (2012)

hel d const agsignature pfokiides sorhel canstraibt for determining reasonable assumptions for the

variation ofice crystal shape with D.

These range restrictions (N/IWC > ~"1* & De< 90 & m) campatible with @riug clouds (T < 235 K)

since PSDs tend to be narrower at these temperatures, containing relatively small ice particles (e.g. Mishra et al.,
2014) . When calcew!|l aftfi hheiNiskeWeisBswv e ithalB setito Ovalle of 1L.0IFBen b
and N/IWCcorresponds tthis value via the regression curfi/IWC = 5.6<10°g"). Similarly, when calculating
fromm b f thesisetl eissv ¢ disbetefual@o,1.0 ankB calchlated from thatalue(De &

12 2 . Asshown in Table for the year 2013this practice affected about 14% and 20% of the N/IWC retrievals
over ocean and land, respectively, and affected about 6% and 11% qfrétdéeé¥als over ocean and land,
respectivelyThis produces éne of constant valuetl/IWC and D retrievalsw h e g drdips belowthese threshold
values(evident in Figs. 7, 8, 22 and 23)o better estimate the mean and median valued/fovC and R, these

limiting valuesare taken into accounthen calculating these quantities.
3.2 The retrieval equations

ThesellR layer-average\/IWC and I relationshipsare combined to retrieve the ice particle number concentration

N, as shown in the equation:

11, [1Quzmle, a2m , ) AN g “

3 Dz clwC=

eq

N =

w h e rigthejbulk density ofice (0.917 g ,a{ @2 em) is the retrieved absorpti
12 e m c h a nrgisehe effectiva doudptickness. The quantitiesaBd N/IWC arg et r i e vegsing r om b

on optical

Thi s

Aflato
for the Y
depth fro

the regression curgelescibed abovein Figs2 and3. The quantity 2/Qad 12 e m) i s &\batttei ned [Deleted: 4
regression equation described in Fig. 5, where 2 isthe val@of or i ce PSDs in thee Vi s[DemtEd: S . .
>1.485,then2Qamd 12 e m) i sThs et qtuam nl b8 H2 ceanmpyudtalentssibléextinction
optical depth (ODp. Inspectingthe right hand side o#if, one can see thagxcepting the N/IWC ternthe other [Deleted: T
terms must han expression for thayermeanlWC. This can belemonstrated bthe familiar equation: [Deleted: is
[ Deleted: , whichwas derived from




IWC = %3 a3 D, ®)

wherein this circumstancéky is theeffective layermeanvisible extinction coefficient, which was derived frahe

CALIPSOIIR as:

:M3f

Gun =Gy L2 ®
5 For each IuiRs cdhearninveeld, ft om the effective emi ssivity, U, as
Gos=-In (17 O) @
with
e= Rm_ RBG ®
RBB' RBG

whereRny is the measured calibrated radiariee; is theopaque (i.e. blackbodyjoudradianceevaluated at cloud
10 temperature J andRsg is theclear skybackground radiance that would be observed in the absence of the studied

cloud, as described in Garnier et al. (2012)

The brightness temperatureclssociated to tHeackground radiamcRsc is derived from the FASt RADiative
transfer model (Dubuisson et al., 2005) fed by atmospheric profiles and skin températuré$/AO GEOS5

along with predefined surface emissivitiesferred from the International Geosphere and Biosphere Program

15 (IGBP) surface types and a daily updated snow/ice i@Garnier et al., 2012]or this study,emaining biases at

12.05em and 10.&m are corrected using monthly maps of mean differencegeba observed and computed
brightness temperatures (called BTDoc) in clear sky conditions. The corrections are applied over ocean and over
land with a resolution of 2 degrees in latitude and 4 degrees in longitude, by separating daytime and daghttime

After correction, BTDoc is equal to zeon average for both channels.

20  Inversion 3 IIR productsRss (and the associated blackbody temperatweg i derived from theloud

temperature, d evaluatecht the centroid altitude of tHeALIOP 532 nmattenuated backscatter profilsing

GMAO GEOSSHtemperatur¢Garnier et al, 2012)n this study, a correction for residual biases is determined using- | Deleted: reanalysis

CALIOP extinction profiles in theloudlayer as described iBect 3 of Garnier et al. (2015). The CALIOP lidar
532 nm extinction profile in the cloud is used to determimeighting profile thats used to computBgs as the

25  weighted averaged blackbody radiandée lidarvertical resolutioris 60-m, and cloud emissity is weighted in a

10
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similar way withthe 532 nm extinction profileTheweightof each60-m bin is itsemissivity at 12.05m

attenuated by the overlyimaptical depthnormalized to the cloud emisdiyi

The effecti ve gacounisdor thehfactahatrihe BRsinstgpment does not sense equaliyted|
cloud profile that contribute to thermal emissionFollowing the same approach as described above, the layer
absorptiorcoefficientU{12 em) for the IIR 12em channels computed fronthe weighted averaged absorption
coefficient profile. This yields (12 £m) > Uhbsmeakl2€m) , wherelhys meafl2 €M) is the mean absorption
coefficient, thatist he r af 1L 2 ® MmTCALIOP layergeometric thicknesge. Thus, an equivalent
effective thicknesss definedasqeeqwherelind 1 2  ea5() 1 2= qil Jor/alternativelyg®eq= g2 (Uhps meakl2
em) /Un{12em) ). In practice gqzeqis found equal to 30% to 90 % qt.

To summari ze, ot h® g m nadored®ardbinay vith the CALIORXtinctionprofile provides
N/IWC, De, exl@ndthereforeayeraveragdWC and finally N. It also provides thie water ath (IWP) as

(12rm)? D,. ©)

r. _
WP =3 (2/Q,p12m) )2 £,
Since the IWP can also leex p r e s §3 @ Ol wher¢ QD is visible optical depth, and since upper limits for D

and OD are 122 em and 3.0, r e s?p Rechaps theentost uniquetaspeci ofiils upper i mit is 112

retrieval method is its sensitivity to smallicer y st asl s vi a b
4 Applying the retrieval method

As me ntckinabtainkd frofn the Imaging Infrared Radiometer (IIR) aboard CALIPSO, and is based on
effective absorption optical depths retrieved from the 12.05 em and

resolution of 1 km.A number of selection criteria werej@d for the robustness of the retrievals.

Equation 1 was applied only to sindéyered semtransparent cirrus clouds (one cloud layer in an atmospheric

column)that do not fully attenuate the CALIOP laser beam, so that the cloud letedtedby CALIOP. The

cloud bases in the troposphere aritd temperaturés requiredo be smaller tha@35 Kto ensure that the cloud is

entirely composed of ice. wsBed arinereabetvdrygapidigdseldud ve uncertainties in U
emissivity decrases (Garnier et aR013), thelidar layerintegrated attenuated backscatter (IAB) whssen

greater than 0.01 $to avoid very large uncertainties at the smallest optical defthis resulted in ®D range of

about 0.3 to 3.0Similarly, clouds for which the radiative contr&®is -Rss between the surface and the cloud is less

than 20 K in brightness temperature units are discarded. Finally, IR observations must be of good quality according

to the quality flag.

11
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Our retrievad are related to cloud temperature throughQA&IOP attenuated backscatteentroid Tintroduced

earlier.

41 Rel at i ons h gk VC anéNe n b

As seen fr om Eaggan@ddaléthe twdKey paranketers @tyieved from the CALIPSO IIR to derive
N/ I WC, I WC, and finally Ne eUNEendiNnstillestrated in Bid. 6 (toprew),i p

which also shows the range encountered for these properties ingbtedealloud population. The red dashed lines

are where N = 200°L, 500 L'* (the liberal and conservative hom thresholds), and 1600Arom this we see that

both hom and het contribute to cirrus cloud formation. The pink dashed lines are where [®/@gd, 5 mg ¢,
or30mgg. For

| ar ger wéielding smalkef RQat d
sufficiently large for these small values of.D

d a dqia mastly between 0.05rkirand kmt'. Large values of N result from
N/ I WC)

our

much | arger

Wi smallér than 0.05 ki as could be encounteredtie

case of OD smaller than 0(@moved from the cloud samplindinding N larger than 500Lis very unlikely. The

horizort a | red doek<t1085 (dr @>n8&.3umY imicatefwhere the retrieval is not sensitive to N/IWC.

F 0 ki1 <1b035, N/IWC is set to the maximum possible value (5%gEDso that N is a priori overestimated in these

conditions. Neverthelesfinding N larger than 500Lf o & < 5035 (R > 87.2um) is very unlikey because it
r e q u kqxtodeslardér than 35 ki

Fep<l, MhissettoR= 122 & m, as denoted

and IWC is a priori underestimated for teesonditions.

4.2 Retrieval uncertainties

The uncertainty in N (@N)

nd(n{10.6em) assumi ng a n&(&d.liagd6p After reeriting Bg: i
(4) as a function of},{12em)andYpd10.6em) ., t he

uncertainties ifs{12 em

uncertainty @N is

Ub{12em) andUpd10.6em). These errors athemselves computed by propagating the errors in i) the measured

brightness temperatures &ssociated to R ii) the blackbody brightness temperaturgs dssociated to g8, and

iii) the background brightness temperaturgs (Garnier et al., 2015). The uncertainties jalt 1 0and612.@5m

em are random errors set to 0.3 K accordi t o

(CNES)

ng
a s s u mheyage assomed tp lsetstatistiaatlyi c

independent. In contrast, the error igsTs the same for both channels, because the same cloud tempegatisre T

d6Etudes Spatiales

used to computélp{12em) andUp{10.6em). A random error of +2K in Tgg is estimated to includerrors in the

atmospheric model. After correction for systematic biases based on differences between observations and

computations in cloudree conditions (see Sect. 3.2), the errorgn i€ considered a random error equal to the

standard deviation of ¢hcorrected distributions of BTDoc. As a result, the uncertaintggaT 1 2 is 8ebto &£ m

1K over ocean, and to + 3K over lafod both night and day. Standard deviations of the distributions of

12

by

a.nso that WICisi ci ent |y |

I e sedal ntdsg, add oltonatelyt frione theeestimated a t

n

comput

t he

b

bet ween b

Ce

arge values of

he horizontal pink |ine

Deleted:

Asseen from Eq.4), (5)and 6), ber andCL are the two key
parameters retrieved frothe CALIPSOIIR to derive NIWC, IWC,
andfinalyN The i nterr el ad holWE aidyis
illustrated in Fig6 (top row), which also shows the range
encountered for these propertieghe selected cloud population
The red dashed lines are where N = 200300 L* (theliberal and
conservativhom threshols), and1000 L. From this we see that I
both hom and het contribute to cirrus cloud formati®he pink
dashed lines are where IWC = 0.5 gig 5 mgg?, or30 mgg>.
Large values of N result from langealues ofbes (yielding smaler
D. and much larger N/IWCAnd sufficiently large values &, so
that IWC is sufficientlylargefor these smaWalues ofDe. For our
data selectior Ly is mostly between 0.05 kiand 5 k. The
horizontalredd o t t e d & < In085sinditate whefe the
retrieval is not sensitive to NWC. For be <1.035, N/IWC is set to
the maximum possible valg.6 10 g*) so that N is a priori
overestimated i nethBisstteiaRi
em, as denoted by theorizontal pink linesandIWC is a priori
underestimatetbr these condition§

Commented [A1]: In Eq. 1, we use the notatidi{12.05em).
Change tddp{12 em) for consistency?
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[BTDoc(10.6>m) - BTDoc(12pm)] are generally smallehan 0.5 K. After accounting for the contribution from the

measurements,

mm are canceling out and can therefore be considered identical. More detailthehmcertainty analysis and the

[ Deleted: m

which is estimated t o Iheatl®.sandatB.05 o_IDe'e‘ed:'m

equations used to compute ®@N can be found in the appendi x.

Figure 6 (bottom roemMprshhws saeNsagpil est als i n «Fi g. 6 (top row) N/ N decr
increases, reflecting that the technique is segpsitive to small crystals.
1.15. For amgithenvwaaliaéioith of odd/ddnids gddlepUtcN/tNhei svariability of b

found b be larger over land because of a larger uncertaintydraid also because the radiative contrast is

someti mes r el this mestlyyluetwoeamdom measpfement errors, because systematic errors

associated wi&@lt)hemﬂ(ﬂt&ﬁ.ifﬁemaﬂ) dfen@d to cancel #hen these are ratioed to cal
The uncertaintyingsc ont ri but es mo ke ddat thesmalleshemisdivisies.t Uncedality i TS

not a major contributor for senriansparent clouds of snhéd medium emissivity.

4.3 Comparison with in situ cirrus cloud measurements Deleted: Theapproachto o mpute the uNcer

4.31 Comparisons with the Kramer cirrus dataset

Kramer et al. (2009) compiled coincident in situ measurements of N and IWC from &diejthigns (10 flights)
between 68N and 21S latitude where N was measured by the FSSP probe and IWC was directly byeasured
various probess described in Schiller et #2008) Kramer et al. (2009stimated that the FSSP measurements
accounted for deast 80% (but typically > 90%) of the total N in a PSD. These measurements were made at T <
240 K where PSD tend to be relatively narrow and ice particle shattering upstream of particle detection (i.e. the
sample volume) is less afproblem (de Reus at., 2009 Lawson et al., 2008). Moreover, the FSSPs used did not
use a flowstraightening shroud in front of the inlet; a practice that will reduce the amount of shatféng.
complete data set @f situ IWCs reported in Krémer et al. (20@Xtendsbeyondthe 10 field campaigns mentioned

above, andhis completdWC data set iglsodescribed in &hiller et al. (2008).

Since this retrieval is sensitive to the smallest ice crystal sizes, it has the advantage of being sensitive to ice
nucleation proceses, but this also poses certain challenges. For exaimpleomparison afetrieved and measured
N in cirrus clouds is necessarily ambiguous du@jdhe uncertainty in PSprobemeasuremestatthe smallest
sizes in a PSPassuming the probe é&apable of measuringble t ween r oughl y_2)the RShsize n d
range used to create the retrieval relationships relativeetB ®D size range of the measurements used to test the
retrieval,(3) the size range of the retrieved PSD (which is umkn)p(4) in situ measurements in optically thin
layers below theetrievallimit of the IR, and(5) the comparison of retrieved layaveraged N téocalizedaircraft

measurementsf N (i.e. the variability in the aircraft measurements at argteenperatre ishigher than the

13

resulting from the estimated uncertaintieina n dy isdescribed
in the Appendi x. Fi g. 6 «fobo
the same samples as in Fidg.
increases, reflecting that the technique is sensitive to small crys
@N/ N is found mos te>0lf15. Fonagiveni
val ug, otfheé var i abitbthetvgriabdity of N/
phbd dand @/fdd U N/ N is found tq
part because of the sometimes relatively weak radiative contras
b/ dais mostly due to random measurement errors, because
systematic errors associatediwit t he r ed d2e ¢ al)
U 10.6 em) tend to cancel ewh
The uncertaintyindsc ont ri but es mo ededddt m
the smallest emissivities. Uncertainty ipsTs not a major
contributor for sei-transparent clouds of small to medium
emissivity{
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corresponding variability in the layer averaged retrieva®garding (2),isce this retrieval was developed from

2D-S probe in situ measuremenigeally it should be validatealgainst 2BS probe in situ measurements.

Comparing with the Kramer et al. (2009) measurements introduces some ambiguity since the smdilesbfsize
2D-Sisfrom515 e m wher eas t h e\ méasdraments are based bn.the FSSB D0EH300

sampled particles in the size rangei3®@0.640 e m di ameter, and ice crystals
recorded. Moreovethe amount of additional uncertainty in the FSSP measurements due to the possibility of

shattering wa not quanfied.

Kramer et al. (20116) describe a new cirrus cloud data set of in situ measurem@Ntabout a fator of 7greater in

the number oflights relative to the Kramer et al. (2009) N data set described above (10 flagidshesenore
recentPSD meastements were made with probéssigned to minimize the problem of ice particle shattering, using
knife-edge inlets or tips to minimize the area susceptible to shatteéPiogtprocessing analysis of ice particle
interarrival times (Field et al., 2003) walso used toninimize errors due to shattering; for more details, see Luebke
et al. (2016).These results for N are very similar to the N results shown in Kramer et al. (2009), although the new
results show somewhéower values for N for T > 22K (where PSDs tend to be broader making shattering more
likely). The new results for IWC (from 111 flights) were also very similah&solWGCGtemperature measuremeitis
Kramer et al. (2009).

Finally, theN/ | WC ¢@arsl the RV s o relétionshi shown in Figs. 2 and 3 are assumed to be universally
valid. Since they were developed fr@PARTICUS and TC4 PSOge. a limited sampling of mitatitude and
tropical cirrusclouds, these relationshipsiay not be representative for all cirrus cloudsipled worldwide by the

IIR. In future work, we will reexamine these relationships using more in situ data from additional field campaigns.

Given the above ambiguities and uncenttiais, close agreement betwahe mediametrieved and in situ measured
N(T¢) should not be expected, but the temperatiagendence of retrieved and in situ measured N should be similar
if the retrieval is valid.The arve fitsdescribing then situ dataof Kramer efal. (2009) are shown inigs. 7 and 8

by the dashed red curves, and correspond tenthémum, minimum ash middle (i.e. miepoint) value of a cloud
property as a function of temperature. Tlhey compared with corresponding retrieved mean and median values
(solid and dashed bladurves, respectively) ithese figures Although the cirrus cloud measurements in Kramer et
al. (2009) occurred over bothnd and ocean, no distinction was made in this regard. But since retrieval
uncertaintie are greater over land, Bigg and 8howour retrievals over ocean and land, respectiv&gtrieved

values are averaged over all season2@dr3and over the latitude range roughly corresponding to the field
measurements (70N to 25S)jemperature intervals are 4°Che black dotted horizontal lines in the panel for N

correspond to 200 and 500L! (i.e. liberal and conservative thresholds for hom).
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Since the masweighted ice particle sizeiin Kramer et al. (2009) was derived framsitu measurements of
IWC/N assuming ice spheres at bulk density (0.92 g)ciRce can be inverted to yielah situmeasurements of
N/IWC. Theseare compared against our retrieved N/IWC insFigand 8.The upper and lower red dashed curves
regarding N/IWC in Fig. 7 and 8wvere derived from the lower and uppet.Rmiting curves in Kramer et al.

(2009), respectively.

As shown i n t hecanpedessrthar 12085 or 1p04limiéng yalués when calculating N/IWG,or D
respectively) due to instrument noise.slrch cases N/IWC ordare calculated from these limiting values as
described earlier, and this produces the higher sampling densities in the lower regiossaRi® regarding

N/IWC and N. The fraction of samples subject to this procedure is sasdlidicated in Table 1.

Regarding (4) abovehé divergence between the retrieved median and in situ middle value for IWC and N for T <
200 Kin Fig. 7 and 8nay be due to the in situ sampled ciraftenhavingmean layeextinction coefficients

smaller tharthe IR retrieval limitof about0.05 km* (see Fig. 6yesulting from theemovalof optical deptls below

~ 0.3from thesamplingstatistics Tropical tropopause layer (TTEjrrushaving OD < 0.3re extensive in the

tropics and these cirrdoudsare generally characterized by lower N and IWC (Jensen et al.p2Bpi@htinger

and Kréamer, 2013).

4.3.2 Comparisons with SPARTICUS data

As noted above, the Krédmer et al. cirrus dataset did not quantify the contribfittenparticle shattering to N. The

2D-Stereo (i.e. 2E8) probe was designed to minimize the problem of ice particle shattering (Lawson et al., 2006)

and subsequent studies have shown that whe8 pibbe measurements are combined with-postessing H2D-

S data using an ice patrticle arrival time algorithm (Lawson, 2011), the shattering artefacts appear to be minimized

(e.g. Jensen et al., 2009; Lawson, 2011; Cotton et al., 2013). The Small PARTicles In CirrUS (SPARTICUS) field

campaign, conducted fo January through June of 2010 in the central United States (for domain size, see Fig. 2 in

Mishra et al., 2014), was designed to better quantify the concentrations of small (D < 100 um) ice crystals in cirrus

clouds (Mace et al., 2009). Cirrus cloud P®8&re measured using the ZDprobe, which produces shadowgraph

images with true 10 um pixel resolution at aircraft speeds up to 179 measuring ice particles between 10 and

1280 (or more) um (Lawson et al., 2006). TheRPSD data was peptocessedising an ice particle arrival time

algorithm that identifies and removes ice shattering events from the data stream.

Our CALIPSO retrievals are compared against SPARTICUS data for synoptic cirrus clouds in Fig. 9, using the

synoptic cirrus data describ@dMishra et al. (2014). Thisvo April 28" SPARTICUS flights were added to this

datasetgiving a total of 15 flightssince April 28" was previously mislabeled as an anvil cirrus case study, but was

actually a ridgecrest cirrus event (a type of synoptic cirrus) as described in Muhlbauer et al. (2014). The CALIPSO
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retrievals were restricted to the SPARTICUS domain and the retrievedsolveinedrom JanuarythroughApril of
2010 since this period contained only synoptic cirrus based on the SPARTICUS flights. The SPARTICUS PSD

measurements in Fig. 9 (left panel) are binned into 5 °C temperature (T) intervals and indicate theofrR&n

samples within an interval whereby N exceeds either 25(blue + symbols) or 500t (orange x symbols). These

values are liberal and conservative thresholds for hom cirrus based on Fig. 4 of Barahona and Nenes (2009) and

were selectedtoserees a fAreal ity checko for o ur -40V0, the fcactionrols cr i t er i a. As expected, f

samples for N > 500-Lis zero, and the fraction for N > 256! does not exceed 4%. This is consistent with the fact

that only het produces ice crystalsltase temperatureghe fraction of N > 200 £ for T > -40 °C was _— [Formaned; Superscript ]

considerable, indicating 25Q"is about the lowest justifiable hothresholdfor this datasetThe CALIPSO _— [Formaned; Superscript ]

retrievals for these samefiactions are shown by the blue (N > 258&) landorange (N > 500 £) histograms,

while the corresponding dashed lines indicate the uncertainties (i.e. + one standard deviation). The red histogram is

also for N > 500 £, but it is bas e de>0ll% whiclohave elativelylloe sndeintes i ng b

regarding N as discussed in Sec. 4.2. This is evident from thoastubd histograms. The right panel indicates the

number of sampled PSDs within each 5 °C interval (x symbols) and the number of CALIPSO retrieval samples

within these same 5 °@tervals.

As cloud temperatures decrease fr@ifl °C in Fig. 9, there is a general increase in both in siftadtions,

indicating increasing contributions from hom with decreasing T. This same general behavior is found in the

CALIPSO retrievals for both-fractions. Taken as a whole, there is general consistency between the SPARTICUS

and CALIPSO Nfractions. It may also be noteworthy that the retrievefdaldtion corresponding to lower-N

uncertainty (i.e. the red histogram) exhibits somewhat betteeawnt with the SPARTICUS data at the warmest

CALIPSO sampling temperatures. Cirrus sampled rEafC are necessarily thin geometrically since cloud base

was required to be 88 °C. In view of this, the slightly higher Mractions in the temperatui@n near-40 °C

appear consistent with the cirrus simulations of Spichtinger and Geirens (

guenching of nucleationo (i.e. hom) would act to decrease N more dramatica

In general, the agreeménmetween the retrieved and in situ measured quantities in Figs. 7, 8 and 9 is favorable

despite the uncertainties involved. Moreover, it appears that retrieved and reliable in situ vakiiexctbhs

corresponding to the same spatial domain and timedaere fairly selconsistent. Relative differences in retrieved

N, De and IWC should therefore be meaningful, and from these relative differences, mechanistic inferences can be

made and hypotheses explaining these inferences can be postulated.
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5 Retrieval results and discussion
5.1 Frequency of occurrencef selected cirrus samples

As presented in Sed4, the sampled -km? IIR pixels are those for which the atmospheric column contains a single
semitransparentloudlayer of opticadepth roughly between 0.3 and 3 bafse temperature < 235 With a

radiative contrast betweesurfaceand the cloud of at least 20 K.

Cirrus clouds of optical depth between 0.3 and Jyasgraphically widespread across all latitudes and are also in an
OD range that makes theradiatively important (Hong and Liu, 201%yequency of occurrence is defined as the
number of cirrus cloud pixelampleddivided by the number of available 1IRxgls To clarify, a cirrus cloud

extending over 20 km horizontalgfong the lidar tracks counted 20 times whereas a cirrus cloud extending over 5

km is counted only 5 times

Two years of CALIPSO IIR datare considered?008 (Dec. 2007 to Nov. 2008) a@@13 (March 2013 to Feb.

2014).1t is noted that the version of the GMAO Met dated in the CALIPSO produdis not the same in 2008 and

in 2013. In 2008, it was GMAO GEOS 5.1 until Sept 2008 and GMAO GEOS 5.2 for Oct 2008 and Nov 2008. In
2013, it sGMAO GEOSFP-IT for the whole periodRetrievals for each month of each year for all latitudes have
been analyzed and organized into seasons, with winter as December, January, February (DJF); spring as March,
April, May (MAM); summer as June, July, AugystiA); fall as September, October, November (S®igs. 10

and 11showglobalmaps of the occurrence frequency for all seasons during 2008 and 2013, respéddtevely
horizontal resolution of these maps is 2° in latitude and 4° in longitdfdequency boccurrences alsoreported in
Table 2for each season arehch 30 degree latitude zomed for the entire planeiuring 2008 and 2013 he

selection criteria result in very few sampled pixels relative to the number of available IIR pixels, making the
frequency of occurrence generally less than 2%. Thus what is important in this analysis is not the actual frequency
value but the relative differences in these values with respect to season and laiusken that despite our cloud
subsampling, thgeographical distribution of the occurrence frequencies is consistent with previous findiiegs for
clouds(T < 0°C)of optical depth between 0.3 and 3 (Hong and Liu, 201%¢. greatest occurrence frequenaes

in the tropicgi.e. 30° S-30° N) andareassociated with anvil cirrus from deep convecto relatively optically

thick TTL cirrus The occurrencéequency during Arcti¢i. e. 60°N-82° N latitude zone yvinter is more than

twice the frequency of other Arctic seasons. In the Antarctictfiee60°S-82° S latitude zone), frequency of
occurrence is greatest in the spring and segadtest during wintein agreement with previous studies (Nazaryan

et al., 2008; Hong and Liu, 2015). This is important since at high latitudesetteiative effect ofce cloudss

strongesturing thefi c cskadod wher e sol ar zenith angles are relatively

high (Hong and Liu, 2015) Thereforethecirrus cloud formation mechanism that governs cirrus micropalsic

properties will be important at high latitudes during winter and also during spring for the Antarctic region.
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5.2 Seasonamapsof hom likelihood

Figures12 and 13or years 2008 and013, respectivelyshowglobal maps othe fraction otheselected cirrus

pixelshaving N > 500"%; indicated by the color bafor each seasoitach 2°x4° grid that is indicated as cloudy

contains at least 15Km? cirrus cloud samples to yield meaningful statistithese fractionare averaged zonally

in Fig. 14(left column) by separating land and ocean, for all four seasons in 2013. The vertical bars represent our

uncertainty estimate, derived from the fractions of samples wighNN > 5%t dL N+  'NAs Bigclssed

in Se¢. 4.2, therelatveu ncer t ai nt vy, N/ N, cir>sl.18. Ehisesillastratey iFig. 14yl when b

column) which shows the fraction of samples WNH  pM00Lt an derH1.15 It is seen thattezonal

fractionsin theright andleft column of Fig. 14are similard e s pi t e t he | arger unegaeertainties when all values

included lending geater confidence to the Fig. &Rd 13results. Somelimited analysis was done for years 2007,

2014 and 201%not shown)Yo confirm that theesults presented heaee foundfor other years as well

Over land, here is a mded increase ithefraction of samples with N>500Lpolewardof 30°N and30°S latitude,
especiallyduring the winter season, aitchppears associatedth mountainous terrai(see Fig. 15which is an
elevation map of the Earth)his is supporting our classification of cirrus having N> 560als hom cirrus. Indeed,
this is consistent with our knowledge regarding hom since hom is most sensitive to the cooling theafidraft)

and also depends on the concentration of IN. Mineral dust concentrations (a principahi¢edatitudes &00

hPa are predicted twelow during winterrelative toother seasonStorelvmo and Herge2014, and mountain

induced wae cloudscan provide relatively strong updraftBerhaps less expected is the broad coverage of hom
cirrus associated with mountainous terraidhile lenticularwave clouds are quite limitein areal extent and hence
relatively insignificant to cloud radiative forcirgdobally (e.g. Kramer et al., 2085 the hom cirrus ass@ted with
mountains in Figs.Z2and 13xhibit kbroad areal coverage and thmayhave an impact on climatas will become

more apparent in Sec.3. The Upper Atmosphere Research Satellite Microwave Limb Sounder (UARS MLS) has
been used to detect stratospheric gravity waves over Antarctica (Wu and Jiang, 2002) and mountawvewthes
Andes of South America (Jiang et al., 2002) and over specific mountainous terrain in the Northern Hemisphere (see
Jiang et al., 2004). THeorthern HemispherBILS variance enhancemerassociated with these mountamuced
waves peak during theinter seasonwhile in the Southern Hemisphere they peak during the spring (ST
locationsand seasonalitgf these wave perturbatie coincide well with théocationgseasonsssociated with
widespreadhom cirrus inFigs.12 and 13 Brightness temerature perturbations and variations detected using the
AIRS/Aqua 4.3 pm channel have also been used to study gravity wave actiyigwiy wavehotspots in the

Southern Hemisphere (Hoffmann et al., 2016). These results strongly support the abtwtudite regarding

Antarctica and the Andes.
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One might argue that the relativdligh N in eastern Asieesults frommineral dust transported froemown dust
sourcesthe KaraKum Desert just east of the Caspian Sea, the Taklimakan Desert in exteseen China and the
Mongolian desert. HoweveN in this regionis highest during winter and lowest during summer, which isobut
phase with predicted dust concentrations at 200 hPa (Storelvmo and Herger, 2014). Mireseeegionseceive
preciptation mainly in winter and early spring, often in the form of spiws limiting the production of mineral

dustduring winter.

Regarding the location of het cirrusnall fractions of samples with N500 L* indicatea predominance ofét
cirrus. Het cirrusappear most abundaoier the oceansin the tropicsand over lowelevation land regionpoleward
of 30°N and 30°S latitude Outside the tropicshese areelatively flatregions where atmospheric wave
amplitudes are likely to bw relative to mountakinduced wave amplituded/ithin the tropicsdominated +30°
zone,het cirrusassociated with deep convectiappear to dominatever bothoceansandmountainsasobserved

over the Andes Mountains of South Ameringrigs.12 and B.

Figures 12 and 13 show that relatively high N is found over the Rocky Mouataihdownwind of the Rockies

during winterspring and in Figl of Jensen et al. (2013), it is seen that most of the flighisgl$PARTICUS

were flown in this sameegion(during winterspring) Based on our retrievals, one would expect relatively high N

during SPARTICUS relative to field campaigns less associatedhigtimountains, such as MACPEX¥ensen et

al., 2013, Fig. 7). Figure 9 confirms that relatively high N was measurgchircraftduring SPARTICUS.

As discussed in Kramer et al. (2@)&nd Luebke et al. (201@nd in Set 1, anvil cirrus can be described as liquid
origin cirrus Liquid origin cirrusareassociated with larger ice crystals and higher IWC relative to in situ cirrus.
Moreover liquid origin oranvil cirrusclouds formin the presence of prexisting ice particles. Vh pre-existing

ice, het is strongly favored since a substantial amotiiteosurface area is already presesyallyprecluding the
RHi needed for hom to occur (Séti al., 2015; Zhou et al., 20L5Thismaybe a primary reason for the relatively
low N in the tropicswvhere anvil cirrus clouds prevailAnother factois tha boundary layer air, potentially rich in
IN, is advected to cirrus levels during deep convectibime combined effect of prexisting ice and IN enrichment
from deep convection appearspi@vent the RHi from reaching the hom thresheldcen undethehigh updraft
conditions expected over the Andes Mountaimnthe tropicghatabruptly rise as high &000 mor more To
summarize, anvil cirrus are considered liquid origin cirrus havingepigting ice that produces conditions favoring

heterogeneousucleation processes.

The impact of IN on N may bevielent over the southern oceg38° S-60° S) where IN concentrations are
predicted to be low (Storelvmo and Herger, 2018igures 2 and 13howhigher Nfractionsover the southern
oceans relative to the tropi¢iscluding tropical oceansand this mayndicate that hom is more active over the

southern ocean(glue to lower INat cirrus levelsrelative to the tropics.

19



10

15

20

25

30

5.3 Quantitative analysis as a function of litude and latitude

To evaluate the fraction of N > 50Clas a function of altitude we look at the distribution of CALIOP centroid
altitudes for our selected cloud population. This section is dedicated to characterizing the vertical distribution of IR
retrieval cloudgor the tropics, midatitudes and the higlatitudes, and for all four seasons at each latitude byne,
averaging therears 2008 and 2013. This information is given in Figsl9, where each figure represents one

season showing all six latitude zones°(BB82° N, 30° N-60° N, 0° N-30° N, 3¢° S-0° S, 60 S-30° S,and 82°S-

60°S). The left column of each figure is for ocean only, the middle column is for land only, and the right column is
for ocean and land area combined. Within each panel there are four histogiRns-km? pixel counts as a

function of theCALIOP 532 nmlayer centroid altitude, withz kmverticalincrements The black histogram shows

the number of sampled cirrus clodthe number ofampled pixelfiaving N > 500 is shown by the orange
histogram. The red hisgram gives the number of samples having N >150@ n dr > f.15, which indicates
uncertainty N/ N i s .g4mna.rFaally, the blue Hisbb§tamagives the fumber oDsamples

h a v ien>gl.1%(i.e. Q< 45 pm) The area under el colored histogram divided by the area under the black
histogram yields theorrespondingverall fraction Thus, the fraction of cirrus having N > 506,IN > 500 L* and

P> 1. 15> dnd5bis indicated by the or &nmegpectivelyed, and bl ue

Following our convention that N > 500" corresponds to hom cirrus, the hom cirrus histogram (orange) closely

tracks the red histrogram, indicating relatively lowftertainties and small ice particle sizes are associated with

number s

hom cirrus. Outside the tropics (+30°), the blue histogram tracks the orange histogram fairly sloggdgtinghat [Deleted: indicating

cirrus PSDs having £< 45 um tend to be associated with haimus.

In the Northern Hemisphere high latitud€§° N-82° N), samplectirrus occur mostly over land, withpeakduring
winter. The fraction of hom cirrus is generally greater over land than ocean, although this reverses during summer,

and the fraction over ocean is greater than at lower latitudes. Averaging over all seasboth yearshe hom

cirrus fractionfor land and ocean combined is Q=8305, (+ standard deviationg fractionalvariability of only 11%. [Deleted: 3

This relatively high hom fraction and low variance may be due to lower IN concentrations in the Arctic throughout [De'e‘ed: 46

the year.

In the Northern Hemispie midlatitudes (30 N-60° N), samplectirrus also occur more frequently over land, but

since more of the Earth is covered by ocean at these latitudes, cirrus are sampled more frequently over ocean here
relative to oceans at 80-84° N. Cirrus cloud coverage peaks during the spring. The fraction of hom cirrus is
considerably greater over land than ocean during all seasons, peaking during théDwiFYeith values 0f0.43

for land only, 025 for ocean only, and 87 for land and oean combined. At these latitudes mountains appear
responsible for the greater hom cirrus fraction over lasdliscussed earligbravity waves could also be

responsible for most of the hom cirrus over ocean, albeit generated from adjustments in edifkdescn jet
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streams and frontal systems (Fritts and Alexander, 2003; Wu and Zhang, 2004; Plougonven and Zhang, 2014) or

convection (e.g. Alexander and Pfister, 1995; Vincent and Alexander, 2000).

In the tropics and subtropics betweert B0and 30 S, sampledcirrus occur mostly over the ocean with less

seasonal dependence in their coverage relative to the Arctic. The fraction of hom cirrus is slightly greater over land,
and for land and ocean combined, the mean fraction for both years and all se@sdhg4£0.015. In addition to the

hom fraction, this region also differs from the aaohd high latitudes in that the number of hom cirrus samples tends

to peak at lower altitudes (relative to the altitude range for cirrus occurrence) while the blgeahisfar cirrus

having @ < 45 um does not track the hom cirrus histogram at higher altitudes but rather contributes more and more
to the total sampled cirrus with increasing altitude. At the highest altitudes in the TTL region, most of the cirrus
sampleshave Q < 45 pm.Note that most of the TTL cirrus are not detected by this retrieval métitod 3 O OD O
3.0).

These results may be detailed enough to test some of our ideas on cirrus cloud formation. For example, based on 15
flights measuring cirruslouds over the continental USA, Diao et al. (2015) found that the ice nucleation zone was
generally near cloud top near the thermal tropopause. They point out that this may occur for two reasons: (1) abrupt
changes of temperature and humidity near theapause, and (2) frequent occurrence of egaturbulence around

the jetstream. Regarding (1), the ClausiDipeyron equation predicts that a small perturbation of the moisture or
temperature field near the thermal tropopause will generally prahiagher RHi than would occur at lower levels.

Thus, as temperatures decrease, the RHi threshold for hom is more likely to be reached. In the nofthern mid
latitudes during winter over land, there appears to be evidence of this, where the orange histbgates that

hom cirrus generally contribute to the total in greater percentages at the highest alfitgdes9 also shows this

based on both in sitmeasurednd retrieved Nractions for N > 500 £. [Formaned;

Superscript

During summer over land at these Aaditudes just the opposite is evident, with the number of hom cirrus samples
and the number of smalleRirrus samples peaking at lower altitudes (relative to the altitude range for cirrus
occurrence). Due to the close correspondence of the orange and blgehistdt appears that hom or another

process that produces high N (like ice multiplication processes associated with deep convection; see Lawson et al.,
2015) is primarily responsible foreslx 45 pm. At higher altitudes (above these peaks), ice pasiicds and

concentrations appear to increase and decrease, respectively.

Over oceans in the tropics (+30°), the histogram behavior differs frorfatiidde summer over lan@lso
characterized by deep convectipwjth samples having &< 45 pm contributig progressively higher percentages
to the total with increasing altitude. Conversely, samples having N :5@@ak at lower altitudesThe following
discussion offers a possible explanation for the-emtielation between the orange and blue histogram curves that

begins ~ 13.5 kmThis behaviommight have nothing to do with hom, but rather ice multiplication processes as
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described in Levson et al. (2015). In that study it was found that for deep convection over ocean with updrafts
typically on the order of 7 to 10 m'srapid glaciation occurs from well documented ice multiplication processes
between12° and-20°C that are capable pfoducing N > 50Q1. These ice particles can be easily advected from
the fAglaciation zoned into the fAcirrus zoneo and detrained at a strong inv
5  deep convection in the tropics reaches the tropopause, with tomaiig well below the tropopause. Widespread
in situ cirrus typically form above the anvils in the TTL region and these cirrus are characterized by relatively low N
and low IWCs (Spichtinger and Kréamer, 2013; Kramer et al, 2016a). Moreover, obseyeehity distributions of
N in these TTL cirrus can be explained through the superposition ofiteighency internal gravity waves with very
slow largescale motions, with hom accounting for ~ 79% of N and a combination of het and hom accounting for ~
10  20%of N. The relatively low N predicted is due to the shortness of the gravity waves, which stalls freezing events
before a higher ice crystal concentration can be formed., @lisg with very low water vapor concentratiomay
also limit the size of thize crystals, possibly explaining the higher abundance of samples havingdum at the
higher altitudes.This transition from anvil to TTL cirrus can be seen in CALIOP extinction measurements
(Gasparini et al., 2016-ig. 79, where a strong extinctiomaximum exists ~ 203 K (13.5 km) indicating the-top
15  level for anvil cirrus Above this levelgirrus extinction ismuch weakegrextending up téhe tropopauseear 193 K
Evidently the cirrus between 203 K and 198dtrespond tan situ cirrus and tlis may account for the anti

correlation we observe 13.5 kmregarding the orange and blue histogram curves

Over land in the tropics (+30°), tted anticorrelationbetween the orange and blue histogsasriess

pronounced, and the fraction of samples having N >L50 slightly greater than over oceans.

20  Inthe Southern Hemisphere mtitudes (30 S-60° S) there is mostly ocean and thus most cirrus are found over
the ocean. However, over land durinmter (JJA), the histogram patterns resemble those of tinthéfn
Hemisphere midatitudes, with hom cirrus prevailing at the highest altitudes. Again, this supports the cirrus
formation mechanisms suggested by Diao et al. (2015). During summerd@ifand, the pattern is again similar

to that found in the birthernHemisphere midatitudes during summer. On average, the hom fraction for the

25  southern oceans is 0;20.03, whereas in the dtithernHemisphere over ocean, it is @#0.02 Thisdifference [Deleted: 67 ]
might result from lower IN concentrations in the Southern Hemisphere. [ Deteted: 26 )
[Deleted: 16 J
In the Southern Hemisphere high latitudes’(&®2° S) the amount of cirrus clouds sampled over the ocean is [Dele[ed: 4 ]
almost negligible, and cirrus are most abundant over land dwimgr (JJA) and spring (SON). On average, the
fraction of hom cirrus for land and ocean combined is£03I§ which seems consistent with the lower IN [Deleted: 1 ]
30 concentrations and mountainous terrain. During spring and sometimes other seasons, the histegnam pa [De'e‘ed: 2 ]
resemble those of thedthernHemisphere midatitudes, with hom cirrus contributing the most to cloud coverage
at the highest altitudes. During winter and spsogejce cloudsover Antarcticeextended into the stratosphére [Deleted: cirrus ]
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12 km)up to 25 km altitude (although their centroid altitwa@smuch lower). These appedp be a type oPolar

Stratospheric Cloud (PS@)at consists of ice crystals, affir elevateccentroid altitudes are shown by the [Deleted: T ]

extended tail of the histogramshigs. 18 and 19

5.4 Effective diameter

The radiative impact of the above noted changes in cloud properties with season, latitude and surface condition will
depend in part on their temperature dependence. Cloud radiative properties in climate mog@elsraby

determined by the cloud IWC and.[s discussed in Sect.1, hom nucleation (N> 5004 will manifest

primarily throughber, and therefore throughdproviding that IWC is sufficiently largédowever, no coherent
relationship was consistéptfound between IWC and the apparent nucleation mechanism for the cirrus sampled

here.

Figures 20and 21show global maps of the median for the CALIOP centroid T interval 206218 Kduring 2008

and 2013respectively Over land during winter, poleward 30°N and 30°S latitude, Ris often less than ~ 45

em. This is consistent with hom being common there during winter since ho
crystals relative to het. This also occurs during spring and fall to a lesser exteimg €ummer Ris not much

different in this region than it is in the tropical regions, except for the tip of South America, Antarctica and perhaps

poleward of 60N latitude (where relatively few cirrus samples are available in this temperature zore)nayhbe

due to deep convection moving to higher latitudes during summer.

In the tropics over land and ocean,tBnds to be largest. As mentioned, this may be due to anvil cirrus being a type

of liquid origin cirrus associated with pexisting ice thasuppresses RHi.

Over the southern oceans, &ppeargmaller than Rover the tropics, especially during the winter season. This is [Deleted: slightly ]
consistent with th@aigher N fraction over the southern oceans, as noted above. [Deleted: slightly ]
Temperature and altitude profilesraedianD, for each latitude zone, with profiles for summer and winter for each [Formaned: Subscript ]

zone, are shown for Northern Hemisphecean and lanth Fig. 22 andsimilarly for the Southern Hemisphere in

Fig. 23. At least 1@ sampés contributed to each dgtaint, and data from both years (2008 and 2013) were

combined to generate these profil&he profiles exhibit a consideralitudinal and seasonal dependensith

latitudinal differences up te 30 um for a given temperature, ap to ~ 40um for a given altitude Seasonal

differences may bap to 20 um for a given temperature or up tqud®for a given altitude Combined with the

latitudinal and seasonal dependencginiis cloud frequency ajccurrencege.g. Table 2), these Mifferences are [Formaned; Font: Not Bold ]
likely to produce substantial variations in cirrus cloedradiative forcingrelative to a constantprofile [FOfmanedi Subscript ]

. [ Formatted: Subscript ]
assumption
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Jce cloud CALIPSCCloudSat retrievalsf Dg are reportedyy Hong and Liu (20153gainst temperatuin terms of

seasorand latitude zonér ODs ranging from < 0.03 to > 20heseresults argresented foonly two periods of

the year; Septembétebruary and Marciugust and by combining both hemispheregerms of warm and cold

season Keeping in mindhe differentcloud sampling(e.g. OD rangg)it is thusnot straightforwards comparing

hough mean

ig. 6 of Hong and Liu (2015gffective radius (i.eD,

their seasondD, changes with those in this sty

alues were comparabide temperatures coldern
2)is plotted

against altitudend latitudefor each seasomaking it easier to compare between studieserestingly, [2in the

than 23K, (the upper limitin this study.

upper tropospheneorth of 30° N are largein summerthan inwinteg which is consistent witfindings from this

study,

Deleted: TheD¢(T,) profilesare shown fothewinter and summe|
of 2013in the NortherrtHemispherdor different latitude zones ove
ocean and land in Fige2and23. The mean and median.Bre
given by the solid and dashed curves, respectively, and the ver
lines are standard deviations. The color bar gives the sampling
density normalized by the maximum number of samples in log ¢
The band of high sampling density near=D 1 2 @ due o
retr i eew<dllo@artallydudto measurement uncertainties
and IIR instrument noisd).

Comparing Qprofiles north of 30N latitude in winter over land
with D profiles during summefor these same latitudeis is evident
thatsignificantseasonal changes in Bccur over the entire cirrus
temperature domain. TheBechangeslue to changes in the
contribution from hom cirrusan be on the order @6to 20e mard
thusmayhavea significantimpact on cirrus radiative propertiaad
climate (taking into account tteeasonal changes in cirrus cloud
coveragen this region)

\ { Formatted: Subscript ]

5.5 Working hypotheses for global cirrus cloud formation \“ %ie:em: T'::’Wever’t %
eleted: us

Sect. 5.2, 5.3, anBl.4 show a pronounced seasonal cyol¢he NorthernHemispheremid-latitudesover landin (Dmemd: - ]
terms of the fraction of hom cirrpith higher Nand smaller Bduring the winter season. We postulate that this is %:;::ZZ z:zzz:; %
partially due to the seasonal cycle of deep convectidth deep convection (1) replenishitige supply of INat {Deleted: 0 ]
cirrus levels and(2) producing anvil cirrus that form in the presencerafexisting ice(which suppress (De'e‘ed: ’ ]
supersaturations This should favor het cirrus when cirrus are formed in situ, and thexisgng ice associated E:;::E:: 2:222:2 %
with anvil cirrusshould result in anvil cirrusharacterized by relatively low N and higl. BHom cirrus are [Demed: (their Fig, 6) ]

commonover mountainous terraiduringtheboreal winter north of 30Rl sincedeep convection is relatively
absentthe troposphere is more stratified with lower IN concentrations at cirrus levels, and mdothtaed waves
yield strong andsustained updrafts atirrus cloudlevels(allowing RHi to reachthe hon threshold) Such waves
during summer mayebdiminisheddue to a weaker jettream and calmer cirrdevel winds. In addition,much of

the landat high latitudesluring winteris covered by snow, resulting in lowsrineral dusiN.

Deleted: Perhaps the main difference between studies is that |
our studyis lamgest in the tropics whereasrus cloudDe in Hong
and Liu (2015) is comparable for all regions (tropiog-latitudes
and high latitudes)

[ Formatted: Subscript

L

[ Formatted: Subscript

Over oceansutside the tropigshet appears to prevail. Due to the relatively smooth ocean surface, lower amplitude

atmospheric wave@elative to mountaiiinduce wavesat cirrus cloud levels are exgied. This may limit th&Hi

within these waves, makingntoredifficult to attainvalues needed to initiate hom.

Within the latitude zone of 309 to 30°S, the ice nucleation mechanism (Fig2.ard 13 does not appear to be

sensitive to surfaceonditions (i.e. land vs. ocean). This could be largely due to the dominance of anvil cirrus from

deep convection in this region, wheresprasting icegenerallykeeps RHi below the hom threshold during anvil

formation. Deep convection will also replesti the IN at cirrus levels so that in situ cirrus tend to be het cirrus.

There is relatively little land between 38°and 60°S, with most of itassociated witlsouth Americaand Australia

het annual cycléhat is similarto North America but with a stronger hom signature outh America probably due
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to (1) mountairinduced waves from the Andes Mountains and @)elr IN concentrabns in the Southern

Hemisphere.

Over pristine Antarctica, the terrain is high and often mountainous near the coast, and IN concentrations are
expected to be minimal (Storelvmo and Herger, 20d#th both factors favoringpomcirrus. Accordingly, over

Antarctica cirrus clouds exhibit relatively high N and smaltfi¥oughout the year.

6 Connections with other studies

6.1 Ice nucleation studies

As several GCM modeling studies that use thegxisting ice assumption have convincingly shown (Slail et

2015; Penneet al., 2015; Zhou et al., 2016asparini and Lohmann, 201 @reexisting ice ofterprevents the RHi

in a cirrus cloud updraft from rehing the hom threshold, thus resulting in hetcious Al i qui d ori gin cirruso

anvil cirrus (Kramer et al., 2085Luebke et al., 2016)In these GCM studieshis assumptionvas applied to all
cirrus clouds worldwideIn ourremote sensingtudy, the fraction of N > 500 Lis lowest in the trois (Fig. 12
and 13 andprimarily corresponds tanvil cirrus with preexisting ice (see Secl). In regions where hom prevails
(fraction exceeds 0.5), N is much higher than in these tropical regitachis unlikely to occur in the presence of
pre-existing iceover amoderatgange of updraft speedShi et al., 2015Zhou et al., 2016 In addition to this
study, he observational findings of Diao et al. (20@&pcribed in Sec5.3suggesthat the preexisting ice
assumption may not be appriate for in situ cirrusince the nucleation zone is near cloud top where little ice

surface area exists to reduce RHi

Other observational studies (Diao et al., 2013; Diao et al., 2014) have shown that in situ cirrus clouds evolve in
stages that can liescribed as nucleation, early ice crystal growth, later growth and sedimentation/sublimigtion,
the nucleation stage presed by a cleasky region of supersaturation with respect to(ice supersaturation region

or ISSR) While the ISSR and sedimentation stages are-limeg, the ice nucleation stage is relatively sHiwed.

Thisis consistent with the understandjngt in situ cirrus initially form without the presence of-grésting ice but [Deleted: implies

rather resulfrom a clearsky ISSR. Thereafter the cirrus can exist for long periods during their sedimentation stage.
To summarizewith regards to in situ cirrus clouds$ mid-latitudes our results appear consistent with the findings

of Diao et al. (2013, 2014, 26) and do not imply the existence of frasting ice.

The findings of this study are also consistent with the findings of Cziczo et al. (2013) which, based on the four field
campaigns stlied, showedhathet was the freezing mechanisndi% of their cirus cloudencounters This
agreement can be understood if one considers the locations and seasons during which the field campaigns studied by

Cziczo et al. took place. Two campaigns were near Costa Rica; one during Jeelragry and one during July
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August, while another was in southern Florida during July and another was in theeough USA during March

April_(see Fig. 1 in Jensen et al, 2013Bjgures 12 and 18how that het cirrus conditions appear common in the

regions/seasons during which these field campaigns were conducted.

A recentfield study by Voigt et al. (20 has sampled mithtitude cirrus over Europe using a sampling method
similar to thatused ly Cziczo et al. (2013). Both natural and contrail cirrus were present during sampling, with

results indicating a predominance of hom cirrflisis illustrates how the dominant cirrus formation mechartiam

vary with location
6.2 GCM studies

At least vo GCMs predict thesupersaturation of water vapeith respect tace; the Community Atmosphere
Model version 5 (CAM5seeGettelman et al., 20)@nd the ECHAMHAM GCM (Zhang et al., 2012; Kuebbeler
et al.,, 2013 These modelsealistically treat competition effects between het and reml(iu and Penner, 2005;
Karcher et al., 200@8arahona and Nene2009 andhave theability to predict the geographic locations of hom

and hetdominated cirruglouds Many factors determine the relative roles of hom and het in dorosation (e.g.

[ Deleted: 6

Deleted: The sampling method provides detailed mechanistic
evidence corroborating our inferences of hom and het cirrihgsin
region.

Liu et al., 2012Zhang et al., 201Zhou et al, 201p and various configuratonsbfhes e fii ce nucl eati on factorso in

CAMS5 and ECHAMb/6 will yield various predictions for het and hom contributio@ne example is illustrated in
Fig. 3 of Penner et al. (2015) where japdsting ice is assumedndwherelN contributions include mineralust

and 0.1% of the secondary organic aerosol. In this case hom dominates in the tropics (especially the tropical
Pacific) and in most of the Southern Hemisphere, whereas het dominates outside the tropics in the Northern
Hemisphere.These results differom this CALIPSO study in both the tropics and fadtudes as shown iRigs.

12 and 13andin Set¢. 53.

Gasparini and Lohann (2016) used the ECHAM6 GCM to prodicglobal mamt 200 hPashowingannual
averages ofhe percent contribution of het, hom and detrainment (from deep convectiontgstaproduction
(their Fig. 2)and to produce zonal meaas a function of latitude and temperataféehesepercent contributios
(their Fig. 3) Preexisting ice wasssumed worldwide and mineral dust was the primaryTheir results agree
well with our results in the tropiashere virtually all ice was produced through detrainment or Getside the

tropicsat 200 hPdhere is alsgualitativeagreement with our results in that hom cirrus are aasstiwith

mountainous terraim approximately the same placesiowever, below 200 hPa, this agreement is lost as detrained

iceand het dominatéheir Fig. 3). Amore detailed comparison betwedis GCM study andur resultss difficult
since seasonal variations were not reportedi;lE@HAMG study. For example, during wint&igs. 12 and 13

show thathom cirrus outside the tropics extend ovenachbroader geographical area thetrown bythe ECHAM6

resultsat 200 hPa This is especially evident over Greenland and Antarctica where het cirrus in ECHAM6 dominate

everywhere exceflong the coastlinehere there is an abrupt change in altitulareover, Fig. 3 in Gasparini
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and Lohmanrindicates that detrained ieead hetstronglydominateice formation incirrus clouds (T <35°C)

below the 200 hPa levat middle and highlatitudes whereas this study (Se&.3) shows that hom contributes
significantly even at relatively lowirrus kevels Overall,the Gasparini and Lohmarstudy concludes thaehand
detrained ice strongly dominate tbierus cloud net radiative forcingven at high latitudesshereas the results of

this CALIPSOstudyindicate that hom should have a greatetiative impact at high latitud¢eecall that the N >
500L* threshold for hom cirrus is a conservative threshold, and that a liberal threshold for hom cirrus is N\ > 200

1, Thus the fraction of hom cirrus in thelar regionscould exceed 50%).

While somdimitations of thesestudeshave beemddresse@Penner et al., 2015; Gasparini and Lohmann, 2016),
the CAM5 GCM studies b$torelvmo and Herger (2014) and Storelvmo et al. (20%4)l predicted concentrations
of mineral dust to estimate theasenal and latitude dependence of hom cirrus, resulting joréuiictionthathom

cirrus prevail at high latitudesTheir findings arsupported by this remote sensing stud

7 Summary and conclusions

This research was born out of recognition thateectical understanding of ice nucleation in cirrus clouds was being
hampered by an inability to globally observe the cirrus cloud ice particle number concentration (N) as a function of
temperature (or altitude), latitude, season and surface type. A taliteseemote sensing method, which is

sensitive to N over the range that typically characterizes a transition from het to hom, was developed to address this

need. This was made possible by exploiting the fact that most of the cloud emissivity diffezemeen the split

window channels at 11 and 12 pm is due to wave resonance absgagtiamtess sensitive to the smallest ice [Deleled: ;

crystals that dominate N (Mitchell et al., 2040). Due
was obtained over the region where a transition between het and hom generally occurs (see Fig. 2). This

relationship, and a similar tight relationship betweeraDh ds, abe the unique aspects of this retrieval and make it
self-consistent throughthdhsa r e d d e p eqn Allthongh the retmevabis restricted to sindgeer cirrus cloud

optical depths between about 0.3 and(8:Bich excludes most TTL cirrusthis optical depth range is likely to be

the most radiatively significant range duete tower cirrus cloud frequency of occurrence at higher OD and a
much lower cirrus cloud mean emissivity at the lower ODs (Hong and Liu, 20@186}her wordsfor the sampled
single layer clouds, the cirrus clouds that the IIR senses best in the wihdonets will also have the most

influence ot h e Elengwave dadiatiomudget.

A two-year global and seasonal analysis of these CALIPSO observations that uses N to discriminate between hom
and het cirrus indicates that hom cirrus are common duringgwmorth of 30N latitude over mountainous terrain.
The same is true in the Southern Hemisphere although there is much less land mass so&h 6v@@the oceans

at all latitudes, het cirrus are dominant to varying degrees, and in the tropici(330&t cirrus prevail over land.
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On average, hom cirrus are found 43% of the time in the Arctic and 50% of the time in the Antéyptithess

wereproposed to explain these results.

Future work will continue retrieval validation efforts, and wilvestigate the radiative implications of these
retrievals, including the potential impact of Arctic winter cirrus on the meridional temperature gesdiesstussed

belowin Sed. 7.1.

7.1 A potential link between Arctic cirrus and midlatitude weather

These retrieval results indicate that at high latitudes there tends to be the greatest cirrus cloud coverage during
winter in the Arctic and during spring (SON) in the Antarctic (where relatively high N and sexadcDr

throughout the year in botregions). While this study only considers a subset of cirrus clouds and two years of
retrievals, our findings on the seasonal dependence of cirrus cloud coverage are consistent with other satellite cirrus
cloud studies that consider a broader rangen#itions over longer periods (e.g. Nazaryan et al., 2008; Hong and

Liu, 2015). Independent of the maesmd microphysical cirrus cloud attributes found in this study, at high latitudes

there are important seasonal changes to the cirrus cloud shor8¥ye(d longwave (LW) radiative forcing due

to a changing solar zenith ang[€éhe SW and LW components almost cajuiging summerbut during winter, the [Deleled: ,

LW component strongly prevails, producing a strong net warming at the top of atmosphere (TOA) and at the surfd_Deleted: _with t

é Deleted: ling
S

(Hong and Liu, 2015; Storelvmo et al., 2014). This indicates that the strongest net radiative forcing by cirrus clou
on Arctic (Antarctic) climate occurs during winter (spring). This seasonal cycle of the solar zenith angle combined
with the unique mackand microphysical properties of Arctic cirrus during winter suggests that wintertime Arctic
cirrus may have a sigfigant warming effect on Arctic climate. A satellite remote sensing study of ice clouds (T <
0°C) by Hong and Liu (2015) found that at high latitudes, ice cloud net radiative forcing at the TOA and at the
surface during the cold season is > 2 Wfar acirrus cloud OD of 1.5. Since the most severe effects of global
warming occur at high latitudes, it is critical to understand the factors controlling the occurrence of het and hom

cirrus in this region as well as cirrus cloud coverage in this region.

A potential link to midlatitude winter weather is the possible impact of the winter Arctic cirrus on the meridional
(northsouth) temperature gradient between the Arctic andlatidides. The cirrutsnduced winter warming

described above will occur thughout the troposphere (Chen et al., 2000; Hong and Liu, 2015), and will thus act to
reduce this temperature gradient in the upper troposphere (UT). While it is not clear how this would impact
weather, some type of impact is likely if the warming is digant, and several possible scenarios are described in
Cohen et al. (2014) and Barnes and Screen (2015). While many papers have been published recently regarding
potential effects of Arctic Amplification (henceforth AA; the observation that the meaic Aectperature rise due

to greenhouse gases is at least a factor of two greater relative to the adjadetitudies) on midatitude weather,

it is important to note that AA due to the loss of sea ice and snow cover primarily affedevédwemperates

28



10

15

20

25

30

while AA due to winter cirrus strongly affects the UT. A thearaitiink between AA and the jastream is found in

the thermal wind balance, which states that a reduced meridional temperature gradient tends to produce a reduced
vertical gradient intte zonaiwind field, depending on other factors like changes in surface winds, storm tracks and
the tropopause height (Barnes and Screen, 2015)s AAwould lead to a weaker jstream having more amplified
Rossby waves and associated extreme weatleet®as hypothesized by Francis and Vavrus (2012; 2015), but it is

currently not clear whether such a phenomenon is occurring or will be occurring (Barnes and Screen, 2015).

As described in Barnes and Screen (2015), GCM simulations from the fifth Couplbel Mtercomparison Project
(CMIP5) show that while the lower troposphere during Arctic winter is projected to warm substantially by 2100, this
is not happening in the Arctic UT where little warming is projected. Moreover, in the tropics the modeistheedi
strongest warming in 2100 occurs in the UT. These effects decrease the meridional temperature gradient at low
levels and increase the temperature gradient in the UT. Thesardvhighlevel gradients hae competing effects

on the jetstream, wih a decreasing lovevel gradient acting to weaken thejgtream and shift it towards the

equator, while an increasing UT gient acts to strengthen the-gtteam and shift it poleward (Barnes and Screen,
2015). An interesting question to ask here fether the CMIP5 GCMs adequately describe the changes in winter
Arctic cirrus that satellite remote sensing studies observe. If they do not, and the winter heating from Arctic cirrus
clouds is underestimated in the models, then the meridional UT tenmeegaaalient may be overestimated during
winter. If this were the case, then increasing Arctic cirrus coverage during winter in the modelsewdut t

weaken the simulated jstream and shift it further towards the equator. Future GCM research skterichithe

whether predicted cirrus cloud coverage and microphysics is consistent with the results from satellite studies such as
this one, and strive for consistency with these remote observations. Then it could be determined whether the UT
heating from tle winter Arctic cirrus would be enough to produce significant changes in the simulated Northern

Hemisphere midatitude circulation.

A related question is whether wintertime Arctic cirrus are increasing, caaisihgnge in jestream behavior.

Screeret al. (2012; 2015), as well as other studies (Ding et al., 2014; Perlwitz et al., 2015), give evidence that AA is
due to bdb localand remote effects. Remote effects outside the Arctic include changes in tropical (Ding et al.,
2014) and midatitude (Sceen and Francis, 2016) SSTs and Rossby waves that enhance the transport afnehergy
moisturenorthwards into the Arctic, such as storm systems along the storm track. Both Screen et al. (2012) and
Francis and Vavrus (2015) fouedidence of increase@moteenergytransport into the Arcticespecially after

2000. This occurrethostlyduring the fall (Francis and Vavrus, 2015)his transport may have contributed to the
observed buildup of Arctic cirrus clouds during winkdren temperatures plummen this way remote effects may
enhance Arctiovinter cirrus andheir associated heating ratesich may affectet-stream dynamicsFuture work

will report on seasonal trends in Arctic cirfisequency of occurrence.
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Appendix: Retrieval uncertainty analysis

We begin this analysis with our retrieval equation for the ice particle number concentration:

ia [ZIGabs(lznm)]'tabs(lznm)_g De3 é N g (A]_)

3 Dz ciwc=

eq

N =

with i=0.917x16gm?3. The quanttiesPand N/ | WC ar e o;using theiregressiah curvesomrigd 2
and 3, respectivelyBy  wr i ted, NVI9/C is expréssed as

%WN*C%‘J&) =10°(a2.x? + alx + a0) (A2)

with a2=2.10828, a1:8.93097, and a0=1.8106dnd
D, (rmn) = (b2.x* +blx +b0) * (A3)

with b2=0.007515861=0.0777754andb0=0.0770823 We now define:

AN § . 1 _a2x®+alx+a0 , 10°
f(X :106.a 13 D, (rm)3 =—— 3 A4
) c Wng )* D.(/mm) 327 b2x*+blx+b0 3.27 (A9
so that Eq. (A1) can be-ritten as:
N(L) = f(X)2 a,,(km?") (A5)
with
= 2/ Qups(12rm). t p (12rm) (A6)

ext abs
Dz,

Assuming a ne gd andwriingl.{12emj aslt, andp{1@6E2m) asUofor more clarity, so that

x=U2/Uo, the derivative of N can be written:

dN _ 1 .gdf12 ] drm§+ dt,, a7
N f ux ¢ ty, Lo = I
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Errors indz and inUo are computed by propagating errors in i)the measured brightness temperatiidehd

background brightness temperatures, nd iii)the blackbody brightness temperaturgs (Garnier et al., 2015).

The uncertainties inghioa t  1n@Pandéin Teica t 1 Bhar@ @mndem errors set to 0.3 K according to the IIR

performance assessmentebtadbs hed by t he Centre National d6Etudes Spatiales

in the calibration.They are statistically independent.

Because the same cloud temperature is used to cotdpated U, the uncertaintgples is the same at 10.6 and at

1 2 . &n5A random error of +2K is estimated to include errors in the atmospheric model.

After correcting for systematic biases based on differences between observations and computations (BTDoc) in
cloudfree condi ti ons, Tesih Ecis setrraotme standardodeviatepn of the resulting distributions

of BTDoc. Over ocean, nighttime and daytime standardalévi o n s ra are siimflar, 8n8l found smaller than

over land, where the deviations tend to be larger during daytiareat nigt. For s i mséaitc i 1tRyis0 5p ¢

set tox 1K over ocean, and 3K over landor both night and dayStandard distributions of BTDoc(16)

BTDoc(12) indicate whether the errors igcTat 10.6 and 12.08m are canceling out or not, after accongtfor the
contribution from the obser 0.45tKi Standard dewdtions df [BTDec(18)st i mat e d
BTDoc(12)] are found smaller than 0.5 K over ocean and over land during nighttime, which indicates that the errors

in Tecat 12.05¢ ma n d a tm cdn®e o®nsidered identical. They are found locally up to 1 K during daytime over

land, which could reflect a variability of the -2 difference in surface emissivity, but also the presence of residual

clouds. As a resulglsciois assume always equal tqisci2.

Final 'y, t he r elIN&tsiwittenassncertainty o

N 2 N . . 2
éDNOZ el w A 'o wlz WIO 6 IJ’[IZ g . 2 el I‘lf A (- I‘ltlz I“ltlo Q W12 2 . 2
206 — Q@2 - —— 2 DM +é,— QB2 — @+ ——2— T,
¢N=+ gfix ¢ Wl 1 Qlgs 2 £, Qs " gf x ¢ U tm(m-ssg 1, Mg ®
Ao ~ 2 o ~ 2
.. .. g . . Qe g ..
+%Ecx+1§(9—“f12 o @12, +%E oot § @z, (A8)
gl X +f12Q1Tmlzl] gl X +[10Q1Tm10l]
with
1uf .. 2a2x? +alx 2b2x? + blx
——&X=—; - (A9)
f ux a2x”“ +alx+a0 b2x“ +blx+hb0
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Table 1. Fraction of viable samples per season, over ocean and over land.

Fraction of viable | DJF MAM JJA SON

samples 2013

i eff > 1

i er>1.035

Sea 0.4 0.3 0.92 0.3
0.8 0.84 0.82 0.83

Land 0.90 0.89 0.87 0.91
0.81 0.79 0.78 0.82
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Table 2 Sampled cirrus cloud frequency of occurrence for each 3@egree latitude zone, and also for the entire globe (last
line) during 2008 and 2013

Occurrence of selected conditions (%) during 2008 (Dec 2007 to Nov 2008)

DJF MAM JJA SON
60N-82N 0.49 0.2 0.21 0.22
30N-60N 0.74 0.96 0.60 0.73
ON-30N 1.58 1.90 2.02 1.70
30S0S 1.58 1.46 0.75 1.07
60S30S 0.25 0.39 0.47 0.36
82560S 0.16 0.19 0.31 0.72
Full globe 0.81 0.86 0.73 0.80

Occurrence of selected conditions (%) during 2013 (March 2013 to Feb 2014)

DJF MAM JJA SON
60N-82N 0.61 0.31 0.16 0.24
30N-60N 0.90 0.98 0.56 0.65
ON-30N 1.43 1.82 1.86 1.76
30S0S 1.58 1.47 0.79 1.05
60S30S 0.30 0.36 0.46 0.35
82560S 0.09 0.20 0.42 0.61
Full globe 0.82 0.86 0.71 0.78
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Frequency occurrence 2008 DJF Frequency occurrence 2008 MAM

Figure 10: Frequency of occurrencg(indicated by legend in centerpf sampled cirrus clouds for 2008 for each season.
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Frequency occurrence 2013 DJF Frequency occurrence 2013 MAM

Figure 11: Same as Fig. 1®ut for 2013
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Fraction N >500 L™' 2008 DJF Fraction N >500 L™ 2008 MAM

Figure 12: Fraction of sampledcirrus clouds (indicated by legend in centerhaving N > 500L * for 2008 for each season.
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Figure 13: Same as Fig. 12xcept for 2013.
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Figure 15: Elevation mapfor the Earth. Over land, green is lowest and gregh-brown is highest. SourceWikipedia.
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Figure 17: Same as Fig. 16ut for MAM.
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Figure 18: Same as Fig. 1®ut for JJA.
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Figure 19: Same as Fig. 1®ut for SON.

5 10 15
Centroid Altitude {km)

1.0x10"

Somples Count

5.0%