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Abstract. Cirrus clouds can form through two ice nucleation pathways (hamt heterogeneous ice nucleation; henceforth
hom and het) that result in very different cloud physical and radiative properties. While important to the climatehsystem, t
are poorly undestood due to lack of knowledge on the relative roles of het and Abis.study differs from earlier relevant
studies by estimating threlativeradiative contribution of horaffected cirrus cloudsHere, we employ new global retrievals
(described in Part) of cirrus cloud ice particle number concentration, effective diametgrifi@ water contepshortwave
extinction coefficient {Ly), optical deptht(), and cloud radiative temperature based on Imaging Infrared Radiometer (IIR) and
CALIOP (Cloud and Aerosol Lidar with Orthogonal Polarizatiorj@oatedobservations dmard CALIPSO (Clouéherosol

Lidar and hfrared Pathfinder Satellite Observationransition from hetlominatedto hom affected reginseare identified
usingUkandDe. Over oceasoutside the tropics winter, thezonalfraction of hom affected cirrus generally ranges between
20% and 35%, with comparable contribudrom in situ andvarm baseirrus. Usingt distributions to establish a proxy for
cloud net r adi atweighted feattibnefar hom @ffedReB irrus dver eceabls outside the tropics during winter
was > 50%, indicating that hom cirrus play an important role in climistereover, the climate intervention method known
ascr us cloud thinning could be an ef f ec tweighted lmom drdctiom gA me t

conceptuamodel of cirruscloud characterizatiotis proposed from these retrievals

1 Introduction

Clouds are important due to their critical role irethe
realistically predicted in climate models in terms of their coverage, altitude, temperature, and optical thickness @r depth t
accurately predict climate change (e.g., Stephens, 2005). The microphysical and radiative properties of cirrus clotlgs are po
understood in large part due to two pathways or mechanisms through which the cirrus cloudseferageneous ice
nucleation (henceforth het) and homogeneous ice nucleation (henceforth hom). Since het activates before hom begins, th
can result in two types of cirrus clouds: (1) cirrus formed through het (i.e., het cirrus) and (2) cirrus faongt th

combination of het and hom (i.e., hom cirrus). Since lg@merallyresults in relatively high concentrations of ice crystals
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(which can in turn affect their sizes and the cloud ice water content) while het produces relatively few, the microptysical a
radiative properties of het and hom cirrasild stronglydiffer (Barahona and Nenes, 2008itchell et al., 2018henceforth
M2018).

Cirrus clouds have also been classified in terms of their origin as (1) in situ cirrus and (2) liquid origin cirrusdmer, Kr
et al., 2016; Luebke et al., 2016; Dekoutsidis et al. 3p0ith liquid origin cirrus associated with cloudy air advected from
lower levels (T > 235 K) that is typically near ice saturation empletely glaciated by the Wegeri&ergeronFindeisen
process when this air enters the cirrus temperature reg
2020; Mitchell a nHoweldy, Btrhighr vertical melocities2liuid 2lgud droplets may be advected into the
cirrus regime where they immediately freeze homogeneously (e.g., Rosenfeld and Woodley, 2§0i@d) origin cirrus are
expected toesult fromdeep convectiothatprodu@sanvil cirusandnayoccur i n frontal systems
of condensate iadvected from warmer levels into cirrus clouds. In situ cirrus clouds are not subject to condensate advection
from levels below the 235 K isotherm, and they form and grow within an ice cloud only environment. Using aircraft
measurements from many field campaigns, Luebke et al. (2016) found thaia@rmester contenWC was higher in liquid
origin cirrus while differences betwede particle number concentratidh and Dy, were similar for a given altitude, where
Dn corresponds to the ice particle size distribution (PSD)skia where the maximum amount of ice mass is located. This
study utilizesa similar cirrus cloud classification, comparing relative differences indffective diameter Hand IWC
regarding in siticirrusandan approximation foliquid origin cirrus cloudgas decribed in Sect. 2.1)

Since this studestimates théraction of cirrus clouds strongly affected twpm, we briefly reviewsimilar estimates from
modellingand observationatudies here Somestudiesusing global climate models (GCMiave predicted the role of hom
relative to het. Using the Community Atmosphere Model version 5 (CAMS5) with the Liu and Penner (2005) ice nucleation
scheme, Gettelman et §2010), Liu et al. (2012), Gettelman et al. (2012), and Penner(204ab) found that het prevailed in
the Northern Hemisphere (NH) outside the tropics, with hom prevailing in the Southern Hemisphere (SH) and in the tropics.
Using the ECHAMBHAM2 GCM, Gasparini and Lohmann (2016) found hom was only relevant near the tropopause over
mountainous terrain imé NH and SH outside the tropics. Muench and Lohmann (2020) used this same GCM but without the
treatment for orographic gravity waves used in Gasparini and Lohmann (2016). Their results regarding hom and het were
similar to the CAM5 studies, with het paling over hom in the NH outside the tropics. However, hom resulting from cloud
droplet freezing dominated ice production in the lower part of cirrus clouds at all latiwudsslt not found in a more detailed
cloud process model (Luttmer et al., 2025he dominance of het relative to hamthe NH outside the tropics is common to
all these studies (at least in the upper cirrus cloud), and this is predicted from the higher mineral dust conderitratithhs
which are higher due to the much greater land aféé prediction was recently validated by Froyd et al. (2022) where global
in situ measurements of upper troposphere (UT) mineral dust concentration initialized a detailddroiatisn model that
predicted the relative contributions of het and hom cirrus during four field campaigns thaagactedhe world from pole
to-pole.Finally, Barahona et al. (2017) simulated hom and het in cirrus clouds using a GCM at 100 km horizontal resolution.

However, standard devi at |, weres caltulatedvaie 7 kmi horiadntal vesolutom in & sepaate ( w
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simulation to drive ice nucleation processes in the lower resolution simulation. Results show that the frequenciroishom
cloudswas highest in the tropics, intermediate in the SH and lowest in the NH, witkilroshighest during winteoutside
the tropics in both hemispherdge to colder temperatureblowever, at high latitudes (especially in the Arctic), the fraction
of hom cirrus was relatively low.

It is possible that hom plays a larger role in the NH than currently predicted in most climate models having explicit
microphysics. For example, the satellite remote sensing study by Sourdeval et al. (2018) shows thatdlclouds (T <
235 K) outside the tropics is relatively high during the NH and SH winter seasons, with relatively fowTN> 235 K.
Highest N during winter waslsoobserved in the cirrus cloud remote sensingystfdVi2018, which waslimited to in situ
cirrus clouds These studies also foundduitside the tropics (= 30° latitude) was higher over mountainous terrain, attributing
this to mountairinduced wave clouds having relatively strong and sustained updrafts (and thus greater cooling rates producing
high supersaturations) conducive for hoithis was also observed in the satellite remote sensing study of Gryspeerdt et al.
(2018)that explained the higher; Nver mountainous terrain in a similar wa§edimenting ice crystalsriginating near cloud
top may promotereduced Nat lower levels by lowering thelative humidity with respectto ig®Hi)t her e and fAque
hom (Spichtinger and Gierer)0%), which is consistent with Fig. 10 in M2018.ircraft measurements also underscore the
importance of hom. By developing an analysis scheme sensitive to hom and het influences, Patnaude and Daad (2020)
Ngo et al. (202) found evidence that both mechanisms are important in cirrus cloud formation, depending on environmental
factors.

M2018 found that Nwas relatively high at high latitudeshostly over land This can bepartly explained by the relatively
low concentrations of ice nucleating particles (INPs@asured or inferred, over the Southern Oc®amgaraTemprado et
al., 2018; McCluskewt al, 2018; Carlsen and David, 202#hd in the Arctic, especially when snow and sea ice cover is more
extensive (Creamean et al., 2018; Carlsen and David, 2022). That is, witediNed by het is relatively low, the ice surface
area prodoed for vapor removal is often inadequate for preventing the RHi from climbing and reaching the hom threshold in
a cirrus cloud updrafgenerallyresulting in higher Nproduced by honfKramer et al., 2016)Resultssimilar to M2018over
the Southern Ocean are shown in Figure 1 of Gryspeerdt et al. (2018).

As in M2018, the newCALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observatiat¢llite retrievabf
De, Ni, and IWCpresenteih Partl (Mitchell et al, 2024; henceforth M2024) uses the Imaging Infrared Radiometer (IIR) and
CALIOP (Cloud and Aerosol Lidawnith Orthogmal Polarization) The new retrievals of ) N;, and IWCare based on an
extended set of aircraft measurements. Whereas M2018 had several sets of retrievals for several independent formulation
M2024 established a unique retrieval scheme which combines various formulations according to temperature and latitude
Neverthelesghe generaffindings from M201&eferred toabove still stand.

Section Zyives an overview of the new retrievals based on M2024#.c®rus cloud sampling discussecandwe describe
why03<U< 3.0, where U is visible optical depth, may be th
Section 3presents the rationale for the identification of haffected cirrus clouds araimethod for quantifying the fraction

of homaffected cirrus clouds developed antheresaults arediscussed Section 4 synthesizes results from this previous
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studies tropose a conceptual model tdraracterizingirrus cloud. Thiswork s related t@arguably the most relevaother
study in Sect5. Suggestionsnotivated by this worlare given in Sec6 for improving the treatment of cirrus clouds in GCMs.

100 A summary and conclusions are given in Séct

2  CALIPSO retrievals
2.1 Cloud sampling

As described in Part (M2024), the CALIPSO retrieval uses IIR passive observations at @@6and 12.05um with
description of the atmospheric column informed by perfectly collocated CALIOP observaiesigis presented in this study

105 are based on CALIPSO data during 2008, 2010, 2012 and 2®Wli&ophysical properties are retrieved fatrmospheric
columns that contain only orsemitransparent ice cloud layer that does not fully attenuate the CALIOP laser beam to ensure
that cloud base is detect&tle also require the cloud layer to be classified as ice with high confidence by the CALIOP ice/water
phase algorithm (Avery et al., 2020yhe CALIOP incloud 532 nm attenuated backscatter profiles with temperatures from
MERRA-2 re-analyses (Gelaro et al., 2017) allows one to estimate the cloud layer radiative temperéGaeniér et al.,

110 2021), and ierus clouds are defined as those ice clouds having@2B5 K. The upper range of optical depth for semi
transparent singlayer cirrus clouds is about 3. The lower range is driven by retrieval uncertainties. In earlier work (M2018),
global retrievals over both oceans and land have been in clouds having CALIOP 532 nm layer integrated attenuated backscatt
(IAB) larger than 0.01 st generally corresponding to clouds with visible optical d&pt.3. These clouds wilbehereafter
c al | e dcirugclbuds(de® Table Ilowever, over oceans, uncertainties are lower due to the absence of highiievaria

115 land surface emissivities, allowing all cirrus clouds with valid retrieved effective emissivities at both 10.6 um andrl2.05 p
to be consi de®.@@M2024).i el ding U >

Table 1. Notations used foEALIOP retrievals of cirruscloudsBot h i n situ cirrus and WBC

categories below unless otherwise indicated.

Notation Definition or interpretation
Thop, Thase Temperature at cloud tppemperature at cloud base
T, Cloud layer radiative temperaturen averagén the middle betweenh and Tase
§] Visible cloud optical depth
IAB CALIOP 532 nm layer integrated attenuated backscatter
Thin cirrus IAB < 0.01 sr* ~ 0.01 <U< ~ 0.3 : optically thin cirrus includingomesubvisible cirrus*
Thick cirrus | IAB >0.01 sr* ~ 0.3 <U< ~ 3 :optically thick cirrus butsemitransparent to the lida
All cirrus ~0.01 <U< ~ 3; includesoptically thin and thick cirrus clouds

120  *subvisible cirrus (< 0.03)
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The geographicaistribution of the cirrus cloud sampling is shown in Fig. Al in the Appendid2018, the sampled
cirrus clouds were in situ cirrus clouds having base temperatge ,cdlder than 235 K. In this work, we take advantage of
the improved ice/water phase assignment in the Version 4 CALIOP products to also include cirrus clouglsewitinnier
than 235 K (and {Tcolder than 235 K), hereafter calladrm base cirrus clouds or WBC cloudgven though thseWBC
clouds are identified as high confidence ice clayeérsby CALIOP, this asgssmentoes not rule out theossibility of liquid
droplets in the lower part of the layer. This classification method is an attempt to qualitatively contrast the prbjmesttas o
and liquid origin cirrus (LOC) clouds, using WBC as a proxy for LOC clouds. A similar approach was useganirtat
al. (2018). This approximation may underestimate LOC clouds (overestimating in situ cirrus) since cloud condensate from
belowthe 235 K isotherm may be advected across this isotherm upwind of the CALIOP nadir view when there is no cloud at
nadir below this isotherm. In this case the cloud would be mistakenly classified as in sit@cirtlus other handhe modeling
study byWernli et al.(2016) estimats that roughly50 % of in situ cirruscloudsoccur on top oL OC, indicating a strong
dynamical linkage Relative toan air parcebacktrajectory analysiasusedin Wernli et al. (2016)and othel.OC studies
cited below, our approaclkshould underestimate isitu cirrus if there is no clear layer separatimgitu from WBC clouds.
This classification scheme is evaluated in Appendix A in Figs. A2 andRg@ure A2 shows the dependence of the in situ
fraction on temperature, where this fraction is ~ 0.5 (indicating a transition from in situ to WBC) at aboubv\@270eans
whenall clouds are consideredn the LOC studies by Dekoutsidis et al. (2023) and Luebke et al. (20463h are both
based on the same field campaitiis transition occurs around 221 K and betweeni2282 K, respectively. This suggests
that the WBC approximation overestimstiee in situ fraction somewhat (shifting the transition temperature by retakve
to thesemeasiremertbased studigsbut that WBC maygtill serve as a qualitative proxy for LOThe blue curves in Figure
A3 indicate that while WBC clouds have relatively higher IWCs, the main difference between them and in situ cirrus clouds

is the greater ice water path (I1WP) and U associated wi

2.2 Realism of the CALIPSO cloud sampling for representing cirrus clouds

As in M2018, global retrievals over both oceans and land @héckic | o u d s h-8.8, and ge ate now sampling both

in situcirrusandWBCclouds. Thi s r ai s es t sueategaryeokcirrusaloud &degsatetfdstingeirrus clouds

in climate model s?0 It was argued in Sect. 6.3 ofs M201
cloud net radiative forcindout more can be said about thigable 4 in Honget al.(2016) gives global mean tof-atmosphere

(TOA) netice cloud radiative effect (CRE) values for tfiwlowing five U c at:dJg&r ile€93; 0.03 < U <
< U < 2 0rhe cdiresponding net CRE valuesV m? are:0.05, 0.96, 4.98,0.49 and-0.43. These CRE values are
weighted by ice cloud frequency of occurrence. Relative contributions of net CRE can be calculated by taking absolute values
in which casécecloudhaving 0.3 O U O 3.0 contribute 72% of the tot

for all ice cloud categories in their Table 4 was 5.07Wwh er eas t he gl obal mean ne% CRE
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further suggesting that thikick cloudcategoryis representativéor all ice clouds.However, Honget al.(2016)addressdall
ice cloudg(i.e., T; < 273 K)whereas our study addresses only cirrus cloudg®(T2 35 K) .
To further investigate this question for our cirrus sar
for the high and midlatitudes and the tropics. The tropics are defined here as + 30°, while gnednhigh latitudes are 30°
T 60° and 602 90° in each hemisphere, respectively. Tlagstributions are built using bins equal to 0.1 in tdgpace. The

number of IR tkm?c | oudy pi xels, p, and the product p x U, are p
sampled cirrus clouds and fhiick cloudst hat have | ower retrieval uncertadntie
radiative i mpact of cirrus clouds s ifactwors defdrmiaimycloutl radiagive e n c \
effects. The right panels in Fig. 1 show the cumtngativ

(panel d). The cumulative distributions are normalized with respect to all cirrus clouds sampled. The cumulativedsstributi

forthickcloudss ndi cate that cirrus cl oto4B$o(depandingrog latitidesbane) ofthe drrus e p r
clouds sampled. However, they represent 78% to 87% of the radiative weight for all cirrus clouds sampled (i.e., cirrus clouds
having U < 0.3 represent 13 % t ofavaubablpmittorésults from Hong et al. £2016)v e
described above, where the ice 8is®@.LYdrlCR EThefoccarericeé fequentyofr U

cirrus having U > 3 is negl i gtiabspaentlbo€ALLOP bre samples.e only cl o
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Figure 1. The upper panels (a and b) show IIR cirrus sampling statistiacsu r i ng 2008, 2 Ootebyjsibl@dpticdl deptm d 2 0
(U) while the | ower panels (c¢c and d) show the same diadiativei but i
temperature ;O 235 K for the tropics (purple), mi dl atitudes (green)
to the northern and southern hemispheres, respectively. The product of the number of IRpixetsU i s a proxy for t
impact of cirrus clouds. The thin curves indicate all IR samples while the thicker curveare for the optically thick clouds The

right panels (b and d) show the cumulative distributions. The IIR pixels count is normalized pet bin-size. Retrievals are only over
oceans to minimize uncertainties at the |l owest U.

6



180

185

190

195

200

205

2.3 Global maps ofcirrus cloud properties

Global maps fobecembetJanuaryFebruary (DJF) and Jusiily-August (JJA) during 2008, 2010, 2012 and 2a48shown
for median N\ De, IWC, andcirrus cloudT, for thick cirrusclouds(i.e., ~ 0.3< U< ~ 3) in Figs. 2, 3, 4, and 5, respectively
Global maps for the two other seasons are given in the Supplement as Figs. SEramS8ect. 2.2, this sampling criteria
appears to provide cloud property values of cirrus clouds whose radiative properties are representative of all cirrus clouds
Relatively high Nare found at high latitudes over larag, well a®ver mountainous regions in the matitudes, especially
during winter. These observations appear consistent with hom since hom tends to produce imgiremiyer updrafts (e.g.,
orographic gravity waves induced by mountains) and during winter (Joos et al., 2014). The seasonal dependeriig.of N
2 was also found by Sourdeval et al. (20tb@irFig. 8 at midto-high latitudes for winter vs. summerhe regions with large
Niin the tropics in Sourdeval et al. (2018) ar ethastegpent i
convective cores (where hom is often active) are not sampled.
For a given season, regions having relatively higinNFig. 2 have relatively small n Fig. 3. An exception is in the
tropical western Pacific during winter where iB relatively small and Ns relatively low. The deepest convection occurs in
this region during winter (Danieds, 1993), producing the coldest cloud top temperatures where ice crystal growth rates are
bound to be minimal, likely resulting in smallee.DThis phenomenon is more evident in Fig. 4, showing retrieved median
IWCs, where IWC is lowest during winter in the tropical western Pacific due to these minimal temperatures. The
correspondence between(Fig. 5) and IWC (Fig. 4) is clearlyeenasexpectedrom the ClausiusClapeyron equation.
FiguresS5 andS6 in the Supplemerghow global maps of median &hd D for in situ cirrus clouds only, where ¥ higher
and D considerably smaller relative to Figs. 2 and 3 (Wh&IBC are included). To interpret these figures, microphysical
properties of in sitcirrus and WBC clouds are investigated in Fig. A3. Although corresponding to a specific season and
latitude zone, these Fig. A3 results are globally representative. Megliacr&ases as; Thcreases, with no marked difference
between in situ and@/BC cirrus clouds at a given. TThissuggesithat the RQdifferences seebetweerfig. 3(for thick WBC
& in situ cirrus)andthe thick in situ cirrus inFig. S6 (residing at a lower [Jon averageare due to temperature differences.
Temperature could also be a factor in explainglowerN; in Fig. 2 (for thick WBC & in situ cirrus) relative to the thick in
situ clouds in Fig. SSince the latetendto form at lower temperatures (Fig. A2) and hdepends strongly on temperature
(e.g., Lamb and Verlinde, 2011). Figure A3 shows that both the geometric thiekwketbe equivalent thicknessen by IIR
are on average greaterfd&/BCcl ouds than for in situ cirrus c¢clouds. T
substantially greater faBC clouds Finally, IWC and N are bothhigherin WBC, in agreement with Luebke et al. (2016),
only when clouds with U < ~ 0.3 are included (bluelycur ve
thick vs. thin cirrus whemterpreting cirrus cloud field campaign measurements ah IWC, and ultimately in terms of the

contribution of het and horno cloud formation.
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Figure 2. Global-seasonal maps of the median ice particle number concentration fér thick cirrus (~0 . 3 ~<3) tkht irclude both
WBC and in situ cirrus clouds. The color legend givesilih L-1. Thetwo panels are for (a) Decembedanuary-February (DJF) and
210 (b) June-July-August (JJAduring2 008, 2010, .2012 and 2013

DJF Median D, (um) T, < 235 K thick cirrus JUA

10 20 30 40 50 60 70 80 137

Figure 3. Global-seasonal maps of the mediaeffective diameterDe for thick cirrus (~0 . 3 <3) tHat include bothWBC and in
situ cirrus clouds. The color legend giveBein microns. Otherwise, as in Fig. 2.
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215 Figure 4. Globalseasonal maps of the median ice water content IWC fahick cirrus (~0 . 3  <3) tHlat include both WBC and
in situ cirrus clouds. The color legend gives IWC in mg m. Otherwise, as in Fig. 2.

DJF Median T, (K) T, < 235 K thick cirrus JUA

180 195 200 205 210 215 220 225 230 235

Figure 5. Global-seasonal maps of the mediagirrus cloud radiative temperature T: (K) for thick cirrus (~0 . 3 ~3) tht irclude
both WBC and in situ cirrus clouds. Otherwise, as in Fig. 2.
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3 Contribution of hom-affected cirrus clouds

3.1 Sensitivity of cirrus cloud physical properties to hom

Themainpur pose of

this section i s t 0 ejasamears pf sapdraging cirsus cloods t |

formed primarily through het from those formed primarily through hém.discussed iM2024, when all IR samplesver

oceansvere used~< 0.01 < (& 3)<retrieved median INR, (mean volume radius), and IWC were in reasonable agreement

with corresponding values in the cirrus cloud property climatology of Kramer et al. (2020) that is based on many field

campaigns throughout the worltlowever, when the CALIPS@etrievals were restricted tihick clouds the agreement

degraded for Nand IWC. Again, tis raised the question of whether cirrusclondsv i ng U s mal D2tendtand |

becharacterized by different physical properéesl processes

Figures6 provides a means of investigating this question, evaluatind\MC, D. and the sampling densities foptically

thin(~0.0L< & 0.3 andthick (0 .

3 ~<@) clrus<clouds.Only retrievals over ocean are considered since variable land

emissivities preclude retrievals over ldiod the thin clouds These quantities are plotted invE. T, T Tiop Space where Jp

is temperaturatcloud top and Tis most of the time near mitloud(M2024). Thus, Ti Twpis an index for cloud geometrical

thickness.Figure6ashows that fothick cirrus the highest Nresulting from hom due to its magnitude) is found in relatively

geometricallythin clouds (consistent with Fig. 10 in M2018), whilig). 6d foroptically thin cirruss almost featurelss with

Ni < 100 L*in general. Note thdheretrievals haracterizeloud layers (i.e., no vertical profiling within a cloud is possible).

The cirruscloud remotesensing results from Dekoutsidis et al. (2023) and the cirrus cloud modelling results of Spichtinger

and Gierens (2009a,bpth show that hom is primarily active only near cloud top, with the later showing relatively: iow N

the mid to lower cloud where sedimenting ice crystals quench hom by lowering the RHi. Based on this, geometrically thicker

cirrus should have vertically averagednich lower than Nn the upper cloud and in geometrically thinner cirrus (assuming

comparablehicknesses for the ice generating regions). These findings are consistent with our respdisaiby thick cirrus

IWC for these cirrugFig. 6b is higherthanfor optically thincirrus(Fig. 66 clouds whichexhibit much lower valuesypically

smaller than 4ng nmi®. Jensen et al. (2024howthatN; and IWC arénigher in youngetropical cirrus cloudslue to mesoscale

temperature fluctuationfsom gravity waveghat act to decrease them over timehismay help explairtheseresultsif hom

cirrus are associated with young cirriBifferences in RbetweenthéwoU cat egori es are consi der

6¢c and 6f For a given T De tends to be quasionstant, although decreasing for tremetricallythinnest clouds in botb

categories. To summarize, these results show that hom is actipédally thick cirrus(due to the high Nn geometrically

thin cirrus) but noin optically thin cirrus Moreover, they show that hom mostly affectahd IWC, withperhaps a secondary

impact ondecreasin@e (referring to Figs2, 3, S5 andS6 as well as Fig. 6 This suggests that the ratio IWG/&nhd therefore

the extinction coefficientUhy =

3

| i DUE Whenel i = bulk density of ice= 0.917 g cn¥) may be sensitive to hom.
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Figure 6. Cirrus cloud median ice particle number concentration N(panels a and c)IWC (panels b and d) and D (panels c and f)

plotted in Tr vs. Tr i Ttop Space (for bothWBC and in situ cirrus clouds) where Tiwp is cloud top temperature and T i Tiop is related

to cloud geometrical thickness.Panels(a-c) feature thick cirrus (~0 . 3 <3) Whilepanels( d-f) feature thin cirrus (~0.0L< U <
255 ~0.3). While only winter midlatitudes (WIN MID) over oceans are shown here during 2008010,2012, and 2013theseresultswere

found to bevalid at all latitudes and seasonsver oceans.For 6a and 6d, he numbers in the color legend are to be multiplied by

100 to give Nin L2,

3.2 Using theextinction coefficient to identify hom-affected and hetonly cirrus clouds

As described in M2018 and2024, one of the cloud properties retrieved by this method islthed extinction coefficient for

260 vi si bl g Heiegva tisghis fdtrievedULy as a means for measuring the activity of hom since it contains the ratio
IWC/De, which was showin Sect 3.1to be sensitive to hom activityFor a given T, relatively high values ofky should
correspond to a substantial impact from hom on the cloud microphysics.
To test this idea, Ns plotted in Tvs.log(Uk) Sspace in Fig7f or retrievals over ocean usin
from ~ 0.01 to ~ 3, for the tropicsmidlatitudesandhigh latitudes during winter (for both hemispher&s)in situcirrusand

265 WABC clouds Light greyregions in these plots are where the number of samples is smaller th@har@cteristic in all plots
is a broad region on the left siler e | a t i ) ahege Nk 80w Blthough hom can produce such low concentrations
at warmer temperatures and low updrafts (Kramer et al., 2016), hom tends to produce much; iRgrahbina and Nenes,
2009). To the right of this region is a gradient of increasingNminating in values of N> 1000 L. This gradient region

is likely produced byaryingdegrees of hom activifyalthough het may also contribute to this gradient under conditions of
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relatively high INP concentrationit is evident that horaffected cirrus clouds are common in both in situ cirrus and WBC.

For WBC, hom appears quite active even at the éigtemperaturesThis can be understood if the cloud is glaciated by het

freezing at T > 235 K anitte supersaturatios is already near the hom threshold. Then some cloud parcels are transported

upwards across the 235 K isotheiimcreasing iswith hazesolution droplets freezing as they cross this isothefrhe main

difference betweethese cloud typeis in the tropics where in situ cirrus often appear to the right of the region predicted for

pure hom (i.e., the triangles squareswhich will be discussedbelow. This may be due tdeepconvection overshooting the

temperature level predicted for hom to activate, depositbegmassat lower temperatures where in situ cirnmy

subsequently formRe s ul t s | i ke

Fig. 7 are shown in Fig. S7 for | &

situ cirrus outside the tropics, perhaps due to stronger orogiaghged updrafts over land. Also be notedn Fig. S7is

the strong contribution from polar stratospheric clouds over Antarctica at very cold temperdtorgee right of thisN;

gradientin Fig. 7, the boundary between peakWNa |l ues and t he

as the gradient) that may be explained from first principles.
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Figure 7. Median retrieved ice particle number concentration Nplotted in Tr v s .
regimes. The black ontours show the logo of the number of samples. The numbers in the color legend are to be multiplied by 100
to give N in L%, Retrievals are over ocean using all lIR sampldsr in situ cirrus and WBC as indicated wi t h U
to ~ 3, for the tropics (TRO, panels a and d), midlatitudes (MID, panels b and e), and high latitudes (HIGH, panels c and f) dugin
winter (WIN) using both hemispheres during2 0 0 8, 2010, .Zrheltranglesnand sguarés3representheoretical and
empirical predictions for ice nucleation throughhom. The color within each triangleor squareindicates the approximate Nmaxor

pure hom conditions via the color bar legends.
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290
To explore this further, two formulations of the Clausilapeyron equation and the supersaturatioasholdequation for

hom, first derived inLamb and Verlind¢2011) were used:
Q Q QwhR — - Q)

wherees; is water vapor pressure at ice saturatiogisllatent heat of sublimatiqifry is thegas constantl is temperature and
295 e5 and To refer to water vapor pressure and temperature at thpoio¢ of water (6.11 hPa and 273.K5 respectively.
ReformulatingEqg. (1) as described in Sect. 3.3.1 of Lamb and Verlinde (2giMBs an expression useful in calculating the
supersaturation required for homogeneous ice nucleation:
Q ~ o
Q Qak - - )
wherees = water vapor pressure at water saturatindL = latent heat of fusianFinally, thethresholdsupersaturatioratio

300 where hom occurss', was developed in Lamb and Verlindz9(1) from results in Koop et al. (2000):
Yo p8t T® TTU—. 3)

Noting that the water vapor pressureSteom, is simplyenom = S e, water vapor densities are obtained from the Gas Law

(Hom=&om/(RvT) airFai/(R T), R, = gas constant for water vapao) predict the maximum IWC resulting from hom:
"Ow 6 " "o 4)

305 Butto relate IWGon(T) to retrieved IWC in Tvs. (b Space, a corresponditib is needed which requires.DFor the tropics,
thePSD mean ice particle maximum dimensiofdawas related to T using the CEPEX PSD scheme described in Mitchell et
al. (1999), wherenly the largeice particlemode was usedFor outside the tropics, anRni T relationship based on the
SPARTICUS field campaign (Mishra et al., 2014) was used, which is legf> 0.0307 T + 3.169 with Ranin microns and
T in °C. Using the ice particle masand projected aredimensional relationships from Erfani and Mitchell (2016) and an

310 exponential gamma PSD.Was calculated from Ranas described in that study. Thisgivesibn der fAnor mal 0 ¢
To estimate Punder maximum hom conditiorfsorresponding to Eq4)), we usepanels h, i, and | dfig. 10 over landfor
high latitudes andfor mid-latitudes during winterwhich show that when hom is most active,decreasesfroin or mal v al
~55emto ~ 355em for T between 219 and 235 K, or by a factor o#8.6Thus, we apply this factor to@stimated from
Dmeanto estimate P for maximum hom conditions. Finally, we calculate dy converting this Bback to Dheanfor an

315 exponential PSD usingq.(7) in Mitchell et al. (202pandthen calculating the PSD slope parametieom Dmean(@= 1/Dmeap-

For the region where hom is most activej\Nmax calculated as

o - (5)
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340

wheres is a parameter in the gamma PB0O 0 O Qwmnl$ andU and b define the ice pa
= €D where 3 = 0 here. The values of U and b wemwas obt
calculated.Nmaxpredicted from Eq. (5) anidqg. (1) of Schneider et al. (2021) is overplotied=ig. 7as shown by the triangles
and squares, respectively, with the color inside the triafsgjearesndicating the concentration range (based on the color
bar). Schneider et al. (2021) provide an empirical expression;foaSed on experiments in the AIDA cloud chamber.

Panels a t@ of Fig. 8 show the retrieved median IWC plotted invE. log(Ckx) Space for all samples over ocegsth in
situ and WBC)with triangles predicted fromag. (4) overlaying these retrieved IWCs. The differBatar T relationshipgor
the tropics and for outside the tropics yield slightly diffefégn{T) associated ttWChon(T) (sincelbx = 3 IWC/( 4De)). The
color within the triangle indicates the approximate \/Gralue via the color bar legend. It is seen that the color within the
triangles matches the background color in almost all cases, showing good agreement between basic theory and the retrievi
IWC where hom is expected to be most actil/Crom Wwas also calculateflom Eq. (1) in Schneider et al. (2025hown by
the squares in Fig. There is close agreement between the theordtieal Eq. 3)and experimental methodshereboth
methods address the homogeneous freezing of solution haze droplets based on the activity of seditioim droplet (Koop
et al., 2000) and do not address the homogeneous freezing of activatedrolglets In panelsd tof, retrieved median Os
plottedin Tv s . &k) Spgce foall samples over oceans, with theoretical and experimental hamdiDated by the triangles
and squares, respectively, with their color based on the same color legend as used for the retrievals. The predigeeldand ret
De values are in general agreement for this famtive region.Results like Fig. 8 but over land are shown in Fig. S8.

There is a close correspondence betweepitbdictedtriangle (or square) color and adjacent retrieval cafof§gs. 8 and
S8 indicating reasonably good agreement betwbeory and observationsThe predicted triangles and squaies-igs. 7
and S7showthe maximum N expectedor a given T; (thus indicating the region of maximum hom activity). The predicted
colors (triangles and squares) tend to indicate high#rad the adjacent background retriedgctolors, which is consistent
with expectations that hom events are diluted through mixing and entrainment (Jensen et al., 2012). The diagonal orientatiol
of this hom region is a consequence of the ClauSiapeyron equation that predicts lower saturation water vapor pressure
anddensity as T decreases. In the tropics, the predicted colors indicate considerably;highesNhan the adjacent retrieval

values. This may indicate that hom is less active in the tropics for our cloud sampling.
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345 Figure 8. Median retrieved IWC (panels a-c) and D: (panels df) plotted in Trv s . k) spgde th separate the heand hom
regimes. The black ontours show logo(number of samples). The colobars give IWC (mg m®) and De( € m) . Retrieval.
oceans using all IR samplegboth insituand WBC), wi t h U ranging from ~ ,fane® ad), molatitude8, f or
(MID, panels b, & and high latitudes (HIGH, panels c, ¥ during winter (WIN) using both hemispheres during 2008, 2010, 2012 and
2013. The triangles and the squares represent predictions from simple hom theory using Eq. (4) and Schneider et al. (2021),

350 respectively, and the color within each triangle or square indicates the approximate IW&m (panels ac) and hom : (panelsd-f)
values via the color bar legends.

The black contours in Figs. 7, S3,,and S8howthe pixel count densities iV s . k) spgce. UOutside the tropics, the
trianglegsquaresoincide with relativelyjow pixel counts, indicating the frequency of occurrence for hom events is quite low,
355 consistent with theoretical expectations (e.gdrer et al., 2016).

3.3 Microphysical attributes of het and hom-affected cirrus clouds

It has now been shown thdi: seems to be a suitable metric to identify varying degrees ofdutimity, but how can this be
used to quantify the contribution of heaffected cirrus clouds in terms of frequency of occurrence and radiative impact? To
address this questioamethodis presentedhatestimates the fraction dbmaffected cirrus cloudsuch that thgeclouds are

360 strongly altered microphysically relative tirrus associated withelatively low N, such a<irrus formed through het and

aged dissipatingsublimatingcirrus cloudgformed either through hom or hetenceforththe formermwill be referred taas
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hom cirrus and the latter as het cirrdese dissipating cirrus clouds are microphysically described in Fig. 6 of Kramer et al.
(2020) where R 100%. These two categories witlow be describé and finallyquantiied.

The median NandmedianD. corresponding to various temperature intervals irs.Figand 8wereplotted againsthy in
Fig. 9 (panels a to &ind g to |, respective)yfor both winter and summerThese retrievals are over oceansdaly in situ
cirrus cloudsandasimilar plot, Fig. S9, is given in the Supplement for WB&ouds. WhenmedianD. was seequalto the
sensitivity limit(M2024), it was not plotted, which ralgoccurred Colorsindicate the 4 K temperature interval corresponding
to the retrievals. Outside the tropics, it is seen that two populations exist, characterized by difigt8nt / d led stppeb
in the case of Nor trends inthecase oD mostly for the higher tempetrcatlwrmred.d
(T > 215 K) N data with two linear fits, a change in slope occurs ardiggd 0.3 kmi'. The increased sloger Uy > 0.3 km
lis where median Dincreases slowly or starts decreasirfgpr T < 215 K, these trends are less coheréfitis behavior
suggestsa transition from hetirrus to homcirrus For N in the tropics, there is no apparent change in shoféch may
indicate that hom is less active in the tropics. Note that this analysis is based anhawimgjU< ~ 3 and thus does not
considerthick cirruscloudsoriginating fromdeep conveatin whereU> 3 and hom is probably actiwe the strong updrafts
Note thatheseobservations apply to both in situ and WBC clouds, suggesting that similar physics applies to both cloud types.

A maximum in Q is expected to occur after a slope change regardiniyéto the competition for water vapor among a
relatively high concentration of newly formed ice crystals. This competition reduces the growth rates of these ice crystals,
keeping them relatively smalDther than hom, we know of qmocess that can explain the decreade.iat higher extinction
shown in Fig9. Since for spherical ice the spherical volume radiuisRroportional to (1/NY3, it is apparent that even for
nonsphercal ice crystals, it will take a larger change irtdNaffect a significant change in Br De through vapor competition
effects. Thustegarding @and N, a decreas& D. caused by hom would be a more conservative asitdar defining hom
cirrus. This would be more pragmatic if one was primarily interested in the impact of hom on radiation since cloud radiative
properties are parameterized in terms efabd IWC (e.g., Gettelman et al., 2010; Emde et al., 20E6y. this reason, we

define hom cirrus asirrus having arextinction exceeding that the @ maximum.
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Figure 9. The dependence of median logiXupper half, panels af) and median D: (lower half, panels gl ) e« for allin situ cirrus

samples over oceans-(0.0L < U 3 ¥ The various T intervals (4 K/interval) are given by the color legend.Each row features the
tropics (TRO), midlatitudes (MID), and high latitudes (HIGH) in both hemispheres for either winter (WIN) or summer (SUM). The
vertical das0.2kdlinparelsai markdvhere a change in slope generally occurs for the 22B5 K interval. These
same dashed line positions are also indicated in panel$ gshowing their relation to the De maximum.
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3.3.1 Hom intensity

To better understand these principles, these ideas can be tested in an environment where INP concentrations are fligher, nam
overland.Fi gure 10 is |like Fig. 9 except the retrievals are
0.3). Despite the different ranges of optical depth in Figs. 9 and 10, observations are qualitatively Regknding the N

plots (panels&f ) i n Fi g. 10, there ies=021t00.Bkrhwherda theNslopecchangesifor@ldi nt
<Tr< 235 K in all | agF0tale kil @rldk215& indhrea latituderbanddldte that consistent
changes of slope or trend of opposite sign are seen incthi®td (panels 4). Referring to Fig. 7, this change in 8lope is

due to hom with hom aff eedOi 0g3Thiksopeoftheiiata forA352 T ® p Kuydsabc s3J f
km! appears related to the production rate of ice crystals through hom (ihigther for steeper slopes) and as such can be
viewed as a measure of the intensity of hohine midlatitude slope over land is greater during winter relative to summer,
consistent with Nin Figs. 2 and S5This may be due to higher cirrus cloud updrafts over land, especially over mountainous
terrain. F 0 fex <10.3 km?, het is expected to dominate, and thelistributions are almost flat outside the tropics, with N

increasing s o me wiindhe tropicsiFiguleeStOrpmwides simidar rékults for WBC clouds.

3.3.2 Acirrus cloud Twomey effect?

Most evidenwvhen comparing Fig® and10 (or Figs. S9 and S1®) r x<D.3 km (i.e., thehetcirrus regimgis that median

N; is higher over landup to a factor of 1Q)presumably due to higher INP concentrations over land. For direct comparison
with Fig. 10, results similar to Fig9 but forthick cirrus(like Fig. 10)are shown in Fig. Bl of the Supplementin the lower

half of Figs. 91and D, Deis related tdk«Where it is evident that {Is substantially smaller over land relative to ocefans

Uk < 0.3 kmi'. Since Nis higher over land (although perhaps not at high latitudes, based dBlEjgthis suggests that
higher INPconcentrations ver | and may be producing a fTwhiebigheregdfafssct o
over land couldilsoenhance INRnd N corcentrationsnote thatupdraft effects are implicit in Fig®, S11 and D. That is,

higher updrafts are associated with higher IWC (Hu et al., 2021; Mitchell, 1988) and higher extinction is associatetewith hig
IWCs. Theapparent Twomey effect here is associated Whth< 0.3 km® whereupdraftsare expected to be relatively weak

over both ocean and land.

3.4 Quantifying the contribution of hom-affected cirrus clouds based omxtinction and De

As shown in Figs9 and D, De exhibits a maximumvhered(De) / d (k) 0 g (ABis@naximum generally occufso & U
> 0.3 km* and serves as a more conservative estimate of the transition framlyéb homaffected conditions. Fig.11
shows plots of Nin T, vs.| 0 g« sPace for the tropics, midlatitudes, and high latitudes over oceans for DJF and JJA in each
hemi sphere, where ~ 0.01 < U < ~ 3.valueisthere Dis raariraumt ancbthis f r o
maxi mum i s mar ked b pyweveh imthdtropias knd in thé summeg NHsmidlatituHesnBxima were

ambiguous and the transition from het to hom cirrus at a givead determined by a;Bhreshold, Mes Thisthreshold is
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is bounded by the @ maxima (+ signs) in the vertical and in the horizontal byhe 235 K isothermand Tmin (dashed line) below which
sampling is toolow for meaningful analysis Other features are as in Fig7. The alternating soliddashed contour lines are varied
with increments of 0.10 (i.e., 10%) from right to left to show the approximate fraction of samples (at a given)Twithin the hom
affected region. Each row features the tropics (TRO), midlatitudes (MID), and high latitudes (HIGH) for either the northern(NH,
panels ac and gi) or southern (SH, panels df and j-I) hemisphere in DJF and JJA during 20082010, 2012, and 2013.
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the mean value of Nhat correspond to all thecnaxima (51 in total) in the exttaopics. The value and standard deviation

of Nuresis 118 + 57 ! where the standard deviation is likely subject to variations in INP concentration (Haag et al., 2003).
The hom t hreshol dexhaving theacerespondirgdiosesbto M.k én two extratropical datasets (DJF

MID SH and DJF MID NH), Meswas also used to estimate the hom threshold far2ll9 K and T< 207 K, respectively.

The horizontal dashed line in Figjl indicates the temperaturenf, below which the number of cirrus cloud samples was
too low for statistically meaningful analysis. The region of kaffected cirrus clouds is thus defined as the region bounded
by the + signs in the vertical and the dashed line in the horizontal, with the right vertical boundary defined by th@absence
data and the lower horizontal boundary defined by the 235 K isotherm. Also plottedlf &ig.alternating solid and dashed
curves indicating the fraction of samples, in increments of 0.10 from right tbdefhg a larger extinction than the extinct
corresponding to the curve (at a giveh TThis provides estimates of the fraction of hom cirrus for a giverar reference,
the triangles predicted from hom theory are also shown (same as) Fig. O v & at bethémtran6itions is found between
~ 1.8 km! (in the tropics) and 0.02 kir(in the winter Arctic) and tends to decrease adeEreases (similar to the temperature
dependenceofr edi cted from hom theory). Similar results were
are shown in FigS12 in the Supplement.

These hom region boundaries were incorporated into-Upadables that relate 4 K temperature intervals to latitude band,
season, and surface type (oceans or land) for determining whether a samplecimasbetiomcirrus. When I > sensitivity
limit, we setthe sampleashetcirrus Applying this De sensitivity limitto all cirrus cloudsamplesover oceanseduceghe
estimatechom fraction by less than 8 % atJ 211 K. The largest changes are farwithin the 223235 Kinterval where
thehom fraction is reduced by 50 % in the tropics, and b22% in the extrdropics.

3.4.1 Results

Results from this analysis over oceans (~ 0.03d<<~ 3) are shown in Figs2land B, where the hom fraction vs, i§
shown in red. The hom fraction, which is defined as the number of hom cirrus pixels divided by the total number of cirrus
pixels, varies with T and is typically smaller than 0.4 (with 5 exceptions at the lowestiffide the tropics)WBC clouds,
whichtend tohawe stronger updrafts than in sitirmis (Wernli et al., 2016} ontribute primarily to tahom fractionat higher
T: as shavn in Appendix A. In addition, Fig. 2 shows median N/s. T; for all cirrus (blue), for het cirrus (black), and for
hom cirrus (orange). préfiles afe édentical evinerthe hors fiactiamisdnullfahdghey aceiclose u s 0
whenthe hom fraction is relatively small. Conversely, whtie hom fraction is relatively large, tifieadirlud a noch 1 h
cirrusd  p r becdme elaser. For the latter, mediaris\most of the time larger than 20 L In this way, Fig. 2 shows
how the Tdependence of the hom fraction affects median N

Hom may occur through (1) the freezing of haze solution droplets (Koop et al., 2000) and (2) the freezing of supercooled
cloud droplets advected across the isotherm ~ 235 K (e.g., Rosenfeld and Woodley, 2000). If (1) and (2) are comparable i
their frequency of occurrence, an abrupt increase in medliaimrusN; should be evident in Fig. 12 in the128235 K range

(given typical norconvective cirrus updrafts of 10 to 30 cr).s Since such an abrupt increase is not evident in Fig. 12, it
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appears that (2) does not contribute significantly taeMen in the tropics. This is consistent with Avery et al. (2020), Costa

et al. (2017), and Mitchell and déEntremont (2012)71 wher
235 K. This applies to both in situ cirrus and WBG@utls and is consistent with the definition of LOC in Luebke et al. (2016)
where it is stated that LOC are restricted to pure ice clouds having T < 288°K]). When considering only hom cirrus,N

an increase in hom;Mith T, is seen in the tropics for, $ 215 K, which might be attributed to (2), but it applies to only 2 %

of the sampled cirrus at 22B5 K, as shown by the hom fraction curve.

Figure 13issimilart¢i g. 12 except cloud optii.calNdteipnd tUhe sl ey ad w:
that homis havinganenr i vi al i mpact on -coadradiation inderactions forecirrus iclsuds ame ékelyo s o |
greatest for optically thick cirrus where hom is active. The maximum CRE chaegeeisted when INP concentrations are
just enough to completely prevent hom but do not exceed this concentration by more than a factor of ~ 3 (Storelvmo et al.
2013) . Under this condition, the blue median U prhusfi |l e
the difference between the blue and black U profiles r.
Finnegan, 2009; Storelvmo et al., 2013; Gruber et al., 2019). Finally, it should be noted that the relatively low loos fracti
in the tropics are believed to partly result fromissampl
hom is probably very active where deep convection occur

Global geographical distributions of hom fractions in the atmospheric column are shown for DJF and JJA iBEtgddge
hom clouds tend to have an overall larger optical depth than het clouds, the hom fraction avbidaigbased oroptically
thick cirrus cloudss expected to be overestimatétherefore, we applied a zonal correction factor at 2° resolution which was

estimated from samples over oceans as:
#1 OOAEDEDIO— (6)

where fraction is the hom fraction using all samples and fracti@nis the hom fraction using samples optically thick

cirrus clouds This correction factor was multiplied by the hom fracti@sed on optically thick cirru® produce the hom
fractions shown in Fig. 14. For a given grid cell (i.e., column of atmosphere),-tlep@ndent horfractions were weighted

by the normalized fraction of samples at each level and vertically integrated to yield the mapped hom fraction. The hom
fraction ranges between 0.02 in the tropics and 0.6 at high latitudes in the SH. Relatively few gridlggilsgaey to indicate

that less than 10 samples constitute that grid cell (see also panels a and b of Fig. Al for cloud sampling). Since this
methodology is based on-diependent hom thresholds determined for 30° latitude bands, discontinuities in the hom fraction
are common between latitude bands. Thus, the hom fractions in Fig. 14 are qualitative, and there should actually be a mor

gradual transition between latitudands where discontinuities occur.
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Figure 14. Geographical distribution of the fraction of cirrus clouds affected by hom during (a) DJF and (b) JJA where the color
bar indicates the hom fraction. See text for details.

A case in point is the discontinuity at 60°N in Fig. 14 for JJA, with relatively high hom fractions north of 60°N. As seen i
Fig. 11i, the maximum v al ues at the four warmest temper atxalavetoev el
the other panels, correspondingvdlues are relatively small, and hom fractions in Figs. 12i and 13i range between 0.3 and
0.4. Because this was unexpected, we examine in Fig. 15 the dependenda.pahd IWC on extinction for the fogeasons
for the temperaturbin at 229 K Other temperaturetervals (having a midlemperature 0233, 225, and 221 K) exhibited
the samdehavior. Regardless of temperature, the maximww | u e eadccurs anly in DDA, and no marked difference
between thehiree other seasons is observed. In additipis IMwest in JJA (consistent with largestiB JJA),with achange
in slope consistent with the.haximum, and IWC is consistent with the D behaviour. A possible reason for this low het
h o m threshold and resulting high hobl threshold and resultingigh hom fraction during JJA is relatively low INP
concentrations which woul@low the RHi in an ascending air parcel to reach the hom threshold more frequently due to lower
water vapor removal rates by ice (Krane¢ml., 2016).Evidence folower INP concentrationsan be found in th€EALIOP
dust aerosol optitcalepth (DAOD) climatology of Song et al. (2Q2ig. § where JJA has the lowest DAOD north of 60°N
but dust concentrationsiere not vertically resolved in this figureFroyd et al. (202) reportedaircraft measured dust
concentrations at cirrus levelssing the Particle Analysis by Laser Mass Spectrometry (PALM&trumentwhich

discriminated between mineral dust and other aerosol types. Dust mass and number concentratieterweanedrom
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simultaneousneasurements by PALMS and of siasolved aerosol number concentrati®uch measurements warade
during four global flightsmostly over the Pacific and Atlantic Ocean, from the Arctic to Antarctica and b&ulst
concentrationsvere lowest during August and Octolmerth of 60°Nregarding the four monthaléoincluding Feb. and May)

of the ATOM field campaign However, estimated dust mixing ratios in Kok et al. (2021) poleward of 60°N frord@D0
hPa show slightly higher values for JJA relative to DJF. Overall, if this interpretation is correct, it suggests thatichange

relatively low levels of dust conné&ation can significantly affect the.Bf cirrus clouds and hence their optical properties.
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Figure 15. Seasonal analysis of the region 680° N over oceans for the 229 K temperature leves in terms of the extinction dependence
of (a) Ni, (b) De, and (c) IWC. Extinction at maximum De, indicative of hethom transition, is the smallest in JJA (dark pink)
compared to MAM (light pink), SON (light green) and DJF (dark green), yielding the greatest hom fraction during JJA.

Also of interest are the seasonal changes in hom frabBbmeen 30°N and 60°M Fig. 14. Relativedustcontributions of
t he wor dubtéosirceragionsarestimatedn Kok et al. (2021) and Froyd et al. (2022), with dust from Asian deserts
(e.g., Taklimakan and Gobi) more likely to reach cirrus cloud levels in the UT due to ascent within frontal systemsjorograph
uplift, and dry convection. Asian dust emissions to the UT were maximum in summer (JJA), contributBig 58 dust to
the NH UT, but with minimal contributions during winter (also see Supplement of Kok et al., 2021). Regions downwind of
these Asian dust sources in Flig.(into North AmericaJundergo a strong seasonal change regarding their hom fraction, being
relatively high in winter and relatively low in summer. This may be due to the above noted changes in mineral dust, with
higher UT dustoncentrations promoting het cirrus clouds. This phenomenon is discussed in greater detail in Mitchell and
Finnegan (2009), where a climate intervention method known as cirrus cloud thinning (CCT) was proposed. A similar
phenomenon may be occumgim the SH over the Southern Ocean-680S), where the main UT dust source is South America.
Estimated dust concentrations between 200 and 400 hPa are highest during summer (DJF) and lowest during winter (Kok e
al., 2021, Supplement). In Fi@i4, hom fractions over the Southern Ocean tend to be lower in summer and higher in winter,
consistent with these estimated seasonal changes in dust concentration. To summarize, it appears that an increase in |
concentration prempts the formation of howirrus by preventing the RHi from reaching the threshold for,hom

It can also be argued that the above seasonal differences in the hom fraction can be attrimatsshtdlifferencesin

vertical velocities at cirrus cloud levelsThis appeardikely over the Southern Oceawhen one considers étstronger
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orographicgravity wavesoccuing thereduring the winter season (Jiang et al., 2088ffmann et al., 2016) Moreover,
Gryspeerdt et al(2018) notes that Ns higherduring winter in the midlatitude storm traclksnsistent with stronger jets.
Nonethelesstwo studies (Sporre et al., 2022; Lin et al., 2025) have documented large microphysical changes in cirrus clouds
that wereimpacted by volcanic aerosalihich suggests that the observed seasonal differences can be attributed in part to
seasonal differences in INP contstions

The thick black histograms in thgper panels of Fidl6 show the zonal mean hom fractions over oceans for DJF (a) and
JJA (b). Outside the tropicst(30°), the hom fraction is generally between 10% and 35%, although over Antarctica during
winter it can be much higheFor comparison, Froyd et al. (2022) estimatezicontribution of het arfibm to cirrus formation
using the dust measurements described above to initialize a detaileefarimasion model. They found that het on mineral
dust was responsible for 71% of the cirrus clouds modelled, which is consistent with our findings based exclusivelyedn retrie
cirrus cloud propertiesHowever,comparing Fig. 16 witlrig. 5 and S12 in Froyd et §2022)shows thategional differences

are largerwhere the fraction of homirrus in the NH for this study is greater than in Froyd et al. (2022).

3.4.2 Estimating the fraction of het and hom cirrus comprising in situ and warm base cirrus clouds and their
estimatedradiative impacts

The remote sensing study by Dekoutsidis et al. (2023) found that RHi values in both in situ and liquid origin cirrus clouds
exceedl40%near cloud topwhich ishigh enough to activate hom. The case studies they examined further underscored the
importance of hom in liquid origin cirrus clouds, regardless of whether they were convectively generated or produced through
frontalsy st ems (as part of Themethodslégy describédcalbonevioe idenmtifyindbhetlanddgm. cirrus
cloudswasapplied to in situcirrusandWBC clouds Zonal means of the cloud fractiomger oceangre shown in thepper
panels of Figl6 for DJF (a) and JJA (b), where the thick black histogram separates ttgrdwetolors)and hom(reddish
colors)cirrus cloud regimesThe het fraction i4 minus the hom fractionWithin these two regimes, tHeaction of in situ
(IS) andwarm bas€WB) cirrus are indicated. In situet cirrus are most common, followed WB het cirrus, although these
two cloud types are comparable over the Southern Ocean and Antarctica during summer (DJF). For the hom fraction outsid
the tropics, the fractions of in situ cirrus awBC origin clouds are often comparable, althou8C dominates south of
60°S latitude during winterAlthough hom in WBCand thudiquid origin cirrus) has been predicted to occur mostly through
the freezing of cloud droplets (Gasparini et al., 2018), evidence for this was not found in Fig. 12 (as discussed4riBect. 3.
Thus, it appears that hom proceeds through the freezing of solution haze droplets for both hom cirrus categories in Fig. 16
making both in situ hom cirrus and hom WBC clouds susceptible to modification by increasing the concentration of INPs,
which is thephysical basis o€CT (discussed in Sect. 5).

Panels ¢ (DJF) and d (JJA) of Fig. 16 show for each type of cirrus cloud(Behpm, IS homWB het, IS het) the zonal
fraction weighted by optical depttAs in Fig. 1,t distributions are computed for Idg(between3 and 1 using bins equal to

0.1 in log spaceThet-weighted fraction of a cirrus type is defined as
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where pis the number of pixels in bin. Thet-weighted fraction of a cirrus type is a proxy for its relative CRE contribution,
following the same reasoning given for the CRE proxy in Fig. 1. The thick black histograms in panels ¢ and d give¢he relati
CRE proxy associated with hom cirrus clouds while the relative contributions from icirsitsand WBC cloudsto hom

cirrusare indicated by the pink and red colors, respectively. Similarly, the relative CRE proxy associated with het cirrus clouds
is indicated by the grey colors, with relative contributions fMMBC and in situcirrus indicated by thearker and lighter
shadesrespectively The main finding here is that, outside the tropics, the radiative impact of hom cirrus clouds appears
comparable to het cirrus clouds. During winter in both hemispheres and over the Southern Ocean in summer, the radiativi

impact of hom cirrusaneven be greater than het cirrus clouds.
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Figure 16. Upper panels (a and b)the fraction of warm base (WB)(red) and in situ (pink) hom affected cirrus and of WB (dark
grey) and in situ (light grey) het cirrus vs. latitude (negative in SH) in (a) DJF and (b) JJA based @il samplesover ocears. The
thick black histogram gives the total fraction of hom affected cirrus. Lower panels (c and d): same as upper panels except that the
fractions are weighted by cloud optical deptht).
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Figure 17. Comparing the median IWC (navy blue curves) over oceans (using all samples) with the temperatutependent het

hom transition point (black triangles) based onthe Pma x i mum and t he corr esponforagveredKt i nct |
temperature interval. Latitude zones and seasons (DJF and JJA) are denoted as in Figdahd 13. The light-blue shade lies between

the 10" and the 90" percentilesand the overplotted medium-blue shade lies between the $5and 75" percentiles
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610 3.5 Relating IWC to het andhom cirrus clouds

The results in this study appear generally consistent with those reportedvierkr et al . (2016), titl e
to cirrus cloudsi Par t 1: Cirrus typeso as shown in their Fig. 5
measurements of cirrus cloud IWC from 17 aircraft campaigns (94 sampling hours) wittigmedf cirrus cloud properties
from a detailed microphysical box model. The modelling revealed that the measured median IWC effectively divided cirrus
615 clouds into two upgift (w) regimes; slow (0.01 to 0.1 m)sand fast (0.5 to 3.0 m's The slow w regime where het dominates
was characterized by IWC < median IWC, relatively lowad relatively large mean mass volume radius Gonversely,
the fast w regimavhere hom dominatesas characterized by IWC > median IWC, relatively highaXd relatively small R
Interpreting these w regimes as het and hom regimes, respectively, this study reports similar finding8 &mé&igs(where
Uk correlates strongly with IWC). Figulg compares the temperatuiependence of the retrieved median IWC (and variance
620 as percentilesyvherethe median IWC usualllies near the temperatwdependent hetom transition (shown by the black
triangles) as described in Sect. 3.4.1 for cirrusnever
between the median IWC and the -hem transition IWC. The tropics and JJA MID NH are exceptions where she D
maximum was ambiguous (suggesting hom is less active) and the hom threshold was determingd Byxdiiding these
exceptions, the median IWC tends to partition the het and hom cirrus cloud regimes. This description is different than the
625 explanations given in Kramet al. (2016), where the median IWC roughly separates in situ cirrus from liquid origin cirrus
(their Fig. 13).

4  Conceptualizingcirrus cloud formation and evolution

Figurel18relatesmedianT, i Twpt Oex flif various 4 K Fhins (indicated by the color legend), with the vertical dashed lines
gi Vi negatwhicktheltorrespondingedianDema x i mum occur s f o rbins.hThis igidnesepazatelfy wa r m

630 for in situcirrusand WBC clouds Thisis based on all IR samples ovitie midlatitudeoceans, where, T Typ IS related to
cloud geometric thickness as discussed earliermediately it is evident that the in sitcirrus aregenerallymuchthinner
(geometrically) than the WBC cloud&.orthe warmesWBC layers 23K < T < 235 K), it is seen that the correspondence
between the Pmaximum and the [Ti T, maximum for a given [Tcurve is usually very close; so close that it is hard to
dismiss it as a coincidenc&or in situ cirrusthis relationship is lessvident butbegins to emerge in tH#23-227K T-bin.

635 As for the underlying reason accounting for the correspondence betweepahd D1 Tip maximain the warmeswBC
cloudlayers(orange curves}he following is proposeds a working hypothesfer WBC clouds From Eqs(24) and (26) in
Mitchell (1988), it can be shown that for ice clouds at getsady state conditions, the mean cloud updraft w is directly
proportional to theg donwnwa mEneivdvbEenwdihe mdsdvaighteddce fall speed, IWC
is also directly proportional to w whem, >w. As shown in Fig. 17, the het regime increases in IWC as it approaches the het

640 hom transition region, suggesting an increase in w as well. As w increasagiifen INP concentration), RHi ineases

within the cloud until the RHi reaches the hom threshdlthder quaskteady state conditions where ice mass produced
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approximates ice mass rensme.g., Mitchell, 1994; Fieldnd Heymsfield20(B), as IWC increases within the het regime,

De and w, also increase, exporting ie¢ higher ratethrough cloud baseThis icethensublimates, humidifying the setioud

layer. Over time this increased sedimentafior tends to lower cloud base, deepening the cloud. But this cloud deepening
ends once hom becomes important, witidecreasing due to smaller ice particle sizes. As w (and thus IWC) increase further
beyond the hethom transition, hom becomes more vigorous antuBher decreases, decreasingand sedimentation rates,
showing the evolution of cirrus cloud thickness with increasing cloud updraft anddsi@g cloud base, with geometric

cloud thickness becoming minimal at the highest w, IWCs andnd at the lowestdin the hom regime. As cloud layer T
decreases, ice particle growth rates and mass fluxes through cloud base decrease relative to warmer cloud layers having t
samg Uall owing cloud base to rise, and the ¢ uwke¥2B5Kthen Fi g
WBC in the het regime become geometrically thicker adetreases. When ¥ 215 K, these trends become less coherent
presumably due to lower sedimentation rates. This conceptual model for WBC is expected to be most apparent over lan
where the honregime decrease inwith increasing w and IWC) is more obvious. This simple explanation is consistent
with the retrievals of these quantities andi TTwp. This proposed explanation of Figé7 and 18 is summarized in the
schematic in Figl9 for the wamest WBC layer, presenting a conceptual model of how cirrus cloud thickness might evolve
with increasing cloud updraft and IWC for a fixed INP number concentration. Since upward air movements are balanced by

downward movements, win Fig9c an be better viewed as the standard devi
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Figure 18. Dependence of Ti Twp( Whi ch is related to cirrus cloud geogatort ri cal

various 4 K temperature bins indicated by the color bar. Retrievals were over oceas0.01< (- 3)<or in situ cirrus (panels a,
c, e, g) and WBC (panels b, d, f, h) clouds amid- latitude for two seasons (DJF & JJA) in both hemispheres (NH & SH) during
2008, 2010, 2012, and 2013. Vertical lines indicatel®@da x i ma f or t he t hree fiwarmesto temperat
between cloud thickness and Pmaxima. Panels having only two vertical lines result fromtwobma x i ma havi ng t he s
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Cirrus Cloud Evolution with Updraft (w), Ice Water Content (IWC) and Depth
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Figure 19. Proposed evolution of cirrus cloud thickness or depth with increasing cloud updraft (arrows) and IWC, based on results
in Figs. 17 and 18 for the warmest WBC cloud layers. The relative cloud depth is the height difference between the cloud top line
and the line segments below (with virga shown below these line segments). The size of the ice crystal symbol representddtiee
size of Q. As Dxincreases, sedimentation or virga increaséowering cloud base. Hom acts to decrease,@ecreasing sedimentation
and thus raising cloud base.

Forin situ cirrus clouds,ike® 235 K a&nd23wh ek, Tt he clouds are very thin
from ice mass sedimentation rates on cloud geometriecal
curves in Fig. 18. As Tdecreases, cloud depth increases, and for 219<<2P7 K, the trend observed for warmer WBC
clouds is evident, sometimes becoming less coherent f0o2T9 K for reasons similar to WBC clouds.

An Arctic cirrostratus modelling study by Spichtinger and Gierens (2009a,b) simulated hom cirrus where ice nucleation
occurred at cloud top, with cirrus beginning as geometrically thin cirrus that rapidly deepen with time (i.e., over ¢hef cours
an hour). As the cloud deepens, mearffdf the cloud layer) decreases since sedimenting and growing ice from cloud top
reduces RHi in the mido lower cloud, preventing the RHi there from reaching the hom threshold. With only het capable of
producing new ice crystals in the migh lower cbud, mean layer Nlecreases. This appears generally consistent with the
above descption of hom cirrus and with the upper panel resuks) (a Fig.6(where Nand IWC are lower in the geometrically
thicker cirrus). This explanation is also consistent with Fig. 3¢ f or U > ~ 0.3 (where hom c
N; and IWC in the geometrically thick&/BC cloudsrelative to the thinner in situ cirusT hi s fiwor ki ng hyp

speculative and should be tested agaitts¢r observational datasets and modeling studies.
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5 Implications for cirrus cloud representatiorsin climate models and @rus cloud thinning

685 Climatemodellinginvestigations into the climate intervention method known as cirrus cloud thinning or CCT have exposed
our lack of understanding about cirrus clouds. CCT is based on the principle that hom cirrus can be seeded with higher INF
concentrations (relative to ambient) to convert them to het cirrus. This would allow more outgoing longwave radiation (OLR)
toescpae to space since a conversion to het cirrus would (
falling faster), (2) cause the cirrus to form at lower altitudes (since the augmented INP require lower RHi to nucleate) wher

690 their warming effect is weaker, and (3) the enhanced ice sedimentation rates would enhance the removal of water vapor (:
powerful greenhouse gas) from the UT (Mitchell and Finnegan, AGflf#mann and Gasparin2017) Thus, the physical
processes affecting CCT are complex and difficult to model, and numerousn@@dlling studies have produced mixed
results, with some predicting a cooling effeBtdrelvmo et al., 2013; Storelvmo and Herger, 2014; Storelvmo et al., 2014;
Gruber et al., 2019; Gasparini et al., 2020; Liu and Shi, 202t et al., 2014 Crook et al., 2015; Krisfhsson et al., 2015;

695 Jackson et al., 2016; Cao et al., 2017; Muri et al., 2018; Duan et al,,2Z0208and others predicting a negligible or warming
effect regarding the CCT net CRBdnner et al., 2015; Gasparini and Lohmann, 2016; Gasparini et al., T204/7et al.,

2022 2023). But perhaps the greatest uncertainty in these studies is the role of hom in cirrus cloud formation, since if hom is
not an i mportant process, no significant <cool i nfortha om C
time being, cirrus cloud thinning should be viewed as a thought experiment that is helping to understand cirfamaddioch

700 mechanism 0Si mi |l arly, the United Nations report (2023) title
Radi ati on Modi ficati on r Ehefeasibiltyrof CZh id undeegin| i pamiecatsé of the larget e s
uncertainties associated with the ice nucleation processes in highccl@ath reports are indicatintpat therelative role of
het and honis the key issue determining the viability of CCThis CALIPSO study is relevant to CQJ¥ecause it evaluates
the relative roleof het and hom as a function emperaturelatitude, season, and topograghyterms of cloud fraction and

705 radiative impact.Since this study found th#teradiativecontribution of hom cirrus isubstantiglan attempt to reconcile this
with the CCT modelling experiments showiagnegligible cooling effeds given below.

The CCT simulations that use the treatment ofgxisting ice (Shi et al., 2015) tend to predict a relatively small or no CCT
cooling effect while those CCT simulations that do not use thisexigting ice treatment predict a substantial cooling
(Gaspami et al., 2020; Tully et al., 2023)The preexisting ice treatment described in Shi et al. (2015) is based on the

710 supersaturation development equation that can be written as:

— OYo &» Oy —=b h (8)

where gnucis the ice mass mixing ratio dueite nucleation andigreis the ice mass mixing ratio of pexisting ice, parameters
a1, &, and gdepend only on the ambient temperature and pressisd¢h8& supersaturation with respect to ice, W is the updraft
velocity and t is time. From this equation it is seen that the gregteisqthe smaller the increase ini& The study by

715 Dekoutsidis et al(2023) indicates that hom is occurring in a relatively thin layer near cloud topheustudy by Diaoteal.
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(2015) shows that ice nucleation in cirrus occurs near cloudTiois. suggestthat qpre May be overestimated in GCMs since
pre IS based on layer mean IWC anglues, whereas the actuajgishould correspond toralativelythin layer near cloud
top thatthevertical resolutiorin a climate modetannot accommodat&Vheng;pre is Overestimated, it is much more difficult
for S to reach the threshold for honAs stated irS h i et al . -existihd ibe)crystals Signiéicanplyr reduce ice
number concentrations in cirrus clouds, especially at mithigh latitudes in th&T (by a factor of ~ 10). Furthermore, the
contribution of heterogeneous ice nucl eatThabiss CGTanodelingr us
experiments thairedictarelatively smalhom fraction and thus negligibb®olinghave used a prexisting ice treatmerfe.g.,
Gasparini and Lohmann, 2016Joad dr ess t hi s i ssue, the model, drgpeuoaldtei cal
attenuated by a factor that best representsegar ¢l oud t op i nThe diobal/sBasanal distributian ofthe z o n
predcted hom fraction could be compared against results fronCthidPSO study.

The Community Atmosphere Model version(ie., CAM6) uses the standard treatment of-présting ice, and also
considers turbulence kinetic energy as the only dynamic source for in situ ice forrhgtiat &l, 2023. That is, orographic
gravity waves (OGWSs) are not considered in ice nucleatigo.et al.(2023)demonstrated the importance of including OGWs
in CAMG6, which triggered more frequent hom in orographic cirrus, increasiagdNIWC while decreasingD

The impact of OGWs on cirrus clouds is evaluated in Appendix A of Tully et al. (2022), where a version of the ECHAM6
HAM GCM is used. Figure A3 of that paper evaluateatNe00 hPa for vertical motions with and without orographic effects
active. When orographic effects are included, predicted global distributionsagfpar similar to FigS5 of this study
featuring N for in situ cirrus clouds An example of wha®GW cirrus clouds often look like is given in Fig. 20, which are
usuallyoptically thicker than het cirrus clouds. Cirrus clouds induced by OGWs, often called wave cirrus, have relatively high
updrafts and thus are more likely to be hom cirrus clouds (Barahona and Nenes, 2008; Joos et al., 2008; Joos et al., 201
Barahona et al., 2017; Lyu et al., 2023; M8D They also tend to exhibit higher cloud fractions (see Fig. 4 in Matus and
L6Ecuyer, 2017) . T h e s eby @laMely highrN(MR818, &ryspeerdthetal., 2@18) and,i perleaps
due to the oscillation of the OGW, are evident far downwind from mountain ranges in North America, Patagonia, and
Antarctica during winter (see Figs. 2 and S5). Note that hom cirrus are not restricted toil@&\Wnd may form under other

conditions having relativg high updrafts and/or low INP concentrations.
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11 Apr 2023 16:20Z - NONESDISISTAR - GOES-West - Band 14 - WUS

Figure 20. Left: A wave cloud example of hom cirrus, forming over the Sierra Nevada mountains next to Reno, Nevada, that are
associated with a warm front on 11 April 2023. Right: GOESL8 satellite image (11.2 um channel) of these cirrus wave clouds

745 acquired about 10 minutes before the photo was taken, revealing their extensive coveradew clouds are whitegrey while high
clouds (e.g., blue colors) tend to have |l ower brightneXs temg
indicates the location of the cloud scene in the photo.

CCT is potentially most effective at high latitudes during fall and winter when solar insolation is relatively weak ($torelvm

750 et al ., 2014, Mitchell et al ., 2020) . Based on this s

weighted hom fraction. But this cooling could @@mpromisedy a corresponding warming effect resulting fr@ha het

cirrus Twomy effecti.e., wherehigher INPconcentrations produce higher &hd smaller ) and(2) a het cirrus IWCIWP

effect (i.e., wherasmaller @ from the Twomey effegbroduce lower fall speeds, increasthg IWC and IWP as demonstrated

in Mitchell et al (2008)) These twaeffectsmayincreasd) and c¢cl oud | i f e B)inoreasifghhe warrhing! | e
755 effect of het cirrusloudsduring Arctic winter The two opposing radiative effeaissulting from higher INP concentratigns

thehom cirruscoolingeffect and théaetcirruswarmingeffect, need to be investigated by empowering climate modelling with

satellite observations like these to better understand aeriosd cloudclimate interactions.Moreover, radiative transfer

modelsmay employ the CALIPSO retrievals presented here to better undemstamirrus cloudradiation interactiongyut

thesetopics arebeyond the scope of this study.

760 6  Summary and conclusions

This study dealt with the identification of relevant cloud physical parameters to identifgffected cirrus clouds and further

quantify their frequency of occurrencérom a global observational purview, this was done for the first time by Froyd et al.
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(2022) who used global measurements of dust concentration from aircraft in the UT to initialize a detailed cirrus cloud
formation model that used reanalysis data in the dust trajectory simulationentrast, our study is based on retrieved cirrus
cloud properties and does not involve mitidg. In addition, our study estimates the relative radiative impact of het and hom
cirrus cl ou-deghtedthonofraatian. t he U

In Section 2, globaseasonal maps faptically thik cirrus cloudg~ 0.3< U< ~ 3) show relatively high Nand relatively
low De at high latitudes during winter, especially over mountainous terrain. Orographic gravity waves induced by mountains
provide stronger updrafts that promote hom, which may help explain these results. Gryspeerdt et al. (2028)1&nd
reported similar findings and explanations. This winter phenomenon was also observed at midlatitudes over mountainous
regions. Similar maps for IWC and $how that IWC tends to track,Tconsistent with expectations from the Clausius
Clapeyron equation. Similar maps ofdhd D restricted to in situ cirrus exhibit these same patterns but with higtesTd\
smaller I, possibly resulting from their lower temperatures and lower geometrical thickness as described in Sect. 4.

The attribution study of het and haaffectedcirrus clouds (Sect. 3) began with determining which cloud properties were
most sensitive to hom by exploiting a finding that hom was most active (based iontiNe geometrically thinnest cirrus
clouds (i.e., having the smallestiTTyp). Other than N IWC was most sensitive to hom (with IWC increasing with hom
activity), followed by @ (mostly over land, with Bdecreasing with increasing hom activityl.herefore, the extinction
coefficient Uy for visible radiation was used to separate het and hom cirrus cloudsUsinteludes the IWC/R ratio.
Comparisons of our retrievatsf Ni, IWC, and R in the T, vs. U« Space withpredicted correspondingaluesfor pure hom
conditions pased orthe ClausiusClapeyron equatioandsimple hom theory)revealed that maximum retrieved values for
IWC and N (for a given T) coincided with theory, verifying the successlbf; for separating het and heaffected cirrus
clouds (as well as validating the retrievals).

With this understandinga methodwas developedo quantify the contribution of cirrus clouds affected by hoinisT
involvedanalysng variations of Qagainst log{kx) WwhereDee x h'i bi t ed a ma %> hBkm'fory, p238H 1 | y
with the maxima tending to occur at lowékwith decreasing T This De maximum wasnterpreted aatransition from het
only cirrusto homaffectedcirrus, with Q. decreasing with increasirigxin the hom regime due to higher fésulting from
hom That is, the greater competition for water vapor due to highar tie hom regime reduces ice crystal growth rates,
reducing RQwith increasing N This method insures that hom always has an unambiguous impatiud microphysical and
radiative propertiesMost of the quantitative results are over oceans where retrieval uncertainties are smaller than over land,
owing to snaller uncertainties in surface parametérle main findings of this hdtom attribution study are as follows:

1. Outside the tropics over oceans, zonal means of the fraction ofafienoted cirrus clouds during winter were
generally betweeB5% and 8%, with a comparable contribution from in situ and liquid origin cirrus, similar to the
findings of Dekoutsidis et al. (2023).

2. The elative contribution of hom affected cirrus in terms of radiation impact was estimated using a proxy for the cloud
net radiative effect (CRE) inferred frondistributions as &-weighted occurrence frequencysing this proxy, we

found thatoptically thickcirrus clouds with 0.3 ¢ < 3 represen?8% to 8% of the radiative weight for all cirrus
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clouds sampled depending on latitude, which compared favorably with results frometialn@@016). Using this
pr o xy sweightedefraction for hom affected cirrus over oceans outside the tropics during winter was > 50%,
indicating that hom cirrus may contribute substantie
800 3. Based on two earlier studies that evaluate mineral dust contributions from the main dust source regions to different
latitude zones during different seasons, the fraction of hom cirrus was lowest downwind of the Asian dust source
regions during summer when UT dust concentrations were highest. Similarly, the fraction of hom cirrus over the
Southern Ocean was lowest dgrisummer when dust concentrations were highest (relative to winter). This suggests
that the hom fraction is sensitive to mineral dust concentration and this may be a natural analogue to the climate
805 intervention proposal known as cirrus cloud thinning ¢@kél and Finnegan, 2009)However, these seasonal
changes in the hom cirrus fraction might partly be explained by seasonal changes in vertical velocities.
4. Hom affected cirrusvere found tchaveamedian Ntypically 200 L (seeFig. 12) andt is muchlarger than in het
cirrus(Fig. 13). To a first approximation, the median IWC divides the het and hom cirrus cloud regits&ke the
tropics(Fig. 17).
810 5. When plotting Rand Ti Twpagainsily, it was found that their maxima occurredaighlythe samély. A simple
theory of cirrus cloud development was postulated to explain this observation.
6. Contrasting Nand Qv s ex pldis for oceasand land in the het regime @ppearshathigher INP over land may be
producing a ATwomey ef f e dbweverimthelhar regiendhighenN$ coacentrations o v €

appear to reduce the hom fractimmd thus substantially reducirus cloudoptical depth.

815 7  Appendix A: Global distributions and properties of in situ and liquid origin cirrus clouds

Figure A1 shows the geographic sampling distribution-kifi 1IR pixels for two periods: DJF andAlJ Optically thick cirrus
that can be measured over both land and a@featured ithe upper panels {ab) while samplecountsfor all cirrus over
oceangwith valid retrieved effective emissivities at both 10.6 um and 12.05uf0lL < U 3)<are featured itthe lower
panels (d d). The higher counts ifci d) are mostly due to in situ cirrus clouds.

820 Figure A2 (a-c) shows the abundance of in situ amdrm base cirrus (WBCas a function of cloud radiative temperature
T, for threelatitude bandg¢combining NH and SH resultsjiscriminating betweeaptically thick cirrus(1) overland and2)
overoceass (~ 0.3 < U 3)<and(3) all retrievedcirrus clouds over ocean@ 0.01 < U 3)< Figure A2 (d-f) shows the
fraction of in situ cirrus clouds [in situ/(in situWBC)] as a function of T The overall (total) fraction of in sitirrus clouds
for the above three cloud classes is indicated in each panel by the fraction and adjacent line pattern (or color). réemperatu

825 hins are 4 K resolution. Note that we courtri? IIR pixels, and that a cirrus cloud extending 20 km horizontally along a
portion of the lidar track is counted 20 times whereas a cirrus cloud extending 5 km along this track is counted amdg five ti
Using the above definitions, Fig. A2-fiishows that the fraction of all retrieved in situ cirrus clouds over oceans reaches

50%forTa 227 K for all latitude zones. These findings cart
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(2023) over Europe, where it is evident that the occurrence of in situ cirrus prevails over liquid origin cirrus (LQ®) for T

830 221 K. Similarly, Fig. 13 in Luebke et al. (2016) shows that for Europe, the transition from in situdoimirsating toLOC
dominating occurs between 218 K and 222 K. These studies are fairly consistent with this one given the different methods
used to discriminate between in situ cirrus and either LOC or WBC clouds. As noted in Sect. 2.1, our method may overestimat

the occurrence frequency of in situ cirrus clouds. From Fig. A2, the overall percentage of in situ cirrus for all sampled ci

Pixel count T, < 235 K thick cirrus
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Figure Al. Geographic sampling distribution of optically thick cirrus clouds during DJF (a) and JJA (b), where the number of
sample counts is given by the color bar. Similarly, this sampling distribution is given for all cirrus clouds over ocesanly (~ 0.0L <
U < ~ 3) during DJF (c) and JJA (d). Analysis for years 2008
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Figure A2. Top panek (a-c): Global annual mean radiative temperature distributions of sampled in situ (triangles) anevarm base
(diamonds) cirrus clouds arranged horizontally by latitude zone (a) tropics, (b) mid- and (c) high latitudes, NH and SH combined.
Distributions were built with a 4 K temperature step. Red curves indicateoptically thick clouds over land (dashed) and ocean
(solid), while blue curves show results for all samples over oceanBottom panek (d-f): Red curves show the fraction of in situ
cirrus clouds derived from upper panel results foroptically thick clouds over land (dashed) and oceas(solid) while blue curves
show the same but for all samples over oceans only. Numbers indicate the overall fraction of in situ cirrus clouds for ealdud

category (indicated by corresponding line pattern or color)Analysis for years 2008, 2010, 2012, and 2013.
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