Interactive comment on “Effects of ice crystalstbe FSSP measurements in mixed phase clouds”
by G. Febvre et al.

First off all, we are very grateful to the two nefes for their comments and their pertinent recontagons.
Many thanks for your time and for your contributimnthe present version of our paper.

In order to try to answer each remark specificalig, list below the complete recommendations usimglar
code (randomly chosenp Baumgardner (Referee) in blackecond anonymous Referee in gresnd our
answers in blue.

This manuscript would probably be better suitedcaasubmission for Atmospheric Measurement Techniques
rather than ACP, and perhaps once it has beeretkuise editors can choose to move it to AMT. Agabk a
reviewer who did the original technical assessménshould have been my responsibility to make this
recommendation at that time.

We have no objection.

The study concerns the interpretation of measur&smeade with single particle light scattering spatieters
(OPC), equipped with inlets, when operated in cfotlitht contain ice crystals. This evaluation cbuities to the
ongoing evaluation that has seen a number of dations that focus strictly on the potential foe icrystal
fragments to be sampled as natural ice crystalsvaier droplets. The current study adds a very \dua
component to this ongoing assessment of the Idueheertainty that is contributed by having icestajs in the
environment, i.e. in the absence of shatterindaais, how does an OPC respond to an ice crystahvithhas
been designed to interpret the intensity of scaditdight with respect to spherical water dropleAs?far as |
know, only a single paper has addressed this isguédorrmann et al. (2000) and much more is nééderder
to use OPCs more effectively in clouds with ice.

There are certainly cases where the spurious fertizoduced by ice shattering will swamp the digoah that

no amount of data processing can recover usefoitrimdgtion. There are, however, probably many othstances

where ice is present but with very few crystalsuificient size to cause problems with shatteringhése cases,
much more information can be extracted once theorese of the OPC is better characterized.

The current paper make a good start in the dineabibcharacterizing the optical response of FS$Pikd
crystals, but falls short in a number of ways th&tel are too important to neglect and should tdressed
before this paper moved to either the ACP or AMAyst

First of all, there has yet to be a balanced pap#ten on the potential response of OPCs in clowdh ice.
Given that this paper is entitled “Effects of iagstals on the FSSP measurements in mixed phasd<t|dt is
important that it presents as many of the effestp@ssible related to how the FSSP responds toricstals.
There are several different effects that need tadmressed in the current paper, in addition tadvipg upon
the analysis of the effect that is discussedniissizing larger ice crystals as smaller water bitgp

The topic of our paper is not to carry out a reviefnall possible effects of ice crystals on OCP s to
demonstrate for the first time the idea that trespnce of ice crystals induces a bimodal FSSP-PSD.

In order to take into account the referee’s remak,propose to change the title of our paper tesa beneral
one : i.e. : Some effects of ice crystals on thEFE&easurements in mixed phase clouds.

So, aside from ice shattering, what are the effihetsneed to be addressed?

1) In mixed phase clouds, as a result of the Weg@wrgeron—Findeisen (WBF) process, ice crystalsgnow
faster than water droplets, depending on the ahailaater vapor and the relative humidity with respto ice.
The growth of the size distribution into a bimodakpe can be a result of frozen water dropletsrallsce
crystals growing more rapidly than the dropletsnGhis be ruled out in the data set that is showh&



comparison with the PN of phase function derivedrfithe FSSP, assuming some fraction of water diopled
ice crystals with mode between 25-35 um would leelpfirm or throw out this possibility

In order to evaluate the Wegener—Bergeron—Find€&F) process, a very good knowledge of the foactf
ice/water in a cloud is needed. Such an evaludgioot reliable with our set of data.

Before proposing this paper to ACP, we have expldhe correlation between the FSSP PSD and theephas
function in mixed cloud as shown by Kokhanovskyis 2007 paper.

Indeed, our Fig. 4 shows simultaneously the icstatyeffect on the phase function (PN) and on FBSB. This
effect is stronger when the ratio between the twaotions, namely ice and water, is larger.

In the case shown on Fig. 4d, the measured Polph&lemeter Phase function could be associated avith
crystal population without water droplets.

In the mixed cloud cases (Fig. 4 b, Fig. 4c), treasured phase functiong) (@are the sum of the phase function
of the ice population and the phase function ofewdtoplets.

Pmixed-measured = Pliquid + Pice

diquia IS calculated using the Mie theory with the FSSPespecially for diameters smaller than 20/25onic
So:

Pice = Pmixed—measured — (pliquid

The correlation betweeti.. and the second mode of the FSSP PSD has beelfishstdi{consequence and the
purpose of our paper). This phase functipg.() is very close to those measured by the polahelemeter in
ice conditions (4d). However, the problem considtexplaining the relationship betweép. and second mode
of the FSSP PSD.

Indeed, with our set of data, we have no meansvaluating precisely the quantities and the qualioé ice
crystals smaller than 50m. The precision of the CPI within this size rarfg@es0 um) is not sufficient. The ice
crystal shattering effect complicates the problanther.

This consideration (correlation of the FSSP-PSbsdanode with a part of the NP phase function duiee
crystals) is our main concern.

Nevertheless, we do not believe that the bimodapslof the size distribution can only be a restifrazen
water droplets or small ice crystals growing mapidly than the droplets. Of course the Wegenerg&en—
Findeisen (WBF) process could be very efficientnmixed-phase clouds. Nevertheless, because the data
presented in this paper address a representatimplessof measurements in mixed-phase clouds atrdiife
stages of evolution, the subsequent second modkeeo$ize distribution should be observed on a bae
range, i.e. small diameters at the onset of the aWexg-Bergeron—Findeisen process (Fig. 4b for insfaand
larger diameters at further cloud evolution (Fid. fér instance). But our observations clearly shbat the
second mode is always found in a rather narrow sirge (25 — 35um). Moreover in cirrus clouds the
Wegener—Bergeron—Findeisen process does not @kist.corresponding FSSP-100 cirrus measurements (see
Fig. 6b) also showing a second mode in a similae sange, confirm that the second mode of the size
distribution is not a consequence of the WBF preces

Nevertheless, in order not to deceive the readerspecify our point of view in the introduction agidcuss the
WBF process in new section 5.

2) The ray tracing calculations produce “averageattering cross sections yet the OPCs do not measur
ensembles of particles in random orientations betsuare individual particles in individual orientets.
Consider the following: the results of the Borrmastndy and those of the current evaluation show ite
crystals are generally undersized with respectwai@r equivalent size. This is because the averdgatation
presents a geometric cross section somewhere betilveemaximum and minimum cross section. Whatef th
flow through the FSSP inlet produces a velocity gmaidthat rotates the plates or columns into aqpesttial
orientation so that as they pass through the sammgla they aren’t randomly oriented but all moreless
showing the same geometric cross section? Thiotisahall out of the realm of possibilities. King986)
showed conclusively that the shear in front of wimgnounted PMS probes led to the preferentialntagon of

ice crystals so that plates appeared as colummisislis the case as air flows into the FSSP iitleheans that



some fraction of the higher concentration, smadercrystals appear as larger particles thatfalhe 25-35 bin
because they present their largest cross secthia.Would explain why there is a secondary modé Wwigher
concentrations than in the one or two channelsidowe

As King (1986) explains in his paper, the air flavound the aircraft can induce turbulence neaptbbe. King
shows very clearly an example of the effect oftthbulence on a preferential orientation of icestais.
The example described by King shows that platedbeariewed as columns with a 2D-C probe.

Concerning the air flow, two perturbations can Istinguished:

1) The air flow around the aircraft,

2) The air flow disturbance due to the probe itself.
In the case of the air flow around the aircraft,vedieve that no particular perturbation may beedot
Firstly, the aircraft, used in this study, was uskaing several cloudn situ measurement campaigns. The
problem of particle orientation has never beendh@tem an examination of viewer probe images.
All probes (FSSP and viewer) were mounted on wipay$s at a distance from the leading edge calcuksdess
to be outside the flow perturbations.
Secondly, Fig. 6 shows bimodal FSSP PSD for thriferent campaigns: Polarcat 2008 with an ATR42,
ASTAR 2007 with a Do228 and AEROCONTRAIL with a Eah20. In others words, we show cases for three
different aircrafts with three different nominat-apeeds.
For these three experiments, the analysis of 2[@&saoes not show preferential orientation of efgst
It seems reasonable to extrapolate this observatolrSSP measurements by assuming no preferential
orientation due to aircraft flow.

Concerning the second point, i.e., the perturbatfahe probe itself.

The flow distortion around PMS canisters (King, 63hd McPherson and Baumgardner, 1988) may exiblain
preferential orientation of ice crystals of two-@insional regular shape structure (i.e., platess,stalumns, ...).
In our mixed-phase clouds, the ice crystal shapedaagely dominated by irregular patterns with &Dicture,
mainly due to vapor deposition during the WegenergBron—Findeisen process (see examples of iceatsys
Figs. 4). Therefore the effects of the prefererdigntation of such ice crystals are unlikely sdignificant.

This section has been added to our new section 5.

This explanation seems like a more likely explaatfor the secondary mode, given that the natued s
distributions tend to decrease exponentially witle si.e. if this mode was coming from 55-80 umtiste's, the
concentration of these would have to be of ordep&0liter, according to the distributions showrFig. 4. Yet
from the CPI data, shown in the same figure, theeaination of crystals in this size range are andider of
0.1 per liter. It doesn’'t seem consistent that thigle is being produced by larger particles thatranch lower
in concentration.

We agree, this strong argument has been introdnocedr text in the new Part -5 where we exploredtigin of
this mode.

3) What is the sample volume for ice crystals vensater droplets? There have been suggestionthihatepth
of field for ice crystals larger than the nominatesiof 50 um is much larger than the 2.5-3 mm fotewa
droplets, due to the way that the FSSP qualifietighes. The bimodal peak could possibly be out aduf,
larger ice particles, that are being qualified botes they are in the much larger, but less intepséjon of the
beam, they are undersized. This can be testediuméer of ways.

If this is the case, the concentration of particteshe 25-35 um range will be proportional to #iepe of the
distribution from 35-50 um.

This suggestion is pertinent. However, with FSSRsueement-size cut-off at 45 microns, and the stooode
set to 25/30 microns, the available class rang@oismall to calculate precisely the slope of t&®P



Secondly, all FSSP-100s have auxiliary channelbafsekeeping information that can be used to tast t
hypothesis. The ratio of accepted to DOF rejectadigies, will indicate if a larger than normal dten of
particles are being accepted or rejected. Secotitdyyelocity accepted fraction will also indicadarger than
normal fraction of particles being accepted as iwithe most intense region of laser sample areasdlare two
parameters that need to be utilized in the cueeatuation.

The ratio of accepted particles to DOF rejectediglas is not available on the FSSP version usebignstudy.

Nevertheless we have standard outputs named TSarabactivity. The TStrobe is the total number afticles
passed through the laser beam in the DOF. Thernataber of counted particles is equal to the T&nolinus
the fraction of particles passed through the laskgres (the rejection criterion is done with the sneament of
the transit time of the particle in the laser cresstion). The Activity parameter corresponds ® rtean time
used in the FSSP for processing the informatiomirigithis time, we consider the FSSP blind.

The figure (below) shows the Tstrobe as a funatibiihe Total count for all the sequences describgde paper
(Figl, 8 April 2008 case study). In this set ofedatater cloud, mixed cloud and ice cloud were dachp
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We observe a perfect straight line between thesep@vameters and thus, we are not able to idethitéyphase

of cloud particles. The fraction of the rejectedtiockes due to transit time in the laser beam éependent of the
phase.

The next figure is more interesting. This figur@wahs the activity as a function of the TStrobe foe same set of
aforementioned data. The water situations are g@otising blue and the ice situations using red. The
discrimination was done using the asymmetry paranwdtthe Polar nephelometer.
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The Activity is the working time of the probe. Ifewconsider the DOF for a particular type of pagtic{i.e. ice
crystals) to be bigger than for water droplets,&d@ame measured TStrobe, the Activity would belsm& his
is due to an underload of the FSSP. Indeed, the tieeded to count a particle is longer than the tieeded to
reject a particle. Considering the following:



» Activity as the sum of the time needed to countiplas (Tc) and the time needed to reject particles
(Tn) :
Activity = Tc + Tr
e two samples with the same measurements of TStimiieone sample is comprised of water droplets
and the other of ice crystals
« for our demonstration, let us state arbitrarilyttiee DOF is bigger for ice.
In this case:
Tc(water) = Tc(ice)
Tr(water) > Tr(ice)
Indeed, the bigger the DOF the smaller the numbegject particles.
= Activity (water) > Activity (ice)
We observe the expected position between ice aberwa
The best regression lines give a factor 1.5 betweerwo slopes. The direct conclusion would bé tha DOF
is 1.5 bigger for ice than for water...
But, we consider that this set of data is not cgiest enough and our maturity is insufficient (reljgg this
specific problem) to publish this for the moment...

In our paper, we state that the complementary petensido not allow the variability of the DOF todsimated
due to the shape and size of cloud patrticles.

It is very important to emphasize here that the FF88es not ever miss-size particles as long asethtonship
between measured, scattered light intensity has pesperly established. What the FSSP measurée iBght
scattered by a particle over a solid angle of +124degrees. This scattered light is the relateaintequivalent
optical diameter of a water droplet.

When the FSSP measures the light scattered byeaorystal and places this in a size bin, it is sy
classifying the ice particle with respect to ttghti scattered by a droplet with an equivalent @pdliameter. For
studies related to climate, i.e. to the evaluatibhow cloud particles interact with radiation, rtaés no error in
the measurement since, for example, a hexagonatries#al, with a major dimension of 80 um and minor
dimension of 20 um, may have an optical diametarivadent to a 35 um water droplet. Clearly its ghas
function will be quite different than a water drepbut from the perspective of forward scatteritg, two are
equivalent. If the goal is to derive the water emttthen this is a different issue, although itasy likely that the
volume of a plate with these dimension would ndfedisignificantly from that of an equivalent volumeter
droplet. To reiterate, there hlasen no “error” when an ice crystal is classifieh ia water equivalent size bin
since the definition of “size” is nebulous to begiith when measuring irregular particles and classif them
by equivalent optical diameter has obvious advasgag

Very few papers address forward scattering fonglsioriented particle in relation to FSSP optics.

Kokhanovsky's 2008 paper suggests that in differeomditions (water, ice, mixed) phase functions are
significantly different. This is also the case forward scattering. When phase functions are differif for a
solid angle (ie : 4° to 12°) the scattering enesgiee equal, optically (for this solid angle), el are similar.
We agree with this concept. If these scatteringggas are used for particle sizing (ie FSSP prob#) a water
droplet calibration, the particles are of the saqeivalent size as a water droplet. We agree. mbot®on is
introduced in the recent paper by Gayet et al. “@ha&lution of microphysical and optical propertegsan A380
contrail in the vortex phase” submitted to ACP.

This notion of equivalent optical diameter/sizecrect for an optical angle aperture and thusewbrfor a
probe. Nevertheless, this notion should be gerrem@ivith precaution. The use of equivalent optitaimeter of
a water droplet in climate modeling can be hazasdélypothesizing that an ice crystal has the sam&aird

scattering as a droplet with the same equivaletitadiameter (from the point of view of FSSP) sseto be a
little hasty in our context.



The idea of equivalent optical diameter seems t@ very pertinent remark. We introduce this notiamlst
specifying that this is unambiguous if the soligjlenis mentioned.

With the notion of equivalent water diameter, wireulated also our “error, contamination...”

This is a nice study that effectively demonstrates importance of complimentary instruments suctthas
FSSP-100 and the Polar nephelometer to increaserstadding of mixed-phase and glaciated clouds,tand
isolate potentially serious measurement and ing¢agion errors. | recommend that the article bdiglid after
mostly minor modifications.

| do believe that the authors have understategditential effect of ice crystal shattering in thigitroduction
and in subsequent analysis. In particular, Kor@e®al. 2011 have shown that the response of thé>ASS in
ice clouds can be almost entirely due to ice chystattering on the inlet tube, and this can beoatngreatly
eliminated by removing the sample tube, and useftgdting probe tips.

The aim of this paper is not to understate theceffié shattering. It is largely accepted that F$&ponse can be
entirely due to ice crystal shattering. But, we lgdike to show the influence of real crystals be shape of the
FSSP-PSD. In the rest of our paper, we explore wéysterpreting measurements. We conclude withféioe
that ice crystal shattering is the most likely expltion for the bimodal shape of FSSP PSD.

| also strongly recommend that the authors elingirtbe paragraphs related to the estimation of theber of
particle fragments produce by shattering crystli® quantitative arguments are very weak and arlyiin my
opinion. For example, the concentration of particke 100 m on the CPI is used to estimate the nurober
impacting ice particles. This is totally arbitragnd the size distribution shown in Figure 10 shavesyy more
CPI particles below 100 m.

This recommendation has been followed. The sulgepiragraph 5 has been changed. We have remoged th
calculation of the efficiency, but have kept a diengvaluation of the ice crystal shattering riskdmyinting the
number of crystals that the FSSP inlet edges ertenuWe hope to demonstrate that in our set of,data
crystal shattering is the main cause of ice crgstakerved by FSSP.

The MVD size of 310 m is arbitrarily used to estimahe number of fragments per particle, where the
concentration is lower than at any other arbitiemaller size. And this all assumes that the CPk d suffer
itself from shattering. The inlet design of the GRuld lead the average reader to believe sucheshag is
likely to exist. Do the authors believe that thel GRmmune from shattering?

No, we do not. CPI and Polar Nephelometer prob&s kampling inlet designs that may induce the shiat
effect. The difficulty is to estimate the fractiohice crystals broken by the probe itself. We utide that this is
not the purpose of this paper.

If they do, they should state this in the papehuiteir justification. These shattering estimatesade from a
paper where every other argument is reasonablyiicoing and supported by data. As a minimum the @nsth
should greatly simplify this shattering argumefthey can, and provide realistic error estimatdmlieve to do
otherwise is misleading, and these estimates gt used in subsequent papers without the berfefdeing
how they were derived.

We accept this criticism.

It is not always clear what the authors’ objeciwén identifying the effect of ice crystals on AS8istributions.
For example, they refer to the ‘contamination’ lo¢ imeasurements by ice crystals. This is a bikytritn one
earlier study referring to 'contamination’, theantion was to quantify the liquid portion of theesfrum, so that
ice crystals in fact ‘contaminated’ the liquid PSD.this paper, the authors determine a techniquieéntify
PSDs that are mixed-phase or glaciated, and th@dozination’ of mixed phase measurements they tefés
presumably not the simple presence of ice crystaistheir potential erroneous sizing and/or thgraeéntation
by artifacts. For real crystals, the authors stiag¢ the sizing errors can be large if the crysaésés smooth, but



almost insignificant if they are rough. In figureh&y report on concentration, area, and volume P&@sefor
combined ice+liquid spectra, so | presume thatdsimation of composite PSDs are considered of gggim
importance to their evaluation.

As mentioned in the response to D. Baumgardneviewe we agree with the ambiguity of “contaminatiowe
have clarified this aspect in our paper by remothegword “contamination”.

The subject of paragraph “4.2 effect of ice crystah FSSP distributions” has been revised in or&tarify
our demonstration.

In the specific comments, | have suggested someordimg of certain sentences to address the painthis
paragraph that | hope the authors will consider. fivst interpretation in early reading into the pap&as that
any measurement of ice crystals by the FSSP, efvénhwas corrected somehow, would be considered
‘contamination’.

The text would benefit from editing by someone whiisgt language is English. In the specific comments
below, | have only made such corrections if | ththke meaning of the sentence can be misinterpréteave
also added some more optional editorial suggesttise end of this review that | believe wouldphghprove
the text.

Thanks for all your suggestions; English is not pative language. The text was reread by Kate. @fe ther
corrections give sufficient fluency for the Englisative reader.

Abstract: Here and throughout the paper there neéedbe a change in how the effects on the FSSP
measurements are described. From the beginningdhe “contamination” is used, i.e. “In this papes show
that in mixed phase clouds FSSP-100 measurementseaontaminated by ice crystals : : :". Yet therdv
contamination, according to the American Heritageti@hary, means “to make unpure or unclean by ngXi
This would possibly be a correct description of #ffect on the measurements of spurious particles fice
crystal shattering but does not apply to the efteatsed by mis-sizing due to asphericity. | thin&tta much
better, and clearer, description would be “contidiuto measurement uncertainties” , i.e. “In theper we
show how the presence of ice in cloud contribubeth¢ uncertainties of measurements made with tinevdrd
Scattering Spectrometer Probe (FSSP).

We agree with this precision. Our text has progréss this sense.

Abstract: Here and throughout references are madghattering on the FSSP tip but actually mosthef t
fragments measured by the FSSP are from shattenitige inlet.

We agree.

Page 7910: lines 2-4 “In this paper, we show thamixed phase clouds FSSP-100 measurements may be
contaminated by ice crystals, inducing wrong intetgtion of particle size and subsequent bulk patara.” |

think the use of “contaminated’ is ambiguous h@lease consider the following: “In this paper, Wwew that in
mixed phase clouds FSSP-100 measurements may énbhiti spurious measurements of shattered iceatsyst
and potentially incorrectly sized natural ice cast inducing improper interpretation of particleesand
subsequent bulk parameters.”

This comment about the ambiguity of the word « aamhation » is pertinent. As the other referee has
suggested, we have removed this word from our text.

Page 7910: lines 16 “but likely corresponds to biggspherical ice particles”. Why likely? Could ytheot,
according to your model calculations, be equakellf from rough or irregular ice particles withtlét size error?
You imply the latter in the next sentence, in fact.

We have removed “likely”.



Page 7910: lines 25- end of paragraph | suggestaj@iout the section on the ice crystal shattegiffigiency,
or propose something less arbitrary. See genernairmant.

This has been done.

Page 7911: lines 7-9 Small change at end of sestéht situ measurement science uses quantitayipest of
probes in order to perform the particle size analyd hydrometeor range going from a few micronsato
millimeter or more.

This has been corrected.
Page 7911, line 10: Spell out FSSP (and all acrehyhe first time.
This has been changed.

Page 7911: line 13. “especially when accurate meagents of cloud liquid water content (LWC) and pled
spectra are required”. | would suggest that yournake a statement implying that that FSSP provéesirate
measurements of LWC. | would just state “especialiygn accurate liquid droplet spectra are required”

This has been changed.

Page 7911: line 14. Should also add here: Cobér., &nd G.A. Isaac, 2012: Characterization of Asftcicing
Environments with Supercooled Large Drops for Apgiion to Commercial Aircraft Certification. J. Appl
Meteorol. and Climatol., 51. 265-284.

One sentence has been introduced in the text hatiheference. Reference list has been updated.

Page 7911: lines 21-24: “The scientific communityctifud physics (see the recent review on clouditin s
instruments by Baumgardner et al., 2011) seemgrigeahat the FSSP is a suitable probe only wheridhid
phase is present, even if the discussion is natedoconcerning the quantification of uncertaintiesthe
evaluation of the LWC.” Do you mean above: “if ofityuid phase is present” ?

Page 7911, line 22: “; : :seems to agree that 8®H-is a suitable probe only when the liquid plageesent..”.
I don't think this is quite correct. The communéaygrees that the FSSP is an accurate instrumeratlforater
clouds but, given the lack of an alternative, atedipat the FSSP and similar instruments can be inselouds
with ice crystals with clear caveats that shouldibderstood before interpreting the measurements.

These two recommendations have been added to>dur te

Page 7912: line 2: Change “the shattering effectsthe ice crystal shattering effects”
This has been changed.

Page 7912, line 8: “spherical” | think shoud bednepherical” or “quasi-spherical”.
This has been corrected.

Page 7914: line 8 | don't think the problem is @&et to shrouded inlets. I think it is best to redvas following:
Change: “on probes with shrouded inlet” to” by pagticle impacts on surfaces upstream of the saarples”

This has been changed.

Page 7914: line 9: “Heymsfield, 2007”. | think ydwsld put a full list of the references on ice tayshattering
at this point. Heymsfield (2007) is neither the v reference in this regard, nor the most enc@sipg. Some
of them are already elsewhere in your paper, larethre several missing.



Gardiner and Hallett, Field et al. (2003) Korole\ak (2005), Heymsfield (2007), Jensen et al. @0tave been
added

Page 7914, line 9: “Experimental evidence showsftirgparticle diameters larger than about 100ha,rtumber
of shattered particles increases with the conceotraf large particles”. .Actually, the 100 um ékhold has
never actually been established and is a numberighao often used with no hard evidence. Thisuhmot
continue to be propagated in this paper unlessdtitieors are aware of a study or publication thédn’'t know
about.

The sentence has been removed.

Page 7914, line 10: “The new generation of cloustriments (CDP, CIP, 2DS,. .. ) are equipped with
innovative shrouded inlets specially designed thuce the shattering effects (Korolev et al., 20419 provide
information to separate real and artifact-shattergdtals (Field et al., 2003, 2006).”

The new designs are not for shrouded inlets, atmanlnot aware of a new design for the CPI. | would
recommend the following: “The new generation ofuddnstruments (e.g. CDP, 2DS) are being equippiéd w
innovative arms and leading edge tips especialbjgthed to reduce the shattering effects (Koroleal.et2011)
and provide inter-arrival time information to fuethhelp separate real and artefact-shattered [eartiEield et
al., 2003, 2006, Lawson 2011).”

Lawson, R. P., 2011: Effects of ice particles s@raty on the 2D-S probe. Atmos. Meas. Tech., 4118881

This has been changed.

Page 7914: line 16: Change “The FSSP-100 instrunterfThe standard FSSP-100 instrument”. Therelss a
the extended range instrument that you mention iaténe paper.

We have introduced in this section the FSSP30Gkexddaby D. Baumgardner.

Page 7914, paragraph starting line 17: Korolev let(2011) show clear evidence that the FSSP number
concentrations can be decreased by 2 orders ofitadgrby removing the sample tube. This is not cédig in

this paragraph. Obviously bulk parameters could\erestimated by more than 15-20% in this case.ldalye
Korolev examples are more extreme, but | don’tkhjou want to minimize the effect of FSSP shatigiiere
(with a sample tube installed).

Our text has progressed in this sense.

Page 7914, last paragraph on CPI accuracy: Baseteoresults of Gayet et al., can the authors givdear
estimate of the shattering effects of the CPI, mitreat the 2DC is subject as well to shatterinthis size range?
You state that the CPI and 2D-C/2D-P have simitanueacy, but shattering on the 2DC at 100 m cdhbsi
quite significant, according to Korolev et al. 2011.

This paragraph needs to be re-written so as tolglstate what uncertainties the authors belieecimthe CPI,
and to what degree they think it suffers from graity. The CPI results are used extensively latehé paper,
and this reviewer believe that the there is no gexidence that CPI concentrations at 100 m are inenftom
shattering effects.

We do not have the means to evaluate quantitativerse of CPI instruments due to shattering effects.
Comparisons between particle size distributionssuesdl simultaneously by the 2D-C and CPI instrumelot
usually show a rather good agreement leading te tat these two instruments have similar basicracies as
reported by Gayet et al. (2002). Of course thissdu# prevent additional errors due to shatterffegts on both
instruments. We may refer to the results by Fi¢lal.e(2006) which suggest that measured concémiaby 2D
instruments could be affected by up to a factot afhere the mass-weighted mean size was in exé¢&ssm,



while the estimate of ice water content was mog$eceéfd for narrow size distributions and could be
overestimated by 20%—30%. In extreme cases thesezoald be larger.

Page 7914, line 19: *: : :as 2 m and 30 %, respelgti’ These are only for waterclouds.
This has been changed.

Page 7915: line 15: “Indeed, Sassen et al. (19&)gses an identification of phase clouds on thés lxdgheir
side scattering differences with water or ice jgtet.”

Do the authors mean “"Indeed, Sassen et al. (1p#osed identification of cloud phase on the baksde
scattering differences of water and ice particles"?

This has been corrected

Page 7916, line 17: Why are the angles of 3-15 hseel and throughout? The nominal values for theH-$00
are 4-12 degrees.:

That is a misprint, 3-12 degrees are correct (OyBaaimgardner 1984, Field 2003), and this mistaks also
propagated in the fig. 7.

Page 7916, line 24: The word “power” should propahbt be used here since were are not talking about
scattering per unit time. maybe “energy” would berenappropriate.

This has been changed.
Page 7916, line 26: Change “lighted” to “illumindte
This has been changed.

Page 7917: line 13: “Discrimination of liquid watelbuds and mixed or iced cloud is a great chakefug a
correct FSSP measurements analysis, but a hazgodmess if only the FSSP probe is available.”

Do you mean: “Separation of the liquid and ice congnts of the particle size distribution (PSD) imixed
phase cloud, as well as quantitative estimate @R8D of a glaciated cloud is a great challengedas the
FSSP probe alone." ?

Not exactly. For us, the analysis of FSSP measuremequires knowledge of the particle phase. doidi

cloud, we use the classical approach with Mie thelor mixed conditions, we need to separate inR88P PSD
the liquid and ice crystals parts, in order to gklte, for example, the LWC. In ice conditions, thetical

features of ice crystals in the optical aperturéhefprobe are necessary for result interpretation.

When the FSSP is the orily-situ measurement probe, the interpretation in mixediemdloud is tricky.
We propose rewriting the sentence in the followivay.

To resume, during FSSP measurement analysis, t&emqre of ice crystals can induce a wrong
interpretation if the used scattering model of ipke$ is not appropriate. In this condition, whee £SSP is the

only in-situ measurement probe, the interpretatiomixed and ice cloud is unsafe.

Page 7917: line 20: “Literature sometimes describagpical behaviour of the FSSP in the presenceef
(mixed or iced clouds).” | don’t understand thisitemce. Can you please re-write?

Page 7917, line 21: “Literature sometimes descriegpical behaviour of the FSSP in the presenceef
(mixed or iced clouds).” What does this mean?

| propose rewriting this paragraph.



Conversely, as Gardiner and Hallett (1985) clahm,ghape of the spectra in the presence of icelgarmay be
a good indication of the presence of ice crysthaisthis study, we will demonstrate below that theddal
spectrum is undoubtedly the signature of ice ctystamixed-phase clouds.

Our observations of this bimodal PSD in the preseotice crystals have been previously reportedneso
examples exist in the literature without a spegifterpretation; see Lawson 2011, lvanova et &042.

Page 7917, Line 26: *: : :altitude, droplet concation, liquid water content (LWC) : : :". conceation and
LWC are reversed in the figure.

This has been done.

Page 7918: line 3: “Without bulk water probe infation during ASTAR, the consistency of the FSSP
measurements was verified in liquid water clouds .> 0.83) by comparing the extinction coefficidatived
from the Polar Nephelometer data.”

What does this sentence mean?

Does it simply mean that the FSSP agreed with tfiénPwhat was thought to be LWC clouds? If so, luwab
suggest substituting with: "The consistency of H&SP and PN data was determined by comparing &gtinc
estimates from both probes in cloud sections thbtaghe dominated by liquid (i.e. g > 0.83)."

This has been done.

Page 7918: line 13: “The C100 profile indicates tbatparticles are found even near the cloud tap wether a
low concentration (_5 | 1),which then significanthcreases (up to _40 | 1) at lower levels, withalues of
about 0.77.”

Are you saying that all, or the majority of partisl> 100 um (C100) are identified as ice partiglesfthe CPI
imagery?

Absolutely.

It should be stated in the text, because it ismemessarily obvious to all readers that all lgrggicle are ice
particles.

This has been done.
Page 7919, line 3: The phase diagrams are inghémot the left panels.
Yes, it was a mistake.

Page 7919, line 6: “The PSD: : :”. However the GRdws large ice crystals. | don't think that thel @Rages
are very useful shown as they are. There is a meqdantitative assessment of the fraction of wadeice,
concentration of large ice crystals, etc

The gquantitative assessment of the water to ide,rabncentration of large ice crystals is indichia the
manuscript with the use of the REX ratio.

Page 7919: line 7: “The close agreement betweerPtthaneasurements and the theoretical FSSP-100svalue
confirms this statement (seen as already on FigH®)w does it confirm that this is liquid cloud? Hou mean
that the close agreement between the PN and thP EStBction supports that the PSDs are accuratksh't

see the requirement for liquid cloud. Maybe | missemething here.

We would like to demonstrate here that the casecexmis only water droplets. To do that we have two
arguments:



a) The shape of the measured PN phase function.
b) The good correlation between this phase functi@hthaose calculated from the FSSP PSD by assuming
Mie Theory.

We propose to rewrite this sentence without refegdn Fig?2.

“The close agreement between the PN measured anthdoretical FSSP-100 phase functions confirms the
statement that this cloud is dominated by watepléts, as reported by Gayet et al. (2009) concgrtiiis type
of cloud. Nevertheless, the presence of some itals is noted.”

Page 7919: line 7: “Near the cloud top the partitiase is dominated by (spherical) liquid wateptets even if

some ice crystals are detected (see Table 1 and&j@s reported by Gayet et al. (200hat was reported by
Gayet et al. 2009? Was it that the tops of thesedd are often dominated by liquid cloud with sqmesence of
ice crystals? If so, please re-write.

The sentence has been rewritten.

Page 7919, line 14: “; : :seem to be correlatetiemthe latter increases, the former shows a sitetalency.”.
Is this shown somewhere? “

We suggest calculating the fraction due to ice tatgsin the calculation of the extinction coefficie These
values have been added in table I.

The following sentence has been added.

“In order to illustrate the variability of the FS$SD second mode, we calculate the extinction wiefit from
the FSSP-PSD (Ext) and the fraction of this coefficient calculategsing only the second mode (Ext Here,
if we neglect errors due to the implicit water deiphypothesis, the ratio between these two valled,
/EXxtoia) gives us the contribution of the second modéé@ntotal extinction coefficient, these values agorted
in Table 1.”

Page 7919, line 14: change “ration” to “ratio”.
This has been corrected.

Page 7919, line 15: “We define REX as the ratioxtinetion due to ice particles alone (CPI datajhe total
extinction (water droplets and ice crystals, PN soeaments).” Move this definition before the us®BiX.

This has been done.

Page 7919: line 17: “Conversely, the differencereen the measured (PN) and theoretical (FSSP-1tyep
functions at sideward scattering angles increasgsREX values (see Table 1).” This is not cleard 4 am not
sure what you are saying. Please re-write.

This has been done.

Page 7920, line 22: “Our results clearly show thatsecond mode in the range 20-35 m of the FSBRit8
distribution is related to the presence of iceiplas”. No, there is an association not a relatigmsThere is a
very large difference between a relationship andssociation with respect to cause and effect.

We have replaced “related” by “associated

Page 7920, line 26: This is the first mention of H&SP-300. This should be introduced in the seation
instrumentation.

This has been done !



Page 7921, line 6: “; : :smaller secondary modé&lie secondary mode is not that much smaller thasdé" in
first channel. These distributions look quite diéierthan those shown in Figure 4.

This has been rewritten in order to explain oumidbown on Fig 6b

Fig. 6b displays typical FSSP size distributionsameed during ASTAR and AEROCONTRAIL experiments. |
shows different positions of the secondary modsine axis as a function of the airspeed |25 for 200 m.g
against 3um for 100m.s).

Page 7921: line 10: “Therefore a common featurebserved in the presence of ice crystals regardibgise
probe version and airspeed” Not exactly. Koroleale{2011) provide convincing data that this secorode is
dominated by shatterers created by the sample anlehe FSSP. So, FSSPs without a sample tube lgyoba
have a different behaviour, as would the CDP. Rleaword.

This has been reworded

The set of data presented by Korolev et al. 20bbatnly provide important elements to clarify thelgem. It
would be interesting for us to work with these data

Page 7923, Figure 7: Use a more meaningful legenthé crystal types. The figure caption does nfficgently
explain the curves. These are averaged over &lrdift orientations.

We agree, figure caption has progressed.
What type of variation is there, i.e. there shduddvertical bars indicating the range of scattedrags sections.

We have added on the figure the scattering crossosecorresponding to different classes of the FS&
standard and extended range versions.

Page 7923, Line 21: “..no more than 15%..”. On ager perhaps, but when looking at variation, tlverdd be
a very different outcome.

The figure below presents the error calculated hess absolute value of the difference between vabfes
scattering cross sections for form factor 2 andn@nalized by the mean value of scattering crestans.

ﬁ i \ ——raught

~——smooth

Surface equivalent Diameter (um)

This figure shows the error is never larger tha®4The larger values of the error are for diamesemnaller than
30 microns, they are due to the oscillation ofgbattering cross sections in this diameter span.

We have specified « on average » in the text.
Page 7924, line 17: How is Delta calculated? : &xpl

The ratio value (DELTA parameter) is calculatedddi®ws :
Delta = 100 * X1 / (XW + XI)
Where : Xl is the sum from FSSP class 8 to 15i8AN
XW is the sum from FSSP class 0 to 7 of Ni*A,
Ni the concentration of the class i,



A corresponds to the diameter, the surface aume of the particles as function of the
considered curve.

Page 7924, line 22: Under or overestimated?

When delta is equal to x% it corresponds to thé @ice crystals in the bulk parameter calculatibis not like
an error where +/- sign informs of the over or unelgimation.

Page 7924: line 23: “At the same time the asymmednameter remains within a deviation of 0.01 (Big).” It

is not 100% clear to this reviewer how Fig. 8b ttedls me this? REX below 0.2 is 25% of the waywesn b
and c. | see a deviation of 0.02 for the same ramg@b. It is difficult to understand your point beMaybe you
should reword, and correct the 0.01 for 0.02 ifnl @orrect.

This has been corrected.

Page 7925, Section 5: | would remove this sectintiredy. First of all, the focus of the paper shiblle on
identifying and evaluating all the effects of iagstals on the FSSP except for shattering. Secoattigmpting
to derive a shattering efficiency is fruitless givahthe uncertainties related to this process. Wiowld the
fragments all fall into the 25-35 um category? Wihguld you assume the fragments will spread unifgrml
across the sample volume? Why would you assumeS®#t fall in and out of the inlet? A very detailed
modeling study is needed to examine these issugstail and have no relevance in the current study.

I would remove this section entirely.

We agree to remove a part of this section. But itécessary to introduce the problem of ice crydtattering
because it is the most probable hypothesis forr@cbinterpretation of the bimodal FSSP PSD.

We have revised all this section accordingly.

Page 7925: line 17: Regarding the reference to Kégid (2007), if you want to quote the extremeatitun for
the FSSP, you need to quote Korolev et al. (20&h)p found that ice crystal concentrations couldriseeased
by up to 2 orders of magnitude by the sample tdlibeoFSSP. | am not sure if there are estimatextfiction
increase or mass in that reference, but their dataved that there was almost no registration onFBSP
without a sample tube, and quite high concentratieith the simultaneous second probe with the sarie.
You need to consider this work in this paragraph.

Page 7925: line 20: You need to add Korolev et28111) to the reference list here.
This has been added.

Page 7925: line 24: “There are no means of disoatimg real and artefact ice particles relatecheoRSSP-100
secondary mode.” Some FSSP probes have been motlifiedeasure interarrival times, which helps in
eliminating artefacts. This should be mentioned ewohere in the text, because the statement above is
misleading. Also, the CDP has the particle-by-gtoption, which gives the interarrival time, aihdnight be
more commonly used than the FSSP in the near future

This has been done.

Page 7925: line 26: “with new inlets specially desid” | think you mean “new arms and leading edps t
specially designed”

This has been corrected.

Page 7926: line 2: “Figure 9 gives convincing argats showing that the number concentration of @esi
larger than 20 m (hypothesized to be ice shattéeinents measured by the FSSP) is related to the
concentration of (natural) ice particles largemti®0 m”



Note that some readers could argue that particleasored in the size range smaller than 100 um reay b
positively correlated to concentrations larger th@0 um for natural reasons. For example, if thB$ &t any
given point in cloud change only by mixing, you Wwbjust have scaled PSDs across the cloud, andusaha
positive correlation. | think that the authors sldomnake the point here if they think this correatishould not
exist in natural clouds. In my opinion it is ‘evitee’, but not a ‘convincing argument’.

This has been done.

Page 7927: line 11 to end of section: | suggesttiimauthors remove the entire argument on thimason of
the number of shattered particles. See argumegeimreral comments’

Ok...

Page 7927: line 22: “We show that in mixed phaseds$ the FSSP measurements could be contaminaied by
crystals, inducing a wrong interpretation of thetigke size and subsequent bulk parameters. Coelyerthis
contamination is revealed by a bimodal feature hef particle size distribution which could be a vals
indication of the presence of ice particles in rdbghase clouds.”

This comment is related to my discussion of thent&rontamination’ in the ‘general comments’. | fitite use
of the word ‘contaminated’ in your sentence iscletr. | prefer something like the following:

“We show that in mixed phase clouds FSSP measutsnoauld contain errors, resulting from ice crystal
artefacts or improper measurement of natural igstals, which affect the PSD and its bulk paransetéhe
presence of ice crystals in the mixed-phase P3dergified by a characteristic bimodal feature.

This has been corrected.

Page 7928, Line 3: “The larger the amplitude of $keond mode, the greater the ratio (REX) of ektinc
carried by ice particles to the total extinctionater droplets and ice crystals).” This is never vaho
guantitatively or even in a table or figure.

Same remark has been made above.

Page 7928, line 15: “The results suggest thatéhersd mode peaked between 25 m and 35 m doespneseat
true size responses but likely corresponds to biggpherical ice particles.” No, as | discussethathbeginning,
if the second peak is not a result of shatteretighes, then it is a correctly measured equivatmtical diameter
for a water droplet.

Page 7928: line 25: “The results suggest thatébersd mode peaked between 25 m and 35 m doespneseat
true size responses but likely corresponds to bigggherical ice particles.”

Does this sentence contain an error? Did you radé sh the text that rough ice crystals have alniostsame
size response as spherical drops? Could you chhigyén: “The results suggest that the second npmdked
between 25 and 35 um would not represent the izes sf aspherical particles if they were presespecially if
they were smooth” (and delete the following sengg¢nc

This has been done.

Page 7928: line 20: “As for the number concentrativeasurements they are ham- pered by the unknown
definition of the depth of field to aspherical randpriented ice crystals.” Was this discussed eaiil the
text? If not, it should not appear here first in ¢baclusions.

This sentence has been removed.

Page 7928: line 22: “There are no means of disoatimg real and artefact ice particles relatecheoRSSP-100
secondary mode”



My comment is again to make the reader aware ttiat-arrival time may help, and some modified FS&fts
some CDPs are equipped with this option

How about: “There are no means of discriminatingl rend artefact ice particles related to the FS@®P-1
secondary mode without additional data such asanigal time that is not commonly available, anee then
results may not be conclusive.”

This suggestion has been added to the text.

Page 7928: line 22: | suggest you delete all thet @nthe paragraph starting with “We define the tenaiy
efficiency ..”

This has been done !

Other notes:

| did not see figs. 9a and 9b, just fig. 9.

Real ice crystal size-distribution is presented~@n 10 (not 9a)
Editorial suggestions:

Page 7911: lines 17, 18. “The LaMP’s activitieghie area of aircraft icing and the implication lbé tFSSP in
these studies give motivation to explore any sibmatapable of increasing the knowl- edge of FS&Rakiour.”
Change to: “The LaMP’s activities in the area ot ift icing and the importance of the FSSP inehssidies
motivates exploration of any situation capablenaféasing the knowledge of FSSP behaviour.”

This has been changed.

Page 7911: lines 18-20: “This is useful mainly imler to calculate bulk parameter such as the liquader
content (LWC) and mean volume diameter (MVD) witimimum errors.” Change to:

“The objective is to calculate bulk parameter sastihe liquid water content (LWC) and mean voluriaengter
(MVD) with minimum errors.”

This has been changed.
Page 7912: linel4: “the size response” Changethe: &nalysis of the size response”
This has been changed.

Page 7912: line 24-25: “The conclusion always setmse similar namely that it is difficult” to Chamdo:
“They conclude that it is difficult to”

This has been changed.

Page 7913: line 2: “measurements in Arctic mixedgehclouds” Change to: “measurements using a dafars
Arctic mixed phase clouds”

This has been changed.

Page 7913: line 13: “to measure cloud particle prigs” Change to: “, to measure cloud particlepprties”
(comma added)

This has been changed.

Page 7913: line 16: “completed the ATR42” Changéwere additional to the ATR42”



This has been changed.

Page 7913: line 23: “extended” Change to: “addalbn

This has been changed.

Page 7914: line 2: Change “We recall that it inelidChange to: “The instrumentation package indltde
This has been changed.

Page 7914: line 7: “could be hampered by” Changémay be compromised by”

This has been changed.

Page 7914: line 15: “study, the effects of resglti@hange to: “study, but the potential effectsesulting”
This has been changed.

Page 7916: line 1: “affected” Change to: “adversdfgcted”

This has been changed.

Page 7916: line 6: “was yielded” Change to: “wasspnt”

This has been changed.

Page 7916: line 12: “were planned” Change to: “wemeducted”

This has been changed.

Page 7916: line 22: “Usually, water liquid spheaes used in Mie calculations” Change to: “Mie c#dtions
assume liquid water spheres.”

This has been changed.

Page 7916: line 22: “As a consequence, particlésinge to: “Particle “

This has been changed.

Page 7916: line 22: “of the lighted particle” Charig: “of the light-scattering particle”
This as been changed by “llluminated” proposed bis@umgardner

Page 7917: line 1: “For the same geometric voluaspherical particles scatter be- tween 3_ and ligha
power that differs from those predictable usingdmiz-Mie theory (Borrmann et al., 2000).” Change"teor
the same geometric volume, light scattered by asg@igarticles between 3 and 15 degrees diffemftbat
predicted by Lorentz-Mie theory (Borrmann et ad0@)."

This has been changed.
Page 7917: line 4: “size ranging can be affectelddirigje to: to “instrument sizing can be affected”
This has been changed.

Page 7917: line 5: “leading to uncertainties in bldk parameter calculation and mean diameter” Gaao:
“leading to uncertainties in the bulk parametecehtions (e.g. mean diameter, MVD, LWC etc.).”

This has been changed.



Page 7917: line 9: “usable” Change to: “possibfeaive”

This has been changed.

Page 7917: line 12: “To resume, FSSP” Change tostimmary, FSSP”
Page 7917: line 17: “Conversely, the shape” Chaog&However, the shape”

Page 7917: line 23: “in the mixed-phase stratifaioud layer and yielded precipitations
mixed-phase precipitating stratiform cloud layer”

Change‘tn:the

This section has been rewritten

Page 7918: line 17: “In order to evidence” Charmelh order to reveal”

This has been changed.

Page 7918: line 19: “addresses the top of the diyet” Change to: “corresponds to the top of tloeid layer”
This has been changed.

Page 7918: line 21: “ (d) relates precipitating @gstals” Change to:* (d) corresponds to prectpitaice
crystals”

This has been changed.

Page 7919: line 21: “the second mode of the PSiramgly marked whereas simulated” Change to: $éwond
mode of the PSD has a strong identifying featund, amulated”

This has been changed.

Page 7919: line 26: “ice crystals are more domigatine” Change to: “ice crystals increasingly doaténthe”
This has been changed.

Page 7922: line 17: “different realizations whemnipChange to: “different scenarios where”

This has been changed.

Page 7922: line 20: “We recall that surface rougeh€hange to: “Surface roughness”

This has been changed.

Page 7922: line 24: “"domain of the rough influencéange to: “domain of the roughness influence”
This has been changed.

Page 7923: line 18: “an assessment of the sizemesp Change to: “an approximation of the size oesp”
This has been changed.

Page 7923: line 22 “The rough aspect seems tothb&agrucial role in scattering studies. The diffexe between
water and smooth ice crystal calibration is extdgmarge with an influence on the channel width. (e
contrary, the scattering properties of a crystahwi deep roughness” Change to: “The crystal roeghiseems
to play the crucial role in its scattering propestiThe difference between the water and smootbricgal size
calibration is extremely large with an influencetba channel width. On the contrary, the scattepraperties
of a rough crystal”

This has been changed.



Page 7924: line 5: “crystal pictures” Change toystal images”
This has been changed.

Page 7924: line 8: “Sensitivity studies deservédéocarried out in, this domain, although remainsiolgt the
scope of this paper” Change to: “Sensitivity stads@ould to be carried out in the future in thigarel, but are
beyond the scope of this paper”

This has been changed.

Page 7924: line 26: “a subsequent g-decrease” @hanga corresponding g decrease”
This has been changed.

Page 7924: line 28: “the ice crystals control” Cigato: “the ice crystals highly dominate”
This has been changed.

Page 7925: line 5: “an adequate modelisation” Chdag“an appropriate consideration”
This has been changed.

Page 7925: line 7: “are in this case precious «lli# Change to: “provide crucial additional infaation for
proper interpretation of”

This has been changed.
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