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Abstract. A nearly global statistical analysis of vertical 1 Introduction and motivations
backscatter and extinction profiles of cirrus clouds collected
by the CALIOP lidar, on-board of the Cloud-Aerosol Lidar The persistence of high-level clouds, which normally cover
and Infrared Pathfinder Satellite Observation, is presented. more than 20 % of the globa\fylie et al, 1994, suggests
Statistics on frequency of occurrence and distribution ofthat they play an important role in the Earth energy budget.
bulk properties of cirrus clouds in general and, for the At midlatitudes (ML) they exhibit an almost constant cov-
first time, of horizontally homogeneous (on a 5-km field of erage and their coverage is about 40%. At these latitudes
view) cirrus clouds only are provided. Annual and seasonalice clouds are generated both by large-scale ascent and at-
backscatter profiles (BSP) are computed for the horizontallymospheric waves activityLynch, 2009. In the tropics, a
homogeneous cirri. Differences found in the day/night casesnaximum of occurrence has been observed near the equator
and for midlatitudes and tropics are studied in terms of the(~70 %) and a minimum one<10 %) in the subtropical re-
mean physical parameters of the clouds from which they areions (Wylie et al, 2005. Deep convection is the engine that
derived. produces tropical ice clouds. In particular, thin cirrus clouds
The relationship between cloud physical parameters (opin the tropics are mainly formed by iced particles flowing out
tical depth, geometrical thickness and temperature) and thérom the convective core of cumuli at cloud top.
shape of the BSP is investigated. It is found that cloud geo- The radiative impact of ice clouds is crucial for determin-
metrical thickness is the main parameter affecting the shapéng the energy balance of the Earth’s atmosphere since their
of the mean CALIOP BSP. Specifically, cirrus clouds with albedo and greenhouse effects are of the same order of mag-
small geometrical thicknesses show a maximum in meamitude McFarquhar et a).2000. In the upper troposphere,
BSP curve located near cloud top. As the cloud geometricathe energy balance in presence of ice clouds depends on sev-
thickness increases the BSP maximum shifts towards clou@ral cloud parameters such as cloud top height and thickness,
base. Cloud optical depth and temperature have smaller efce-Water-Content (IWC), optical depth (OD) and ice parti-
fects on the shape of the CALIOP BSPs. In general a slightle size distribution (PSD)L{ou, 1986 Maestri and Rizzi
increase in the BSP maximum is observed as cloud tempers2003.
ture and optical depth increase. The different cirrus cloud formation processes occurring
In order to fit mean BSPs, as functions of geometricalat ML and tropics influence the distribution of mass, parti-
thickness and position within the cloud layer, polynomial cle sizes and ice crystals habits within the clouds and pos-
functions are provided. The impact on satellite radiative sibly affect their radiative properties. Unfortunately, due to
transfer simulations in the infrared spectrum when using ei-the very extreme conditions, in situ measurements of high
ther a constant ice-content (IWC) along the cloud verticalcloud microphysical properties are technically difficiMtd-
dimension or an IWC profile derived from the BSP fitting Farquhar and Heymsfigld996. In particular, field cam-
functions is evaluated. Itis, in fact, demonstrated that, undepaigns focused on the vertical characterization of ice clouds
realistic hypotheses, the mean BSP is linearly proportional tqoroperties are few if compared to the large variability and oc-
the IWC profile. currence of this type of clouds\endisch et a).2005, and,
thus, current databases do not appropriately reproduce the
possible heterogeneity found in nature.

Correspondence tcP. Veglio Despite the scarceness of data, the vertical distribution of
m (paolo.veglio3@unibo.it) physical and microphysical properties of clouds influences
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their radiative featuredMaestri et al, 2009 and interpreta- served. When high clouds are studied using lidar obser-
tion of remote sensing data. At this purposégestri and  vations, the up-looking measurement configuration shows
Holz (2009 show how the assumption on the vertical distri- some disadvantages: both low-level clouds and thick aerosol
bution of IWC might impact cloud properties retrievals (OD layers attenuate the lidar pulse, often preventing the possibil-
and particle effective dimension) from infrared satellite mea-ity of sensing high tropospheric clouds. For this reason data
surementsChiriaco et al (2006, while highlighting the po-  from the Cloud-Aerosol Lidar with Orthogonal Polarization
tentialities of using combined visible (532 nm) and infrared (CALIOP), on-board the Cloud-Aerosol Lidar and Infrared
(10.6 um) lidar observations for retrieving vertically resolved Pathfinder Satellite Observation (CALIPSO) launched into
profiles of particle absorption efficiency, particle concentra-orbit in 2006 by NASA, are used. CALIOP provides contin-
tion and IWC, show the importance of determining the posi- uous global observations of the atmosphere and a new vision
tion of the maximum of absorption within a cloud layer and of the upper troposphere with focus on thin, high clouds.
provide an example of the large variations in the retrievals of CALIOP global observations have been extensively uti-
the particles effective sizes for different hypotheses on wherdized to perform statistical analysis of some cirrus clouds
maximum of absorption takes place. Along the same line ofphysical parameters. For examerthier et al(2008 used
researchZhang et al(2010 demonstrate that homogeneous CALIOP lidar, in combination with LITE (Lidar In-space
cloud assumption (of ice particle size) on the vertical can af-Technology Experiment) and GLAS (Geoscience Laser Al-
fect the solar reflected bi-spectral and infrared split-windowtimeter System), to assess the vertical distribution of cloud
methods to different extents and, consequently, can lead taltitudes on a global extentHolz et al. (2008 performed
significantly different retrievals of effective dimensions and a study of the cloud top height comparing the measure-
IWC. ments obtained from CALIOP with the ones retrieved from
The present work deals with thin cirrus clouds which, MODIS. Nazaryan et al(2008 used CALIOP data to inves-
among ice clouds, are particularly difficult to characterize tigate the occurrence frequency of cirrus clouds on a near-
due to their altitude and low IWC. It aims at (i) improv- global scale as a function of time, latitude, and altitu@go
ing the knowledge and characterization of vertical propertieset al. (2008 combined a year of CALIOP and MODIS data
of cirri, (ii) contributing to the refinement of the interpre- to study relationships among cloud phase, cloud height, and
tation of remote sensing data and (iii) decreasing the uncereloud optical thickness and to define a methodology for de-
tainties related to the computations of radiative fields (which,riving the class of the observed cloud by using only the re-
currently, are normally generated assuming homogeneity idation among these quantities. A detailed study of the global
the cloud features along the vertical). At this purpose, thedistribution of cirrus clouds is done yassen et a(2008
vertical backscatter and extinction coefficient profiles within using the Cloud Profiling Radar (CPR) and CALIOP sensors
cirrus clouds are investigated. The work is based on actogether. They provide a measure of the cirrus clouds occur-
tive remote sensing data since the investigation of verticarence depending on latitude, height, surface type and season
cloud properties using passive remote-sensing measuremerfisr a year of dataMartins et al.(2011) made use of 2.5yr
is subjected to some limitations. Passive sensors are mainlgf CALIOP nighttime data in order to investigate properties
used to retrieve cloud top height, water phase and bulk opeof cirrus clouds such as thickness, top altitude and midlayer
tical or microphysical propertieKi{ng et al, 2004 Baum  temperature, and put them in relation to atmospheric dynam-
et al, 2005ab). Only recently, a tentative analysis was done ics and water vapor. As many others, the above cited works
by Wang et al (2009 who developed an algorithm to derive show that one of the advantages offered by CALIOP, with re-
ice particle effective sizes at cloud top and bottom using vis-spect to ground-based lidars, is its global and down-looking
ible and infrared data of the MODerate resolution Infrared view of the atmosphere.
Spectroradiometer (MODIS). The accuracy of the method- The present work, which is focused on CALIOP data in
ology is still low and drastically decreases for clouds with presence of ice clouds in the upper troposphere, provides the
optical depth outside the range 2-15 and particle effectiveirst analysis, on a nearly global scale, of the vertical struc-
sizes (at the top of the cloud) larger than 80 um. ture of the extinction and backscatter coefficients of cirri and
On the other hand, active sensors such as lidars and radarsyestigates the vertical profile of high, optically thin clouds.
under certain circumstances, allow a better description ofOnly cirrus clouds with nearly constant top and base alti-
specific vertical properties of cloud layers. Lidar systemstude in a 5-km field of view are selected for the analysis so
are very suitable for observing vertical characteristics of thinthat possible artifacts due to geometrical inhomogeneities are
ice clouds, while radars mostly miss the detection of cloudremoved. Statistics concerning the frequency of occurrence
layers with small ice crystals, like those found in high-level and the cloud physical features of horizontally homogeneous
cirrus clouds that are the subject of the present study. cirrus clouds are provided, for the first time, and compared
Current lidars can sense scattering layers with visibleto those obtained for cirri in general. The vertical extinction
OD lower than about 3. Until few years ago, these in- profile (ETP) and the vertical backscatter profile (BSP) are
struments were mostly ground-based and thus only scattestrictly related to the vertical distribution of the IWC which,
ing layers at the zenith of the measuring site could be ob-n turn, is fundamental for determining the radiative effect
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and the energy balance of the cloud layer and is a prognosModeling Assimilation Office) Data Assimilation System
tic variable inside Numerical Weather Prediction (NWP) and (http://gmao.gsfc.nasa.gov/index.php

Climate Models (CM). The main goal of this study isto ana- The CPro files provide information on the whole atmo-
lyze the statistical features of cirrus clouds vertical extinctionspheric column and, in particular, contain the measured ver-
and backscatter profiles collected at midlatitudes and tropicsical profiles of particulate backscatter and extinction coeffi-
over the ocean. A statistic of the shape of the CALIOP BSPscients. The backscatter coefficieft (z), including partic-
(and ETPs) of cirrus clouds is thus derived. The dependencealate and molecular components) is derived from the mea-
of the profiles on physical parameters, such as cloud opticasured attenuated backscatter:

depth, cloqd geometrical thlcknestsi) anq temperature, is Bu(2) = B'()T2(2) 1)
also investigated and a classification of ice clouds based on - .

the vertical features of the BSPs (and ETPs) is provided. ~ Where7 < is the two-way transmittance. Note that symbols

The paper is organized as follows. In Sez@ descrip- used in the present work do not correspond with those used in

tion of the data selection and processing is provided. In thethe CALIPSO documentation (references are given through-

same section statistics on frequency of occurrence of hori-OUt the text) and caution should be taken to avoid possible

zontally homogeneous cirrus clouds are given and Compareégﬁrgifr’:tog (T;] ?rgrir%aé'ggg\ghee B:trig%uizteuﬁzgk:sct?rtr:;igz-
to same distributions for iced, optically thin clouds in gen- 2) q q

eral. In Sect3 annual and seasonal BSPs are computed forQf a_ddltlonal ql_Jantmes (i.e. multiple scatte_nng factor) and
ancillary data (i.e. molecular number density and ozone ab-

night and day and for tropics and midlatitudes. The influence ) A X i .
of the main atmospheric and cloud parameters on mean Bspssorptmn coefficient profiles) whose calculation might lead

is studied. Fitting functions, that describe the mean shape otf0 errc()jrsir?rr:g lf/?mnt'ﬁ S mlthre Letneve?//pr)roducr:ts, 73 dflf'
the BSP as function of the cloud geometrical thickness, ar CUSse P- callpso.arc.nasa.goviresources/pais

derived. Sectiod dwells on the relation of the BSP with ice Ecngiglgﬁzizzsrtﬁ/;%pr(lfm(la?] tthic%rret)esli?t Sat;gye:trc;f ':lsss—oc'-
content profile. The analytical fitting functions, describing u Y u u inty !

the climatological shape of the BSPs, are used as inputs ir?ted with cloud products retrieval do not systematically af-

a forward radiative transfer model to evaluate the impact of ect the shape of the BSP (and ETP).

the CALIOP-derived IWC profiles with respect to assuming i Thegncetrtal?tles assfch.c[atetd V\.”tht:]he Eartlcl:ulzatg l?[aclrscgt-
a constant IWC profile. A summary is given in Séegt. €r and extinction coetlicients in the Leve ata lea

to estimate percentage errors of the order of 40-50%
along the cloud body, both for backscatter and extinc-
tion coefficient. The percentage errors are usually larger
2 Data set and methodology (of a factor 2 or even 3) close to cloud base and

top where the backscatter signal might be very low.
Data analyzed in this study cover the full year 2008, so thatAll the errors are considered random and totally uncor-
all the meteorological seasons can be investigated. Two dist€lated fttp://eosweb.larc.nasa.gov/PRODOCS/calipso/pdf/
tinct CALIOP products Http://www-calipso.larc.nasa.gov/ CALIOP_Version3Extinction Error Analysis.pdj.
resources/calipsasersguide/datasummarieg/at 5-km hor- Once the particulate backscatter is retrieved, the particu-
izontal resolution, version 3, are used: (1) the Level 2 cloudlate extinction ¢ (z)) at levelz is obtained by multiplying by
layer (CLay) and (2) the Level 2 cloud profile (CPro) files the appropriate particulate lidar ratp:

(Anselmo et al.2007). o(2) = SpB(2). 2

;I'he Claay cpntent has c_olu_mfn and _Iayer descnptorsl,. Tr:jel\lote that in the CALIOP data processing, to derive analytical
column ¢ escrlptors contain |n.ormat|on on tempora andsoutions from the lidar equation, the lidar ratio is constant
geop_h_yswal location and details on surface type, Sun“g_htthroughout a feature layer (i.e. a cloud). As a consequence,
cr?ndlt(ljons %n% r;)umt;]er |Of cIo(Lde Iayers. E?fhh Iayer_dls backscatter and extinction profiles of the considered cirrus
then described by the layer descriptors, which provide . ¢ have the same shape, thus the same results can be ob-

information on spatial and physical characteristics of thet_ained studying either the ETPs or BSPs. The backscatter

slcatgering Iac)j/ebrs. Tlhe dCLay dparamletecris hgrel gsedh A% oefficient profile is derived from the 532 nm laser data. Its
cloud top and base altitu & (an Zb)’. cloud optical depth o i resolution is 60m (from ground level up to a height
(), latitude and longitude of the instantaneous field of of 20.2 km). Horizontal resolution of CPro (and correspond-

view (IFOV), UTC time of measur(_amer!t, layer midpoint ing CLay) data is 5km, obtained by measures of 15 iFOVs
temperature and the feature classification flags (s of about 80 m each

IIwww-calipso.larc.nasa.gov/resources/calipsersguide/

datasummaries/layer/#featudassificationflagg. ~ The 2.1 Cirrus clouds selection: reduced database

midlayer temperatures contained in the ClLay data are

derived from the GEOS-5 (Goddard Earth Observing The present study is focused on tropical and midlatitude
System) model and provided by the GMAO (Global areas. Three latitudinal belts are initially defined: tropics
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Table 1. Conditions used for the selection of clouds in the ReducedTable 2. Cirrus clouds cover obtained from the reduced database,

Database. RD.
Condition Value Day Night Total

(1) Surface: sea Midlatitudes North  36% 35% 36%

(2) Cloud Layer base: Tropics 35% 39% 37%
TRO > 8km Midlatitudes South  32% 30% 31%
ML >5km

(3) Cloud Layer top: <20km

Eg; g‘gﬁg'?;;::ﬁg?;:r:é: <2izg Elouds relcolrd that are identified_ by the CALIOP gloud_—aerosol dis-
Feature Type 2 (cloud) crimination (CAD) algorithm as clouds with high level of
Feature Type QA 3 (high confidence) confidence (Feature Type QA equals 3) are selected. To
Ice/Water Phase 1 or 3 (ice) avoid the presence of supercooled water clouds in our re-
Ice/Water Phase QA >2 duced database further conditions provided by CAD algo-

(6) Cloud Layer: Upper layer rithm and concerning the cloud phase are used: the Ice/Water

(7) Cloud Optical Depth: ~ @01<OD <2 Phase field of the Feature Classification Flags must be either

randomly or horizontally oriented ice particles.

Requirement number 6 in Table(“Cloud Layer” equals
(30° S-30 N), midlatitudes North (30N-6C° N) and mid-  “upper-layer” cloud) is introduced to account for multiple-
latitudes South (30S-60 S). The distinction is done consid- layer clouds. When more than one scattering layer in the
ering the different physical processes that characterize thessame FOV is detected, only the first one (i.e. the high-
regions, such as stronger convection in tropical zones, difest) is considered, and its backscatter (extinction) profile is
ferent mean circulation, diverse cloud formation processegecorded into the RD. This criterion allows the inclusion of
(Lynch, 2002 Holton, 2004 Sassen et al2008. Data col-  the BSP of the upper layer of condensate into the RD when
lected in polar regions (above 68 and below 60S) are  conditions of multiple-layer clouds are found.
excluded from the database since the quasi-polar orbit of the When all the conditions listed in Tableare met, the BSPs
CALIPSO satellite causes oversampling of very high latitudecontained in the CPro file are copied in the RD. Each selected
areas. profile is recorded together with the corresponding ancillary

A reduced database (RD), consisting of data concerndata taken from the CLay. Repetition of the same procedure
ing high-level iced clouds only, is derived from the full for all the FOVs contained in the CPro files of year 2008
database containing all the CLay and CPro files of year 200&ompletes the RD. The clouds contained in the RD are sim-
(about 20000 files for a total of around 80 million FOVs). ply referenced as cirrus clouds or cirri in what follows.
CALIPSO ETPs and BSPs are selected and stored into the Some basic statistics concerning the frequency of occur-
RD if all the conditions listed in Tabl& are met. These con- rence of cirrus clouds selected for the RD are given in Ta-
ditions are applied to ancillary data of the CLay files to obtain ble 2. The table shows that, on average, cirrus clouds cover
a RD consisting of BSPs (and thus ETPs) of high-altitude,more that 30 % of ocean FOVs from 8 to 60 N with a
optically thin ice clouds over the ocean. maximum in the tropical area. Similarly to what noted by

Cloud base threshold altitude is set at 5 km at both ML andSassen et a{2008, Martins et al(2011) andNazaryan et al.
at 8 km at tropics (TRO) similarly to what done in previous (2008 the occurrences are higher in the northern hemisphere
works (Nazaryan et a.2008 Eguchi et al. 2007. Clouds than in the southern one. This feature is also found within
with optical depth larger than 18 and less than 2 only are the tropics where differences between the northern belt and
selected. As iMartins et al(2011) cloud layers with optical  the southern one are of the order of 10 %. Due to some dif-
depth smaller than IG are removed because they are con- ferences in the selection criteria, the absolute values of the
sidered to be below the threshold confidence of lidar data andirrus clouds frequency do not exactly match those found
can be attributed to noise. Maximum optical depth allowedby previous authors; nevertheless the general features of the
is set at 2.0 so that the full cloud body is sensed by the lidarstatistical ensemble are preserved, i.e., cirrus clouds during
ray and total attenuation is not reached. nighttime have higher occurrences in tropical areas and lower

The selection of ice phase clouds only is obtained throughoccurrences in the midlatitude belts with respect to what was
the use of multiple requirements: altitude of base and topfound during daytime in the same areas, aN&zaryan et al.
(conditions 2 and 3 of Tabl&), midpoint temperature (i.e. (2008.
the temperature at the geometrical middle-point of the cloud The main physical and optical characteristics of the cirrus
thickness, condition 4) and above all the use of CALIOP clouds selected for the RD are described by means of per-
Feature Classification Flags (condition 5). AsNazaryan centage distributions in Fidl for tropics and midlatitudes
et al.(2008 only those cloud layers from the CALIPSO data and for nighttime and daytime separately. It is shown that at
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Fig. 1. Top height (upper left panel), geometrical thickness (upper right), optical depth (lower left) and midlayer temperature (lower right)
distributions for the cirrus clouds selected in the Reduced Database (seel)lablillatitude data are in blue and tropics in red. Dashed

lines are for nighttime cirrus clouds (MLN and TRN) while solid lines are used for daytime (MLD and TRD). For each distribution the mean
valuep is also reported. Lower left panel is in Logarithmic-Linear scale

tropics the mean top altitude is 14.5km during the day andtemperature (maximum at 233 K) by the cited authors. The
14.8 km during the night while at ML it is about 10.2 km and OD distributions show the high predominance of optically
10.4 km respectively for day and night. These values are irthin cirrus clouds (especially during nighttime) and a mono-
good agreement with those found Byazaryan et al(2008 tonic and rapid percentage decrease from>1® 2 optical
and Martins et al.(2011). The geometrical thickness dis- depth. The lower-right panel of Fi§.shows the distributions
tributions are highly peaked at 0.8 km at day and at aroundf the midpoint cloud temperature. For the midlatitude case
1km at night for both latitudes denoting the widespread oc-both day and night midlayer temperature distributions are al-
currence of thin cirri. The mean thickness is larger during themost equally spread around the mean value (226 K) while for
night than at daytime with very similar values for both lati- the tropical case the distributions for night and day data show
tudes (about 2.1 km at night versus 1.6 km during the day)(again very similar and with a mean value of around 209 K)
Distributions with higher and thicker cirrus clouds are then a higher degree of asymmetry and a longer tail toward the

found during the night than at daytime. It is suggested thatarger temperature with respect to the mode value.
the nighttime-daytime differences might be related with the

higher levels of daytime noise. In fact, if the backscatter sig-2.2  Definition of the final database

nals near cloud top and base were below the noise level, the

cloud boundaries detected by the algorithm will be closer toBackscatter (and extinction) profiles contained in the RD re-

the center of the cloud than is actually the case. As a confer to cirrus clouds covering a wide range of vertical extents

sequence, the detected cloud top heights will be lower an({from few hundreds m up to 8km) and optical depths (from

thicknesses smaller than is actually the case. The thlcknesjso_ to 2).

distribution at tropics is in accordance wiMartins et al. The cloud geometrical thickness is proportional to the in-

(2011 while at ML some differences are found, possibly teger number of the backscatter (or extinction) coefficient

due to the very Stringent condition app“ed on cloud mid|ayervalues used to describe the Iayer in the CPro files that have
a vertical resolution of 60 m. On the other hand, the total
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layer optical depth influences the magnitude of the layer-obtained by averaging the five cloud top and base products
backscattered signal. Since we are interested in deriving stasf corresponding 1-km ClLay files. The results are finally
tistical features of the shape of the BSPs (and ETPs) and individed by the cloud thickness, as shown in the following
vestigating if relations with some of the main atmospheric equations:

parameters (included cloud’s OD and) exist, data are sub-

jected to a process of rescaling and normalization. Thus & = k’_z—’l"ml (3)
comparison among the shape of profiles, which originally Az

would differ for the total amount of energy backscattered to 126 — 251 kml

the sensor and for the number of scattering levels, is mad&b = T Az (4)

possible.

Moreover, a procedure that discards all the FOVs withlt is assumed that a horizontally uniform cirrus cloud fills
non-uniform cirrus clouds geometrical features is also ap-the observed 5-km FOV whenever both the conditigns<
plied. The operation is performed to avoid the possibility that0.1 andZb < 0.25 are met. The condition on the cloud top
horizontal variations in cloud top and base altitude, within homogeneity is more stringent than the one on cloud base
the 5-km resolution CALIOP data, might affect the averag- since its derivation is performed on data with higher SNRs.
ing process of the shape of the BSPs. The number of profiles contained in the RD and discarded

The CALIOP parameter QC concerning the quality of after applying the requirement on the horizontal homogene-
the extinction retrieval Http://www-calipso.larc.nasa.gov/ ity is significant and corresponds to about 75% at ML and
resources/calipsasersguide/datasummaries/profilalata. 83 % at tropics, revealing that, on a 5-km horizontal resolu-
php#extinctiongc_flag 532 is not utilized in this study. It tion scale, less than one-fourth of cirrus clouds show homo-
is in fact demonstrated (detailed tests have been performegeneous geometrical features.
but results are not shown here) that the differences in mean ) o o
BSPs obtained by averaging data of the FD with QC equal2-2-2 Rescaling and n_ormahzann of Extinction and
to 0 or 1 (highest quality retrieval) or alternatively with QC Backscatter Profiles
free to assume any possible value are of minor importance. . : . . . .

The rescaling process is obtained by using a linear interpola-

e o, T rgnal BSPS and ETPY) are rescald 03 tan-
' ard length of 60 pointsI( height indexes). This means

the Final Database (D) over which the analysis of the BSF)%hat, regardless of the geometrical thickness of the cloud,

(and ETPs) is performed. the rescaled BSPs (ETPs) are described by 60 values of the
backscatter (extinction) coefficient. The height indexes are
equally spaced.
With the term homogenization the operation of selecting cir- 11€ backscatter coefficient at height indexf(h), as-
rus clouds with horizontally homogeneous top and base altiSUMes d|fferent_values which are stro_ngly correlated with the
tudes is meant. cloud-layer optical depth. A normalized backscatter coef-
The 5-km horizontal resolution Level 2 data prod- ficient, 8, (h), is obtained by dividing the level-backscatter
ucts (CLay and CPro) used in the present Studyprofile by the total area of bgckscattgrprofi_le (compyteq from
are obtained by applying sophisticated algorithms cloud-base to cloud—'top altltudg). Since this operation is per-
(i.e. http://www-calipso.larc.nasa.goviresources/pdfs/ formed after the height rescaling at= 60 equally spaced
PC-SCI-202Part4v1.0.pdf http:/mww-calipso.larc.nasa. POINtS, the total area is obtained by a simple summation.
goviresources/pdfs/PC-SCI-2@rt2revix01.pdf to aver- Using the trapezoidal rule the normalized backscatter coef-

aged Level 1, full resolution, attenuated backscatter profilesficient atlevel (height index) is written as:

2.2.1 Homogenization

in order to obtain high signal-to-noise ratios (SNR). Since B(h)

horizontal inhomogeneities could introduce artifacts in the f:(h) = 5507 = ©)
' -uni - B B )

analysis of the shape of the BSPs, the non-uniform 5-km 2 h=2

horizontal resolution FOVs are discarded from the database

L ' ) , At this stage, normalized backscatter profiles from cirrus
The criterion used to define the geometrical horizontal ho-

: L . X clouds with different ODs are comparable and stored in the
mageneity within the 5-km horizontal resolution CALIOP final data set. In Fig2 an example of the normalization and

FO\./S 'Si ba;gdh on the Ian_alys!s OfliOUd Ct:?p an bas% Ee'gr}lescaling process, for two randomly selected BSPs, is shown.
r?t.ne(\j/a at |gdgr risolimor: g.gL m)'l kouh to_p an | ase Along with the normalization procedure an additional data
altitudes stored in the Leve ay at 1-km horizonta res"filtering process is applied to the database. The process is

olution are collocated with the same products of the 5-km ; : ;
: ) based on the analysis 8§ (k). This quantity should be pos-
CLay files selected in the RD. For each 5-km FOV, the CIOUditive for all the 60 height indexek, unless for data having a

top and base heights,(andz,) are respectively compared SNR smaller than 1 or for bad instrument calibration.
to the mean cloud top and base heighis m andzp1 km)
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3.5

Table 3. Cirrus clouds cover obtained from the final database, FD.

3
225 1 Day Night Total
g 2z 1 Midlatitudes North 8% 10% 9%
¥15f . Tropics 6% 7% 6%
ol ] Midlatitudes South 8% 9% 8%

0.5
0O O.bS 011 0.‘15 0.2

other ancillary data are recorded in the final database, so that
the original BSPs (and ETPs) might be reconstructed at any

Total Backscatter Coefficient (kmi * sr™%)

time.
50r i The FD consists of about 1.5 million cirrus cloud cases:
20 i about 43% of the total is found in the tropics and the re-

maining at ML (37 % in the ML South and 20 % in the ML
North). In Table3 the percentage of CALIOP FOVs selected
20 1 for the FD, with respect to the total number of FOVs ob-
served over the sea at the same latitudinal areas in 2008, is
reported. Table gives an idea of the occurrence frequency

Height Index

0 0.05 01 015 02 of horizontally homogeneous cirrus clouds over the ocean

Total Backscatter Coefficient (kmi * sr™%)

which are detected in approximately 8 % of the 5-km hori-
zontal resolution CALIOP FOVs. Statistics for daylight and
nighttime occurrence are also considered. With respect to
those reported in Tabl2 and referring to the RD (that con-
cerns cirrus clouds in general), the occurrence frequencies
reported in Table3 are drastically reduced. In particular,
high percentages of optically (and geometrically) thin cirrus
clouds present in the RD are excluded from the FD.
This is also shown in Fig3, which highlights the general
; oor o o5 S0 physical and optical features of the geometrically homoge-
Total Normalized Backscatter Coefficient neous cirrus clouds contained in the FD for tropics and ML
and for day and nighttime separately. The frequency distri-
Fig. 2. Pre-processing operations performed on two randqmly choyytions of cloud top height (upper left panel) are very similar
sen .BSPS.. Uppe.r panel: CALIOP BSPs are comp.ared without an o those shown in Figl. Only slight shifts toward higher
manipulation. Middle panel: the backscatter profiles are rescale. [titudes at ML and toward lower altitudes at tropics for the
to a standard ngmber of pomts_ (60 helght indexes). Loyver paneI.FD are observed. The largest changes, with respect to what
the two BS profiles are normalized to unit area as functions of the ' . ’ . .
height index. shown for the RD, are foynd in the geometrical thlckne§s
and optical depth distributions. The occurrence frequencies
of geometrically and optically thin cirrus clouds in the FD
In this regard, BSP data derived from CPro files and se-&"® strongly reducgd with respect to what found for th_e RD.
lected in the RD may show two kinds of problems: (1) pro- 1€ mean cloud\z is 2.2 and 3.0 km for ML day and night
files with some negative backscatter values and (2) profileg€Spectively and 2.3 and 3.3km for tropical day and night,
with some zero backscatter values between the cloud-top an@hich means at around a 50 % increase with respect to what

cloud-base height. If one of the two cases occurs the profildVas found considering all cirrus clouds. The ODs frequency
is discarded from the final data set. distributions are also drastically changed and mean ODs are

shifted to higher values (about 0.96 for ML and 0.83 for trop-
ics). Some changes are also found in the midlayer tempera-
ture, which is increased (about 1K for the ML and 6 K for
the tropics) with respect to what found for the RD.

The analysis of the shape of BSP is performed on the ensem- In Table 4 some statistics concerning the occurrence of
ble of 8,,(h) contained in the FD. The subscripis omitted  overlapped clouds are given for day and night. The table
in the following, and for sake of simplicity, this quantity is shows that, at midlatitudes, more than 50 % of the FOVs that
called BSP. Since the shape of BSPs and ETPs is the samare selected in the FD consists of non-overlapped clouds.
only results concerning BSPs are shown. Cloud geometricalhe number increases at tropics and involves about two-
depths, BSPs (and ETPs) total areas (seedkgnd all the  thirds of clouds of the FD when day and night cases are

Height Index

2.2.3 Statistical features of the Final Database

www.atmos-chem-phys.net/11/12925/2011/ Atmos. Chem. Phys., 11, 1P2243-2011



12932

P. Veglio and T. Maestri: Cirrus backscatter profiles statistics

. i |
K= 0bekm —p=2.24km
— MLD ‘ ——u=13.91km 12 - p=3.04km |
- - MLN - - -u=14.48km —_—=
H=2.33km
= .| — JRD ~ 10 |
& 107 -. TRN / AR S - - 'H=3.26km
) ! \
= c
6 ' \ g6
[} 5 1 ]
o y [ \ oy,
A\
’ (4 \
/I \ \ 2
4 \ o
0 X \ 0 NS o
5 10 15 20 0 2 4 6 8 10
Top Height (km) Thickness (km)
7 . . : :
KR —pn=0.95 o5 —u=226K ||
PN ---u=097 | ---u=228K
’ A} —
, . — =085 ||
gf’ K . - --u=0.80 gzo
() ()
2* 215
< <
g3 8
© o 10
a, a
1 5
2,
0 ‘ ‘ : 0 : :
0.1 0.5 1 2 180 200 220 240 260
Optical Depth Temperature (K)

Fig. 3. Same as in Figl but for geometrically homogeneous cirrus clouds (the Final Database).

Table 4. Coud overlap in the FD.

of a mean vertical BSP and, for each height index, a mean
value of the backscatter coefficient is derived. Since the pro-
cesses of averaging are performed on the full FD, which in-

# of layers in the FOV: 1 2 2 . . . .
yers! ~ cludes clouds with very different physical and geometrical
ML N day 66% 20% 14% properties, the problem of the shape of the distribution of
ML N night 55% 26% 19% data around the mean (for each altitude level) arises. For the
TRO day 702”’ 20;%’ 10;’/0 present study, at each altitude level (height index), the defi-
TRO night 60% 24% 16% nition of a mean backscatter (BS) value makes sense only if
ML S day 62% 22% 16% . . .
ML S night 51% 24% 25% the data are approximately symmetrically distributed around

considered together. Note that for the RD the percentage

overlapped cirrus clouds is significantly higher (not shown

here).

3 Analysis of CALIOP vertical Backscatter and Extinc-

tion Profiles

a maximum value.
All the means obtained in this work are such that the distri-

0t‘r)ution of the backscatter values at each height index is uni-

modal and approximately symmetric. As a consequence, a
mean value of BS (at each level) can be defined unambigu-
ously and used to derive the full average profile.

3.1 Definition of the Difference Index

To evaluate the results of the analysis, an index quantifying

A detailed statistical analysis of the shape of the BSPs is péfie distinction between two (mean) BSPs is also needed. A
formed accounting for the whole FD (horizontally homoge- pitference IndexZ,, is then defined as:

neous cirrus clouds). The influence of cloud physical pa-

rameters (mainly geographical location, cloud optical depth, ;

geometrical thickness and temperature) on cloud vertical feay, _ Ln=1lB) =B WL 0
tures of the BSP is investigated. This requires the definition BDLBWD 4 S~ =2 B ()

(6)
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60 ‘ ‘ ; showed that the main differences between night and day dis-
""" ~-MLN tributions are found in the cloud geometrical thickness, sug-

—IRD gesting a possible influence of this parameter on the shape of
the CALIOP BSP.

From Fig.4 it is also observed that the mean value of
the normalized BS coefficient measured at cloud base during
night is lower than that measured during daylight hours. This

L result can be interpreted either as a CALIOP higher ability to
10¢ 1 detect cloud base during the night than day due to higher

‘ ‘ SNRs or as a physical signal that would mean that, on aver-
0.025 age, sharper cloud base edges are found during the day.
The averaging process is also applied to monthly data,
Fig. 4. Annual mean backscatter profile for midlatitude (blue) and around 25 000 cirrus clouds profiles per month. Results (not
tropical (red) cirrus clouds at daytime (solid lines) and nighttime plotted here) show very little variability on the shape of the
(dashed lines). BSP with the period of the year. The maximWp value
found when monthly mean BSPs are compared to the corre-
sponding annual means is less than 5.5 % at ML (North and
wherepg(h) is a reference BSP arit (1) is the BSP thathas  South ML are studied separately in this regard to highlight
to be evaluated against the reference dnis.again the total  the seasonal signal) and less than 2.7 % at tropics (for both
number of points along the cloud height (60). The differ- North and South tropical belts).
ence index is preferred to other indexes (such as the squared Despite the small difference index, the two main climatic
differences) because of its simple interpretation. In fact, itregions (ML and tropics) are studied separately in the next
represents the percentage vaIu.e derived from the ratio of thg psections that are focused on the investigation of possi-
area between the two BS profiles and the total area of thgye rejations among the shape of the BSP and cloud physi-
mean reference_ BSP. Equgtuﬁj €an be simplified noting cal and thermodynamic parameters. Due to the minimal sea-
that the denominator (that is the area of the reference BSP}, variability observed in monthly mean BSPs, all data

is equal to unity, as a consequence of the normalization of aljesented in what follows are averaged on a full year period.
the profiles contained in the final database.

Height Index
w
=

05 0.01 0.015 .
Total Normalized Backscatter Coefficient

3.2 Annual and seasonal averages of the backscatter 3.3 Geometrical thickness and Backscatter Profile

profiles _ ) ) )
In order to investigate the influence of the cloud geometri-

Due to appreciable differences found in the mean physicakal thickness on the shape of the BSP, annual averages of
characteristics of cirrus clouds measured during night andhe CALIOP BS are computed for six subsets of the FD re-
daylight hours (Fig3), BSPs collected at nighttime and day- garding cirrus clouds with different vertical extensions (one
time are analyzed separately. Measurements obtained at middterval every step of 1km up to a value of 5km and one
latitudes and tropics are studied individually too. interval for Az larger than 5km). The amplitude of the in-
Annual means of the shape of the BSPs are given as fundervals is chosen so that at least 2000 profiles are selected for
tions of the 60 height indexes: height index number 1 is cloudeach subset. In Appendi a methodology that derives the
base and number 60 is cloud top. Results are plotted irdFig. minimum number of profiles per subset, which is required
and show smooth curves with a single maximum BS value lo-t0 have a statistically relevant ensemble (for subsets of the
cated close to cloud midlayer. Very similar profiles for trop- Whole FD), is described.
ics and ML, both at daylight and at nighttime, are observed, Results for midlatitudes and tropics are shown in Figs.
thus showing a minor influence of latitude on annual meanand6 for nighttime and daytime respectively. It is observed
BSPs. Note that the distributions of geometrical thicknessthat, for all the cases presented in the figures, the maximum
for homogeneous cirrus clouds at ML and at tropics are veryof the BS profile is close to cloud top for thin cirrus clouds
similar while some differences are observed in the cloud topand moves towards cloud base as the cloud geometrical depth
height, optical depth and temperature distributions (see backcreases. For each panel of the figures, the difference in-
at Fig.3). dexes, which evaluate the diversity of each curve with re-
In contrast, the differences between mean BSPs measurespect to the mean BSPs (for midlatitudes and tropics and for
during the night (dashed curves in Fig). and during the  night and day, as already shown in F4,. are computed. Re-
day (solid lines) are significant. A broader mean BSP shapesults show a great variability among the mean BSPEs:is
in case of daylight cirri is observed with respect to night- at maximum of about 38 % for midlatitudes and tropics dur-
time. In terms ofZ, the differences are of the order of 10 % ing the night and 36 % during the day. The variability among
for both latitudes. Physical characteristics reported in &ig. mean BSPs of cirrus clouds of selected geometrical thickness

www.atmos-chem-phys.net/11/12925/2011/ Atmos. Chem. Phys., 11, 1P2243-2011
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Fig. 5. Cirrus clouds mean backscatter profiles for multiple thick- Fig. 6. Same as Fig5 but for daylight hours.
ness intervals. Data refer to nighttime. In the upper panel the
backscatter profiles of midlatitude clouds are plotted as functions

of height indexes. The lower panel shows profiles for the tropical )
case. influence the results of the comparison among data collected

at the two latitudes. The discrepancies found between mid-

latitude and tropical mean BSPs cannot, thus, be explained
intervals suggests a strong relation between cloud depth anith terms of cloud geometrical thickness only and it implies
the shape of the BSP. that other parameters, characterizing differently midlatitude

The mean backscatter profiles plotted in Fi§sand 6 and tropical cirrus clouds, might influence the shape of the
are analyzed as distributions along the height-index axis an§&ALIOP BSP.
their skewnesses are calculated. Results show that negative In our analysis only cloud bulk parameters, such as optical
skewness values are found in case of night clouds with  depth and temperature, are investigated while vertical vari-
less than 3km both at tropics and ML, while positive onesation of microphysical features (i.e., PSD or particles habit
are observed if théz is larger than 3km. For the daylight type) are not considered since no information is available for
case the geometrical vertical extent defining the ensembleghe cases analyzed in the present study. In this regard, note
with negative or positive skewness is 2 km both for midlati- that, due to the environmental difficulties of collecting these
tude and tropical cirrus clouds. Note that a negative skewnesgind of data, only rare and sparse measurements are acces-
value means a BS maximum placed in the upper part of theible. Comparison between in situ data collected for trop-
cloud while a positive one indicates a BS maximum in thejcal and midlatitude cirri show that PSDs measured in ice
lower part of the cloud. clouds associated with deep convection exhibit an exponen-
Differences between BSPs of midlatitude and tropical datatial size distribution behavior, while, typically, midlatitude

for cirrus clouds belonging to the same interval of geometri-cirri display narrower PSDsHeymsfield and Miloshevich
cal thickness are minor but appreciable (difference indexef2003 Baum et al. 2005ab; Sassen et gl12008. Neverthe-
are about 6.5 % for daylight and 8.5 % for nighttime data re-less, it is the vertical variation of the PSD or of the parti-
spectively). Differences of the same order of magnitude arecles’ habit that might influence the shape of the BSP; un-
found also when tighter intervals of geometrical thickness ardfortunately, in this regard, available data are few, for certain
considered (i.e. intervals of width of 0.5km or less). Very aspects in contrast among them and not easily interpretable
narrowAz intervals are used to avoid the possibility that dif- in this context Heymsfield and Miloshevighl995 Lawson
ferent distributions of cloud depth within each interval might et al, 2006. It is worth noting again that, in the CALIOP
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data processing, the lidar ratio is constant throughout a fea- 2 10
ture layer, meaning that variations of the PSD or the habit 8
type are not accounted for. 16

Nighttime and daytime data show large discrepancies even 4
when cirrus clouds within the same thickness interval are §12
compared (dashed curves plotted in the panels ofFrigth D e : 1082
the corresponding solid lines plotted in F&). In this case
theZ, is of the order of 20 % for both latitudes. This again s
suggests that possibly different physical features characteriz- o4
ing the two cases might influence the shape of the BSP. The o2
influence of optical depth and temperature on cirrus cloud ¢
BSPs is the topic of the next two subsections.

103

10"

A
3 4 10°0
Thickness (km)

3.4 Optical depth and backscatter profile Fig. 7. Optical depth of geometrically homogeneous cirrus clouds
is plotted as a function of mean cloud geometrical thickness for ML

Similarly to what was done for investigating the relation be- (Plu€) and tropics (red) and for day (solid line) and night (dashed

tween cloud BSP shape and geometrical thickness, an ar]a_lli_ne). The green line is the weighted mean of the red and blue curves

ysis concerning the cirrus optical depth and the backscatte?nd represents the mean of the whole Final Da_ltabase. The curves
re plotted above the frequency of occurrence (in grayscale) for the

profiles shape is performed. The final database is divided-q ;¢ function ofAz andr.

into multiple subsets containing cirrus clouds with different

7. For each subset a mean BSP is computed at tropics and

midlatitudes and for data collected during the night and daymogeneous and optically thin & 2) cirrus clouds are con-
separately. Results (not shown here) are very similar to whasidered. Equation7j holds for Az varying from 0.5 to
obtained previously in the analysis concerning the geomet5.8km (R? =0.984). The spread of the OD distribution
rical thickness and BSPs relation. In fact, the maximum inaround the mean for each geometrical thickness is provided
the shape of the mean BS curve is close to the cloud top foby Eq. 8) (R%2 = 0.973):

clouds with very smalk and to the base for the optically dAZ DAz

thickest clouds of the ensemble (FD). In terms of skewnesgr =¢1-€"17" +c2-e 2 ®)
the BSP mean curves show negative values for OD Value§vherec1 —0.6138, ¢ = —0.0792,d;y = —0.9944 andd, =
less than approximately 1.3 at night and 0.8 at day. Never-_; gnqq.

theless, in the present analysis, the dependence between the;, Fig. 7 the curves are superimposed on the frequency of

CI_OUd BSP shape and its optical depth is of minor 'ntens'tyoccurrence of homogeneous cirrus clouds as function of the
with respect to the one found for the geometrical thickness.

X 7 and Az. The frequency of occurrence highlights the large
In fact, Zn computed for the mean BSP of each OD interval \\\,per of cirrus clouds with geometrical depth between 1

and the corresponding annual average is at maximum of 22 %, 4 \m and gives an idea of the distribution of cirrus clouds
(it was almost 40 % in the analysis concernifig). Further- 5 4 fynction of geometrical thickness and vice versa.
more, some exceptions are _found to the rule describing the Ao o conclusion, since a relationship between mean BSPs
general behavior (BSP maximum moves toward cloud basg,,q geometrical thickness exists it is plausible that also a re-

ast increases). _ _ lationship (even if weaker) exists between BSP shape and
A correlation exists between cloud geometrical thlcknessOD as a consequence of the- Az dependence

and optical depth. An example of this is shown in Fig.
where cloud optical depth is plotted as function of cloud ge-p,, |, geometrical thickness and that the BSP-OD relation
orr_1etnca| th_lckness ford_ata collected mthe_troplcal and mid-;¢ only a second order effect, an analysis concerning the in-
latitude regions and during the day or at night (the four reédg once of OD value on the shape of the BSP must be applied
and blue lines in the plot). The curves show a monotonic in-y, gata from which the geometrical thickness dependence is
crease of the averaged OD value for any increase in the Meag, e (or at least limited). In this regard, the relation BSP-

cloud Az considered. The green line in the same figure isgp js investigated for cirrus clouds with nearly the sate
obtained for the whole FD without distinction between day p ¢ varyingz. In the upper panel of Fig the BSPs of mid-

and night or latitudinal belt. A parameterized fqrmula that |4titude cirri during nighttime are computed for six optical
describes the green curve of Fitis given in Eq. 7): depth intervals and for fixed geometrical depths (only clouds

In order to verify that the shape of the BSP is mainly driven

r=a1-AZ +ap @) with vertical extension frorr_1 2.1to 2.5km are selected so that
a large number of cases is accounted for). Results show a
wherea; = —2.83,b = —0.1955 andi, = 3.28. limited variability in the shape of the BSP with changing OD

The abover-Az relation simply parameterizes the mean value. The largest value @i, found for the curves plotted
OD value for a given cloud geometrical thickness when ho-in the upper panel of Fig8 is 15%. It is observed that the
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Fig. 9. Mean BSPs for cirrus clouds with selected midlayer temper-
ature intervals. Tropical regions at daytime are considered.

60

50

3.5 Temperature and backscatter profile

Height Index
w
=

CALIOP Level 2 products contain temperature data derived
from the GEOS-5 model and provided by the GMAO Data

N
=]
T

i Assimilation System Http://gmao.gsfc.nasa.gov/index.php
1o i ikm which are exploited in the investigation of the influence of
. ‘ ‘ ‘ | | | e temperature on the shape of the cirrus clouds BSPs. An anal-
0 0005 001 00 iretiiscato Boeticiery > 00 004 ysis of the effect of cloud temperature on BSP is performed

by using the mid-layer temperature (or midpoint tempera-
Fig. 8. Upper panel: annual mean BSPs of cirrus clouds for varyingture) of the cloud that is defined as the temperature at the ge-
optical depth and geometrical thickness between 2.1 and 2.5 kmometric midpoint of the layer in the vertical dimensidritp:
Lower panel: annual mean BSPs for cirrus clouds with nearly the//www-calipso.larc.nasa.gov/resources/calipsersguide/
same optical depth (0.8-1.0) and multiple geometrical thicknessesdatasummaries/layer/#layeop_temperaturg
For both panels ML at nighttime are considered. In Fig. 3it was shown that similar distributions of midlayer
temperature characterize diurnal and nocturnal data while
. . some differences arise when latitude is accounted for, due
maximum of the BSP curves slightly moves from top of the to the higher tropopause at the tropical regions. Since a sin-

cloud toward the cloud base asncreases. Also, the higher - P
) ) RO ! le temperature value is an acceptable approximation of the
is the OD and the narrower is the distribution of the backscat-g P P pp

. loud temperature state only if geometrically thin clouds are
ter values around the maximum (and lower values near clou

onsidered, the analysis is limited to those clouds of the FD
top and base). This behavior is observed for both day an Y

oh il d for both the climati ; ith vertical extension smaller than 2 km.
night profiles and for both the climatic regions. In Fig. 9 the annual mean BSPs for cirrus clouds with

f’;‘f a8cct)rr1npia1r|son with lth?]resuléssspmwp Inéri'?pdper _pane\/arying midlayer temperature is shown. Only the tropical
ot F1g. € JOWEr panel Shows S ob midiatitude Cirtus ¢ose at daytime is considered since results are very similar
clouds at nighttime computed for varying geometrical thick- 1)k regions and times of the day. Temperature intervals

ness (six intervals) but nearly constant optical depth (0.8—1.(.)01c 5K are taken into account from 193K to 243 K. Another

S0 that the number of cases considered is maximized). It '?n&erval comprises temperatures higher than 243 K. This last

demonstrated that a strong dependence between the shape"q erval contains a very limited number of clouds. Results

the BSP and the cloud thickness exists and that the maximur, o\ +hat mean BSPs are only weakly dependent on tempera-
of the BSP curves shifts from cloud top to cloud base with in'ture. Itis observed that, on average, the maximum character-

creasing cloud geomgtncal depth. In this case the maXImurTi‘zing the backscatter coefficient normalized curve increases
Zx among the curves is of 48 %.

: : ; Itis fouqd that, for both lat- ¢, decreasing in the mid-layer cloud temperature (the BSP
|tud'es aqd day aqd mght, the difference indexes found Wherz:urve becomes more peaked). Some exceptions are anyway
Az is varied and is fixed are Iarger_ (by a f‘."‘Ctor betw_een 1.5 present. The effect is observed at both latitudes and at night-
and 3.2) than those found for varying optical depth intervalsy; . o daytime. The difference indexe&J among the

and fixed geometrical thickness. BSP curves of same latitude and time of the day (ML day,

Results show that the cirrus cloud optical depth has avL night, tropics day and tropics night) but multiple mid-

smaller but appremaple influence on the shape of the BSI:E>oint temperatures have values that are mostly below 10 %.
compared to geometrical depth.
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The above analysis cannot highlight possible variation inlytical functions. The fitting function used is a two-variables
the shape of the BSP as a function of differences in the cloudgeometrical depth and height index), fifth-order polynomial:
temperature profile, but it only allows temperature to be con- 4
sidered as a bulk parameter. _ Poj i 5

In order to tackle possible effects of vertical temperatureﬂ(AZ’h) - ;(AZ+ D1j ) p1h”+ posh ©)
variations on the shape of BSP an investigation is performed
which accounts for clouds with geometrical thickness be-where the: variable assumes integer values from 1 to 60 and
tween 4 and 4.5km and analyzes separately cirri with largedescribes the vertical variation gffor a cloud with geomet-
and small temperature gradients between the cloud top antical thickness equal taz. Thus, given the cloud top altitude
bottom. For clouds with the above geometrical thickness the(z:), the quantity derived in Eq. (9) describes a cirrus cloud
top and bottom temperature difference distribution is com-normalized BS at height. The altitudez is simply derived
puted. Mean difference between cloud top and cloud botfrom:
tom temperature is about 30 and 35K respectively for ML h—1
and tropics. The cirrus clouds that fall below the first and 2 =2 — Az + EAZ (10)
above the third quartile of the top-bottom temperature dif-
ference distribution are compared for both latitudes and for ) X X N
day and night data separately. Results (not shown) do nopSFS Of night and day cirrus clouds are given. The fit is
highlight any significant temperature dependence except foptCh thatin any case e, computed for the analytical and
aslight increase, in the daylight case, in the BSP maximum af!imatological mean BSP curves is less than about 6 %.
the cloud base for data with the largest temperature gradient.

The difference ind_ex cpmputed for BSPs with large and small, Application to radiative transfer computations
temperature gradient is anyway very small and less than 8 %
for all the situations considered. 4.1 From mean backscatter profiles to ice-water-

It is thus concluded that the influence of temperature on content profiles
the shape of mean BSPs, both at night and day, is of minor
significance if compared to the effects related with the cloudOne of the important aspects of computing mean BSPs lies in

In Table5 the polynomial coefficients for the fit of the mean

geometrical thickness. the strict relation between the profile of the backscatter (and
extinction) coefficient and the distribution of ice mass along
3.6 Polynomial fitting of mean backscatter profiles the cloud vertical dimension. The IWC profile largely affects

the cloud weighting function and it is thus fundamental for

An analytical representation of mean BSPs measured byhe derivation of the radiative fields and the computation of
CALIOP is given, so that climatological shape of the BSPsthe energy balance of cloud layeMdestri and Rizzi2003.
of cirrus clouds in different conditions could be used by the Hence, climatological information on IWC vertical distribu-
reader. tion can potentially improve both the radiative forward mod-

The statistical analysis of BSPs has shown that the cloucls simulations of cloudy fields and inversion algorithms ded-
geometrical thickness is the main parameter affecting thdcated to the retrieval of cloud properties.
shape of the mean CALIOP BSP. It is found that a maxi- In this regard, the radiative impact of using IWC derived
mum in the mean BSP is placed near the top of the cloudrom the mean measured BSPs instead of vertically constant
for small Az (less than 2km at daytime and 3km at night- IWC is evaluated for a simple and typical case. Before that
time) and moves towards the cloud base with increasing verit is shown that, under certain conditions, which represent
tical extension. Also the cloud optical depth and tempera-a fairly good approximation of reality, proportionality be-
ture (even weakly) affect the shape of the mean CALIOP-tween the vertical profiles of the backscatter coefficient and
measured BSPs. The main effect of these two quantities ishe IWC profile exists. If this is the case, the mean BSPs
to modify the intensity of the maximum of backscatter (rela- (i.e. the fitting functions described in E8). can be exploited
tively to levels near cloud base or top), which takes the high-in forward or inverse radiative transfer models to define the
est values for the highest temperatures and the largest omistribution of the ice mass along the cloud vertical dimen-
tical depths. Temperature and cloud optical depth producsion thus providing a more realistic description of the cloud
second-order effects on the shape of backscatter profile anstructure.
thus only the influence of cloud geometrical thickness is here The backscatter coefficient of a collection of ice crystals
considered. depends on various parameters such as the total IWC, the

Since the shape of BSPs for varyitg shows very lim-  particle size distribution, the particle shapes and their orien-
ited dependence on latitude (Figsand6), only polynomial  tations. Information on variations of the shape and of the
fittings for the day and night cases are provided. orientation of ice particles along the vertical depth of cirrus

Mean BSPs obtained for the night and day cases (tropicglouds is rare. Images, taken from Cloud Particle Imager, of
and midlatitudes are considered together) are fitted with anaice particles in regions at the top, middle, and base of clouds
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Table 5. Polynomial coefficients for mean backscatter profiles fit- More importantly, the dependence of BS coefficient due

ting (Eq.9). to particle size variation is less than that due to IWC. As an
example we have computed (not shown here) the backscatter
Coeff. Day Night coefficient of a mixtur_e o_f part_icles suc_:h as that r_eported in
Bozzo et al(2008, which is typical of midlatitude cirri. The
P00 ~7.2x1073 —45x1073 effective dimensions used span the 16—-300 um range. Results
po1 22x1073 537x 1074 show that the minimum and maximum of the backscatter co-
P02 -546x10°  557x107° efficient are within a factor of four. That means that the effect
P03 6.37x10°7  —1.69x10°° of particles size fluctuations along the vertical on BS coeffi-
posa  —217x107%0  155x1078 cient is of second-order importance with respect to variations
pos ~ —7.98x107 11 —7.86x107 1 in the IWC which, on the other hand, can affect the same ra-
P10 6.6x10°3 15x 1073 diometric parameter up of several orders of magnitude. This
p1 —S‘igx 18:2 5‘-1619; 1;’(;_45 supports the assumption that the shape of the PSD is con-
P12 —J. X —4. X

stant along the cloud thickness in the context of the present
research.

For each cloud layer (identified by its heigh), the par-
ticulate backscatter coefficient of an air volume (or volume

. _ . _ particulate backscatter coefficieft(z;), [(m~1 sr1)]) can
have shown the lack of consistency in particle habits as &e written as:

function of position in cirrus cloudd_@wson et al.20086.
Itis thus assumed that the mixture of habits composing theg .\ _ /rmaxp(n’r).as (") -n(r.z0)dr (11)
PSD (i.e. the mass percentage amount of crystals in a size bin "
with a specific shape with respect to the total mass) remains ] ]
the same along the cloud height and that the crystals are el¥here P (z,r) is the value of the phase function of the par-
ther randomly oriented or horizontally oriented along the full ticle with effective dimensiom at a scattering angle of 180
cloud geometrical depth. degreesgy _(r) is the_partu_:le s_cat_tenr_wg cross section?[m
Also data regarding the variation of particles’ sizes along@ndn(r.z:) is the particle size distribution [#/(fm)] at level
the vertical of cirrus clouds are few and non-exhaustivei wgh a total particle number concentration equahte;)
(Baran 2009. Lawson et al(2009 show that there are only [#/m°].
small differences in the average PSDs in the upper portions Considering the scattering cross section per unit mass (i.e.,
of cirrus clouds compared to the lower portions, especiallythe particle-mass-scattering cross sectigin) [m?kg~]) a
for clouds with vertical dimensions larger than 2km. The Mean mass-scattering cross section can be defined as:
main difference consists is a slightly more mass concentra-
tion in the lower portion, found mostly in the slightly larger 7_— M (12)
tail of the lower-region average PSD. [n(r,zi)dr
Thus, it is similarly assumed that the shape of the PSD . L .
(i.e. the effective dimension of the ice mixture) is invariant Whe_re th_e mtegratlon is performed over a_II the partu_:les ef-
throughout the cloud vertical extent (variations of the total fectlvep(grgenhsmns_. U”ndhe ' t?e gslsumpn(_)n of 7avmg the
number of particles and IWC in the vertical are allowed). S2M€ shape in all the cloud layers (k6 zi)/N (z:)
This assumption is also taken implicitly in the CALIOP re- dpes not depend O‘m.’ the mean mass spattermg cross sec-
trieval algorithms to derive the extinction coefficient profile, tion becomes a layerindependent quantity. For the same con-

since lidar ratio is taken constant along the cloud geometricagmons’ itis possible .to define a mean phase function at the
depth. ackscattering angle:

Currently, the largest part of numerical weather prediction

or climate models parameterize (diagnose) the cloud particle [Pt ke(r) -n(rz)dr
dimensions as function of prognostic variables (i.e. temper-P(x) = . S i

P13 3.36x 1077 1.04x 1076
Pia —231x107% —6.92x107°

min

ature and IWC). The same models, subsequently, derive ra- Jks(r)-n(r.zpdr

diative properties from the effective dimensions of ice crys- [ P(m,r) ks(r)- ’%r(’;[f)) dr

tals. According to current particle dimension parameteriza- = Z (13)
S

tions based on in situ collected data (suctdas and Rikus
1999 McFarquhay 2001 Bozzo et al. 2009 the effective  hjch is also a layer independent quantity. Similarly, a mean
dimension of ice crystals within typical cirrus clouds varies gcattering cross section is defined as:
less than a factor of three while IWC variations span various

orders of magnitude (typically from 16 to 101 gm=3). _ [os(rn(rz)dr

§ [n(r,zi)dr (14)
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Thus the (volume) backscatter coefficient is re-written in PR
terms of mean quantities: 2 s ' '

B(zi) = P(m)-05-N(zi) (15)

Since a simple relation between the mean scattering cros¢

Az =3km; OD =1.0

15 Az =5.5km; OD =13 |

section §;) and the total ice-water-content of theh layer 5 1 1
(i.e., IWC(z;) [kg m~3]) exists: o
ks IWC(z)) T E fe o
K —— (16) 3 — L
N(zi) o § \: uwwfj: P
the volume backscatter coefficient of théh layer is written B0 {00 200 0 fe0 im0 20 200 2400
as:
B(zi) = P() - ks- IWC(z;) (17) Fig. 10. AIRS brightness temperature differences for pairs of clouds

with same OD but IWC profile that in one case is derived from cli-
At visible wavelengths, the single scattering albedo of a dis-matological BSPs and in the other case is assumed constant along
tribution of pristine ice Crysta|s is equa' to one and the mass.the cloud vertical. Four different geometrical thicknesses are con-
extinction cross sectioke(r) can be used in place @f(r). sidered in the example. Typical ODs are associated to each thick-
The volume backscatter coefficient is then: ness.

B(zi) = P(r) -ke- IWC(z;) (18)

The cloud total optical thickness, as a function of the ice- 4.2 Radiative impact

water-content is: The radiative impact of using CALIOP-derived IWC profiles

! instead of homogeneous ones for cirrus clouds is evaluated.
t= ZkE(Z") IWC (i) -8z 19 A realistic atmospheric column in presence of a cirrus cloud
i=1 is chosen for the simulations. A cirrus case detected on July
wheredz; is the geometrical depth of thieth cloud layer. 2008 in the Atlantic Ocean, at about 1000 km south-west off
Using the definition of Ice-Water-Path (namely the ice the coast of Sierra Leone (148, 19.1T W) is selected. In
content in the whole cloud depth, [kgtH): the simulations cloud top is fixed at an altitude of 13.5km
" (as the measured one), while cloud thickness is varied from
WP =" "IWC(z) -8z (20)  1to5.5km. The cloud OD is determined from Ed) ¢o that
Py typical conditions are reproduced (see green curve infig.

For everyAz value two simulations are performed: in one
se the IWC profile is derived from the fitting functions of
daylight BSPs described in subsect®® (IWC-cal), in the

and recalling the assumption of having the same PSD shapga
at each cloud layer, the optical thickness is:

_n . other case it is assumed constant along the cloud vertical ex-
r=ke' Y IWC(z))-8zi =ke' WP (21)  tent (IWC-const). The brightness temperature (BT) differ-
i=1 ences between the two assumptions and for the four geomet-
Using Eq. ((8) and Eq. R1) it is easily found that: rical thicknesses are shown in Fit0. The simulated spec-
WP tral radiances from which the BTs are derived are computed
IWC(z;) = B(zi) (22) by using the m.ultlple s.caFtenng line-by-line radlat!ve trans-
T-P(m) fer code described bRizzi et al.(2007 and Maestri et al.

Equation 22) highlights that a (linear) proportionality exists (201,0' . )

between the backscatter coefficient and the IWC when the Simulations results are weighted by the spectral response
PSD shape (and same particle mixture of habits and orientaUnctions of the Atmospheric InfraRed Sounder (AIRS) so
tion) is assumed constant along the cloud vertical extent. Thdhat a realistic measurement situation is reproduced. The
constant of proportionality depends only on total ice content”*IRS SENSOr is chosen so that the impact of the assumptions
and optical thickness (bulk properties) and on the mean phasg®cerning the IWC profile on radiometric signals could be
function at the backscattering angle. Thus, climatologicalévaluated for high spectral resolution key-bands in the in-

IWC profiles can be derived by exploiting the polynomial fr.ared spectrum. AIRS.is carrieq by _the Aqua satellite, it
functions given in the previous section. flies on the same A-Train formation with CALIPSO (about

75 s before CALIPSO) and, in view of a combined use of
AIRS and CALIOP data, a relatively simple data collocation
is possible. The assumed cloud particle mixture is described
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by Bozzo et al(2008 and has been already usedMgestri ysis of satellite measured backscatter and extinction profile

et al.(2010. Particles effective dimension is assumed to bein presence of cirrus clouds. A detailed examination of the

40 um. Information about temperature and humidity profilesshape of vertical backscatter profile (BSP) of ice clouds in

are derived directly from the CPro file. Climatological values the upper troposphere of tropics and midlatitudes is then per-

of the main atmospheric gases are also used. formed.

The simulations in Figl0 show a noteworthy impact of Measurements collected by the CALIOP lidar on-board
the spectral BTs to assumptions on IWC profiles. For theof the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
smaller vertical dimensior{z equal to 1 km), given the sim- lite Observations (CALIPSO) during the year 2008 over the
ulation conditions of the example (typical of tropical cirri), oceans are considered. A data set is built containing clouds
the BTs derived from IWC-cal minus those derived from with maximum optical depth of 2, so that the full cloud verti-
IWC-const show small negative values. The result is a con-cal extent is characterized by CALIOP measures and possible
sequence of the highly peaked distribution of IWC close tototal attenuation effects on the backscatter signal are avoided.
cloud top in case of IWC-cal that implies lower cloud emit- Cirrus cloud covered fields of view are selected even if mul-
ting temperatures (for a typical temperature profile). Kar tilayered clouds are detected, provided that the cirrus is the
larger than 3km the IWC profiles derived from the clima- highest cloud sensed by CALIOP. The number of cases ac-
tological BSPs provide weighting functions with larger val- counted for covers more than 33 % of all the CALIOP fields
ues at lower cloud altitudes and thus higher emitting tem-of view (with spatial resolution equals to 5km) from°a
peratures. The residuals between the two sets of simulation® 60° N, denoting a widespread presence of high, thin, iced
become larger as the geometrical depth increases as a colayers over large part of the ocean’s globe.
sequence of the growth of the maximum of the BSP near Among these cases, only those with nearly homogeneous
cloud base. The differences in BT are both dependent oreloud top and base altitude (derived from an analysis at the
geometrical thickness and optical depth values and in the exhigher spatial resolution of 1 km) are considered for the in-
ample only typical combinations of these two parameters arevestigation of the shape of CALIOP backscatter and extinc-
reported. tion profiles. The selection of horizontally homogeneous cir-

From the Fig10it is derived that, given the high altitude rus clouds only is performed to avoid possible artifacts in the
of the cloud case considered (and of all the clouds analyzedlefinition of climatological BSPs. Homogeneous cirri are
in this work), significant BT differences due to the assump-present in the 6-9 % of the CALIOP 5-km fields of view that
tions on IWC profile are observed not only in the main at- is about one-fourth of all the detected cirrus clouds. For the
mospheric windows (750-1100 and 1180-1250&mbut first time, distributions of physical features of homogeneous
also in those spectral channels whose gaseous weightingjrrus clouds are provided for tropics and midlatitudes and
functions peak in the medium-lower troposphere (i.e. for thedaytime and nighttime and compared to the whole ensemble
AIRS water-vapor channels between 1250 and 1613'gm  of cirri.

This demonstrates that, cirrus cloud IWC profiles have im- The selected BSPs are first vertically rescaled to a standard

portant impacts on all the high-resolution radiances betweehength and to a specific number of points and then their areas

300 and 2400cm! except for the most absorbing GO (from cloud-base to cloud-top altitude) are normalized. In

(around 667 and 2300 cm) and far-infrared water-vapor this way, a comparison among the shapes of BSPs that differ

channels. Note that AIRS noise-equivalent-temperature difin the number of scattering layers and in the total amount of

ference is 0.07-0.40K in the spectral interval 3.75-11 pmenergy backscattered to the lidar is made possible.

(i.e. from 909 to 2666 cmt) at 250 K. Midlatitude and tropical data, such as daylight and night-
time measurements, are analyzed separately due to distinc-
tive mean cloud physical characteristics. In particular, it is

5 Summary observed that horizontally homogeneous tropical cirri have
higher mean top height and midpoint temperature, and lower

Vertical variations of cloud features (especially mass) sensioptical depth with respect to midlatitude ones. Distribu-

bly impact on the clouds and atmospheric energy balancetions of geometrical thickness are very similar at the two

In particular, cirrus cloud properties along the vertical di- latitudes, but differ from day and night showing frequently

mension are poorly known and a better representation ofarger depths for the nighttime case.

their physical and optical characteristics will be advanta- Annual means of BSPs are very similar for tropics and ML

geous both for (among others) the derivation of cloud prod-while noticeable differences are found when daylight and

ucts by inverse algorithms and for forward modeling radia- nighttime data are compared. The monthly averages of the
tive transfer computations. shape of the BSPs are all very similar and the dependence on

The present work aims at contributing to a better knowl- the time of the year is then neglected.
edge and understanding of the characterization of the ice The relationship between the shape of the measured BSPs
cloud properties along their vertical extent. More specifi- and cloud and environmental physical parameters (such as
cally, the goal of this paper is to provide a statistical anal-cloud optical depth, geometrical thickness and temperature)
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is investigated. Possible influences of the instrument and re- The fitting polynomial functions are applied in radiative
trieval algorithms on the shape of the BSPs (i.e., possibldransfer simulations of the Atmospheric Infrared Sounder
attenuation correction errors in deriving backscattering and/AIRS) measured radiances. The impact, on infrared bright-
extinction coefficients) are not accounted for, but the readeness temperatures, of using either a constant ice-water-
should be aware of this possibility. content (IWC) in the cloud vertical dimension or an IWC
Itis found that the cloud geometrical thickness is the mainprofile derived from the BSP fitting functions is evaluated
parameter affecting the shape of the mean CALIOP BSPfor a typical case of tropical cirrus over the ocean. Results
Specifically, cirrus clouds with thin geometrical thicknessesshow that, for multiple combinations of geometrical thick-
(less than 2 or 3km depending on the period of the day)ness and optical depth, brightness temperature differences in
show that a maximum in the normalized BS profile is placedtwo cases are above the AIRS noise equivalent temperature
near cloud top. As the cloud geometrical thickness increasedifference.
the maximum of the mean BSP curve is shifted towards the
cloud base. Nighttime and daytime data show some differ-
ences even when cirrus clouds within the same thickness are”
compared, suggesting that possibly different physical fea-
tures characterizing the two cases might influence the shap
of the BSP.

Similarly to what was found for the geometrical thlcknes§ In Sect.3.2it is shown that the variability among measured

also the optical depth analysis shows that the maximum i rofiles can be very large. Nevertheless, averages performed

the shape Of the mearn BS CUrVes 15 close to the cloud tol.'Ever sufficiently large subsets (i.e. over one month of data or
for clouds with very thin optical depth and to the base for

th ically thickest clouds of the datab Itis ob dpne season) converge to well defined mean curves.
€ optically thickest clouds of the database. 1 1S ODSeVed ;s goal to find how many profiles\) are needed to
that a monotonic geometrical thickness — optical depth de-

: ) obtain a mean profile which is representative of an ideally in-
pendence characterizes the ensemble of cirrus clouds und’ﬁhite set of data of the same type. The problem arises when
study. In this regard, a parameterization that derives mea i

the full data set under study (the FD) is divided into smaller

optical depth (_a nd |t_s standgrd dev_|at|on) as function of thesubsets and statistical analysis are performed on a limited
cloud geometrical thickness is provided.

To minimize the cloud trical thick i Inumberof profiles. The question that we are trying to answer
0 minimize the cloud geometrical thickness = oplical j, ypjg Appendix is the following: is the subset well represen-
depth dependence, mean BSPs are computed for cirr

louds with | tant trical thick d mul tive of an ideally infinite number of backscatter profiles of
clouds with nearly constant geometrical thickness and Mule; ¢ 1oy ds with similar characteristics?
tiple optical depth intervals. Results show limited variability

The minimum number of profilesy, which is accepted
of the mean BSPS. compared to that found when mean I_BSP% order to apply a statistical analysis, is computed with the
of cirrus clouds with constant OD and varying geometrical

. following methodology. Given the full data set of cirrus BS
thickness are computed. _profiles, the number of elements required to obtain a mean
The'eff.ects of cloud temperature and of temperature grad"BSP “sufficiently close” to the one derived from the entire
ents within the cloud on the shape of the BSPs are also INVeSata set is evaluated. A sufficient closeness among the means

tigated. Results show a smaller influence of the temperatur?Of the subset and of the full extended database) is defined
parameter with respect to the geometrical thickness. through theZ, which must be less than 1%
It is observed that the BSP maximum slightly increases The meanAof the subset is computed aS'.

as the cloud temperature decreases and as the optical depth N
increases. 1
(Bs(z1)) = N;ﬂ 5 (2i) (A1)

pendix A

efinition of the minimum number of elements
efining the data subset

Analytical functions are provided to fit the mean BSPs so
that climatological backscatter profiles can be easily used o
in forward or inverse models. It is, in fact, demonstrated Where theN BSPs are selected randomly within the whole
that under certain (realistic) assumptions, which are consisdata set. The value found in equation Al is computéd
tent with assumptions made in the CALIOP retrieval algo- different times ¢/ = 1000 in our case), i.e. foM (1000)
rithm, the mean backscatter (and extinction) profile is lin- distinct subsets oV ran(_jomly selected profiles. Each tlme_
early proportional to the cloud IWC profile. Since temper- the mean of the supset is compared to the mean of the entire
ature and cloud optical depth produce second-order effectd@ta set and afi, is computed. Then the average of the
on the shape of backscatter profile and since the shape dfifference index is computed:

BSPs for varying geometrical thickness shows very limited 1M

dependence on latitude, the BSP parameterization in term&fa) = 4 > Tam (A2)

of varying geometrical thickness is given for day and night m=1

data only. The entire procedure is iteratedY. is increased at each step

until the value ofZ) is less than 1 %.
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This methodology, applied to the cirrus cloud data set used

in this work, provides a value faN that is of the order of
1500. This will be the minimum number of profiles in our
subsets that is required to perform averaging operations.
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B Total normalized particulate
backscatter coefficient

Az [m] Cloud geometrical thickness

8z [m] Geometrical depth of thei-th

List of acronyms

AIRS Atmospheric Infrared Sounder

BS Backscatter

BSP Backscatter profile

BT Brightness temperature

CAD Cloud-Aerosol Discrimination

CALIOP Cloud-Aerosol Lidar with Orthogo-
nal Polarization

CALIPSO Cloud-Aerosol Lidar and Infrared
Pathfinder
Satellite Observation

CLay Cloud layer

CM Climate model

CPro Cloud profile

CPR Cloud Profiling Radar

ETP Extinction profile

FD Final database

FOV Field of view

GEOS Goddard Earth Observation System

GLAS Geoscience Laser Altimeter System

GMAO Global Modeling Assimilation Office

iFOV Instantaneous field of view

IWC Ice water content

IWP Ice water path

LITE Lidar In-space Technology
Experiment

ML Midlatitudes

MODIS Moderate Resolution Imaging
Spectroradiometer

NWP Numerical weather prediction

oD Optical depth

PSD Particle size distribution

RD Reduced database

SNR Signal-to-noise ratio

TRO Tropics

uTC Coordinated Universal Time

List of symbols

Symbol Units Description

B [m~1sr1] Total particulate backscatter
coefficient

B [m~1sr1] Total particulate and molecular
backscatter coefficient

Ba [m~1sr1] Attenuated particulate and

molecular backscatter
coefficient
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layer of the cloud
h Height index

Ia [%6] Difference index

IwC [kgm~3] Ice Water Content

WP [kgm=2] Ice Water Path

ke(r) [m2kg~1] Mass-extinction cross section

ks(r) [m2kg—1] Mass-scattering cross section

n(r) [#/(m3m)] Particle size distribution

P(r,r) [sr] Phase function for dimension
and scattering angle of 180
degrees

Sp [sr Y] Particulate lidar ratio

o [m—4 Particulate extinction coefficient

o [m?] Particle scattering cross section

o Mean optical depth standard
deviation

T2 Two-way transmittance

T Cloud optical depth, OD

Zb, Zt Thresholds for cloud top and base
used in the homogenization
process

z [m] Altitude

2ty 2b [m] Cloud top and base altitude
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