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List of relevantchange.
Followingr e v i erecemm@rslationand commerst, change in the manuscript are listed:

1 In section 5, parts related to the description of parameterizagiannow reported in a dedicated section
6.
In sectio 5, the sectioB.6 note on the impact of vertical movement on ice microphysic
Appendices A in the former version of the manuscript becomes Appendices C
Partof the texts thatdiscusesbout total concentrations integrated beyond 1&usection 5.3s reported
in Appendices A
Appendices B entains Figures on the impact of vertical velocity on ice microphysics
Tables that summarize differences of ice microphysical properties in the conclusion is now reported in

Appendices D.

Appendice< is added, since somecentpersonalvorks suggest that PSD parameterizatishould considehat

NWP ice microphysical parameterizatioassumes thace hydrometeors are spheres

Answersto the first RefereeR1.
We want to thank Dr. Baumgardné&w review our study and making comments that allow to improve our

manuscript.
Legend of styles

Reviewer comment
Aut horés answer

(R1#i): flag to relatéhechange in the nemanuscrip{ see aut hor 6s comment )

= =4 =4 =N

ifiChange in the manuscripto

1) In the introduction and conclusions the authors emphasize the importance of dynamics on the cloud
properties, then there is a very brief analysis of vertical velocity but after that section, no furtheeffort is
made to link microphysical properties to vertical velocity. In addition, given that updrafts are usually
associated with hydrometeor growth and downdrafts with cloud decay, lumping all the results together
regardless of vertical velocity directon will mask possibly important trends. The analysis has to include

stratification by updraft and downdraft.

The topic of stratificatiorf our resultsas function ofvertical velocity(updraft and downdraft) comes back often

in the comment by reviewer RWe reply here to all the comments linked to this topic.



Before presenting our resultbgtvariability of the parameters as function of vertical movement and their intensity
have been studied. However, no real tendencies have been identified that would allow to present our results also

as function of updraft and downdraft.

Hence parameteriation or stratification omicrophysical properties in MC8&s function of vertical velocity (up

and down)is not possible(with our in-situ dataset)However, in a first order, our study investigates variability of
bulk microphysical properties of the ipart of MCS as function of temperature rasiged Z rangs(i.e. MCS
reflectivity zones). If, no clear tendencies have been found as function of vertical velocitiekcide to
investigatethe probability to observe a vertical movement as function of ACS reflectivity zones)This work

is discussed in section 3u@th datafrom RASTA only; which contains much more data thanrsitu measurement
(more than a million of pois versus about 53000 points for&itu measurementXhen, the conclusion of this
section is that the probability to observe vertical movement (updraft or downdraft) tend to increase with MCS

reflectivity zones(or Z at constant altitude).
Line 27 page 5:Why are you using absolute values?
and

Line 1 page6: This does not seem reasonable to me to use absolute values as there is a very large difference

between updrafts or downdrafts when it comes to storm dynamics and precipitation development.
and

Line 20 page 6: Somewhere it needs to be emphasized significance of the updraft versus downdraft zones

as they relate to the microphysical properties.
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Figure R 1: from the top line to the bottom line vertical velocities for MCSRZ 2 to MCSRZ 8.
Figure R1 shows median updraft and downdraft in each MCS reflectivity Z(MESRZ 2 to MCSRZ 8rom the
top lineto the bottom line respectively) and for each airborne campaign (Cayenne, Darwin,edd&dand and

Niamey, from left column to right column respectively). Black $inepresent median updraft and downdraft for



each respective airborne campaigns, while grey lines are median (solid liiegn@5% percentiles (dashed
lines) and 10 and 90" percentiles (dotted line$yr the merged dataseBlack lines and grey lines are calculated
using RASTA vertical profiles. The red stars are median downdraft and updraft when taken only vertical movement

measured by the aircraft (gitu measuremeht

We can see that median updraft and median downdraft for each airborne campaignsditonamed RASTA
measurement agree Iveith median updraft and dovdnaft for the merged dataset in each MCSRZ. Also, we can
observe a symmetry between updraft and nidnaft in all MCS reflectivity zones for each campaigns, meaning
that at a given altitude, absolute magnitude of downdraft is about the magnitude of updraft for médtjian, 25

75",10" and 9@ calculated percentiles.

The decision of taking a threshold of 1m/s for updraft and downdsaftptivated by the fact that weave to take

into accountthe measurement uncertainty (less than 0.5m/s). Moreover, knowing that variance of vertical
turbulences are about 1.5/st (Large Eddy Simulations at 50 m resolution; personal communication with Dr. R.
Didier). We take roughly a value of 1m/s to be the threshold to detect vertical movementirsisk w < 1m/s

there is no noticeable vertical movement neither upward nor downWeartte, investigating the probability to
observe vertical movement with an absolute magnitude larger than 1m/s seems redsotetglenine which

MCS reflectivity zones have a higher probability to be linked tmnvective area.
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Figure R 2: Probability to observe vertical velocity with absolute magnitude larger than 1m/s in each MCS
reflectivity zone (MCSRZ; color scale) for measurement from the radar Doppler RASTA in solid lines and
in dashed lines with stars narker for in -situ measurement.

Figure R2, is similar to Figure 3 in our reviewed study. It shows probability to observe vertical movement with

magnituc larger than 1m/s in each MCS reflectivity zo(sdid lines) Solid lines inFigure R2 are probabilities



calculated from RASTA measurement and dashed lines with stars are probabilities calculated with w measured at
the flight level. Both type of probabilities are different in each MCS zones and probabilities made-sifth in
measurement arsmaller than these calculated with RASTA retrisvakcept in MCS reflectivity zones 8 in

Darwin where they are similakFrom there, we know from the point of view of vertical velocity that thsitim

dataset is not similar to the dataset from RASTi#iegals: different probability to observe vertical velocity with

magnitude larger than 1m/s (updraft and downdraft).
Impact of vertical velocity on Median relative differences:

Impact of vertical velocity
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Figure R 3 : Median relative difference of IWC (MRD-IWC) with regards to median IWC calculated for
the merged dataset in each MCS reflectivity zone (Figure-8). Results are sorted as function of MCSRZ 4
(top line) to MCSRZ 8 bottom line. Blue lines represent MREIWC for vertical velocity smaller than -1m/s.
Grey lines represent MRDIWC for vertical velocity larger than -1m/s and smaller than 1m/s. Red lines
represent MRD-IWC for vertical velocity larger 1m/s. The black lines represent MRBIWC when there is
no distinction as function of vertical velocity(same as in Figure 5, c, d, e).
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Figure R 5: Median relative difference of total concentration ofhydrometeors (MRD-NT) with regards to
median total concentrations calculated for the merged dataset in each MCS reflectivity zone (Figurea8.
Results are sorted as function of MCSRZ 2 (top line) to MCSRZ 8 bottom line. Blue lines represent MRD
NT for vertical velocity smaller than-1m/s. Grey lines represent MRBDNT for vertical velocity larger than
-1m/s and smaller than 1m/s. Red lines represent MRINT for vertical velocity larger 1m/s. The black lines
represent MRD-NT when there is no distinction as fuition of vertical velocity (same as in Figure &, c, d,

e).
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Figure R 6 : Median relative difference of concentration of hydrometeors summed over Dmax for Dmax
larger than 50um (MRD-NTsg) with regards to median total concentratons calculated for the merged
dataset in each MCS reflectivity zone (Figure &). Results are sorted as function of MCSRZ 2 (top line) to
MCSRZ 8 bottom line. Blue lines represent MRDBNT sq for vertical velocity smaller than -1m/s. Grey lines
represent MRD-NTs for vertical velocity larger than -1m/s and smaller than 1m/s. Red lines represent



MRD-NTs for vertical velocity larger 1m/s. The black lines represent MRBNTsq when there is no

distinction as function of vertical velocity (same as in Figure ®, c,d, e).
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Figure R 7 : Median relative difference of concentration of hydrometeors summed over Dmax for Dmax
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-100 -50-20020 50 100

MRD-NT (%)
500

-100  -50-200 20 50
MRD-NT,__ [%]

100

<100 -50-20020 50 100

MRD-NT_ [%]

S100 -50-20020 50 100

MRD-NT | [%]



dataset in each MCSeflectivity zone (Figure 10a). Results are sorted as function of MCSRZ 2 (top line) to
MCSRZ 8 bottom line. Blue lines represent MRDNT 500 for vertical velocity smaller than -1m/s. Grey lines
represent MRD-NTsgo for vertical velocity larger than -1m/s and smaller than 1m/s. Red lines represent
MRD-NTsgo for vertical velocity larger 1m/s. The black lines represent MRBNTs00 When there is no
distinction as function of vertical velocity (same as in Figure 1®, c, d, e).
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Figure R 8: Median relative difference of the exponentofmass i ze rel ati®nshiip hbre®BDdS
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Figure R 9: Median relative difference of the prefactor of masssize relationshipa (MRD-a) with regards
to median a calculated for the merged dataset in each MCS reflectivity zone (Figure 1&). Results are
sorted as function of MCSRZ 4 (top line) to MCSRZ 8 bottom line. Blue lines represent MR for vertical

velocity smaller than-1m/s. Grey lines represent MRDBa for vertical velocity larger than -1m/s and smaller
than 1m/s. Red lines represent MREa for vertical velocity larger 1m/s. The black lines represent MRBa
when there is no distinction as function of vertical velocity (same as in Figure 42 c, d, e).
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Figure R 10 : Median relative difference of size of larger hydrometeors in PSD (MREmax(Dmax)) With
regards to median max(bhax) calculated for the merged dataset in each MCS reflectivity zone (Figure 13
a). Results are sorted as furtoon of MCSRZ 2 (top line) to MCSRZ 8 bottom line. Blue lines represent
MRD -max(Dmax) for vertical velocity smaller than -1m/s. Grey lines represent MRBmax(Dmax) for vertical
velocity larger than -1m/s and smaller than 1m/s. Red lines represent MRimax(Dmax) for vertical velocity



larger 1m/s. The black lines represent MRBmax(Dmax) Wwhen there is no distinction as function of vertical
velocity (same as in Figure 1, c, d, e).
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Figure R 11: Median relative difference of secondnoment of PSD M (MRD-M>) with regards to median
M2 calculated for the merged dataset in each MCS reflectivity zone (Figure 1d). Results are sorted as
function of MCSRZ 2 (top line) to MCSRZ 8 bottom line. Blue lines represent MRBM  for vertical velocity
smaller than -1m/s. Grey lines represent MRBM: for vertical velocity larger than -1m/s and smaller than
1m/s. Red lines represent MREM: for vertical velocity larger 1m/s. The black lines represent MRBM 2
when there is no distinction as function of veiical velocity (same as in Figure 14, c, d, e).
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Figure R 12: Median relative difference of third moment of PSD Ms (MRD -M3) with regards to median Ms
calculated for the merged dataset in each MCS reflectivity zone (Figure 12). Results are sorted as function
of MCSRZ 2 (top line) to MCSRZ 8 bottom line. Blue lines represent MREM s for vertical velocity smaller
than -1m/s. Grey lines represent MRBM s for vertical velocity larger than -1m/s and smaller than 1m/s. Red
lines represent MRD-M; for vertical velocity larger 1m/s. The black lines represent MRBM 3 when there is
no distinction as function of vertical velocity (same as in Figure 1§, c, d, €).
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Figure R 13 : Median relative difference of the ratio A(=IWC/M2; MRD -A) with regards to median A
calculated for the merged dataset in each MCS reflectivity zone (Figure 1#). Results are sorted as function
of MCSRZ 4 (top line) to MCSRZ 8 bottom line. Blue lines represent MRDBA for vertical velocity smaller
than -1m/s. Grey lines represent MRDA for vertical velocity larger than -1m/s and smaller than 1m/s. Red
lines represent MRD-A for vertical velocity larger 1m/s. The black lines represent MRDA when there is no
distinction as function of vertical velocity (same as in Figure 18, c, d, e).

Figure R3to Figure R13show the median relative difference of the studied paramét@vERD-X; X being used
to replace IWCi{, N T, NT5 0, a,m&xiDenax), MBM3 and A=IWC/M2 with regards to the median of
the X parameter in each MCS reflectivity zones. These figures shows 4 types 6KMBIMRD-X when w <
1m/s fowndraft: w<Om/shlue lines) (i) MRD-X when-1m/s < w < 1m/sw & 0 mdrey jines), (iii)) MRDX
when w>1m/s @pdraft: w>0m/s;red lines) and (iv) MREX when w is not considered (black lineserged
dataset

Firstly, we can notice that MRIX f or wao0om/ s ( gr eMRDX fonteesnerged datases(black | ar t o

line), showing that impact of downdraft and updraft have nearly no impact on the median tendencies calculated



for each microphysical parameters presdrin our study. Secondly, theaee few differences between MRD
for downdraft and MREX for the merged dataset (black line). Howewese differences are not significant

compared to uncertainties of each microphysical parameters (U(X)/X; grey bands).

Concerning the impact of updraft on microphysical parameters (res) Jithere are some noticeable differences,
where MRDBX for updraft are larger than MR for the merged dataset and larger than U(X)appears that

updraft tends to impact mainly concentrations of small hydrometeors and IWC for some type of MC8and so
MCS reflectivity zones. So for NT (Figure R5), we observe larger NT for updraft in MCS observed over Cayenne,
Maldives and Niamey. For Cayenne, it appears in MCS reflectivity zone 5 and 6 for temperatures between 245K
and 265 K with NT 2 to 3 times laegthan NT for merged datas€or MCS over Maldives, median Ndre 5

times to 20 times larger th&T when there is no noticeable vertical movement in M€ff&ctivity zones 6, 7 and

8. Finally for MCS over Niamey, we observe larger NT in updraft thanfbfTthe merged dataset in MCS
reflectivity zones 6 for T around 240 K and in MCS reflectivity zones 8 above the bright band. We have similar
conclusions for Nip (Figure R6), except that ratio betweengyih updraft and Nd when no updraft is smaller

than the ratio between NT in updraft and NT when no updraft.

IWC are impacted by updraft only for MCS over Cayenne, in MCS reflectivity zone 4, 5, AN in updraft
tend to be larger about +50% than IWC when no updraft, except in MCS reflectivity zones where IWC are about

2 times larger in updraft than IWC when no updraft.

This investigation on the impact of updraft and downdraft on ice microphysticsvs that updraft may have an
impact on concentrations of small hydrometeors and IWC. However, updraft does not impact all type of MCS in
the same way. So, there is a need to performed deeper investigations on updraft impact.

Despites some noticeablapact of updraft on ice microphysic for our dataset, there is not significant (recurrence
trough all types of MCS or as function of T orisults to assess them for the merged dataset. So we cannot add
a stratification of our results as function of udtiend downdraftas for the parameterizations provided in our

study.

Page dine 27 (R1#1)

filnvestigations on the impact of vertical velodiigs been performed asides, however no sianif tendencies

were found tallow us to presemur results as function of vertical velociy.
Page 2 line 3§R1#2)

fiThe third section presents the analysis of radar reflectivity factors (Z) which provides the ranges of Z to perform
the intercomparison between the four types of MCS. Moreover, fbrraage of Z a statistical analysis of vertical
velocity is presented taind the vertical dynamic of MCS and ice microphysical properties. The section 4 present
the methodology of intercomparison used in this study. And section 5, present theoimpaison of the
microphysical parameters as function of Z andfie end of this section is dedicated to present shortly the results

of the investigations performed about the impact of vertical velocity. The sixth section, provide the



parameterization ofisible extinction and the parameterization of ice hydrometeors distributions. The last section

adds the discussion and conclusiton.

We propose toe-write thesubsection 3.2ZR1#3)

fi
3.2 Retrieved vertical velocity in MCS reflectivity zones

This sectiorinvestigates links between retrieved vertical velocity and MCS reflectivity zones. We assume that Vz
(Va) = Wret + Vt, where Vit is the terminal velocity of hydrometeors (Delanog et al., 2007, 2014).gthe wertical

wind speedln a first order, our sidy investigates variability of bulk microphysical properties of the icy part of
MCS as function of temperature range and Z range {ICS reflectivity zones). Aes clear tendencies have been
found as function of vertical velocities, we decide to ingetgithe probability to observe significanertical
movemenin each range of Zor MCS reflectivity zonesn other words, we investigate if there is any relationship
between MCS reflectivity zones and vertical dynamic of MCS. We assume that compattafeMCS are
associated with pronounced updraft and downdraft and that stratiform part of MCS hapearmunced vertical

vel oci tJl) (seardgOrenls fom Houze 2004).

Figure 3shows median updrafive>0) and downdraft(we<0) in each MCS reflectivity zones (MCSRZ 2 to
MCSRZ 8 from the top line to the bottom line respectively) and for each airborne campaign (Cayenne, Darwin,
Maldives Island and Niamey, from left column to right column respectively). Black lines represent upeldidin

and downdraft for each respective airborne campaigns, while grey lines are median (solid lihen®33"
percentiles (dashed lines) and™&nd 90" percentiles (dotted lines) for the merged dataset. Black lines and grey
lines are calculatedising RASTA vertical profiles. The red stars are median downdraft and updraftvehese

only verticalvelocitymeasured by the aircraftv in-situ measurement).

We can observe a symmetry between updraft and downdraft in all MCS reflectivity zoreshfoampaigns,
meaning that at a given altitude, absolute magnitude of downdraft is about the magnitude of updraft for median,
25", 751, 10" and 90" calculated percentiles. For RASTA measuremeatan see that median updréfte>0m.s

1 and median downdraftv.e<0m.s?) for each airborne campaigns agree well with median updraft and downdraft
for the merged dataset iall MCS reflectivity zoes. Except for Maldives observations where medignane

smaller for T < 255K. Also, median-&itu w tend to be bit smaller than median w except for updraft in

Mal di ves above thevbrsghtwbaendalmag. 5m. s



* * * insitumediaw o e  25"&  75"™percentiles of w from RASTA profiles
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Figure 3: from the top line to the bottomirie vertical velocities for MCS reflectivity zoreto MCSreflectivity
zones.

In general the updraft and downdraft wind speeds increase with alteindeMCS reflectivity zones, where
magnitudes of vertical velocityégative and positive) are highest for MCS reflectivity zones 8. For all 4 datasets
vertical wind speeds of MCS reflectivity zone® @&e smaler than 1m.3.



To complete our study on vertical dynamic that could exist in each MCS reflectivity zones, we study the probability
to observe vertical movemefte use a threshold for vertical velocity to distinguish between discernible vertical

movement and nearly not.

We take roughly a value of 1m/s to be the threshold to detect vertical movemeninsisch w < 1m/s there is

no noticeable vertical movement neither upward nor downwEné. decision of taking a threshold of 1m/s for
updraft and downdraft, is motivatdsy the fact that we have to take into account the measurement uncertainty
(less than0.250.5ms-1). Moreover, knowing that variance of vertical turbulences are about ¥& (harge

Eddy Simulations at 50 m resolutidtrauss et al., 2039The facthat median w for the merged dataset in MCS

reflectivity zones 2 to 6 are smaller than 1h.sonsolidate our decision to take a threshold of £m.s

Then, knowing T and Z, a probability to observed v = O iswalcslated as a function of MC®ftectivity

zones and temperatur€olored ®lid lines in Figure 4 are probabilities calculated from RASTA measurement and
dashed lines with stars are probabilities calculated wightical velocitymeasurecat theaircraft level (in-situ
measuremet Both type of probabilities are different in each MCS zones and probabilities made sith in
measurement are smaller than these calculated with RASTA retrievals; except in MCS reflectivity zones 8 in
Darwin where they are similaiHHence we know fronthe point of view of vertical velocity thateln-situ dataset

is not representativeo theobservationgrom RASTA retrievals: different probability to observe vertical velocity

with magnitude larger than 1m/s (updraft and downdraft).

s HAIC-CAYENNE s HAIC-DARWIN From RASTA profiles

e MICSRZ 2
=——=MCSRZ 3
e MCSRZ 4
= MCSRZ 5
= MCSRZ6

MCSRZ 7

MCSRZ 8

225 225

=~
235 ﬂ y/ 235

245 LML 245

TK]
TK]

255 255

265 1" 265

273.15 273.15
0 02 04 0.6 08 1 0 02 04 06 08 1
P(IW|>1m/s) P(W>1m/s)

MT-MALDIVES s MT-AFRICA From in-situ measurement

= =g==MCSRZ 2
== =8=MCSRZ 3
= =g=MCSRZ 4
== =B=MCSRZ 5
~ 2~ MCSRZ6

MCSRZ 7

MCSRZ 8

225

235

TIK]
TIK]

245

255

265

273.15 273.15
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
P(W[>1m/s) P(W[>1m/s)

Figure 4: Probablity to observe vertical velocity with absolute magnitude larger than 1m/s in each MCS
reflectivity zone (MCSRZ; color scale) for measurement from the radar Doppler RASTA in solid lines and in
dashed lines with stars marker for isitu measurement.



In Figure 4 we show thatrobabilities to observe |w| O " arenhighest for MCS reflectivity zones 8 then 7
and 6, meaning that these MCS reflectivity zones tend to be more impaeeztida movement (convectiaesas

of MCS, than it is the case foother MCS reflectivity zones. Also, these probabilities generally increase with
altitude for all airborne campaignd/Vhich meet the conclusions from FigureGenerally, in MCS reflectivity
zones 5, 4, 3, and 2, the probabilities R{® 1 | ) a s ofdl afe closetd dadh wther with a decreasing trend
as reflectivity decreases, except for the Maldives camp8igistically, MCS reflectivity zones 8 and 7 represent
for all 4 datasets the nsbconvective part of observed MCS and thedoreflectiviy zones thetratiform part

with significantly lower vertical wind speeds.

As a conclusionat a constant altitudéargestZ tend to be related witlargestprobabilities to observe vertical
movement (downward or upwardh.other words, MCS reflectivity zones 7 and 8 are good candidates to represent

observations in theonvective area of MC& closerto the most convective part of M@S

We add a suisection in the end of section 5 (note that a new version of sexisonritten to satisfy comment of
reviewer R2; see answer to reviewer 2) specific on the topic of impact of vertical velocity on ice microphysic
(R1#4).

f
5.6 note on theimpact of vertical movement oice microphysic

This section discussed about thevestigation performed about the impact of vertical velocity on the ice
microphysical parameters presented earlier in this section &.séparatd the merged dataset ithree sub
datasets such: i) w<dm/s , (i))-1m/s < w < Im/aand(iii) w>1m/s. Thenmedian relative differender the three
conditions and for eaclparameterspresented irthis section 5 were calculated and compared to the median
relative difference when no distinction is performedexction ofvertical velocity Firstly, we noticed tat MRD-

X for the merged dataset and MROfor the second condition (i.e. 1m/s <w < 1m/s) are sin{éiRD-X: X being

used to replace IWQj, NT, NEo, NTsoo, b, @, max(Dmax)) Secondly, differences of MRRin updraft and in
downdraft with regards to MRIX for merged dataset and no vertical movement are visible. But most of the times

these differences are not enough pronounced compared to measurement uncertainties (U(X)/X).

AppendicesB showsthe Figuresthat shows when updraft have an impact on ice microphysic parameters for a
given range of temperature and MCS reflectivity zones. So, Figure B1 showsWIRFigure B2 shows MRD

NT and Figure B3 shows MRNT50. For the othersgrameters impact of updraft are uncommon.

It appears that updraft tends to impact mainly concentrations of small hydrometeors and IWC for some type of
MCS and some MCS reflectivity zones. So for NT (Figure B2), we observe larger NT for updraftobsd&8d

over Cayenne, Maldives and Niamey. For Cayenne, it appears in MCS reflectivity zone 5 and 6 for temperatures
between 245K and 265 K with NT 2 to 3 times larger than NT for merged dataset. For MCS over Maldives, median
NT are 5 times to 20 timesrgger than NT when there is no noticeable vertical movement in MCS reflectivity zones
6, 7 and 8. Finally for MCS over Niamey, we observe larger NT in updraft than NT for the merged dataset in MCS
reflectivity zones 6 for T around 240 K and in MCS reflégtizones 8 above the bright band. We have similar
conclusions for N (Figure B3), except that ratios betweenshlifii updraft and N3, when no updraft is smaller

than the ratio between NT in updraft and NT when no updraft.



IWC are impacted by updraftnty for MCS over Cayenne, in MCS reflectivity zone 4, 5, 6 and 7. IWC in updraft
tend to be larger about +50% than IWC when no updraft, except in MCS reflectivity zones where IWC are about

2 times larger in updraft than IWC when no updraft.

This investigion on the impact of updraft and downdraft on ice microphysics, shows that updraft may have an
impact on concentrations of small hydrometeors and IWC. However, updraft does not impact all type of MCS in

the same wayso0, there will need to perfordeeperinvestigations on updraft impact.

Despites some noticeable impact of updraft on ice microplfiysour dataset, there is rgignificant (recurrence
trough all types of MCS or as function of T or Z) results to assess them for the merged dataget. So

parameterization provided in the next section are not functions of vertical veldcity

2) The discussion in several places talks about the importance of crystal shape, simulations using oblate
spheroids, aggregation and the various masdiameter relationships that depend on particle habit; however,
even though in all four projects the 2BS is used, an OAP with 10 um resolution, there are no images shown
or used in this analysis. This is a large omission of the most valuable piece of information that is dable

in this data set and would address a number of the questions that are raised hypothetically.

It is not an omission, shape of hydrometeors is not the topic of this study. We study bulk ice microphysical

properties, and massze relationship in a watp focus on more general tendencies.

But to study variability of massize relationship, & use images of 23 and PIP to do our statistiandcalculate

the surfacesizeandperimetersize relationshipas it is describes in Fontaine et al., (2014) and Leroy et al., (2016)
This, to deducéhe expnent of massize relationshiBetaand then study theariability of crystals shapérough

it (see Fontaine et al., (2014) and Leroy et al., (2018)tis study is focused on bulk parameters; parameters
summed over the size of hydrometedk study, the variability aShapes of hydrometeattgrough the variability

of Beta in the 4 datasets. Moreover, the datasets contains some millions of images, durishiag showing
randomly some images even taken at each level and as function of radar reflectivity would have no statistical
meaning for our studgnd would make the paper less clear as it contains already a lot of figlowesver, this

study is notscientifically exhaustive concerning the datasets we are using and future publications could be

dedicated to imagesnly.
Others reviewerd somments in supplement.

Line 8 page 2:Instead of relative terms like "large" and "small", please list the actual size ranges for

reference further in the study.
We propose to rephrase this sect{Bi#5).

A number of studies (Gayet et,§2012); Lawson et al(2010) and Stith et gl(2014)), demonstratihe presence
of different typeof ice hydrometeors in evolving MCS. In the active convective kg super cooled droplets
larger than 500um until 3mnpwere observed nea#°C and rimed ice hydrometecabout the same sizeelow-

11°C. Also at47°Carge rimed particlesabout 23mm from updraft regions coexisting witgmal ice crystals
about 100um(pristine ice) were encountered. Near the convective zone of MCS (i.e fresh anvil) presence of
pristine ice(about 100pum)aggregates of hexagonal plat@bout 500um to 1mngnd cappecdolumns(about



500um)has been reported (Lawson et &010). In aged anvils, columits100um) plates(~100um) and small

aggregateqabout 200umre observed near43°C whilelarge aggregatesabout 2mm and morare found at

lower altitudes {36°C). Al® in the cirrus part of MCS bullebsettesabout 500um and legsnore common for in
situ cirrus (Lawsoret al.,2010)) and chaifike aggregategrom 100um to about 1mare found (aggregates of
small rimed droplets caused by electric fields: Gagtedl., 2012; Stith et al., 2014).

Line 24 page 3: The term "barycentre" is not one that is commonly used in this context, and considering

you use Dmax in one case, and radius in the other, | think a very brief clarification would be useful here.

As the processing of OAP for our dataset is presented and described in Leroy et alWg0l€e the same
definition of Dmax givenn Leroy et al., 2016 (endofpage3) iThe def i nition used in this study also vari es
the others above inthatDmaxishe | argest | ength through the center of the particle i magecdc

with a detailed figure, the Figure 1 in Leroy et al., 2Qd&e below)

photodiode binary image
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FIG. 1. Definition of particle dimensions that are extracted from OAP binary images. Blue
lines illustrate some possible diameters passing through the center of the image, whereas the
red line highlights the longest one, which is defined in this study as the maximum dimension.

We sugest to rephrase this section(&i#6):

fiBoth OAP probes record black and white imageeofdr omet eor s with a res®l ution of 10em and 100em (:
and PIP, respectively). They are used to derived the size of hydrometeors (Dmax [cm] in this study), their projected

surface (S [cm2]), their concentr al.Thesizesdlydranettosnct i on of their size (N(Dr
span from 1Qum to 1.28 cm with Dmax calculated as a function of the projected surface of hydrometeors (taking

the maximum of radius passing through its barycergee Figure 1 in Leroy et al., 2016

Line 26 page 3: How iSWC derived from the OAPs, i.e. what ice density or what massliameter relationship

is used?



And

Line 27 page 3: This is quite confusing. What do simulations of the reflectivity factor have to do with
retrieving IWC from the IKP -2?

First of all, IWC arenot retrieved from OAP only by taking a masge relationship from former studies, nowhere

in this paper there is a mention of such methodology.

In fact, there is two type of IWC used in this stuBlgrbothHAIC-HIWC campaignsIWC was measured directly

with the IKR-2 probes. It measures Total water content and then deduce IWC knowing relative humidity. For
MeghaTropiques we use simulations of radar reflectivity factors using PSD, and aspect ratio calculated with OAP
(Fontaine et al., 2014 & 217) to rigve IWC. The accuracy of the method to retrieve IWC from Z has been

evaluated and tested in Fontaine et al., (2017).
We propose to rephrase this sect{R1#7):

fiDuring both HAIGHIWC campaigns,ite IKP-2 probe was used to measure total condensed wedenposed
exclusively of ice water content (IWC [g-3) and water vapour, then IWC were deduced usingitin
measurement of relative humiditylowever, IWCs< 0.1g f8 are not considered in this study, due to {RP
uncertainties particularly important folow IWC measurements (see Strapp et al. 201Baj).both Megha
Tropiques campaigns, IWC was retrieved using simulations of the reflectivity factor Z, thereby using the
approximation of ice oblate spheroids (Fontaine ef 2D17; Fontaine et al., 2014). Relts about accuracy of

IWC retrieved from this method with regards to HRFneasurement are discussed in Fontaine et al., (2017).

Line 6 page 4: In the introduction and abstract 215K is listed as the minimum T
Indeed, more clarification are needed canogg the temperature raegf the dataset.

We propose to rephrase the sentence |Iine 35 page 2

AThe statistical

of 5 s measurement duration in thdgrR#8emperature range from 215K

AOur statistical analysis is performed on cloud radar Doppler measurement esitliimeasurement. Cloud radar
measuremestinclude more than one million of data points of radar reflectivity factors and retrieved vertical
velocities spanning from 170K to 273KL$Temperature profiles from RASTA are calculatirging reanalysis

of ECMWF) And insitu measurements include 55844 data points of 5 s duration in the temperature range from
215K to 273.15Ka

Line 2 page 5: Where do you discuss how ice is differentiatécbm liquid?

Indeed, few unclear words mentittrat line 24 page 12We propose to add some explanatiothatend of section
2 (R1#9).

fiMoreover, nvestigations have been performed to detect supercooled water using Rosemount icing detector
(Baumgardner and Rodi 1989; Claffey et al. 1995; Cober et al. 2a80d)Cloud Droplet Probe measurement.
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Few cases of superooled water were detected and remove from the dataset (Leroy et al., 2016). Hence, t

dataset used in this study is using exclusively data colledtede only ice particles were measuréd

Line 12 page 8: This section is very confusing on many levels. First of all, it is not at all clear where the IKP

measurements are. The text saysFigure 5" but there are 5 panels of Fig. 5.

IKP measurement of HAIC_HIWC and retrieved IWC of Meg@rapiques are merged, then statistic (calculus of
median, 2% and 7% percentile)as function of temperature and MCS reflectivity zoaes performed onhis

merged dataset. Which is done for all other microphysical parameters used in this study.
We propose to rephrase the beginning of this se¢Rd#10).

fiThis section discuss about IWC measured during HAIYC project andthe IWC retrieved for the Megha
Tropiques project. IWC from the four dataset were metgexliculate the main statistic (merged dataseigure
5 showsmedian IWCor the merged datases a function of Bnd as function of MCS reflectivity zones (colored

lines)Sol el y ébo

Secondly, the IWC is apparently being derived from the Z using Imatrix simulations but this is making a

huge assumption about the habits of the ice crystals and seems to ignore the possibility of mixed phase.

We use IWC retrieved from radar reflectivity factors only for the MeGitmpiques project. There is no retrieved
IWC in mixed phase condition. More details on this methodology can be find in Fontaine et al., (2814
2017).

To the end of the added paragh noticed for the comment line 2 page 5, we propose t¢RiG# 1)

fAlso, retrievalof IWC for the Meghdropiques project were not performed in mixed phase conditions (more
details in Fontaine et al., (2014) and (2019)).

It seems that uncertainty isonly being based on uncertainty in OAP measurements but the uncertainty in

derived IWC simulations is certainly much larger than the uncertainty in the OAP derived IWC.

There is uncertaintgpecific to measurement from IKPprobes available only for HAKEIIWC project thatvary
as function of T. And uncertainty specific to the retrieval method used for the Meghimues project. This
method is described in two publications Fontaine et al., (2014) and (2017). Here, we using the uncertainty with

regards taneasurement of IKP estimated in Fontaine et al., (2017).

Thirdly, this figure should be presented as two figures, 5a as one and ‘&bas another. Not only is it too

cluttered but it is very difficult to see the details in the individual panels

New figuresare maddsee revised manuscriptaking into account this comment and the comment of the second

reviewerusing colour blinefriendly colour schemes.

Line 26 page 8: | cannot understand what is being described here, i.e. what is the uncertainty from theP
and what is the uncertainty from the T-matrix simulations. Please clarify

As IKP-2 was used only for HAIEHIWC its uncertainty is only plotted on Figureb$ and Figure &), this

uncertainty vary as function of T and is showed by the grey baRijure 5b) and Figure &). The uncertainty



of retrieved IWC is only shown on Figured) and Figure &), as IWC for Meghdropiques are retrieved from
the method described in Fontaine et al., (2014) and (2B8bté. that Figure 8, c, d, ) wil becomEBigure 6a, b,

¢, d) in the new manuscript.
We propose to rephrase the under lighted text (Rtt¥#12)

fiFigure 6 shows MRBW(C for the four different campaigns. It is necessary that we recall that median IWC as
function of T and MCS reflectivity zones aedculated using a merged dataset where there are IWC from direct
measurement and retrieved IWiOm Z and PS¥Fontaine et al., 2017). Then, there is two different uncertainties

to consider tcevaluate the MRBWC in each campaigns. Firstly, for Darwin @iCayenne campaigns the IWC
were measured with IKR probe (direct measurement) with an uncertainty on measured IWC increasing with
temperature (~5% at 220K and ~20% at 273.15kapp et al., 2016 Secondly, for Niamey and Maldives IWC
were retrievedising the method described by Fontaine et al., (2017) (indirect measurement) with an uncertainty
with regards to the IKP estimated by about £329€énce, in Figure €) and Figure éb) the grey band area show

the uncertainty of the IKR2 probe that was use€dr Cayenne and Darwin campaigns. While in Figure)@nd

Figure 6-d) the grey band area describe the uncertainty on the retrieval method for IWC that was usgd<ers

of Niamey and Maldives.

Notethat confidence in direct bulk IWC measurements fiteerlKP-2 is significantly higher than in indirect IWC

calculations from the retrieval method (Fontaine et al., 2a1.7).

Line 16 page 9: These dashed lines are the same, at least on this figure, cannot differentiate dashed from
dod-dashed

A new figure 5is performed. Median IWC for merged dataset (black solid line), and for each campaigns are
removed (other black dashed and dotted lines with markers). Then, the curve for the Heymsfield et al., (2009) is

now plotted with a black solid line.

Line 5 page 10:Are these in T bins of 10C?

Yes, statistics are performed on 10°C bins.

Line 16 page 10: This is an important point to be addressed, how important are the < 100 um particles?

The contribution of particles smaller than 100um on the visible extinction is about 2% (median) in the range T [
235K; 273.15K] and 10 % in the range T [215K; 225K]. Statistic calculated aver all the merged dataset (see figure
R14below).

We propose to rdpase the sentence with this comm@t#13).

fiNote, that if we took uncertainties for particles smaller than 100pm (with (U(D))/D=+50% and
(U(N))/ N=N100%) t he unc ewotldiicredsgto 61R2% TFhe reasan Wiywe dotnéton o f
take inb account uncertainty of smaller particle is due to that these particles comrilitie to the visible

extinction (2% in the range [235K; 273.15] and 10% in the range [215K; 225K].
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Figure R 14: on x axis ratio of visible extinction calculated with particles smaller than 100um over the visible
extinction over all the spectrum of size of ice hydrometeors. On y axis the temperature. Black solid line
represent median ratio. Statistic performed oveithe merged dataset.

Line 21 page 10: Why are there two lines?
Be careful, there is only one grey dashed line that become a black solid line in the new figure.
Line 24 page 12: This means few were detected or few removed/hat about the radar data?

See aawerfor the comment at line 20 page 6. This sentence is deleted in the new version of the manuscript as the

topic is addresd earlier.
Line 10 page 14: On what is this assumption based?

| cannot remember why, this sentence appears here, or retriecerttext of this assumptions exactly. This

sentence is deleted in the new manuscript.

Line 20 page 14: This is possibly a result of sample sets that have Dmax>500 um. Where is this documented,

i.e. data points at each T level at each Dmax condition?
And
Line 22 page 14: Exactly my point, what are the sample size of these conditions?

For each parameters presented in this stuilyerefor the merged dataset or the campaigns individually (for
calculation of MRDX), the calculation arperformedwith the same anditions. The samples in each conditions

(T bins and Z bins) have the same size for all parameters. Indeed, data points are selected if they meet the
temperature and radar reflectivity criterbut also the total concentratitvas to be positiv€for Dmax >50um);

mixed phased conditions being exclud&d, the size of the samdi.e. same number of data poinfey NT,

NTso, NTsoo, IWC, visible extinction, massize relationship coefficient, and max(Dmax) are the same. So, if for a



point there is naneasurement of particle larger than 500pumsdy® equal to @ which bring the MRBNTsoo
to-100% for this point.

So sample size has no impact on the comparison of IMRPMRD NTso and MRDNTsqq, as it is the same for

all of them.
We propose to add amment to the end of section(R1#14).

fiFor each parameters presented in this study, either for the merged dataset or the campaigns individually (for
calculation of MRDBX), the calculation are performed with the same conditions. The samples ic@atitions

(T bins and Z bins; Z bins vary as function of altitude, i.e. MCS reflectivity zones) have the same size for all
parameters. Indeed, data points are selected if they meet the temperature and radar reflectivity criteria, but also
the total concemation has to be positive (for Dmax >50um); mixed phased conditions being excludede So, th
size of the samples (i.eumber of data points each ranges of T and of) Zor NT, No, NTsoo, IWC, visible

extinction, massize relationship coefficient, amdax(Dnay are equald

Line 4 page 15: Any aerosol measurements of any type on these flights? CN? PCASP?

For sure there is no measuremehterosol concentratioof any types for the Megharopiques campaigns. So,

there is no general results that cobklproduced for this study.

Line 19 page 16: Why CWC instead of IWC?

Pure Writing mistakes.

Line 18 pagel7: Why speculate? With the OAPs, especially the 2B you have that information

Yes we have this information, here through the exponent Beta ohdlsssize relationshipThe perimetesize
relationship and surface size relationship that allow to calculate the exfinoktite massize relationship, are
calculated using the images from the-3Dand the PIP. Somewhefedescribe globally the varidly of the

shapes of hydrometeors.
We propose to add these two sentences line 30 pa@R1#85).

fiThese two relationships are calculated using Images fron82ind PIP. Hencdh) i s a proxy parameter
describe the global (all over the size rangengtirometeors from 50um to 1.2cm) variability of the shape of the

recorded hydrometeors during the sampling pro¢essoy et al., 2014; Fontaine et al., 20®4)

However this section do not describe correctly the message that wedtagive. So we propasto rephrase the
part of the section 5.4 from the line 4 page 16 until the line 21 pa§R1#16).

Aln order to estimate the uncertainty on the calculation
from(Leroy etal., 2016have been wutilized, wit laveth{cilated thecuNc2rtaifitgo. However
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on retrieved b from the uncertainty on the measurement of the size and c
images, the uncertainty would have been by about 44%. In generaktMRD n MCS refl ecti vity zones 8 and 7 tend
tobe in the range of U(b)/ b assuming that b are similar for all observed
conditions described by MCS reflectivity zones 7 and 8.

However, in MCS reflectivity zones2to6 MBD ar e mor e scattered BgeMRDId U(b)/ b with someti mes

bt han uncertainty of b. Especially for MCS over Maldives and Ni amey. Over
to be smaller compared to the median b calculated for the merged dataset.
b | ar ger tchlalatedrfoe the nenged bataset.

Overall, the predictabil ity orfefledivityzane ferhaingchalenging. Wes a functi on of T and MCS
are aware of the fact that the poweraw appr oxi mati on has certaitwan i mits, trying to i mpose ot
entire crystal population composed of smaller (dominated by pristine ice) and larger crystals (more aggregation,

also riming).

For HAIC-HIWC data, coefficientt) ar e retri eved, VMG flora IKRRawitrcdalculatgd me as ur e d
IWC thereby integating PSD times m(D) power law relationship. Pdaldives and Niamey datasetoefficients
Uare retrieved from matrix simulations of the reflectivity factor (Fontaine et al., 2017).

For both situationJcalculation is solely constrained by the fact thts mass of ice crystals remains smaller or

equal than the mass of an ice sphere with the same diameter D

I 5 p— s| 30 o p ¥ 0 Qua 8 [0)
For the uncertainty calculatonagiwe t ake the maxi mum value of b which is 3:
Y YOw 6 5 h%e) Y6

\ o606 ° 0 5 X

Figure 15 shows mediaa coefficients as a function of T and MCS reflectivity zone. As has been already stated in

previous studies, U is s(Fontairmegtlaly 2014; Heknsfitld ¢t al., 201@gurev ar i abi | ity of b

15 compared to Figure 13 confirms that resultsfohave si mi |l ar trends as those discussed for b. U va
5.10% (in MCSreflectivityz o n e 2 )2 (ih MCSgefectiditPzone 8). In general increases as a function of

T for a given MCS reflectivity zone and also increases as a function of MESiwty zone (and associated IWC)

for a given T level. As already st aaireMCSfeflectivityZomes medi an exponent b in Figur

4, 5, 6, 7 and 8 are more or less overlappiMpdian-a-in-MCS+eflectivity zones—2-and-3-are-shown-for
v an 0.1g m

From Figure 16(a) and Figure 16(b) we can note that even with a good accuracy of the measured IWC (from IKP
2; U( 1 WC) / forvite tygicallWE ¥alues observed in HAIBIWC at 210K), the uncertainty of, is

rather large which is mainly due to uncertainties in OAP size and concentration measurements. Taking into
account the large uncertainty on the retrievagdve find that MRBa for all 4 tropical datasets for MCS reflectivity
zones 4, 5, 6, 7, and 8 are smaller thara)J&. For data from Niamey (Figure 16 (d)} tend to be larger than

mediana for the tropical dataset (MREx not centered on 0, but shifted to positive values).



In previous setions, this study documented similar IWC values and visible extinction coefficients for a given range

of Z and T and a clear increase of IWC and visible extinction coefficient fromrifl@gtivity zones 4 to 8. The

increaseoza nd b  wreflechivitylddDe&S is not as much clearly visible, whereas at leastems to increase

with temperature in different MQ&flectivityzones). And we cannotignorettea nd b t end to be | arger i n MCS

reflectivity zone 8 than in MC&eflectivity zone 4,especially at higher altitude. But, the increase of IWC and

visible extinction with MCS reflectivity zone Z is not linked to an increase of thesimassoefficients. This

conclusion takes into account the variability of the rsige coefficients shownyl25 and 75 percentiles.

Moreover,i ce hydr omet eor s i"hMCB reflestivity zore d,r5iartd € arevdifferént i MCS over

Mal di ves and MCS over Niamey compared to MCS over Darwin and Cayenne (s ma

b over .Ni amey)

As visible extinction (hence projected surface) and IWC are similar for the same range of T and Z in all types of
MCS, but the shapes of crystals might be different from one to another MCS location. Our assumptions is that the
ratio of projected surfaces IWC is similar. In other words the density of ice per surface unity (or by pixels of
projected surface) is similar as function of T and Z in all types of MCS even if there might be a possibility that the
habit or the shape can be different (pure ocedn@®S vs pure continental MCS). Note that these assumpatiens
establistedfor IWC larger than 0.1g.Mo

Line 14 page 18: How are aggregates being defined?

Ice crystals aggregates are an agglomerate of pristine ice, the growth process of aggrdgatisgidy
sedimentation of ice crystals (see Westbrook et al., 2004). But all the physic of aggregation process is still not well
known; i.e. sticking coefficient for example.

We propose to rephrase this sentefiRE#17).

fin this section, it is shown théan the stratiformpart of MCS, largeshydrometeors are larger in MCSs over
Niamey than in other types of MCS, and tend to be smaller in MCS over Maldives IMairdy, large crystals

(Dmax > 1mm) are agglomeratef pristine icecrystals for which tie growth process is leaded by aggregations

(by sedimentation) instead of vapour diffusion. Some large pristine ice were found in the dataset (especially over
Maldives see Figure 1 in Fontaine et al., 2014) but usually their size do not exceed 3 to@dlounoi&ervations

of max(Dnay suggesthat aggregation efficiency is different from one MCS type to anather.

Line 18 page 18: What is this analysis telling us that the IWC and visibility don't? The 2nd moment is
visibility and the 3rd moment the IWC.

It might be true for the liquid hydmeteors, but theoreticalthere is no reasofor ice hydrometeorghatit is

always true. This is why second Moment is discussed separately

For the visibilitywe have

, ¢ 00 X 0 X0 ¢JY

Where fsis the fractal dimension of the surfasize relationship thatary between 1 and 2 (see Mitchell 1996)



While for the second Moment we have:

0 6O 0 X0

However, when plotting 0 versus M2 we canFigsreRI5that these two quantities
tells us that there isratio betweerM, andSr. The computation of this ratioMq is 0.72 (0.66, 0.68, 0.72, &7
and 0.7&or 10", 25", 50", 75" and 9¢" percentiles) such:

Y 3 =0
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Figure R 15: on y-axis second moment of PSD (M as function ofvisible extinction of ice hydrometeorson
x-axis. Data points are colored as function of ifsitu Temperature in Kelvin.

Similar demonstrationsan be done for the relationship between the third moment of Psihdthe IWC.

For thelWC we have:
0w 6 60 2 0 a0
Whereaand b are the c-eizfefationshipe Fotmassfi zehe emas$s onship b is rarely equal to 3

(except maybe for individual frozen droplets). And rectatiess u g g e s(anda) ¢oald eveb vary as function
of Dmax (Erfani and Mitdell 2016; Coutris et al., 2017).



For thethird Moment we have:

0 6O 0 X0

Figure R16, show that thereagrend of proportionality between IWC and the third Moment. But the spread is
definitely too large to assume that third momiergqual tdWC or proportional to it.
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Figure R 16: on y-axis third moment of PSD (Ms) as function of IWC on x-axis. Data points are colored as
function of in-situ Temperature in Kelvin.

Line 36 page 23: How does this differ from "Effective Radius"? This is really just the area weighted
diameter

Yes, but as thistudyprovidean update of a former parameterization, we prefer to keep the same notation used in
this former study (Field et al., 2007). Also, it can be fiif(erentdefinition of effective radiughat are not exactly
similar to the ratio of the third Moment and tfecond moment (see Delanoé et al., 2007; Heymsfield et al., 2002).






Answers tothe secondRefereeR2.
We want to thank Dr. Frey to review our study and making comments that allow to improve our manuscript.

Legend of styles

Reviewer comment
Aut horés answer

(R2#i): flag to relatehe change in the new manuscrigee authds comment)

= = =4 =4

fiChange in the manuscripto

Major comments

Meteorological conditions:

You mention and compare data from four different field campaigns. However, you only
very briefly mention the differences in conditions of these campaigns. | think it would

be useful to know more about what distinguishes the data sets (see comment above).

Like major differences in meteorological or dynamical conditions, land/sea convection

or orographical effects, monsoon or other special season, development stages of the

MCS during the aircraft observations (developing, mature, decaying), microphysical
characteristics as particle shapes which you would get from the optical array probes,

or any other conditions that could lead to specific characteristics of the respective datasets.

This study aims to document some of ice microphysical properties (not all) in MCS as function of Z and T. It uses
a merged dataset of-Bitu measurememterformed in 4 MCS over 4 different locations. Main tendencies (median
calculation) are calculated as function for this merged dataset. However, it is a will that we take only into account
as function of Z and T, as this results could be used in future stuitigs@leudSat radar reflectivity profiles or

the future EarthCare missionds dat a. I'n this conditions only T, Z and t he
is why, we study the impact of the locations of MCS globally, and not as function of otheitsorsndVe agree

that further investigatiacould be provided taking into account meteorological conditions and dynamics, as life
cycle of MCS (developing, mature, and decaying) could also be taken into considérattokinds of studies

would need morénformation than these provided by our dataset, to me more accurate and the use of passive
remote sensing from geostationary satellites would be helpful for this. This is why we think it is beyond of the
topic of this study. It would make it more compkexunderstand.

However, we can provide add some information. The datasets in®l@& from West African monsoon that
developed over the continent, MdiBked to the ITCZ over the Indian Ocedaring thewet MJO phase and the

dry MJO phase (small isolatezbnvective systemsMCS developed over land/ocean/cost during the North
Australian monsoon and MCS developed over land/ocean/cost during the wet season over the north of south
America.Also, MCS were sampled in theneature stage.

We propose to add some comments in the beginofisgction AR2#1):

fiThis study uses a data set where MCSs were observed in four different locations in the tropics and related to two

different projects:

1. MeghaTropiques in Niamey, during July and AugR6t.0: observation of continental MCS formed over
the region of Niamey (Niger) during the West African Monsoon (Drigeard et al., 2015; Fontaine et al.,
2014; Roca et al., 2015 hese MCS developed over the continent. 7665 points of 5 seconds.

2. MeghaTropiques in Maldives, during November and December 2011: observation of oceanic MCS
developed over the southern part of the Maldives and related to the ITCZ (Inter Tropical Convergence
Zone) in the Indian Ocean. (Fontaine et al., 2014; Martini et al., 2015; Ro@d., 2015). It includes
MCS developed during the wet phase of MJO and two event with isolated convective systems developed

during the dry phase of MJO. 3347 points of 5 seconds.



3. HAIC-HIWC in Darwin, from January to March 2014: observations of MCS éafrover Darwin and
the NorthEast cost of Australia during the North Australian Monsoon (Leroy et al., 2016; Protat et al.,
2016; Strapp et al. 2016; Leroy et al. 2017, Fontaine et al. 2@#ing this campaigns, MCS developed
over the land, the oceannd near the cos23265 points of 5 seconds.

4. HAIC-HIWC in Cayenne during May 2015: observations of MCS developed over the French Guyana
during the peak of its raining seas¢viost et al., 2018). Same as for Darwin, MCS developed over the
land, the ocean,rad near the cosR1567 points of 5 seconds.

Note that dservations were performed in mature MES

Naming convention:
The merged data set from the four campaigns is sometimes named differently in the

manuscript and figures (tropical, global, global tropical...). Please keep it to one name!

I would suggest not to use 6globaldé as it only contains tropical campai gl
clear whether different locations in the tropics have a significant influence on theada,

I would suggest simply using O6dmergedd f(obdatafioon@inbi neddé) data set, that mak
over the tropics are used (as might be possible in satellite data studies example).

The comment is taken into account, and a new namingecont i on wi | | be used for the Atropical dataseto

fimerged datasét .

Radar reflectivity zones:

How were the thresholds for the 8 zones chosen? How do you motivate the thresholds?

Is it possible to interpret each zone in respect to a certain MC8evelopment stage, or

do they distinguish in some other MCS characteristic?

In some cases it seems that particularly the lower classes do not really differ from eacther (e.g. page 6,

line 2/3 or page 25, line 32/33). What is the reason to keep separat@es and not combining them into one?

The description of how were chosen the Iswf the 8 MCS reflectivity zones is given in the manuscript page 5

line 5 to line 13.

The motivation to choose limits of MCS reflectivity zones regarding the percentes i Figure 1 and Table

A1 holds in two facts. First, the variability of Z vary along the altitude. We can observe in Figure 1 that Z extend
from about-20dBZ to 18 dBZ at 260K while it spread out frefDdBZ to 10 dBZ at 200K. So, this has to be
consdered if we want to sort our dataset as function of T and Z. So the limit of the Z range cannot be the same for
each altitude has meeting ice hydrometeors linked to 15 dBZ or link@d8Z at 200K is quiet impossibl€he

second fact holds on result anformer study (Cetrone and Houze 2009) which shows that distributions of Z as
function of altitude are not the same in convective and stratiform part of MCS. This former study was performed
with the 13GHz radar profiler on board TRMM satellite (Tropicalrikall Measuring Mission), which is more
sensitive to the precipitating particles (large drops and large ice crySthks)adar used in our study is more
sensitive to smaller size of hydrometedreen it ismore adafed tothe properties of ice crystals presented in our
study.

We do not think that only MCS reflectivity zones can give information about the stage of the MCS in its life cycle
(i.e. Formation, maturation, decaying), analyse of geostationary satellites wonidrbehelpful for thistopic

(Fiolleau and Roca 2013). Butudying the distribution of MCS reflectivity zones as function of life cycle of MCS

and brightness temperatuaad/or visible reflectanceould be interestindpr a future study

MCS reflectivityzonehas to be seen as a recalling of Z, but it add the information of the place cétihengthe
distributionof Z in MCS (not for all of clouds).

Yes, it seems that the dynamic in lower MCS reflectivity zones is similar (i.e. 2, 3, 4 and 5), tddtepuk in a
same class. But these class do not have the same range of | WC, visible e
So put all the lower class of MCS zones together would bring less accurate profiles of the microphysic parameters.

We propose to revrite a part of thesection 3.1 (from line 3 page 4 to the end of the secR@#2):
fiFigure 1 shows that distributions of Z are not totally similar fordadlirborne campaigndViCS can expend over

hundreds or thousands square kilometres, where size andtitepaof theirconvective and stratiform areas can
vary from one MCS to another. So the same sampling strategy in two different MCS would provide two different
mean or median profiles of ice microphysics properties as function of T. But two different sampling strdttegy i

same MCS would have the same resilke idea of this study is to compare the properties of ice hydrometeors



for different tropical MCS locations, thereby rendering comparable different MCS systems (as a function of
temperature), through the analgsif the frequency distribution of profiles of Z dividing all MCS into eight zones.
This strategy aims to reduce the impact of the different flight patterns and objectives for sampling MCS during
each airborne campaigns used in this study.

Note that Z at 8 GHz is linked to the ice water content (Fontaine et al., 2014; Protat et al., 2016), but also to the
size distribution of ice hydrometeors, respective crystal sizes, and mean diameter (Delanoé et al., 2014).

Our motivation to choose the limits of Z rasgen what the statistic of ice hydrometeors properties holds in two
facts. First,Figure 1 shows that the variability of Z at a given T is large andvrgability of Z vary along the

altitude. We can observe in Figure 1 that Z extend from al20aBZto 18 dBZ at 260K while it spread out from
-10dBZ to 10 dBZ at 200K. So, this has to be considered if we want to sort our dataset as function of T and Z. So
the limit of the Z range cannot be the same for each altitude has meeting ice hydrometeor® lirkelZ or

linked to-20dBZ at 200K is quiet impossible. The second fact holds on result on a formeirstiegyl, Cetrone

and Houze, (2009) used the profiling radar of TRMM satel(if@dpical Rainfall Measuring Missiortduffman

et al., 2007) to demonstrate witequency distributions of radar reflectivity Z as a function of heilgat higher

Z occur more often in convective echoes of MCS (in West African Monsoon, Maritime Continent and Bay of
Bengal) than in their stitéform echoesThis former study was performed with the 13GHz radar profiler on board
TRMM satellite, which is more sensitive to the precipitating particles (large drops and large ice crystals). The
radar used in our study is more sensitive to smaller sfzeydrometeorsthen it is more adapted to sort the
properties of ice crystals presented in our studgnce, this study presents ice microphysical properties in MCS

as a function of temperature layers and also as a function of zones of reflectivitprder to fix the limits of a

limited number of Z levels, this study takes the percentiles of all merged campaigns datasets shown by the solid
lines (all data) in Figure 1. This defines Z ranges as a function of height. Hereafter, these ranges wiéde cal
MCS reflectivity zones and numbered 1 to 8:

1 MCS reflectivity zone Xb &

1 MCS reflectivity zone 2N @Y Y
1 MCS reflectivity zone 3N ©"Y  E"Y
1 MCS reflectivity zone 40N O"Y M"Y
1 MCSreflectivity zone 5O O"Y M"Y
1 MCS reflectivity zone 660N O"Y M"Y
1 MCS reflectivity zone 7&dN O"Y R Y
1 MCS reflectivity zone 8¢ & Y

0

And add these comments in the concludina 35 page 25R2#3):

fiwe do not think thaalone,MCS reflectivity zones can give information about the stage of a MCS in its life cycle
(i.e. Famation, maturation, decaying). Tlamalysis of geostationary satellites data would be nsoitedfor this

topic (Fiolleau and Roca 2013). But, studying the distribution of MCS reflectivity zones as function of life cycle of
MCS and brightness temperature and/or visible reflectance could be a future investigation.

Howevert hi s study o6demonstratesé

Paper length:



At the beginning of section 5 you introduce the general outline of Figures 5, 6, a®d 16, which | found a

very good idea to keep the description of each figure short.

However, Section 5 still is too long! | would suggest to closely chefriom which figures/subsections you

draw major conclusions and move those that only bear minoconclusions into a supplement and mention

the investigation of the respective parametein 1-2 sentences in the main manuscript. This will keep the
manuscriptmoref ocused and the readerds attention. Wwanwill give some suggestions
to identify other sections that could be moved yourself.

We propose to rewrite the section 5. First we take into account the comment about total concentrtiemsan

the part talking about NT to put it in an appendices. But we keep the part concerning thezmasefficient.
Secondly, we removed the part of the section 5 dedicated to the two parameterization, to do a section only dedicated
to this topic.Note that figures have been remade due to reviewer 1 catsme

(R2#4)

i

5 In-situ Observations in tropical MCS: HAIC-HIWC and Megha-Tropiques projects
5.1 Ice water content

This section discuss about IWC measured during HAIYC project and the IWCetrieved for the Megha
Tropiques project. IWC from the four dataset were merged to calculate the main statistic (merged dataset). Figure
5 shows median IWC for the merged dataset as a function of T and as function of MCS reflectivity zones (colored
lines). Solely the graphical representation is limited to medians of IWC for MCS reflectivity zones 4 to 8. Indeed,
IWC in MCS reflectivity zones 2 and 3 are linked to IWC smaller than 0.3, gvhere IWC data are subject to

less confidence. Globally, 30% tiet data observed in 4 tropical MCS have an IWC lower than 0:3gnd the

lower limit of MCS reflectivity zone 4 is defined with the 30th percentiles of Z. The figure reveals an IWC increases
with increasing MCS reflectivity zone for a given range ofperature. IWC median values differ clearly as a
function of the MCS reflectivity zone, and this for the entire range of temperatures, with only a few exceptions
above the freezing level (T[265 K; 273 K]), between MCS reflectivity zones 4 and 5, and MCS reflectivity zones

7 and 8, respectively, with small overlap in IWC ranges. In MCS reflectivity zones 4 to 7, median IWC increase
with increasing T between 215 K and 260 K (where IWC hasatsmum) and then slightly decrease as T further
increases towards 273K. In MCS reflectivity zone 8 IWC behaves rather similar with a maximum IWC already
reached at 250 K.

Merged dataset MCS-RZ
25y N ,
k 4 percentiles
s 5
225
6 5" 75
7
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— 245 ======= Jensen and Del Genio (2003)
= Polynome
fits
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6
265 .
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IWC [g/m’]



Figure 5: Median of IWC in [g/n¥] on x-axis, as a function of temperature in [Kon y-axis for different MCS
reflectivity zones. Results for thmergeddataset including both MT and both HAIGHIWC datasets. The grey
band represents 25th and 75th percentiles mérgeddataset.Extremity of error bar show 25th and 75th
percentiles of WC in each MCSRZ.

Figure 6 shows MRBWC for the four different campaigns. It is necessary that we recall that median IWC as
function of T and MCS reflectivity zones are calculated using a merged dataset where there are IWC from direct
measurement and mgved IWC (Fontaine et al., 2017). Then, there is two different uncertainties (grey bands) to
consider to evaluate the MRIVC in each campaigns. Firstly, for Darwin and Cayenne campaigns the IWC were
measured with IKR2 probe (direct measurement) with amcertainty on measured IWC increasing with
temperature (~5% at 220K and ~20% at 273.15 K; Strapp et al., 2016). Secondly, for Niamey and Maldives IWC
were retrieved using the method described by Fontaine et al., (2017) (indirect measurement) withtamtynce

with regards to the IKP estimated by about +32%. Hence, in Figieahd Figure éb) the grey band area show

the uncertainty of the IKR2 probe that was used for Cayenne and Darwin campaigns. While in Figzirerd

Figure 6-d) the grey band asedescribe the uncertainty on the retrieval method for IWC that was used for Niamey
and Maldives.

Notethat confidence in direct bulk IWC measurements from the2lisignificantly higher than in indirect IWC

calculations from the retrieval method (Fontaine et al., 2017).
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Figure 6: Median relative difference (MRD) of IWC duringt) HAIC-HIWC in Cayenne,b) HAIC-HIWC in
Darwin, c) MeghaTropiques Maldives Islands and) MeghaTropiques in Niamey, with respect to median of
IWC for the Tropical dataset on-axis as a function of temperature in [K] on-gixis. The grey bands represent
the uncertainties of thdWC measurement in b) and c), and the median deviation between measurement and
the IWC retrieval method (Fontaine et al. 2016) in d) and e). Lines are colored as a function of the MCS
reflectivity zones where hsitu measurement were performed, dashedocet! lines are corresponding to the
polynomial fit. Extremity of error bar show 25th and 75th percentiles of IWC relative error in each MCS
reflectivity zone.

In addition, Figure §a), (b), (c), and @) show MRDBIWC for all MCS reflectivity zones as a function of T. For all
4 tropical MCS, MRBEIWC in MCS reflectivity zones 4 to 8 are distributed around 0 and are in general less than



30-40% (25th to 75th percentiles). Measured IWC in MCS reflectivitg Boare in particular good agreement

with the median IWC for all 4 tropical datasets, except maybe for high altitudéligffiey data. Uncertainty
U(IWC)/IWC for IKR2 measurements (Darwin and Cayenne) especially at high altitude (about 5%) is smaller
than he expected deviation MRIWC. For mid and lower altitudes, MRIWC for Darwin and Cayenne
particularly for zones 5 and 8 are of the order of corresponding U(IWC)/IWC. Concerning, MCS over Niamey and
the Maldives Island, MRIDWC (25th to 75th percentiles) general do not exceed corresponding U(IWC)/IWC.

For comparison purposes with former studies, two HV@lationships from literature are added in Figure 5(a).
Jensen and Del Genio (2003) suggested an-W€lationship in order to account for the lirad sensitivity of

the precipitation radar aboard the TRMM satellite, not allowing for small ice crystals at the top of convective
cloudsdéd anvils to be observed. They used radar-reflectivity factors of
East of Aushlia; 2.058°S, 147.425°E), thereby calculating IWC from an R&/Crelationship
(IWC=0.5*%(0.5.239; Jensen et al., 2002). The resulting IWQrelationship given by Jensen and Del Genio
(2003) is reported by a dashefbtted grey line, which fits betweentfi®ercentiles omergedmedian IWC of

MCS reflectivity zone 4 and 25th percentile of MCS reflectivity zones 5. We recall that IWC, as a function of T, in
MCS reflectivity zones 4 and 5 are related to Z betweenSWithand 50tH70th percentiles, respeegly. We may

notice that the IWE relationship from Jensen and Del Genio (2003) is different and smaller than the median
IWC (4 tropical campaignsHence, IWET relationship from Jensen and Del Genio (2003) is more adapted to

stratiform part of MCS whereonvective movement occurs less often.

Moreover,Heymsfield et al.(2009) established an IWT relationship based on 7 fields campaighk&¢kline in

Figure 5. They focused their study on maritime updratfts in tropical atmosphere for a temperaturel rAnge
[213.15K; 253.15K]. Their suggested IWC tend to be in the range of IWC of MCS reflectivity z8wethdWC
increasing with T. We already showed in section 3.2 that MCS reflectivity zones 7 and 8 have higher probabilities
to be convective (updraftegions with higher magnitudes of vertical velocity), as compared to other MCS
reflectivity zones. Thereforédeymsfield et al.(2009) IWC parametrizations for maritime updrafts are not

inconsistent with data from this study.

Overall, this section demomates that variation of IWC with the temperature is similar in all type of MCSs for
corresponding ranges of radar reflectivity factors. Henee, assume thdiWC-Z-T relationships developed in

Protat et al., (2016) is usable for all types of MCS in thepius, at least for IWC larger than 0.1g3m

5.2 Visible extinction
Figure 7 shows visible extinction coefficients) (calculated from OAP 2D images (approximation of large
particles; Van de Hulst, 1981):
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Figure 7: Same as Figure 5 but for visiblextinctiond g i
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With— ¢ Tt ptaking into account the uncertainty in the calculation of the size of hydrometeors-and

v Tt Hor the uncertainty on the calculation of the concentration of hydrometeors from optical array probes
(Baumgardneet al., 2017) Above uncertainties are those for particles larger than 100 pm. Note, that if we took
uncertainties for particles smaller than 100pth (X— VTR E Q— p Tt ) Ithe uncertainty on the
calculation oft would increase to #22%.The reason why we do not take into account uncertainty of smaller

particle it is because these particles contribute little to the visible extinction (2% in the range [235K; 273.15] and
10% in the range [215K; 225K]. 0

For all 4 types of tropical MCSVIRD-( shown in Figure8(a), 8(b), 8(c), and Figure8(d) are in general smaller
or equal to +—. Hence, visible extinction in tropical MCS tend to be similar for all types of MCS observed in the

same range of T and MCS reflectivity zone. ARD-0 trends are very comparable to above discussed MRD
IWC trends.

Furt her mbrelatipnshipp framHeymsfield et al. (2009fblack line) is added in Figure 7 which is
calculated, as a function of T, as the sum of the total area of particles larger than 50um plus the total area of
particles smaller than 50um multiplied with a factor of 2 in order to satisfy Eq. (1) and to compare with results of
this study. We o n ¢ | u dTeestimhtiart presented Heymsfiéd et al. (2009)or maritime convective clouds

is rather compar abl energed datasgih M@Srneflattivity zohes @itd 7acoriespanging (o
higher reflectivity zones, and thus statistically to zones with some remaining conveetigehst

5.3 Concentration of ice hydrometeors
Subsequently are presentalaserved total concentrations for the merged datdegggrating particle sizes beyond
55um (6 O L LA ; hereafter Nsg):

0 O L TIA 0 O jo 0] 0 o

Median of N ssas a function of T and MCS refledtivzones are shown in Figurea® well as MRENr 55 for the
4 tropical MCS locationsn Figure 10(a), 10(b), 10(c), and10(d). We observen increase of median+¥s with
altitude for all MCS reflectivity zones. Alsa Mincreases with MCS reflectivity zones for a given T, with highest
Nrss in MCS reflectivity zone 8.The range ofvariability for Nrss reveals significant overlap of #5and 7%

percentiles of neighboring MCS reflectivity zones.
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Figure 9: Same as Figure 5, but for total concentrations integrated beyongh®55um in [LY].

Figure 10 show MRENT55 where masurement uncertainty on concentrations are assumed +100%
(Baumgardner et al., 2017MRD- Nrss in 4 different tropical MCS locations, particularly for higher MCS
reflectivity zonesire of the order and even larger (THercentileMRD-Nr s5) than the measurement uncertainty.
Even if the limit of concentrations of ice hydrometeors are not well defined between neighborinefli8ity
zones (Figure 9). These concentrations tend to be similar for a given range of T and Z for the fout dii@Se

locations.

A similar investigation is performed for total concentrations integrating beyond 15Ny Since major
conclusion are similar to these given for NTH§ures for NT are shown in Appendices A. Globally, median of
Nrssfor the tropicaldataset are smaller by about one order of magnitude with respect to the mediafoofhié

same MCS3eflectivityzone. And NT over Maldives tend to be larger than median NT for the merged dataset.
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Figure 10: Same as Figure 6, but for MRINTso.
Finally, Figure 11 shows concentrations of hydrometeors when number PSD are integrated only beyond 500um
(hereafter Nsog eq. @)), where the uncertainty on their measurement is estimated as about +50% for

hydrometeors larger than 100p(Baumgardner et al., 2017)
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Figure 11: Same as Figure 5, but foconcentrationsof hydrometeors integrated beyond-g =500um in [L].



In Figure 11median N sooare presented as a function of T and MCS reflectivity zone. The curves of megian N
are different from curves of mediarr Bind N-ss. Indeed, particularly for higher MCS reflectivity zones and in
lower altitude levels (7' [250K; 273.15K]), N-so0 tends to increase with altitude, reaches a maximum value
around T/ [235K; 250K], and then rather decreases for/ T[215K; 235K]. The rangef variability for Nrseo
reveals a rather small overlap, if any, of'28nd 73" percentiles of neighboring MCS reflectivity zones 8, 7, and

may be 6, mainly at coldest/T[215K; 225K]. No overlap for MCS reflectivity zones2and concentration of

icehydrometeors beyond 500um are rather constant from 215K to 265K for observations in MCS reflectivity zones
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Figure 12: Same as Figur®, but for MRD-NTsoo.

Figure 12 (a), 12(b), 12(c), and 2(d) reveal that MRBENt s00in higher MCS reflectivity zones are considerably
smaller or roughly equal to the measurement uncertainty for large hydrometeors. Some smaller exceptions are
noticeable where MRINT so0 are larger than the measurement uncertainty for very low altitud@s/af265K;
273.15K][, namely Cayenne in MCS reflectivity zones 7 and 8, and Darwin in MCS reflectivity zone 8. Note, that
in general MRDBNT, so0 have smaller 78 percentiles (from Figure 10 (b), 10(c), 10(d), and 10(e)) compared to
respective MRENT ssand MRD-Nr, showing that variability in each MCS reflectivitgne for hydrometeors larger

than 500pm is smaller than the variability of concentrations which include smaligs)(Bnd smallest (N
hydrometeors. This finding is clearly related to the utaiaty estimation given b§Baumgardner et al., 201Yy)

that small hydrometeors (< 100um) have a larger estimated uncertainty of 100% (due to shattering, very
small sample volume), compared to the uncertainty of only 50% for larger hydrometegesl@Mum). Hence,

it is not surprising that variability around a median value is larger faradd N-ssthan for N so0 It is important

to resume here that not just MR 500 is smaller than the uncertainty of 50%, but also that MRRoo is

tremendously smaller than NIRNrssand MRBNr.Even t hough we have to keep i
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sufficient statistics in flight data, due to sampling bias of flight trajectories and variability of microphysics from
one system to another. Indeed, Leroy et al., (2017) deratestthat median mass diameter Mbj[Qenerally
decrease with T and increasing IWC for the dataset of HAINVC over Darwin. However, for two flights
performed in the same MCS, Leroy et al., (2017) showed that high IWC were linked to largg MMPe MMDR,

tends to increase with IWC. This demonstrates that comparable high IWC can be observed for two different
microphysical conditions (shetived typical oceanic MCS versus long lasting tropical storm in one and the same

dataset).

We show that total concentrations starting from 15um can be different between MCS locations as a function of T
and Z, especially in oceanic MCS over Maldives Islands in the decaying part of these MCSs where measured
concentrations can reach 10 times thedime concentrations observed globally for merged tropical dataset. Also
MCS over Niamey show larger concentrations near the convective part of MCS. However, concentrations of ice
hydrometeors beyond 55um tend to be more similar as function of T and 4f #aeehmits between each MCS

reflectivity zones are not well defined.

Between 4 MCS locations, differences of aerosol loads and available ice nuclei might exist. Despite those possible
differences, ice crystal formation mechanisms may be primarilyated by dynamics, thermodynamics and
particularly by secondary ice production rather than primary nucleat{&ield et al., 2016; Phillips et al., 2018;

Yano and Phillips, 2011}hat regulate the concentrations of hydrometeors beyond ~55um making these

concentrations quiet ratheirsilar for different MCS locations.

5.4 Coefficients of massize relationship

The relationship between mass and size of ice crystals is complex. Usually in field experiments the mass of

individual crystals is not measured, instead bulk IWC is measuréhwhthe integrated mass of an ice crystal

population per sample volume to be linked to PSDs of ice hydrometeors. Yet IWC is not always measured or with

low accuracy. Due to the complex shape of ice hydrometeors, various assumptions allow to estimass tife

ice crystals for a given size. Indeed, many habits of ice crystals can be observed in clouds, primarily as a function

of temperature and ice saturatigiagono and Lee, 966; Pruppacher et al., 1998Also hydrometeors of

different habits can be observed at the same {iBaley and Hallett, 2009)Locatelli and Hobbs (19743nd

Mitchell (1996)suggested massize relationships represented as power laws with | 30 for different

precipitating crystal habits Coef fi ci ents U and b vary as a function of the ice crystal
performed calculations of mean masige relationsips (also using power law approximations) retrieved from

simultaneous measurements of particle images combined with bulk ice water content meas(Bzoventand

Francis, 1995; Cotton et al., 2013; Heymsfield et al., 20$@hmitt and Heymsfield (201®ontaine et al (2014)

Leroy et al. (2016) showed that masge relationship coefficiensand b vary as a function of temperature. I n
the Il atter studies, coeffi ci emisrefiievedeitheatsd flor pracéssed fr om OAP i mages, and t her
images or constrained with integral measured IWC or radar reflectivity factor Z. Rec€otlyris et & (2017)

retrieved masses of hydrometeors by an inverse method using direct measurement of PSD and IWC. In this latter

study, the mass of ice crystals is retrieved without any assumption on the type of function linking mass and size of

ice hydrometeors.



This studyusesthe power law assumption to constrain the mass of ice hydrometéeneby, theb ex ponent of
the masssize power law relationship is calculated (eq. 7) as presentéeiioy et al (206) for hydrometeors
defined byDmaxdimension:

T p& OQ 1@ OQ v

Heref, is the exponent of the perimetsize power law relationship (Duroure et al. 1994) witHO Q0

(0] & andfsis the exponent of the 2D image arsiae relationshigMitchell, 1996)with "Y'O Q0

(0] @& . These two relationships are calculated using Images fron52and PIP. Henceh is a proxy

parameter that describe the global (all over the size range of hydrometeors from 50pum to 1.2cm) variability of the

shape of the recorded hydrometeors during the sampling prdéigsse 13s hows t he variability of b as a function

of temperatue and MCS reflectivity zones for thrergeddataset. For a given MCi&flectivityz o n e , b increases

with increasing temperature. Also for a given temperature, b increases Wwi
reflectivityzones 4,5, 6, 7,and8sharea nge of common values for b, making it more uncertain t

a good accuracy using a parametrization as functioWd€ and T.
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Figure13: As Figur e 5, b u tsizdretationshipsforaised inethydfometebr sirealsfisition
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Figure 14: As Figure 6, but for exponent MRDBb .

I'n order to estimate the uncertainty on the calculation of b (grey band
from(Leroy etal.,2016h ave been uti | i z eddwevewifwetave thlcilated thesuNc2rtaityo.

on retrieved b from the uncertainty on the measurement of the size and c
images, the uncertainty would have been by about 44%. In generaktMRD n MCS refl ecti vity zones 8 and 7 tend
tobe in the range o bardgnilgr foball egbsesredMiC8 i the foum campaigns for the

conditions described by MCS reflectivity zones 7 and 8.

However, in MCS reflectivity zones2to6 MBBr e mor e scattered arlapgerM®D U( b) / B wi th someti mes

than uncertainty of ©b. Especially for MCS over Maldives and Niamey. Over
be smaller compared to the median b calculated for the merged dataset. W
I ar ger t h aloulatetefat theanmergéd dateset.

Overall, the predictabil ity orefledivityzone ferhaingchadlenging. Wes a functi on of T and MCS
are aware of the fact that the poweraw appr oxi mati on has certainanl i mits, trying to i mpose ot
entire crystal population composed of smaller (dominated by pristine ice) and larger crystals (more aggregation,

also riming).
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Figure 15: Same as Figure 5, but foa of masssizerelationshipsfor used ice hydrometeor size definition
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For HAIC-HIWC data, coefficientt) ar e retri eved, VMQ flora IKRRawitrcdalculatgd me as ur e d
IWC thereby integrating PSD times m(D) power law relationship. For MT data, coeffitiamésretrievel from
T-matrix simulations of the reflectivity factor (Fontaine et al., 20U&alculation is solely constrained by the fact

thatthe mass of ice crystals remains smaller or equal than the mass of an ice sphere with the same diameter D

I 5 pr— s| 0O T p g0 Quda 8 [0}
For the uncertainty calculationddwe t ake the maxi mum value of b which is 3:
Y| Y006 5 Yo YO

\ o606 °° 70 5 X

Figure 15 shows mediaa coefficients as a function of T and MCS reflectivity zone. As has been already stated in

previous studies, U is s(Fontainegal)y2014;Heysfield et ab, 2alGjigurev ar i abi | ity of b

15 compared to Figure 13 confirms that resultséoh ave si mi |l ar trends as those discussed for
5.10% (in MCSreflectivityz o n e 2 )2 (ih MCSgeflectiditgzone 8). In general increases as a function of

T for a given MCS reflectivity zone and also increases as a function of MCS reflectivity zone (and associated IWC)

for a given T level. As already st adireMCSfefectivity Z;omes medi an exponent b

4, 5 6, 7 and 8 are more or less overlappindedian-ain-MCS+eflectivity zones—2-and-3—-are—shown-for

ompletane a on howeave hle onfidence ha are ed-to- A aane m a 3
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Figure 16: As Figure 6, but for exponenVRD-a.

From Figure16(a) and Figure B(b) we can notéhat even with a good accuracy of the measured IWC (from IKP

2 U( 1 wWC) / forvihe tygical \WBCWalues observed in HAKBWC at 210K), the uncertainty o4, is

rather large which is mainly due to uncertainties in OAP size and concentration measurements. Taking into
account the large uncertainty on tregrieveda, we find that MRBa for all 4 tropical datasets for MCS reflectivity
zones 4, 5, 6, 7, and 8 asenaller than U&)/a. For data from Niamey (Figure6l(d)), a tend to be larger than

mediana for the tropical dataset (MR£x not centered on 0, but shifted to positive values).

In previous sections, this study documented similar IWC values and vidihtier coefficients for a given range
of Z and T and a clear increase of IWC and visible extinction coefficient fromrbfl@gtivityzones 4 to 8. The
increaseoka nd b wreflechvityMldDeés is not as much clearly visible, whereas at leasems to increase

with temperature in different MO®flectivityzones). And we cannotignorettea nd b t end to be | arger in MCS
reflectivity zone 8 than in MC&eflectivity zone 4, especially at higher altitude. But, the increase of IWC and

visible extirction with MCS reflectivity zone Z is not linked to an increase of the-sies<oefficients. This

conclusion takes into account the variability of the msige coefficients shown by 25 and 75 percentiles.

Moreover, shapes of ice hydrometeors in MCSogflity zone 4, 5 and 6 are different in MCS over Maldives and

MCS over Ni amey compared to MCS Darwin and

over Cayenne

Niamey).

(small er

b

over



As visible extinction (hence projected surface) and IWC are similar for the sage o0& and Z in all types of

MCS, but the shapes of crystals might be different from one to another MCS location. Our assumptions is that the
ratio of projected surface vs IWC is similar. In other words the density of ice per surface unity (or by fixels o
projected surface) is similar as function of T and Z in all types of MCS even if there might be a possibility that the
habit or the shape can be different (pure oceanic MCS vs pure continental MCS). Note that these assumptions is
establish for IWC largethan 0.1g.11%

5.5 Largest ice hydrometeors

Figure 17investigates the variability of the size of the largest ice hydrometeors in the PSD (hereaftersax(D

as defined in Foniae et al (2017)). Figure 1reveals globally for all MCS reflectivity zones that the median of
max(Dnay increases with T, with larger hydrometeors at cloud base compared to cloud top, particularly in the
stratiform cloud part, where PSD are mainly impacted by a combination of gafipe and sedimentation. At

higher levels for T/ [215K; 245K] largest median of max@Ry) are observed in the most convective MCS
reflectivityzone 8, followed by zones 7, 6, and 5, where sedimentation becomes more and more active. Below the
250K level, largest max(fy) can be observed in MQ8flectivity zones 6 and 7 (still significant sedimentation
source from above), followed by 5 (increasidepletion of large crystals) and 8 (more convective or at least
transition zone from convective to stratiform cloud part). Smallest may(Bre observed in MC&flectivity

zones 2 and 3.
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Figure 17: As Figure 5, but for maximum size of hydrometeonsax(Dmax) in PSD in [cm].

MRD-max(Dnay) shown in Figure 18(a), 18(b), 18(c), and 18(d) are a bit larger than the measurement uncertainty
estimated with +20% (Baumgardner eal., 2017) Cayenne, Darwin, and Niamey data are centered around the
median max(Ray of the 4 tropical datasets in MCS reflectivity zone 8 for all type of MCSs, in MCSs reflectivity
zone 7 in MCS over Darwin, Cayenne and Niamey. MCSs over Cayenmsvet 8ad to have similar maxgRy

in other MCSreflectivity zones. Maldives dataset shows mainly negative MRR(Dnay values, indicating that
max(Dnay) for the Maldives Island data are generally smaller than those of the other three tropical dafdsets.
MCS over Niamey show larger max{f) in MCS reflectivity zones 2 to 4, illustrating that snow aggregates can

reach larger sizes during the West African monsoon than in other MCS locations.
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Figure 18: As Figure 6, but for maximum size of hydrometeors maxék)

In this section, it is shown that in the stratiform part of MCS, largest hydrometeors are larger in MCSs over Niamey
than in other types of MCS, and tend to be smaller in MCS over Wéaldslands. Mainly, large crystals (Dmax

> 1mm) are agglomerates of pristine ice crystals, for which the growth process is leaded by aggregations (by
sedimentation) instead of vapour diffusion. Some large pristine ice were found in the dataset (espesially
Maldives see Figure 1 in Fontaine et al., 2014) but usually their size do not exceed 3 tbldmerggregation
efficiency is different from one MCS type of MCS to another, this could explain the differences-sizenass
coef fi ci e rculatdu pn the slope in a lelgg scale@of mean perimeter and mean surface as a function

of median diameter in each size bBecauselarge hydrometeors have a noegligible impact on the slope (i.e.

fp and fs, see EQ5)).

5.6 note on the impact ofertical movement on ice microphysic

This section discussed about the investigation performed about the impact of vertical velocity on the ice
microphysical parameters presented earlier in this section 5. We separated the merged dataset in three sub
datasés such: i) w <1m/s , (ii)-1m/s < w < 1m/s and (iii) w>1m/s. Then, median relative difference for the three
conditions and for each parameters presented in this section 5 were calculated and compared to the median
relative difference when no distinctismperformed as function of vertical velocity. Firstly, we noticed that MRD

X for the merged dataset and MROfor the second condition (i.e. 1m/s < w < 1m/s) are simNMRD-X: X being

used to replace IWQj, NT, NEo, NTso0, b, @, max(Dmax)) Secondlydifferences of MREX in updraft and in
downdraft with regards to MRIX for merged dataset and no vertical movement are visible. But most of the times

these differences are not enough pronounced compared to measurement uncertainties (U(X)/X).



Appendices Bhows the Figures that shows when updraft have an impact on ice microphysic parameters for a
given range of temperature and MCS reflectivity zones. So, Figure B1 showsWIRFigure B2 shows MRD

NT and Figure B3 shows MRNT50. For the others parametdrapact of updraft are uncommon.

It appears that updraft tends to impact mainly concentrations of small hydrometeors and IWC for some type of
MCS and some MCS reflectivity zones. So for NT (Figure B2), we observe larger NT for updraft in MCS observed
over Gayenne, Maldives and Niamey. For Cayenne, it appears in MCS reflectivity zone 5 and 6 for temperatures
between 245K and 265 K with NT 2 to 3 times larger than NT for merged dataset. For MCS over Maldives, median
NT are 5 times to 20 times larger than NTewlthere is no noticeable vertical movement in MCS reflectivity zones

6, 7 and 8. Finally for MCS over Niamey, we observe larger NT in updraft than NT for the merged dataset in MCS
reflectivity zones 6 for T around 240 K and in MCS reflectivity zones 8eathe bright band. We have similar
conclusions for N (Figure B3), except that ratios betweensplifii updraft and N3, when no updraft is smaller

than the ratio between NT in updraft and NT when no updraft.

IWC are impacted by updraft, only for MCS p@ayenne, in MCS reflectivity zone 4, 5, 6 and 7. IWC in updraft
tend to be larger about +50% than IWC when no updraft, except in MCS reflectivity zones where IWC are about

2 times larger in updraft than IWC when no updraft.

This investigation on the imapt of updraft and downdraft on ice microphysics, shows that updraft may have an
impact on concentrations of small hydrometeors and IWC. However, updraft does not impact all type of MCS in

the same way. So, there will need to perform deeper investigatiomgdraft impact.

Despites some noticeable impact of updraft on ice microphysic for our dataset, there is no significant (recurrence
trough all types of MCS or as function of T or Z) results to assess them for the merged dataset. So, the

parameterizatiorprovided in the next section are not functions of vertical velocity.

6. Parameterizationsas function of IWC and T
6.1 visible extinction

Since we concluded from Figure 7 and Figure 8 that visible extinétiona n din tropical MCS tend to be

similar for all MCS locations in the same range of T and for corresponding MCS reflectivity zones 4 to 8. Moreover

Figure 19 shows that there is alineare | at i onshi p bet ween | og(0) and |l og (!l WC) . Mor eover it s
deaease with temperature increasing at constant log(IWC). Then, we performed a surface fitting using input

coefficients log(IWC) and T to fit log(sigma) to dedace p ar amet ri zati on of O ( Eq. (8)) as a function of

T for deep convective cloud dememged datasetdf this study limiting data to IWC > 0.1g"m
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Figure 19: visible extinction in [m1] on y-axis as function of IWCin [kg.m-3] on x axis and as function of T
in [K] with color scale. Scatter plot using the merged dataset (4 campaigns).

An evaluation of this parametrization is presented in Figure 20, where black lines in Figa)e@Eigure 26d)

represent me d i a n(with 3" and 7% perceetiles @presentedf by \iihiskers) for the merged

datasetpredicted with Eq. 8wi t h respect to retrieved a from OAP i mages from Egq. (2). |
relative errors of @ for individual MCS datasets over Darwin, Cayenne, Ma
to @ calculations (Eq. (8) )),Faure20 &)andFigure 20(d)Frespectively. 2 0 (a) Figure 20(

The uncertainty — is given with the grey bandll relative errors 5" - 75" percentilestend to be smaller
thant—, wi th median relative err or dntytdicalatedmom&g. &mial | er than N25% of & uncert
general, Eq. (8) seems to produce smallest relative errors of @ for Niar

IWC<2g md).



Relative error of Visible extinction parameterizations
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Figure 20: Relative errors of predicted visible extinction Eq. (3) with respect to measuigble extinction for

a), b), ¢), and d. Relative errors as a function of IWC in a) and c¢) and as a function of T in b) and d). Black

lines in 4 sub figuresepresent the relative errors when calculated for the entire tropical dataset. In a) and b)

red lines show median relative error for MCS over Darwin, and blue line for MCS over Cayenne. In c) and d)
red line represent median relative errors for MCS over Maldives Islands and blue lines for MCS over Niamey.
Bottom of error bar shows 25percentiles of elative errors and 78 percentiles are given by top of error bar.

large errors in retrieved cloud water path and condensed water concentration profiles retrieved from satellite
imageries (Smith, 2014; Yost et al., 2010). Parameterizgtisuch as presented here, could help to improve

retrieval methods on cloud water pdiht more investigations on the benefit of such parameterizations are needed,

which is beyond the scope of this study.



6.2 Parameterization of ice hydrometeors distriboms

6.2.1 Observation®f PSD moment

Moments of PSD are convenient for numerical weather prediction to model microphysics of hydrometeor
populations, since knowing the PSIH arder moment allows to roughly describe cloud processes and their
hydrometeors properties. Commonly, PSD of ice hydrometeors are modeled with Gamma distributions
(Heymsfield et al., 2013; McFarquhar et al., 200The calculation of thethorder moments defined in Eq.9)

for PSD obtained from size distribution measurements of hydrometeors, for example with OAP (optical array

probes):

0 60 0 PO & )
A

The uncertainty of the'h(n=2 and 3 in our study) moment is:
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Figure 21: Same as Figure 5, but for lper meter.

Figure 21 shows median second momepada function of T for all MCS reflectivity zones for the merged global
tropical dataset. Median Wslightly decrease with temperature for all individual M@S8lectivity zones, and
distinctly increase with MCS reflectivity zone for a given T. The rafgar@bility of median Mshows mainly
negligible overlap, if any, of 28 and 73" percentiles of neighboring MCS reflectivity zones wiith exception
between MC$eflectivityzones 8 and 7 at low altitude (265; 273.15]).
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Figure 22: Same as Figures, but for MRD-M2.

All 4 tropical MCS (Figure 22(a), (b), (c), and ¢)) show good agreement with the medians efiMMCS
reflectivityzones 3 to 8, with MRIM; significantly smaller than U(l)/M.. Few minor exceptions can be found
for MCS over Cayenne (Figu2 (b)) and Darwin (Figure22 (c)) in the temperature range [265K; 273.15[. Also
MCS over Niamey (Figur@2 (e)) show a larger MREM, in MCSreflectivity zones 2 and 3 for T [265K;
273.15K[and T/ [245K; 255K], respectively.
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Figure 23: Same as Figure 5, but for the Mor unity dimension.



Figure 23 presents median third momeni fist global tropical dataset as a function of T and for different MCS
reflectivity zones. Median Mn highest MCS reflectivity zones 8, 7, and to some extent zone 6 resemble the
corresponding curves of median IWC (Figure 5), with a maximum value for meglfan ™ [245K; 260K[. We
also obtain a clear increase in mediary With MCS reflectivity zone from 2 to Bhe range of variability foMs
reveals no overlap of 25and 79" percentiles of neighboring MCS reflectivity zones, Zolely zone 7 overlaps
with zone 8 for all temperature$hird moment of MCS over Cayennearl®in and Maldives Islands in MCS
reflectivityzones 2 to 8, shows MRID; smaller than U(M)/Ms, with few minor exceptions basically in the range
of T/ [265K; 273.15K[. MCS over Niamey tend to have MRIBthat are sometimes larger than Ug¥IMa.
Indeed,Ms for MCS over Niamey tend to be larger in MCS reflectivity zones 5 and 2 in the rangeg265K;
273.15K], and in MC@eflectivityzone 4 for T larger than 255K as well as in M@8ectivityzone 3 for T larger
than 245K.
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Figure 24: Same as Figures, but for the M.

Overall, this section illustrates that second and third moments of PSD are similar as a function of T and Z for all
MCS locations of the underlying dataset. However, there are exceptions in MCS reflectivity zones 2, 3 and 4 in
MCS over Namey where larger third moments are calculated compared to those deduced for the merged global
tropical dataset. Despite those exceptions, the next section explores the possibility to parameterize the second and

third PSD moments as a function of IWC @echperature.

6.2.2 Parameterization®f M2 and Ms

This section presents parametrizations to predict fie@d 3¢ moment of the PSD for theergeddataset as a
function of T and IWfor this section IWC in the equation are in [kg®fn including IWCdata larger than 0.1g



. Indeed some moments can be directly linked to bulk properties of hydrometeor populations. For example,

moment M for ice and liquid hydrometeors is equal to the total number concentratign ifddments Mand Ms

for liquid particles are proportional to visible extinction and liquid water content. However, for ice hydrometeors

the physical interpretation of moments, ®ind M is lessobvioussince ice hydrometeors are not spherical

particles. Theresults or B aadf f i ci gprélaionshipp rt ehsee mi(edd i n section 5.3, illustrate that b
varies between 1.5 and 2.3. This means that IWC is proportional to PSD moments betweed M 3. Also

uncertainties on the retasseesd bheoehfiabehtsydofnbtaal hofwuhoti on of | WC
Former studies performed in different cloud environments report mean vall
et al ., (2016) fHduwwCd ifm=2D.alrs5vifngr CHAIt® n ,él¢ymdididetal.,( 2013) suggested b=2.0

(2010) suggested b=2.1, and Brown and Francis (1995) established b=1.9.
findings of b also dependDgn ethceé)utofl i2zB di nsa gees .p aHeamreet ,erwe Dapply b=2 as
an approximationalso proposed by Field et al., (2007), to link the second moment of hydrometeor PSD with IWC

(Eg.11). Subsequently the ratio IWC4l4 calculated and denoted A.

Figure 25: Same as Figure 5, but for the ratié= IWC/Mzin [kg m~].

Figure 25 shows retrieved median coefficients A for the global tropeiset as a function of MCS reflectivity
zone and T. Note that A is calculated in Sl units (note that in Eq. (11) IWC is M)k@me black solid line gives

the median of A as a function of T, thereby merging all W&fI8ctivityzones for the mergeathset with IWC >

0.1g . The grey band gives correspondind'2fid 7% percentiles of that median A. In addition, are calculated
median A for all individual MCS reflectivity zones (on Figure 25) are solely illustrated median A for zones 4 to 8)
for the global tropical dataset as a function of T. In general, median A calculated for individual MCS reflectivity
zones 5, 6 and 7 are very similar to the median A when merging all lef@8tivity zones (black solid line),

whereas median A calculated for M@Slectivityzone 4 tends to have smaller A values and median A calculated



