Responseto Review #1

We thank the reviewer for his/her positive assessmeneqidaper and for the corrections
Below, we provide point-by-point answers to each of the camsne

We mark the reviewers’ comments/questions and the authors comments/responses by “RC:” and
“AC:”, respectively.

RC: Abstract: line 6. “which sufficiently well represents the IWC profiles”. Shouldn’t it be “which

represents the IWC profiles sufficiently well”?
AC: fixed, thanks.

RC: Page 16331, lines 225. “AIRS footprint can up to CALIPSO L2 samples at Skm resolution”.

A word is missing. Should it be “can collocate with up to”?

AC: in the updated version, this part of the phrase sounds as follows: “...for favorable conditions,
the AIRS footprint can cover up to three CALIPSO L2 gl® at 5 km resolution and up to ten
GEOPROF/DARDAR L2 samples at the spatial resolution of a foBfrint...”

RC: Page 16337, |. 224. | think something happedto this sentence, as I can’t make sense of it.
AC: Thanks for pointing this out. We hauwedified the phrase to make it readable: “As one can
see from the normalized IWP histogram values presentgahile 5a and 5b, the relative frequency
of thick ice cloud occurrence is higher in single- rathan in multi-layer systetn



Response to Review #3

We thank the reviewer for his/her analysis and helpful suigges

Below, we provide point-by-point answers to each of the camsrguestions.

We mark the reviewers’ comments/questions and the authors comments/responses by “RC:” and
“AC:”, respectively.

1. Specific comments/questions

RC: p 16329 I|. 11-13: In this paragraph you state that CALIPSO meatsgéehin clouds. For
example in a paper by Davis et al. 2010 it is shown that C3QIfiss a significant fraction of
sub-visible cirrus clouds (OD < 0.03) in the CALIPSO L2 cloundpict. Especially in the tropics a
large amount of sub-visible cirrus clouds occur, which havwadiative impact. Parts of these
clouds and their IWC profiles are most likely not included amiryanalysis. | would suggest to
write a short sentence, where you state that CALIPS@ amderestimate sub-visible clouds and
cite e.g. Davis or other.

AC: We agree with this comment. However, since we usengolocated database, the filtering is
done using the “logical AND” condition, so if any of the contributors (AIRS, DARDAR,
CALIPSO, GEOPROF) does not mark the scene as a cloud, itligded from the consideration.
In this dataset, AIRS is known to be less sensitive todinfus than CALIPSO, so the filtering of
aforementioned sub-visible cirrus clouds is automatic. preperties and statistics of a joint
colocated product are discussed in Sect. 3.1. As the r&aders by the end of the paper, all
radiative effects related to IWC vertical profile argligible for thin clouds, and there is no need
for additional discussion on cloud filtering, so we haenadified only the text of the paragraph and
added the reference to Davis et al., 2010.

RC: p.16332 I|. 3-7 and Table 2: In this paragraph you describe the apnfmelected data. In the

later analysis you use latitudinal averages of diffei@ncloud variables. Therefore the question, if
there is any latitudinal dependence on the data coveraeseme poorly covered regions? Can
you please comment on this?

AC: Since the instruments share the same orbit and thmeiey of the observations does not
change, the coverage does not change with latitude, éd@keept for the very poles). However,
filtering out the clear sky scenes and sub-visible cirrasadd leads to changes in latitudinal
coverage of the product we analyze. It becomes modulatédebgloud cover and the detection
threshold, and the joint effect is roughly equal to IWP matitih (areas with large IWP are taken
more often than the dry ones). Still, the number oEsasder consideration for each latitude
remains large (on the order of hundreds per month per Eeeldgpit) and the observed picture
remains representative.

RC: p. 16337 I. 4: Cirrus formation mechanism are not only bsitin formation and anvil cirrus.
Warm conveyor belts (with relative slow updraft) carogisoduce completely frozen ice clouds
from the mixed phase regime in the cirrus altitude raegg Spichtinger et al. 2005). Maybe you
add an "e.g." in the bracket or list more formationsma@ism.

AC: We opted to add “e.g.”, thanks for pointing this out.

RC: p. 16337 I. 11-12: You used the best fit of the four shapeddoice water profiles in your
analysis. Could all observed profiles assigned clearlynéopwofile or are there some shapes which
are not or hardly be represented by your set of thestuapes?

AC: This is a good point. The closest shape selectionidigoalways makes its choice based on
the r.m.s. of the deviation between the model IWC mddihd the real one, and for the sake of
simplicity we do not provide the analysis of the goodrads®-for the cloud types w.r.t. their IWP
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or geometrical thickness. Indeed, some of the DARDAR&h&how a zigaglike structure like
the one in Fig. 2a or Fig. Sahd it’s obvious that fitting these profiles with a model one will give
worse r.m.s. of the deviation than, for example, tidtig. 5e. Still, all IWC profiles fit well into
one of the 4 patterns: increasing toghase, increasing basetop, constant, of‘high middle
fading to the edges”. As one can see in the Table 4, other shapes we testidearty dependent
with one of 4 shapes and introducing wave-like profilemoissible due to their variety.

RC: -p. 16338 |. 18-25: Aggregation in cirrus plays only a role in warrs or completely frozen
mixed phase clouds at T =40°C (see Kienast-Sjogren et al. 2013). | would explain the lower
triangle in downdraft regions in another way. The top olsirclouds is mostly know as cirrus
formation region with small ice crystals. In caseaoflowndraft the whole cloud becomes sub-
saturated and the small ice crystals at the top sublimath faster than the lower parts with larger
crystals increasing the amount of lower triangle cases. In addition, I don’t like the explanation with

the wash out of particles in a large updraft. In large uplhaitnogeneous freezing is triggered and
a lot of small ice crystals appear (see Kéarcher et al. 2002) within the whole cloud. Because the
whole cloud consists of small particles which need more timegrow to larger sizes, the
probability to find upper and lower triangles profiles is reduced.

AC: Thanks for a very reasonable suggestiome have made it the first explanation and left the
one given by us as a second one, accompanied by a reféveffGenast-Sjogren et al. 2013). As
for the updrafts, we have updated the text in accordandetivet mechanism suggested in the
comment.

RC: -p. 16339 I. 18: In this paragraph you describe the common undagngtanf ice nucleation.
The general understanding of the term "ice nuclei" neemsoluble particles which triggers
heterogeneous freezing. For homogeneous freezing, predoiyninappens at temperature below -
40C, supercooled water droplets are responsible for ice fiormathere | would recommend to
avoid using the word "ice nuclei".

AC: We agree with this comment. On the other hand, one ¢hmmil exclude the heterogeneous
mechanism from this description, so we have specifiedahditions for heterogeneous freezing in
the text.

RC: p. 16339 I. 19: Clustering (see comment above) happens only inairaus) In in-situ cirrus
the number concentrations are usually not high enoughlusteclice particles. In this case the ice
crystals grow only by water uptake in super-saturatiororegio sizes were they start to sediment.
AC: We have replaced the word “clustering” with “growing”.

2. Technical comments

RC: p. 16336 I. 21-22: From Figure 6a | cannot confirm the kab=1.1 f@lu&/P < 10gm-2. For
me it looks more like 1.2 for IWP < 10 gm-2 or 1.1 for I\WR2 gm-2 . | suggest to correct the
number in the text.

AC: This is correct. We have modified the text and includet B&YP limits.

RC: Table Al: The acronym LWC (liquid water content) is missinthe table.
AC: Fixed, thanks.

RC: Figure 2: Maybe add the location of each profile in the hreade

AC: We have added the latitude / longitude values to figure capdilb examples correspond to
tropical latitudes and the selection was done solely ercldseness to even numbers (10, 30, 100,
300 g/m2) for illustration purposes.
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Abstract

In this werkarticle we discuss the shape of ice water content (IWC) enpicofiles in high ice
clouds and its effect on radiative properties of thdmeds, both in short- and in long-wave bands
(SW and LW) Based on the analysis of colocated satellite datesuweestproposa minimal set
of primitive shapes (rectangular, isosceles trapezoid,rlawe upper triangle), whichufficiently

well-represents the IWC profilesufficiently well About 75% of all high-level ice clouds

(P < 440 hPa) have an ice water path smaller than 109 g/fith a 10% smaller contribution from
single layer clouds. Most IWC profiles (80%) can be regovesd by a rectangular or isosceles
trapezoid shapeHowever, with increasing IWP, the number of lower triangiefiles (IWC rises
towards cloud base) increases, reaching up to 40% for IWP vaiteater than 300 gAnThe
number of upper triangle profiles (IWC rises towards cloud i®p) general small and decreasing
with IWP, with the maximum occurrence of 15% in casel\MP less than 10 g/mWe proposa
statistical classificatiolmf the IWC shapes using ice water path (IWP) as a spayl@emeter. We
have estimated the radiative effects of clouds withgame IWP and with different IWC profile
shapes for five typical atmospheric scenarios and aw®oad range of IWP, cloud height, cloud
vertical extent, and effective ice crystal diaméi2e). We explain changes in outgoibyyv fluxes

at the top of the atmosphere (TOA) by the cloud theradibnce while differences in TOA SW
fluxes relate to the De vertical profile within the clowbsolute differences in net TOA and
surface fluxes associated with segarameterized IWC profiles instead of assuming consts6t |
profiles arein general of the order of 1-2 W/m?: they are negligible for clouds with IWP < 30 g/m
but may reach 2 W/frfor clouds with IWP > 300 W/



1 Introduction

Clouds play an important role in the energy budget of camgil optically thick clouds reflect the
incoming solar radiation, leading to cooling of the Eawthile thinner clouds act as “greenhouse
films”, preventing escape of the Earth’s long-wave [W, see also Acronyms section for the
abbreviations not explaidean the text for readability’s sake) radiation to space. Understanding the
Earth's radiative energy budget requires knowing the clowgrcthermodynamic phase (ice,
liquid, mixed phase), height, temperature, and thicknessehss the optical properties of cloud
particles and their concentration. In this article, adelress the shape of the ice water content
profile, IWC(z), for high ice clouds (defined by pressure less ##dhhPa and including only ice

particles).

Satellite observations provide a continuous survey of clowds the whole globe. IR sounders
have been observing our planet since 1979: from the TOVS ssui®feith et al, 1979) onboard
the NOAA polar satellites to the AIRS spectrometer (Qtal@t al.,2006) onboard Aqua (since
2002) and to the IASI interferometers (Chalon et al., 200fon et al., 201y onboard MetOp
(since 2006), with increasing spectral resolutibheir spectral resolution along the £&bsorption
band makes IR sounders sensitive to cirrus, day and nigitef8auch et al 1999, 2006, 2008, and
2010 Wiley et al., 200% In addition, they provide atmospheric temperature and waper profiles

surface temperature, and dust aerosol propevtertical profiles of the cloud parameters are atela
from active sensors: since 2006, the CALIPSO lidar Reéfinet al., 2003) and CloudSat radar
(Stephens et al., 2002), together, observe the atmosjitieeecas the lidar is highly sensitive and can
even detect sub-visible cirrus, its beam reaches closel drdy for clouds with an optical depth less
than 3. When the optical depth is larger, the radsatiliscapable of penetrating the cloud down to its
base. The.iDARraDAR products (DARDARDelanoé and Hogan, 2010), retrieved from theeradar
and lidar measurements, provide vertical profileshefrhodynamic cloud phase, IWC(z) and De(z)

with a fine vertical resolution, essential for our lgsia.

The structure of the article is as follows. In Sect&rwe describe the datasets used is study
and the colocatiompproach. Section 3 presents the statistical resultheofcolocated data and
describes the classification into different types ad cloud profiles and their occurrence in
dependence of different atmospheric parameters. InoBettiwe estimate the radiative effects on

the IWC(z) profile shapeSection 5 summarizes theperresulis



2 Datasets

The analysis builds on the synergy of the NASA Afternd@onstellation (A-Train) mission
(Stephens et al 2002), providing observations at 01:30 and 13:30 local time (LTtheaéquator
crossing Table 1 lists the Level 2 datasets and the specific vasiaiseel in this analysisThe
following subsections provide brief information on tberresponding instrument, and retrieval

methodology.

2.1 AIRS-LMD cloud properties

The spatial resolution of the AIRS measurements is Ki3.at nadir. Nine AIRS measurements
(3x 3), called a "golf ball" (see grey circles in Fig. Yrrespond to one footprint of the Advanced
Microwave Sounder Unit (AMSU). NASA AIRS L2 standard products udel atmospheric
temperature and water vapor profiles as well as surface tekiperature and ice / snow flag
(Susskind et al., 2003, 2006hahine et al., 2006) at the spatial resolution of an AMSitifnt.
The AIRS-LMD cloud retrieval makes use of these productarasllary data and has been
described in (Stubenrauch et al., 2010). Briefly,retrieval methodology is based on a weighted 2
method using radiances measured along the wing of them160, absorption band. The ¥?
method determines the cloud pressure leved)(dor which the measured radiances provide the
most coherent cloud emissivity. The method also yidlds cloud emissivity defined as
&ld = (lciear— Imeas) / (lctlear— lcid ( Peid) ), Where heasis the measured radianceet is the clear sky
radiance andck the radiance of an optically thick cloud at the |level estimated for the observed
situation from a minimum in the? vertical profile The AIRS-LMD dataset participated in the
GEWEX cloud assessment (Stubenrauch efal22013 and showee good performance. In the
case of multiple cloud layers, the retrieved propertierrespond to those of the highest cloud

layer, as far as its optical depth is above 0.1.

2.2 CALIPSO cloud data at 5 km spatial resolution

CALIOP, a two-wavelength polarization-sensitive nadir viewiitgr, provides high-resolution
vertical profiles of aerosols and cloudisuses three receiver channels: one measuring the 1064 nm
backscatter intensity and two channels measuring orthiigopalarized components of the
532 nm backscattered signal. Cloud and aerosol layers aretatbtoy comparing the measured
532 nm signal return with the return expected from a mtdeatmosphere. The method utilizes an

adaptive threshold test (Vaughan et al., 2009) and retrieveldetbhbt of the physical top height,



rather than the effective radiative heightemarkably,—thefie method is capable of detecting the

clouds with visible extinction as small as ~0.01 kmnough the detection efficiency decreases in

this domain and, as Davis et al., (2010) have shown, the CGXD IRisses a certain fraction of sub-

visible cirrus cloudsThe retrieval algorithm is the same for the daytime migtttime portions of

the orbit, except that different detection thresholds wsed for day and night. Analysis of the
parallel and perpendicular polarization of 532 nm backscaig@als provides vertically-resolved
identification of cloud water phase according to the mtlgm of Hu et al, (2007). For this
analysis, we utilizeig and gasefrom version 3 of the CALIPSO L2 cloud data averaged ka5
along the track (release v.3.01).

2.3 CloudSat Geometrical Profiling Product (GEOPROF)

The GEOPROF L2 product (Haynes and Stephens, 2007; Haladayephe s, 2009Viace et al.,
2009 of version P1_R04 merges the millimeter wavelength cloud profilidgr (CPR) radar data
(footprint of 2.5 km x 1.4 km) with those collected by CALIOPloudSt shares an orbit with
CALIPSO, so that they probe nearly the same volumebleohtmosphere within Q5 s of each
other. This configuration combined with the capacity for midier radar to penetrate optically
thick hydrometeor layers and the ability of the lidar to ctetsptically thin clouds has allowed
Mace et al, (2009) to develop an approach for retrieving the vertical anddntal structure of
hydrometeor layers with unprecedented precision, rangarg @ptically thin cirrus and boundary
layer clouds to deep optically thick precipitating systeim this study, the GEOPROF product
helps us to verify if the cloud base height for tHected overlap is consistent with the IWC profile
provided in the DARDAR dataset (see next section) andhesa,, values to "align" the IWC(z)

profiles for the classification (Sect. 3.2).

2.4 Lidar-Radar synergy of the DARDAR dataset

Delana and Hogan (2010) have adapted a variational method using theswheadar, lidar, and
infrared radiometer from airborne and ground-based measuis (Delan® and Hogan, 2008) to
CALIPSO-CloudSat-MODIS satellite observations to retriewgicad profiles of visible extinction
coefficient, IWC, and De. The variational scheme firdstate vectox, which minimizes the
square-root-sum of the differences between the obseryedn@ calculated radiances. The
components of the observation vecyoare: radar reflectivity factor, apparent lidar backscatser
well as IR radiance and IR radiance difference if dtbameter is used. Note that in the version we

are using the IR radiances are not assimilated. Thep@oamts ofx are the visible extinction
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coefficients at different altitudes, extinctibo-backscatter ratio, and number concentration
parameters at different altitudes.

The solution (state vecta) is found by minimizing a cost function using Gatldswton iteration,

as described fully by Delascand Hogan, (2008). A key input to the retrieval algorithm is an
observational error covariance matrix, which includes lWegtrument and forwardnodel errors
(Deland and Hogan, 2008, 2010). The resulting DARDAR (for liDAR+raDAR)ducts contain
the profiles of the ice cloud related parameters on a &@rtical grid, which have been used in a
number of studies (Bardeen et al., 2013; Battaglia andnB& 2013; Ceccaldi et al., 2013,
Delanoé et al., 2011, 2013; Deng et al., 2012, 2013; Eliasson et al., 2012y eaial., 2012; Gayet
et al., 2014; Huang et al., 2012; Jouan et al., 2012, 2014; Masp214; Stein et al., 2011a,b).

2.5 ERA-Interim

ERA-Interim global atmospheric reanalg$s produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF), covering the period from 1980 now. Dee et al, (2011) give a
detailed description of the approach and the.dBte data assimilation scheme is sequential: a
each time step, it assimilates available observationomsti@in the model built with forecast
information obtainedn the previous step. The analyses are then used to make -aastye model
forecast for the next assimilation time st@pidded data products (at a spatial resolution of 0.75°
latitude x 0.75° longitude) also include 6-hourly dynamic parameters such as horizontal and vertica
large-scale windsA common proxy for the intensity of the vertical matgoin the atmosphere is
the vertical pressure velocity at 500 hPa levebo¢e.g. Bony and Dufresn@005, Martins et al.,
2011). In addition, we also use vertical winds just underribaticloud (was9 and at the radiative
height of the cloud (Wud) to study correlations between the shape of the cloud I\Wfllepand the

atmospheric dynamics.

2.6 Colocation of the datasets

Fig. 1 illustrates a typical single-day coverage of AIR®l CALIPSO-CloudSat at a specific
observation time (1h30PM at the equator crossing time).r&dkethe AIRS swaths cover areas
about 1000 kithe active instruments only cover a 90-h.4 km wide track near the middle of the
AIRS swaths. Since the instruments share the same @nbkitcan impose strict overlapping criteria

to get a high-qualit dataset.



Our colocation starts with the AIRS data and searcleesttier datasets for the observations closest
to the centers of individual AIRS footprints (usuabByhreeper each golf ball). A blown-up part in
the upper-right corner of Fig. 1 shows an example obtlelapping measurements: for favorable
conditions the AIRS footprint carmoverup to3threeCALIPSO L2 samples at 5 km resolution and
up to10tenGEOPROF/DARDAR L2 samples at the spatial resolution of a foBfrint (1.7x1.4

km). One has t&eep in mind that “ideal” overlaps like the one shown in Fig. 1 are not so frequent
if the closest CALIPSO or DARDAR footprint lies outsitlee AIRS footprint, then the case is
skipped.

Table 2 complements Fig. 1 and shows the statisticchéocdémponents of the colocated dataset.
As one can see, with the rigid colocation criteriadu this work the average distance between the
centers of the samples is about 6 km. The fracticiheflata selected is small, but the number of
overlaps per day is still on the ercdbf~1-10%. The temporal deviation between the observations is
defined by the distance between the satellites and istiess 2 minutes. The ERA-Interim
atmospheric reanalysis deviates on average much moreskeeahits rather coarse spatial and time
resolution. The resulting colocated dataset comprisesahables listed in Table 1.

3 Analysis

3.1 Selecting high-level ice clouds

Fig. 2 illustrates the information available in the cotedadataset, for typical examples of high-
level ice clouds, with IWP increasing from 9.0 gAm 303 g/m. In this figure, we supplement the
IWC vertical profiles withthe AIRS zi4 (horizontal red lines), CALIPSQog and Base(blue lines),
and GEOPROF and zgase(green lines). It is interesting to trace the behavidhese values with
changing IWP: whereas CALIPSO and GEOPR®f match on all four panelsCALIPSO and
GEOPROF @se match at IWP<100 g/mwhile the CALIPSO lidar cannot probe the lower
boundary of thicker clouds; AIRSizcorresponds to the radiative height close to the maxrimu
backscatter signal from CALIPSO (Stubenrauch et 2010); for high-level ice clouds it lies in
general 1 to 2 km below cloud top, depending on the verticahadation of optical depth (Liao et
al., 1995; Holz et al., 2008); it seems to correspond to the P&k height up to IWP of about
30 g/nt while for thicker clouds the corresponding optical depthlisady reached earliewe
explain all these features by the capabilities of theunstnts and by physics of observaticans]
we find them consistent with the results presented @kse(e.g. Stubenrauch et 2b122013and

references therein). For the analysis, we have teeleznly high ice clouds, using AIRS cloud



pressure (g <440 hPa) and DARDAR profile information on the occureen€ liquid or ice To
ensure high quality of the selected subset, we filtered eutakes, for which DARDAR ice cloud
peak height is beyond the GEOPRQJ; @nd Baselimits of the layeywhich-is-theclosestoneto the
AIRS cloud. This removes 18% of the colocated data, and iematches are explained by
different spatial resolution of the compared datasetsh&éyncertainties ofc@ — Zia conversion
associated with temperature®i profiles, and by the GEOPROF cloud boundary thresholds.

Figure 3 shows the comparison of height for all high ioeds in the colocated and filtered dataset
In Fig. 3a, we compare the AIRS cloud height with the DAROWC(z) peak height. As one can
see, for clouds above ~10 km the highest probability densitgd) almost follows: 1:1 line while

for the lower clouds AIRS tends to be ~2—3 km higher. This is linked to the optical thickness of the
cloud and its correlation with the vertical extent: dmometricallythicker clouds, AIRS retrieves
the radiative height while active instruments are capablpewsietrating deeper. In Fig. 3b, AIRS
cloud height is compared with the CALIPSO top: 80% of the clawe$elow the CALIPSO cloud
top boundary: we assign the remaining 20% to difference inlsasize of these two instruments (5
km x 0.06 km vs 15 km x 15 km) and to accuracy in AIRS claidht determination (1 km). The
purpose of Fig. 3c is to show the spread of the IWC(z) prav¥ithin the cloud: for the clouds
peaking in the 8—13 km region, their g, is usually just 1 km higher than the peak; however, the

distribution is broad and for a significant fraction @dudswith smaller emissivitythe TWC(2

peakmaximurmis much lower than the.g This is consistent with the AIRS versus DARDAR peak

plot in Fig. 3a: the IWC peak of extended cloud layersosesito cloud base.

Figure 4 presents average cloud emissivity and verticahtekteelation to IWP As one can see,
average IR cloud emissivity increases with IWP and #a@mates at ~0.7—0.9 for IWP values
greater than ~100 gAn However, for the same large IWP the mean is smatiewinter
midlatitudes than in summer midlatituddtsis interesting to note the peculiarity efWP) curves

in the low IWP domain (Fig. 4a,c) whetdncreasedor IWP values less than ~4—7 g/m?. One has

to keep in mind that the same amount of water can foomdsl of different optical depths (and
emissivities): for thin clouds, the ice crystal sizentstion centers around lower values compared
to that of thicker clouds. We justify this explanation lyiding thee(IWP) distributions only for
De > 40um (not shown for the sake of clarity): these distributions do not have a feature at
IWP =~ 4-7 g/n?; instead, thes(IWP) increases monotonically and then reaches saturafioe
relationship between the vertical extent of itxecloud (Azqq) and its IWP is shown in Fig. 4b,d.

Here one has to note the difference between the suamdewinter hemispheres: both single and



multi-layer clouds show aaturation of Azqq in the winter hemisphere at IWP70 g/nt that
corresponds to higher ice water densities in the storokgraAnother remarkable feature of the
Azyd(IWP) is a nealy linear dependence on log(IWP) (with the exception foresf@ntioned
saturation effects in winter hemispheres). This alloeducing the number of variables in the
statistical classification we seek to develop.

Table 3 shows the latitudinal behavior of cloud emissiviyP| vertical extent and proportion of
ice within the cloud, separdyefor single-layer and multi-layer cloud scenes (idegdlifiby
GEOPROF). We draw theeaders’ attention to two types of IWP values in Table 3: median and
mean IWPs. The median IWPs are calculated overrikengble of corresponding cloudy scenes
while the mean IWPs represent both cloudy and clear skesdegether. The latter distribution
shows a common three-peak pattern (c.f. Eliasson €2(dl1) while the median values are more
representative for strongly skewed distributions, whighhe case of the IWP. As one can see,
single layer high clouds are thicker both in geometramad in optical sense. One can note the
following differences: a) median IWP values differosiger than cloud emissivities that is related
to cloud emissivity saturation for thick clouds; b) thetigcat extentAzqq of single layer clouds is
~0.7 km larger than that of top ice clouds in multi-clouchesec) the geometrical ratio of ice layer
thickness w.r.t. total layer thicknessz(s/Azqq) is larger for single layer clouds. We associate the
latter difference with multi-layer mixed-phase cloudist which the conditions at the lower

boundary of high ice cloud are favorable for changing tlees@lrom ice to water.

3.2 Approximating the ice water content profiles with primitive shapes

We have analyzed the IWC profiles with respect to cloud IWéttical extent latitude, and
atmospheric dynamics. The objectives of this analysiszare:a) establishing a minimal basis of
primitive shapes, which one can use for approximating IW®{)uilding a statistical model for
these primitive profiles, and c) estimating the energédfecis of clouds with the same ice water
path (IWP), but different IWC(z). A "minimal basis" in thi®ntext means that the individual
elements of the suggested set of IWC profiles shouldbadhearly dependent with respect to any
of the atmospheric and cloud variables. We have "aligtredTWC profiles using the GEOPROF
Zop values, calculated the vertical extent of the iocaidlusing the GEOPROkazeand zp values,
determined the IWP by integrating the DARDAR IWC(z) withirese limits, normalized the IWC
profiles to IWP, and compared them with a set of primitshapes. An initial set of shapes
consisted af (1) "rectangular" or constant IWQ?2) "upper triangle"; (3) "isosceles triangle";
(4) "tilted triangle"; (5) "lower triangle'(6) "trapezoid"; and (7) "isosceles trapezoid", illustdate
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Fig. 5a. The "tilted triangle" was built using the average-toypeak and basw-peak IWC(z)
gradients normalized by the IWPhe other shapes are empirical approximatittnis important to
note here that using a fixed set of profile shapes daes@an using the same IWC gradient within

the same type: the real IWC values are always bouncttIR of the cloud through normalizing.

To check the redundancy within #eeseven primitive profile shape types, we have used the
statistics built over the globe for one month, Jan2&@7 (the results do not change significantly
for any other period). For each colocated event andafdn primitive shape, we have calculated

a standard r.m.s. of the model IWC profile deviatiomfrihe real IWC(z) profile. As a result, we
have obtaied seven sequences of { values and performed a “round robin” correlation analysisof
these sequenceAs the linear correlation coefficients in Table 4 shavget of seven profile shapes
appears to be redundant since some pairs of profile shapestrangly correlated, with the
correlation coefficients of about 6:8.9 (marked in bold), so it is logical to reduce the bakie

first profile to keep is a standard one (rectangular), lviscapproximated by a constant-within-
layer IWC and which corresponds to an assumption currasdy in the retrieval of cirrus bulk
microphysical propertiese(g. Guignard et al, 2012). The profiles #2 (upper triangles) and #5
(lower triangles) are uncoupled from the others, so sheyld also be included to a reduced basis.
In addition, we keep shape #7, which fills a gap between #2 andd#tach is more physically
sound compared to #1 (sharp changes in concentration aelyiii high ice clouds, especially in
the tropics, (e.g. Liao et al., 1999 he reduced set of profiles #1, #2, #5, and #7, illustrated by
representative examples of the data and their appragimsain Fig. 5, does not contain linearly

dependent elements.

3.3 Ice crystal size profile

Besides IWC, another important radiative charactermtibe cloud is the effective ice crystal size
and its changes with height. The analysis of DARDAR De(pfiles shows that they are not as
diverse as the IWC profiles and can be representedavtithpezoid similar to profile #6 in Fig. 5a.
Here, the only parameter needed to describe the vestiohle is the ratio of the upper and lower
edges of the trapezoid Ak see a sketch in Fig. 6a). We have studied the bedttfiis parameter
for different IWPs and seasons, varying kn a broad range from 0.1 (almost the "upper triangle™)
through 1.0 (rectangular) to 10 (almost "lower triangle"). & can see in Fig. 6, for

IWP <102 g/n? De(z) is almost constarfkas ~ 1.1).) and this coefficient demonstrates only a

moderate increase up to IWPLO g/nf. This is explained by the low density of the ice particles

which hinders the aggregation and buoyancy stratificatieor. IWP > 30 g/riA De(z) is best
9



represented by a trapezoid wilatio of edges ks = 1.35—1.5. For these densities, the probability
of ice particle aggregation is higher and the sedimematf heavier particles increases their
concentration towards the cloud bases interesting to compare the behavior @f kor winter and
summer midlatitudes as we disk Azqig(IWP) distributions in Fig. 4: in winter,ak is larger thann
summer, meaning stronger vertical De(z) gradients durisgpimiod. This behavior is consistent
with denser clouds in the storm tracks discussed above. \dowBe also depends on the
mechanism of cirrus formatior.Q.in situ or as an anvil of a convective system), on thestége

of the system and on the environmental temperature andlityinin this article, we do not study
the De profiles in further detail, but, as the estimatésamext section show, the vertical profile of
De affects the radiative properties of the cloud andldhoeitaken into account in the analysis and
modeling.

4 Results

4.1 Relating IWC profile shapes to cloud and atmospheric parameters

We have analyzed three ye&807—-2009) of colocated data by searching for the best fit within the
four primitive IWC(z) shapes: rectangular, isosceles tragetmwer triangle, and upper triangle
Then we have studied their relative occurrence witlpeetsto IWP, cloud layering (single or
multi), cloud vertical extent, vertical wind, latitudedannderlying surface (land or oceaAs a
first step, we have studied the probability of occurrerfdhese specific IWC profile shapes as
function of IWP. Table 5 presents the statistics separately for sing-land multi-layer cloud
scenes, respectively. As the median values of Table 3diaaxly indicated, about 75% of all high
ice clouds lie within the range of IWP < 100mg. Within this IWP range, about 60 to 80% of the

IWC profiles may be represented by rectangular (constd@) land isosceles trapezoid shapes.

FheAs one can see from the normaliz®d@P histogram values presented in Table 5a and 5b, the
relative frequency of thick ice cloudccurrencedistribution-of is _higher irsingledayerclouds-is

slightly-tited-towards—thicker-high—ice—clouds rathtban inthe—case—oinulti-layer seenes,—in

agreement-with-Table 3systeQualitatively, the IWC profile shape type fractioning bedsathe
same way for single- and multi-layer cloud scenesinigd, rectangular and trapezoid IWC shapes

make up more than 70% of all the shapes. Between theseypes, trapezoid-like IWC shapes
dominate both single- and multi-layer scenes, unless<We gm?. The remaining 26- 40% split
into profiles with increasing (lower triangle) and demiag (upper triangle) IWC towards cloud

base. We observe, as expected, an increasing occurrenbabpity of lower triangle with
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increasing IWP. Upper triangle shapes mostly occur imdsowith IWP < 30 g/ This is
consistent with the currently accepted ice cloud formmathodel: if the amount of ice in the cloud
is low, the particles maform an “inverse” IWC profile, stimulated by updraft or by a favorable
combination of water vapor and temperature profiles. Ifctbad is thicker, the sedimentation of
larger particles leads to a decrease of occurrence of ttpg sha

To address the influence of large-scale vertical windshawe analyzed the IWC profile shape
statistics with respect to vertical windoy/ Whase (at GEOPROFzs9, and Wioud (at the AIRS &q)

and split it to three dynamic situations: strong updraft (4% hPa/day, 6% of all the cases),
“calm  atmosphere” (-175 hPa/day < w< 175 hPa/day, 93%), and strong downdraft
(w> 175 hPa/day, 1%), like those used in (Stubenrauch eRCGf4). The analysis shows that
changes in relative occurrence of IWC profile shapesaaly noticeable for strong downdraft
within the cloud (see values in brackets in Table 5) wiitlerihg the statistics based orgwand
Whasedid not lead to conclusive resultss one can see in Table 5, dynamic effects are only well
traceable with lowr triangles: strong downdraftsre—asseciated—withcorrespond additional

3—11% occurrence, and the added occurrence grows with-W¥¢P\\Veassignithese effects to the

following mechanisms: (a) in the case of a downdrbé,whole cloud becomes sub-saturated and

the small ice crystals at the top sublimate much falstar the large ones (the size of crystals in the

ice cloud increases from top to bottom, see Fig. 6), giving tasdower triangle profiles

(b) downdraft lead4o more intensive aggregation of ice crystals withinegisting layer of less

buoyant ice crystals beneathnd-the-thicker-thelayer,—the-stronger-the—effecivdier, — this

works only when the ice crystal aggregation is noticeableniwarrus and completely frozen

mixed phase clouds (Kienast-Sjogren et al., 2013)). It is stirceto note thathe situation does

not inverse in the case of strong updlta;ftm#&baeyan%pameles in_anhe occurrence otpper
his triangle profiles

does not increasehe—upper—triangle—oceurrence When a strong updraft takes place, a

homogeneous freezing is triggered and a lot of small icgtalsyappear within the whole cloud

(Kércher and Lohmann, 2002) that leads to an increase in the occurrence tdnmdar-type

profiles.

In a further step, waddress the effects of other factors, which might be irapofor the statistical
IWC profile classification. These are cloud verticalesxtAzq, latitude (season), and underlying
surface type (land or ocean). The ultimate goal is doae the number of variables to a necessary

minimum. We already know from Fig. 4b,d that cloud verteekent is almost linegr dependent
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on the logarithm of IWP, so we only keep IWP for thessification. As for the latitude, Fig. 7
presents the fraction of lower triangles as a funabblatitude and IWPThis profile shape is the
third one in frequency of occurrence (Table 5) and itsatagi effects are expected to differ from
those of the first two types (see Section 4.2 fordiseussion). In Fig. 7, we separate the statistics
for single-layer and multi-layer cloud scenes and doean and land. As the comparison of
Fig. 7a,c with Fig. 7b,d shows, the surface does not hasignd#icant influence on the relative
occurrence, thus allowing to merge the statistics fodt Bnd ocean. On the other hand, single- and
multi-layer scenes in Fig. 7a,b and Fig. 7c,d show diffepatterns, justifying considering them
separately. Latitudinal variability for single-layereses (Fig. 7a,b) is noticeable in the high IWP
domain (>300 g/R), but as Table 5 shows, these cases represent les@a#@f single layer

clouds and less than 10% of all clouds.

Summarizing, we suggest using the statistical classificatidche IWC profile shape based solely
on IWP. We explain relative consistency of the IWCfigashape type fractioning by a similarity
of cloud formation processes in the atmosphere: regardlethe pressure/temperature/humidity
profile, geographic location, and season, the physicseohuicleation remains the same: once the

supersaturation conditions afd the case of a heterogeneous freezthe)ice nuclei exist, the
clouds start forming; once formed, ice crystals starsteringgrowingand sedimenting; reaching

the zone with kinetic temperature greater than frosit pemperature leads to ice sublimation.

4.2 The impact of IWC profile shape on cloud radiative effects

As mentioned above, ice clouds affect radiative enbejgnce in the atmosphere in several ways:
reflecting and scattering the incoming solar radiatiaflecting and scattering terrestrial and
atmospheric radiation coming from below, emitting infrarediation in all directionsFor a fixed
IWP, each of the aforementioned components can depend the profile of
absorbing/scattering/emitting particle concentrationhls section, we address radiative effects in
the long-wave (LW,10-3280 cm!) and shortwave (SW, 820-50000 cm!) bands To quantify
them, we will use surface radiative flux (SRF), top & #imosphere radiative flux (TOA), and
atmosphericcontribution (ATM = TOA—SRF). In a numerical experiment described belove w
estimate the effects of the shape of IWC profiles uSirtgpical atmospheric scenarios: subarctic
and midlatitude summer and winter as well as the tropies.atmospheres were considered up to
the mesopause region. The detailed description of atmasoemarios and vertical profiles of

temperature and atmospheric constituents can be fouRedafilbv and Kutepov, 2012)
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4.2.1 Radiative transfer model RRTM

The calculations have been performed with the help of RRR&pid Radiative Transfer Model),
which utilizes the correlated-k approach to calculateeffuxThe software package consists of
RRTM LW (Mlawer et al., 1997a; lacono et al., 2000; Morcrét®1) and RRTM SW (Mlawer et
al.,, 1997b, 1998) modules, both of which use k-distributidstaioed from an exact line-by-line
radiative transfer code, LBLRTM (Clough et al., 2005)eTRRTM LW algorithm calculates the
fluxes and cooling rates over sixteen LW bands witlueacy at all levels better than 1.5 VW/and
0.3 K/day, correspondingly. The optical properties of ilmeids are calculated for each spectral
band using the Streamer model v3.0 (Key and Schweiger,).199%8 RRTM SW algorithm
calculates the fluxes over fourteen SW bands withuacy at all levels better than 1.0 \WW/far
direct and 2.0 W/t for diffuse irradiances (Oreopoulos et al., 2012). Sdatjezalculations are
performed using the DISORT package (Stamnes et al., 1B8Bkach spectral band, the optical
properties of water and ice clouds are calculated ubmditi and Stamnes (1993) afd (1996)
parameterizations, respectively. With the help of th8 MRtode, we have performed a series of
radiative transfer calculations, varying the atmospghsrenario, De(z) (10 valugesyWC(z) profile
shape, IWR7 intervals), cloud vertical exteni\fuq, 7 values), and cloud top height (5 values). In
addition, we doubled the number of simulations by adding anrkyimte optically thick water
cloud to estimate the IWC profile effects when the terrést@@iance is "blocked”. Overall, the
number of simulations is equal to 5 x 10 x4 x 7 x 7 x 5 x@8#000. Since the spread of tropical
IWP values is larger than that at other latitudeg. Eliasson et al., 2011), we present comparisons

for the tropical scenario.

4.2.2 Relative differences in LW radiative fluxes

As we have already seen before, in 75% of all high medd one can approximate the IWC profile
by a rectangular or isosceles trapezoid shape. Foresieof the cases, however, we want to
estimate the radiative impact of usingraalistic” (DARDAR) IWC profile instead of a constant
IWC profile and see how much this will affect the differerio fluxes at the TOA, SRF and
atmosphere (ATM). Correspondingly, we compare SRF, T@AJd ATM values for each
combination of IWP, z, De, antiz for three IWC profile types versus the results atat@diwith a
rectangular profile. Figure 8 shows a representative exaroplsuch a comparison for the
TOA LW flux differences built for the three IWC profiehapes vs rectangular one. For these
plots, Aziq varied from 3 to 7 km and IWP varied from 1 to 1000%/As one can see, the

radiative effects of the isosceles trapezoid typi.(@a) are almost identical to that of the
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rectangular type. On the other hand, there are noticeffilets in TOA LW fluxes for lower and
upper triangle IWC profile types (Fig. 8bfoy Az larger than 3 km and IWP larger than 30g/m

We explain the observed differences by the natureeLil cloud radiance: the LW fluxes are
composed of terrestrial, atmospheric, and cloud compon@&hs.terrestrial and atmospheric
radiances originating below the cloud are absorbed by slaiith the same IWP in the same way.
The atmospheric radiance above the cloud is the saaledompared cases. However, the emitted
cloud radiance depends on the shape of the IWC prtdieperature in the troposphere decreases
with height, so the effective altitude of the upper ander triangles will differ from that of the
cloud with a constant IWC. Correspondingly, the lowramngle type cloud will emit more radiance
than the rectangular typehich, in turn, will emit more than the upper triangle typs for the
trapezoid, its effective radiative height is aboutsbene as that of thectangular-type cloud. The
magnitude of the effect (Fig. 8b,dpcreases with Az since the difference between Kkinetic
temperatures of effective radiative cloud layer increadesvever, for optically thick clouds (see
large IWP values in the right-hand side of Fig 8b,c parbés effect washes out since high optical
thickness “moves” the effective radiative heights upwards, making the differences between them
smaller. The same considerations apply for the SRF_LWeglunot shown), but in this case
atmospheric absorption and emission in the thick lower sthere mask the changes and the
differences are smaller than 1%. Adding optically thick wateud underneath the ice cloud does
not significantly change either of the conclusions nmaloleve: TOA LW is still modulated by the
effective radiative height, while the surface becommese isolated from the ice cloud, further
reducing the sensitivity of SRF_LW to IWC(z).

4.2.3 Relative differences in SW radiative fluxes

In a similar manner, we have analyzed the sensitivity offleWés to IWC profile type (Fig.)9
The effects in TOA_SW are opposite to those in TOA [M{. 8): the radiance escaping the
atmosphere is smaller in the case of lower triangle IW&fmpared to the cloud of a rectangular
type. The study shows that this effect is related tderofile Small and large particles scatter
solar radiance differently. Correspondingly, convolving Z)e{hich increases towards the cloud
base (see Sect. 3.3 and Fig. 6), with the IWC profilea different type changes the amount of
radiance scattered backwards. To justify this explanatienrhave performed a test with a constant
De within the cloud layer (not shown), which reduced thieihces in Fig. £-c to less than 1%.
The same mechanism and explanation apply to SRF_SW fliffeences in Fig. &-f where the
effects are the opposite to that in TOA_SW: lower trias\gleuse larger SRF_SW than rectangular
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type IWC profiles in thick clouds. As for the TOA_SW, tHteet is gone if a constant De is used.
Both the TOA_SW and SRF_SW fluxes show weak sensitiaitgubstituting rectangular IWC
profile with trapezoid one due to an obvious reason: thdribations of particles with De
significantly different from the average De in the clougefaare reduced by IWC(z) profile.
Adding a water cloud beneath the ice cloud reduces thesife€OA_SW for the IWP values less
than 50 g/rh This is due to a contribution of the water cloud to the TOW flux: a part of solar
radiance, which has passed throaghice cloud, is reflected back, increasing the TOA_SW and
washing out the effects of the ice cloud itself. As fa&r 8RF_SW in the case of an underlying
water cloud, the sensitivity of the flux to the IWC filechange reduces by a factor of ~2 because
of the absorption in the water cloud.

4.2.4 Absolute differences of IWC-profile-shape-weighted SW and LW fluxes

Even though some of the panels in Fig. 8 and 9 show abteehanges in TOA and SRF fluxes,
this knowledge alone is not enough to estimate the energjéticts of using the rectangular type
IWC(z) in all the cases instead of using real (or meadistic) profiles. To do that, we have used a
pre-calculated set of 98,000 fluxes as a big lookup table ({889 Sect. 4.2.1) and applied it to
each of the events in the colocated dataset. For skgatases, we used a corresponding clear-sky
profile to obtain realistic cloud-amount weighted fluxe® (used cloud amount from AIRS). For
cloudy cases, we used the fluxes corresponding todakefib IWC model profile (if the best fit
returned the rectangular profile it was included to keep tidwgstics unbiased). In Table 6, we
compare net SW+LW fluxes at the TOA, SRF, and thdiemince, ATM, averaged for both
approaches. The table contains net flux differencesnattd, separately for single-layer high
clouds and for all scenes, including multiple layer cloaid clear sky cases. Correspondingly, the
first part can be used for estimating the average radiaffeets in the cloudy cases, while the

second part represents high ice cloud amount weighted difesean fluxes acting globally.

Obviously, the LUTs we have used to make these estimatestceover all possible permutations
of ice clouds and water clouds of variable optical depth #rdiit distances from the ice clouds
not speaking about different water and ice particle digiibutions, but the values in Table 6 give
an estimate of the significance of the effect. Tlg@ sind magnitude of the values are related to an
interplay between the effects in the ratios of thexds considered in Sect. 4.2.2. and Sect. 4.2.3
convolved with the occurrence frequencies of diffel®C profile shapes and with occurrence
frequencies of corresponding IWR$ud top heights, and Az. We highlight several features. From
the comparison of TOA_LW and TOA_SW flux sensitivity (F8gand Fig. 8-c), one can see that
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SW and LW flux responses are in counter-phaseng lower triangle instead of constant IWC
profile increases LW flux, but decreases SW flux. Asuised above, a cloud underlying the ice
cloud reduces the surface radiative effect both in StVimm.W. Small TOA values for the SAW
atmosphere are linked to polar night conditions and assacwith a lack of both reflected solar
radiance and high level ice clouds on the poles. Clounlsataveighted net flux differences are
significantly smaller than those estimated for only clogdses: all values in the second part of
Table 6 are smaller than 1 Wiwhile the ATM flux differences in the first part reach WAm?
and TOA and SRF net flux differences reach ~2 $Fhese estimates should be supplemented by
differences related to IWC profile shapes in low thick ¢tmuds as well as to LWC profiles in
water clouds that can be a subject of a separate studyeudo, the vertical extent of these clouds
is much smaller compared to that of high clouds, so thiatree effects are expected to be smaller,

too.
5 Conclusion

Since IR sounders only determine bulk cirrus microphysical ptiepewe added the data from
active instruments to get a deeper insight into vertia#ilps of IWC and De. The primary object
of this analysis was to find out if the IWC profiles canchessified according to simple shapes,
ideally as a function of parameters determined by IR sosradene, and to determine the effect on

the radiative properties of the cloud. Below we list tlesthimportant findings of our analyses.

1. A minimal and sufficient set of primitive shapes represgntime IWC profiles in high ice
clouds consists of four elements: rectangular, isoscedgezoid, upper triangle, and lower
triangle. The statistical analysis shows that rectangatal trapezoid IWC shapes together
make up more than 70% of all the cases with trapezoidM&e€ profiles dominating both
single- and multi-layer scenes. The fraction of low&ngles increases with IWP, reaching
33% for IWP > 300 g/fh The fraction of upper triangles is 19% for multi-layszrenes at
IWP < 10 g/mand decreases with IWP increase.

2. The main variable, which should be used for the IWC madfilape statistical classification is
IWP. Cloud vertical extent strongly correlates witlogarithm of IWP, land/ocean distributions
demonstrate similar behavior, and latitudinal variabilityhaf most frequent shape is moderate.
However, the dependence of the profile shape on IWP iagstiepnsistent with the current
understanding of cirrus formation physics. Single-layeh hegpuds and multi-layer scenes
demonstrate qualitatively similar behavior, but the relabieeurrence of lower triangle shapes

is slightly larger for the former and the relative meence of upper triangle shapes is slightly
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larger for the latter. We have observed a correlatetmvéen the lower triangle fraction and
strong downdrafts within the cloud {wd > 175hPa/day), leading to 3—11% anomalies (up to
50% relative change).

3. The effective ice crystal diameter of high ice cloudgeneral increases towards cloud base (i.
e. Heymsfield and laquinta, 2000). We found that its e@profile can be parameterized by a
trapezoid shape. The ratio of its lower and upper edges ferllP < 10 g/Miand 1.35-1.5
for IWP > 50 g/rA.

4. We have estimated the radiative effects of clouds théhsame IWP but with different IWC
profile shape for five typical atmospheric scenariod amer a broad range of IWP, cloud
height, cloud thickness, and De values. In this analyswerl triangle-, upper triangle- and
trapezoid-IWC profiles were compared to a “reference” rectangular profile. We explain tle
observed differences in TOA_LW fluxes by thermal radgan€ the cloud and by changes of
the “effective radiative layer” height depending on the IWC profile. The differences in
TOA_SW fluxes are related to De vertical profiles: changimegIWWC profile shape leads to a
different effective value of De that, in turn, leadsditierent scattering characteristics of the
cloud. Adding a thick water cloud beneath the ice cloud reducestsife surface radiance.
Absolute differences in net fluxes associated with sgaliWC distributions versus clouds with
constant IWC are of the order of 2—4 W/n? for cloudy scenes while weighting them by their

occurrence reduces the effects to less than 1°W/m

Summarizing, the total impact of the shape of ice cloudilpsobn the estimates ofid Earth’s
radiative balance is small. On the other hand, a letiba between the most frequent primitive
shape and the cloud IWP affects the interpretation &f imidrophysical properties retrieved from
passive satellite observations. We have shown that for cleitds WP < 100 g/rh (80% of all
high ice clouds), it is feasible to use a constant Igv€file in the retrieval. However, for clouds
containing more ice, the radiative effects of différgmapes are noticeable. This may also affect the

atmospheric heating profiles which is a subject of our éustmdies.
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Appendix A: Abbreviations

Atmospheric Infrared Radiation Spectrometer

Advanced Microwave Sounder Unit

Cloud-Aerosol Lidar with Orthogonal Polarization

Cloud Aerosol Lidar and Infrared Pathfinder Satelibservations

National Center of Space Research

Discrete Ordinates Radiative Transfer program

European Centre for Medium-Range Weather Foi®cas

Infrared Atmospheric Sounding Interferometer

Laboratory of Dynamic Meteorology

Midlatitude summer type atmosphere

Midlatitude winter type atmosphere

AIRS:

AMSU:

ATM: Atmosphere

CALIOP:

CALIPSO:

CNES:

CPR: Cloud Profiling Radar
DARDAR: IliDAR + raDAR product
DISORT:

ECMWEF:

ERA: ECMWEF's re-analysis
GEOPROF: Geometric profiling
IASI:

IR: Infrared

IWC: Ice water content
LBLRTM: Line by line RRTM
LMD:

LT: Local time

LUT: Look-up table

LW: Long-wave

LWC: Liquid water content
MLS:

MLW:

MODIS:

Moderate Resolution Imaging Spectroradiometer
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NOAA:

RRTM:

SAS:

SAW:

SRF:

SW:

TIROS:

TOA:

TOVS:

TROP:

National Oceanic and Atmospheric Administration
Rapid Radiative Transfer Model

Subarctic summer type atmosphere

Subarctic winter type atmosphere

Surface

Short-wave

Television Infrared Observation Satellite

Top of atmosphere

TIROS Operational Vertical Sounder

Tropical type atmosphere

20



References

e Bardeen C.G., Gettelman A., Jensen E.J., Heymsfield A., Conley A.J., Delanoé J., Deng M.,
Toon O.B, Improved cirrus simulations in a general citeatamodel using CARMA
sectional microphysics, J. Geophys. Res.: Atmospheres, 118(873-11697, 2013.

e Battaglia A., and Delanoé, J., Synergies and complementarities of CloudSat-CALIPSO
snow observationd, Geophys. Res., 118(2), 721731, 2013.

e Bony, S. and J-L Dufresn®arine boundary layer clouds at the heart of cloud feedback
uncertainties in  climate models, Geophys. Res. Lett., 32(20Q20806,
doi:10.1029/2005GL023851, 2005.

e Ceccaldi, M., J. Delanoé, R. J. Hogan, N. L. Pounder, A. Protat, and J. PelonmnFro
CloudSat-CALIPSO to EarthCare: Evolution of the DARDAR clalassification and its
comparison to airborne radar-lidar observations, J. GeopRes., 118, 79627981,
doi:10.1002/jgrd.50579, 2013.

e Chahine, M., T., T. S. Pagano, H. H. Aumann, R. AtlasB&net, J. Blaisdell,. Chen, M.
Divakarla, E. J. Fetzer, M. Goldberg, C. Gautier, Sar@er, S. Hannon, F. W. Irion, R.
Kakar, E. Kalnay, B. H. Lambrigtsen, S.-Y. Lee, J. Lerdhall, W. W. McMillan, L.
McMillin, E. T. Olsen, H. Revercomb, P. Rosenkranz, WSkith, D. Staelin, L. L. Strow,
J. Susskind, D. Tobin, W. Wolf, and L. Zhou, AIRS: improvingatirer forecasting and
providing new data on greenhouse gases, Bull. Amer. Me8ur., 87, 911926, doi:
http://dx.doi.org/10.1175/BAMS-87-7-911, 2006.

e Chalon G, Cayla F, Diebel D., IASI: an advanced soundeogderational meteorology. In:
Proceedings of the 52nd Congress of IAF, Toulouse, FranbeOctober 2001.

e Chen, T., Y. Zhang, W.B. Rossow, Sensitivity of Atmosmhd&tadiative Heating Rate
Profiles to Variations of Cloud Layer Overlap, J. Climate, 13, 2941-2959, 2000.

e Clough, S. A,, M. W. Shephard, E. J. Mlawer, J. S. Det@nM. J. lacono, K. Cady-
Pereira, S. Boukabara, and P. D. Brown, Atmospheric treelidransfer modeling: a
summary of the AER codes, Short Communication, J. Q&uectrosc. Radiat. Transfer,
91, 233-244, 2005.

e Davis, S., D. Hlavka, E. Jensen, K. Rosenlof, Q. Yang, Bniit, S. Borrmann, W. Frey,

P.Lawson, H. Voemel, T. P. Bui, In situ and lidar obsgors of tropopause subvisible
cirrus clouds during TC4, J. Geophys. Res., 115, D00J17, doi:10.1029/2009JD013093,
2010.

21



Dee, D. P., S. M. Uppala, A. J. Simmons, P. Berrisfored, S. Kobayashi, U. Andrae,
M. A. Balmaseda, G. Balsamo, P. Bauer, P. Bechtold,.AM.(Beljaars, L. van de Berg, J.
Bidlot, N. Bormann, C. Delsol, R. Dragani, M. FuentesJAGeer, L. Haimberger, S. B.
Healy, H. Hersbach, E. V. Holm, L. Isaksen, P. Kallberg Kidhler, M. Matricardi, A. P.
McNally, B. M. Monge-Sanz, J.-J. Morcrette, B.-K. Park, Reubey, P. de Rosnay, C.
Tavolato, J.-N. Thepaut and F. Vitart, The ERA-Intenieanalysis: configuration and
performance of the data assimilation system, Q. J.&edfol. Soc., 137, 55897, 2011.
Delanog, J., and Hogan, R., J., A variational scheme farenahg ice cloud properties from
combined radar, lidar, and infrared radiometer, J. Geophgs., R113, D07204,
doi:10.1029/2007JD009000, 2008.

Delanoé, J., and Hogan, R., J., Combined CloudS@ALIPSO - MODIS retrievals of the
properties of ice clouds, J. Geophys. Res., 115, DOOH29, doi:10.1029/2009JD012346, 2010.
Delanoé J., Hogan R. J., Forbes R. M., BodasSalcedo A., Stein T. H. M., Evaluation of ice
cloud representation in the ECMWF and UK Met Office mede$ing CloudSat and
CALIPSO data, Quart.. Royal Met. Soc., 137(661), 2062078, 2011.

Delanoé J., Protat A., Jourdan O., Pelon J., Papazzoni M., Dupuy R., Gayet J.-F., Jouan C.,
Comparison of airborne in-situ, airborne radar-lidad spaceborne radar-lidar retrievals of
polar ice cloud properties sampled during the POLARCAT cagnpal. Atm. Ocean.
Techn., 30(1), 5473, 2013.

Deng, M., G. G. Mace, Z. Wang, R. P. Lawson, Evaluatioseseral A-Train ice cloud
retrieval products with in situ measurements collected duringSBertiCus campaign, J.
Appl. Met. Clim., 52, 1014-1030, doi: 10.1175/JAMC-D-12-054.1, 2013.

Eliasson, S., S. A. Buehler, M. Milz, P. Eriksson, &hdD. John, Assessing observed and
modelled spatial distributions of ice water path using saelita, Atmos. Chem. Phys., 11,
375-391, doi:10.5194/acp-11-375-2011, 2011.

Eliasson, S., G. Holl, S. A. A. Buehler, T. Kuhn, Me&ijel, F. lturbide-Sanchez, and M.
Johnston, Systematic and random errors between c@tbcsatellite ice water path
observations, J. Geophys. Res., doi:10.1029/2012JD018381, 2012.

Faijan, F., L. Lavanant, and F. Rabier, Towards the us®ofl microphysical properties to
simulate IASI spectra in an operational context, J. pAgse. Res., 117, D22205,
doi:10.1029/2012JD017962, 2012.

22



Feofilov, A.G., and Kutepov, A., A., Infrared Radiatiom the Mesosphere and Lower
Thermosphere:  Energetic Effects and Remote Sensing, v. SuBeophys.
doi:10.1007/s10712-012-9204-0, 2012.

Fu, Q., An accurate parameterization of the solar radigiroperties of cirrus clouds for
climate models, J. Climate, 9, 2058—2082, 1996.

Gayet JF., Shcherbakov V., Bugliaro L., Protat A., Delanoé J., Pelon J., Garnier A.,
Microphysical properties and high ice water content in cential and oceanic mesoscale
convective systems and potential implications for comrakmircraft at flight altitude
Atmos. Chem. Phys., 14(2), 899912, 2014.

Guignard A., C. J. Stubenrauch, A. J. Baran, and R. Armantalk Bnicrophysical
properties of semi-transparent cirrus from AIRS: a six yglabal climatology and
statistical analysis in synergy with geometrical profilingaddom CloudSat-CALIPSO,
Atmos. Chem. Phys., 12, 5625, doi:10.5194/acp-12-503-2012, 2012.

Haladay, T., and G. Stephens, Characteristics of trofhaalcirrus clouds deduced from
joint CloudSat and CALIPSO observations, J. Geophys. R&&4, DOO0A25,
doi:10.1029/2008JD010675, 2009.

Haynes, J. M., and G. L. Stephens, Tropical oceanic itless and the incidence of
precipitation: Early results from CloudSat, Geophys. Réett., 34, L09811
doi:10.1029/2007GL029335, 2007.

Heymsfield, A. J., and J. laquinta, Cirrus crystal teahivelocities, J. Atmos. Sci., 57,
916-938, 2000.

Hilton, F., R. Armante, T. August, C. Barnet, A. BouthaC. Camy-Peyret, V. Capelle, L.

Clarisse, C. Clerbaux, P.-F. Coheur, A. Collard, ¢&ev@Bisier, G. Dufour, D. Edwards, F.
Faijan, N. Fourrié, A. Gambacorta, M. Goldberg, V. Guidard, D. Hurtmans, S. Illingworth,

N. Jacquinet-Husson, T. Kerzenmacher, D. Klaes, L. Lava@arMasiello, M. Matricardi,

A. McNally, S Newman, E. Paveli, S. Pavan, E. Péquignot, S. Peyridieu, T. Phulpin, J.
Remedios, P. Schliissel, C. Serio, L. Strow, C. J. Stubenrauch, J. Taylor, D. Tobin, W.

Wolf, D. Zhou, Hyperspectral Earth Observation from I1ABIl. Amer. Meteor. Soc., 93,
347-370, doi:10.1175/BAMS-D-11-00027.1, 2012.

Holz, R., S. A. Ackerman, P. Antonelli, F. Nagle, R. Khuteson, M. McGill, D. L
Hlavka, and W. D. Hart, An Improvement to the High SpédRasolution CO2 Slicing
Cloud Top Altitude Retrieval. J. Atmos. Oceanic. Technol., 2853-670, 2008.

23



Hu, Y., X,, and K. Stamnes, An accurate parameterizatiothefradiative properties of
water clouds suitable for use in climate models, J. Climate, 6, 728—742, 1993.

Hu, Y., M. Vaughan, Z. Liu, B. Lin, P. Yang, D. Flittner, B. HuR. Kuehn, J. Huang, D.
Wu, S. Rodier, K. Powell, C. Trepte, and D. Winker, The dmpmtion-attenuated
backscatter relation: CALIPSO lidar measurements worih Opt. Express, 15, 5327
5332, 2007.

Huang Y., Siems S. T., Manton M. J., Protat Belanoé J. A study on the low-altitude
clouds over the Southern Ocean using the DARDAR-MASKGdophys. Res., 117,
D18204, 2012.

lacono, M.J., E.J. Mlawer, S.A. Clough and J.-J. Metter, Impact of an improved long-
wave radiation model RRTM on the energy budget and thaynaomic properties of the
NCAR community climate mode, CCM3. J. Geophys. Res., 105, 148830, 2000.

Jouan C., Girard E., Pelon J., Gultepe 1., Delanoé J., Blanchet J.-P, Characterization of
Arctic ice cloud properties observed during ISDAC, J. Geophgs.,R17(D23207), 2012.
Jouan C., Pelon J., Girard E., Ancellet G., Blanchet J.P., Delanoé, J., On the relationship
between Arctic ice clouds and polluted air masses ovelNdnth Slope of Alaska in April

2008 Atmos. Chem. Phys., 14Y31205—1224, 2014.

Kércher, B., and Lohmann, U., A parameterization of cirrus cloud formation: Homogenous

freezing of supercooled aerosols, J. Geophys. Res., 107(D2)0.d629/2001JD000470,
2002

Key, J. and A.J. Schweiger, Tools for atmospheric ragidtansfer: Streamer and FluxNet,
Computers and Geosciences, 24448451, 1998.

KienastSiogren, E.. Spichtinger, P.. and Gierens, K., Formulation and test of an ice

aggregation scheme for two-moment bulk microphysics sebeAtmosChem. Phys.13,
90219037, doi:10.5194/acp-13-9021-2013, 2013.

Liao, X., W. B. Rossow and D. Rind, Comparison betwee®EA and ISCCP high level
clouds, Part II: Locating cloud tops. J. Geophys. Res., 100,-1137, 1995.

Martins, E., V. Noel, and H. Chepfer, Properties ofusriand subvisible cirrus from
nighttime Cloud-Aerosol Lidar with Orthogonal PolarizatiqCALIOP), related to
atmospheric dynamics and water vapor, J. Geophys. Res., 116, D02208,
doi:10.1029/2010JD014519, 2011.

24



Mason S., Jakob C., Protat A., Delédnb, Characterising observed mid-topped cloud
regimes associated with Southern Ocean shortwave madiatases, J. Clim., in revision,
2015.

Mlawer, E. J., S. J. Taubman, P. D. Brown, M. J. lac&d\. Clough, Radiative transfer
for inhomogeneous atmospheres: RRTM, a validated corrtanendel for the long-wave

J. Geophys. Res., 102, 16668682, 199a.

Mlawer, E.J., and S.A. Clough, On the extension of rapdtati@e transfer model to the
shortwave region, in Proceedings of the 6th AtmospHeaidiation Measurement (ARM)
Science Team Meeting, U.S. Department of Energy, CONF-9603149,.1997b

Mlawer, E.J., and S.A. Clough, Shortwave and long-wankaecements in the rapid
radiative transfer model, in Proceedings of the 7tmdSpheric Radiation Measurement
(ARM) Science Team Meeting, U.S. Department of Ener@NE-970365, 1998.
Morcrette, J.-J., Impact of the radiation-transfdresne RRTM in the ECMWEF forecasting
system, ECMWF Newsletter No. 91, 2001.

Oreopoulos, L., E. Mlawer, J. Delamere, T. Shippert,ale,B. Fomin, M. lacono, Z. Jin,
J. Li, J. Manners, P. Rédisdnen, F. Rose, Y. Zhang, M. J. Wilson, W. B. Rossow, The
continual intercomparison of radiation codes: resiutisn phase |, J. Geophys. Res, 117,
D06118, doi:10.1029/2011JD016821, 2012.

Smth, W. L., H. M. Woolf, C. M. Hayden, D. C. Wark, ahd M. McMillin, TIROS-N
operational vertical sounder, Bull. Am. Meteorol. Soc., B8, 71187, 1979.

Stamnes, K., SC. Tsay, W. Wiscombe and K. Jayaweera, Numerically estalgbrithm for
discrete-ordinate-method radiative transfer in mudtiglcattering and emitting layered
media, Appl. Opt., 27(12), 2502509, 1988.

Stein, T. H. M., D. J. Parker, J. Delanoé, N. S. Dixon, R. J. Hogan, P. Knippertz, R. L.
Maidment, and J. H. Marsham, The vertical cloud struavfithe West African monsoon:
A 4 year climatology using CloudSat and CALIPSO. J. Geophys, RE§(D22), D22205,
2011a.

Stein, T. H. M., Delanoé J. and Hogan R. J., A comparison between different retrieval
methods for ice cloud properties using data from the CloudS&tA-Train satellites, J.
Appl. Met. Clim., 50(9), 19521969, 2011b.

Stephens, G.L., D.G. Vane, R.J. Boain, G.G. Mace, K. 8aZeaNang, A.J. lllingworth,
E.J. O'Connor, W.B. Rossow, S.L. Durden, S.D. Miller, .RATstin, A. Benedetti, C.

25



Mitrescu, and CloudSat Science Team, The CloudSat missidnthe A-Train: A new
dimension of space-based observations of clouds and pagioipi Bull. Amer. Meteorol.
Soc., 83,1771-1790, doi:10.1175/BAMS-83-12-1771, 2002.

e Stubenrauch, C.J.,1&din, A., Armante, R., and Scott, N.A., Clouds as seen by infrared
sounders (31) and imagers (ISCCP): Part Il) A New ApproachCtoud Parameter
Determination in the 3l Algorithms, J. Clim.,12. 2214-2223, 1999.

e Stubenrauch, C.J., A. Chédin, G. Radel, N. A. Scott, and S. Serrar, Cloud properties and
their seasonal and diurnal variability from TOVS Path}kBClimate, 19, 5535553, 2006.

e Stubenrauch, C.J, Cros S., Lamquin, N., Armante, R., Chédin, A., Crevoisier, C. and Scott,
N.A., Cloud properties from AIRS and evaluation with CASIP, J. Geophys. Res.,
doi:10.1029/2008JD009928, 2008.

+—Stubenrauch, C.J.

e Stubenrauch,—C.J.S. Cros, A. Guignard, and N. Lamquin, A 6-year globaludlo
climatology from the Atmospheric InfraRed Sounder AIR®I @ statistical analysis in
synergy with CALIPSO and CloudSat, Atmos. Chem. Phys., TI097-7214,
doi:10.5194/acp-10-7197-2010, 2010.

e Stubenrauch, C., J., W. B. Rossow, S. Kinne, S. Acker@aiesana, H. Chepfer, L. Di
Girolamo, B. Getzewich, A. Guignard, A. Heidinger, B. addux, W. P. Menzel, P.
Minnis, C. Pearl, S. Platnick, C. Poulsen, J. RiedE#-Mack, A. Walther, D. Winker, S.
Zeng, G. Zhao, Assessment of global cloud datasets fabetlites: Project and Database
initiated by the GEWEX Radiation PanpeBull. Amer. Meteor. Soc., 94(7), doi:
10.1175/BAMS-D-12-001171031-1049 26122013

e Susskind, J., C. D. Barnet, and J. M. Blaisdell, Retri@mfahtmospheric and surface
parameters from AIRS/AMSU/HSB data in the presence of cld&ds: Trans. Geosci.
Remote Sens., 41, 39409, doi:10.1109/TGRS.2002.808236, 2003.

e Susskind, J., C. Barnet, J. Blaisdell, L. Iredell, F.t&eL. Kouvaris, G. Molnar, and M.
Chahine, Accuracy of geophysical parameters derived from Atmosphefrared
Sounder/Advanced Microwave Sounding Unit as a functionradtibnal cloud cover J.
Geophys. Res., 111(D09S17), 10.1029/2005JD006272, 2006.

26



e Vaughan, M. A., K. A. Powell, R. E. Kuehn, S. A. Young, D. Minker, C. A. Hostetler,
W. H. Hunt, Zhaoyan Liu, M. J. Mcqgill, And B. J. Getzewiéhlly automated detection of
cloud and aerosol Layers in the CALIPSO lidar measuremé&nstm. Ocean. Techn., 26,
2034-2050, 2009.

e  Wylie, D., Jackson, D. L., Menzel, W. P., and Bates,, J-rénds in Global Cloud Cover in
Two Decades of HIRS Observations, J. Climate, 18, 38231, 2005.

e Winker, D. M., J. Pelon, and M. P. McCormick, The GREO mission: Spaceborne lidar for
observation of aerosols and clouds, Proc. SPIE Int. SucEDg., 4893,111, 2003.

27



Figures

Fig. 1. Latitude/longitude coverage for 1rst July 2008, observdaime 1h30PM (at the equator
crossing time). Grey: AIRS footprints; red: CALIPSO L2 cloudadat 5 km resolution; blue:
CloudSat footprints. The center of a blown-up part of tibit corresponds to (lat=25°;

lon = 152).

Fig. 2. Examples of the IWC profiles of high ice cloudsJuding information on cloud height
from the colocated AIRS-LMD, CALIPSO, GEOPROF, and DARDAR d#&ba, clouds with
increasing IWP values. Black curves: DARDAR IWC(z) profidejored horizontal lines mark the
position of the AIRS cloud, CALIPSO and GEOPROF cloud top anddcloase heightsAll
profiles obtained for July 2007: a) lat=2.3°, lon=—15.9°; b) lat=23.9°, lon=101.7°; ¢) lat=0.3°,
lon=101.8°; d) lat=-2.5°, lon=120.6°.

Fig. 3. Probability density plots of height comparisonshigh ice clouds for the whole globe in
January 2007: a) AIRSizvs DARDAR peak height; b) AIRSizvs CALIPSO #p; c) CALIPSO
Zop — DARDAR peak vs DARDAR. Dashed lines in a) and b): one-to-one correlation.

Fig. 4. Average cloud emissivity and ice cloud layer verécaént as a function of ice water path,
separately for single and multi-layer clouds and thramitke zones, for 2 months (January 2007:
(a,) (b), and July 2007:(c), (d)). All 4 panels share theedagend, SH, TROP, and NH correspond
to latitude zones 90S—30S, 30S—30N, and 30N—90N, respectively.

Fig. 5. Cloud IWC(z) examples and their approximation itimitive shapes: a) initial set of 7
profiles; b) constant-within-layer or rectangular; c) upp@ngle; d) lower triangle; e) isosceles
trapezoid. Solid lines: DARDAR IWC(z) profile, dashed lines:td@sprofile. Height is shown
with respect to GEOPROpgz

Fig. 6. Values of ks (ratio of the lower and upper edges of the trapezoidditide(z) vertical
profile) for single and multi-layer cloud scenes forethrlatitudinal zones for a) January and

b) July. The legend is the same as in Fig. 4.

Fig. 7. Lower triangles fraction w.r.t. ice water path aatitude: a) single layer, ocean; b) single
layer, land; c) multi-layer scenes, ocean; d) malfel scenes, land. The relative occurrence of
IWP bins can be found in Table 5.
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Fig. 8. The relative difference in calculated TOA LW flaxe.r.t. rectangular IWC(z) profile type
estimated for 3 to 7 km thick clouds with average Deg®0(kas=1.5, see Sect. 3.3) and with a

cloud top at 15 km: a) isosceles trapezoid; b) lower tremgl) upper triangles.

Fig. 9. The relative difference in SW fluxes w.r.t. eexgular IWC(z) profile type estimated for 3 to
7 km thick clouds with average De=h&h and with a cloud top at I&m. a)—c): TOA; d)—f): SRF;

a,d) isosceles trapezoid; b,e) lower triangles; @femn triangles.
Tables

Table 1. L2 datasets and products used in this analysis

L2 Dataset Variables

AIRS-LMD Cloud pressure ¢p), cloud temperature @),
cloud emissivity &id), cloud height (i)

CALIPSO 5km clouds | cloud top height ¢&), effective cloud base heig|
(zvas9 for multiple cloud layers

Radar-lidar GEOPROF| zop and Basefor multiple cloud layers

DARDAR IWC(z), De(z), cloud type vertical profiles
ERA-Interim vertical wind

Table 2. Colocation statistics corresponding to the idasarated in Fig. 1

Dataset Nday % selected r.m.s. dist
w.r.t. orig. [km]
AIRS-LMD 1.5<10° 0.4 0 (self)
CALIPSO 1.1x10° 9.4 6.1
GEOPROF 5.5<10° 2.0 5.78
DARDAR 5.5<10° 2.0 5.78
ERA-Interim 4.6x10° 3.6 24.0

Table 3. Latitudinal averages of different ice cloudaialgs

Single High cloud +

Latitude layer high cloud any cloud Mean
zone gad | Median| Azad | Azice/Azad | €aa | Median| Azaq | Azice/Azag | IWP
IWP | [km] [%0] IWP | [km] [%] [g/m?]

[g/n7] [g/n’]
90S-60S | 0.69| 122 3.1 97 0.61| 37 2.3 96 65
60S-35S | 0.74| 191 2.9 95 0.63| 38 2.3 95 103
355-15S | 0.61| 50 2.5 94 0.57| 23 2.0 90 44
15S-15N | 0.56| 38 2.8 96 0.56| 21 2.1 86 79
15N-35N | 0.57| 39 2.5 94 0.55| 22 2.0 89 46
35N-60N | 0.68| 122 2.8 95 0.59| 33 2.1 94 95
60N-90N | 0.61| 116 2.9 96 0.53| 33 2.1 95 67
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Table 4. Linear correlation coefficients for a monthly series (30000 samples, January 2007) of {
deviation values for 7 test cloud profiles

Profile# 1 2 3 4 5 6 7

1.00 0.62 0.40 0.35 0.43 088 0.44
— 1.00 0.46 0.08 -0.31 0.22 0.43
— — 1.00 0.82 -0.26 0.15 0.99
- - 1.00 0.08 0.31 0.85
— — — - 1.00 0.79 -0.22
— — - - - 1.00 0.21
— — — - — - 1.00

~NOoO ok, WN P
I

Table 5a. Normalized occurrence of basic IWC profile sh&gredifferent IWP intervals, for single
layer high ice clouds. The rightmost column shows thativel occurrence per IWP interval. All
values are in percent. Values in brackets refer to anesnasociated with strong downdraft
(>175hPa/day) within the cloud (at AIRQ4E If no value in brackets is given, the change is
smaller than 2%.

IWP [g/n?] Rectangular Isosceles Lower Upper Relative
trapezoid triangle triangle occurrence

0-10 42 32 12 (+4) 14 (3) 18
10-30 28 51  14(+3) 7 21
30-100 25 55 16 (+4) 3 23
100-300 18 59  21(+9) 2 17

300-1000 13 53  33(+11) 1 12
>1000 13 37 50 0 8

Table 5b. Same as Table 5a, but for multi-layer clowshes, for which the uppermost layer

contains high ice cloud.

IWP [g/n?] Rectangular Isosceles Lower Upper Relative
trapezoid triangle triangle occurrence

0-10 39 31 11 19 22
10-30 29 47 14 10 29
30-100 27 51 16 (+3) 6 27
100-300 21 56 20 (+10) 3 13
300-1000 19 52 27(+9) 2 6
>1000 19 41 40 1 2
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Table 6. Differences in radiative fluxes for July: re®/Q(z) profiles vs constant IWC(z),

supplemented with interannual variability @007-2009 (values in brackets). Global average is

area weighted
Only single-layer high cloud scené Cloud amount weighted

Atm. TOA SRF ATM TOA SRF ATM
type [W/m?] [W/m?] [W/m?] [W/m?] [W/m?] [W/m?]
SAW | -0.03:0.04| -2.08t0.08| 2.05:0.05| 0.00£0.01 | -0.31£0.01| 0.32t0.01
MLW 0.92:0.02 | -1.96t0.04 | 2.89:0.06 | 0.16:0.00| -0.35t0.01| 0.52t0.01
TROP | 1.0A0.02 | -1.10t0.06| 2.1720.08| 0.270.01| -0.28t0.02| 0.56t0.02
MLS 2.06:0.07 | -2.1740.14| 4.23:0.21| 0.49:0.03 | -0.49:0.04| 0.98:0.06
SAS 1.63+0.08 | -2.66+£0.12 | 4.29+0.19 | 0.20+0.02 | -0.32+0.03 | 0.51+0.05

Glob. avg.| 1.25+0.02 | -1.68t0.06 | 2.93:0.08 | 0.24£0.01 | -0.38t0.01 | 0.62£0.01
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