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Introduction

By combining two disparate but tightly coupled data realizations,GAé¢.IPSCoud, aerosol, andmerged|ayer
productsdeliver comprehensive insights into the largeO € S @SN A OF £ & ( NHzOhe 6eNBf 2 F
these is a set afolumn propertieswhich describe the temporal and spatial location of the vertical column (or, for
averaged datathe verticalcurtain) of atmosphere being sampled. Column properties include satellite position data
and viewing geometry, information about the surface type and lighting conditions, and the number of features
(e.g., cloud and/or aerosol layers) identified within th@ummn. For each set of column properties, there is an
associated set dhyer properties These layer properties specify the spatial and optical characteristics of each
feature detected in the colummand include quantities such as layer base and top altitudes, integrated attenuated
backscatter, layeintegrated volume depolarization ratio, and optical depth.

The CALIPSO project creaistandarck layer products for different subsets of feature tygand at several different
horizontal averaging resolutionsThe doud layer products are distributed at 1 km (3 shot) and 5 km (15 shot)
resolutions and report layer properties for clouds onferosol layer productare distributed at 5 km, with layer
properties limitedsolelyto aerosols detected imither the stratosphereor the troposphere. The nerged layer
products, distributed at 5 km and single shot resmos, report layer properties for all features detected,
irrespective of feature typeFile naming conventiorshown inTablel.

Tablel: the left gives theresolution and feature typdor each of the CALIORB X0 layer productghe right column
specifies the file naming convention used to indicdwe product type in the left column

Product File Naming Convention
333 m standard merged layer CAL_LID_L333nMLayStandardv5-00*.hdf
1 km standard cloud layer CAL_LID_L21RmQCLayStandardVv5-00*.hdf
5 km standard cloud layer CAL_LID_L25RmQCLayStandardVv5-00*.hdf
5 km standard aerosol layer CAL_LID_L25RmAL ayStandardv5-00*.hdf
5 km standard merged layer CAL_LID_L25RmMLayStandardv5-00*.hdf
5 km beta merged layatiagnostic CAL_LID_L2 MLay_ Diagnoe8ataV5-00*.hdf

The 5 km layer products report features detected at all altitudes betw28d kmand ¢0.5 kmAMSL Due to
CALIPSD altitude-dependent onboard data averagingcheme Hunt et al., 2008 datadownlinkedat 1 km
verticalresolution are only availablat altitudesbetweenD20.2 km and;0.5 kmAMSL thusplacing limits orthe
altitude rangeof the layers reported in the 1 km cloud layer producihe vertical range of layers reported in the
single shot merged layer productssimilarly restricted by thedownlinked raw dataesolutionto altitudesbetween
D8.2 kmand¢0.5 kmAMSL

N

As described ivaughan et al., 200¢he seOl f t SR ap 1Y &SN LINRRdzOG athat I O dzl

can bedetected at 5 km, 20 km, and 80 km aleingck averaging resolutionslThus, vhile the column properties
are unique for each 5 km segment, the layer properties may not be. Layer properties of features detected at 20
km and 80 km are replicated as necessary along the lidar orbittivesgan the full horizontal extent @fach layer

It a2z 0KS5 @§ S QM@buprgmrieini alls km layer products contasma substantial subset of the
column and layer properties reported in the single shot merdgyer product. This additionalinformation is
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included toprovide data usershe means to readilyeconstructheterogeneoudayer compositiorbelow 4 km,
GKSNBE /! [LhtQa aAy3atS akKz2id o2 dzy RiadBan ét &l.22808hudHarRedzR, Of S|
2010; Tackett et al., 2023 Thescientific data set§D$named Ay (G KS W{ A y\Bfodpardckio 5 S &
identical to those used in the 333 m merged layer produthe difference is that the SDS names in thagg®us

all include atwo-letter LINB T A E 6 W &hiatQtidese fpafiankters ard gétHeved/reported afingle shot
resolution.

/' [ Lt {hQ&a @S NA Aaxghclpddsone eriirelyirew IdEr préducéta version ofhe 5 km merged

layer productaugmented withdiagnostic information not included elsewhere (i€AL_LID L2 MLay Diagnaostic
BetaVV5-00*.hdf). Among the new and enhanced parameters includethé@se diagnostic files are oceaerived
column optical deptfODCOD) retrievals at 1064 nm, along with a wealth of ODCOD intermediate calculations, and
a full set ofcloudoptical property retrievals at 1064 nmincluding cloud optical depthsin addition toall SDSs and
Vgrougs contained in the standard 5 km merged layer product, the Beten merged diagnostic fillsocontains
a'@1lkm_Detectio/groupwhichincludesacomprehensive set of thiayer and column properties reported in the

1 km cloud layer productAsA y (G KS W{ A y 3 Vghup(tHe 805 namBdiitK@kikiDygtéztio/group

£t Ay Of dzR S indicatinpifatfhedepaaribtensdreYe@iévedreported at 1 km horizontal resolution.
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Glossary and Acronym Dictionary

Term Meaning

1kmCLay CALIOP 1 km cloud layer product

333mMLay CALIOP 333 m merged layer prodireports clouds and aerosols)

5kmALay CALIOP 5 km aerosol layer product
5kmCLay CALIOP 5 km cloud layer product
5kmMLay CALIOP 5 km merged layer product (reports clouds and aerosols)

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer -Datxription_Document_V5 Pagel2of 123


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
https://doi.org/10.5194/amt-13-4539-2020
https://doi.org/10.1175/2009JTECHA1223.1
https://doi.org/10.5194/amt-11-6107-2018
https://doi.org/10.5194/amt-12-703-2019
https://doi.org/10.5194/amt-17-6517-2024
https://doi.org/10.5194/amt-16-745-2023
https://doi.org/10.1175/2009JTECHA1228.1
https://doi.org/10.1175/2009JTECHA1281.1
https://doi.org/10.1175/2008JTECHA1221.1
https://doi.org/10.1175/JTECH-D-12-00046.1
https://doi.org/10.1175/JTECH-D-12-00046.1
https://doi.org/10.5194/amt-11-5701-2018

Term Meaning

5kmDiag CALIOP 5 km merged layer diagnostic product (reports clouds and aerosols)

AERONET AErosol RObotic NETwork

AFWA U.S. Air Force Weather Agency

ATBD Algorithm Theoretical Basis Document

AMSL above mean sea level

AOD aerosoloptical depth

ATBD algorithm theoretical basis document

BLaCC boundary layer cloud clearing

CAD cloudaerosol discrimination

CALIOP CloudAerosol Lidar with Orthogonal Polarization

CALIPSO CloudAerosol Lidar and Infrared Pathfinder Satelieservation

CERES | £ 2dzR&a YR GKS 9 NIKQa wlkRAFIYG 9ySNHe {

CRM CALIOP response model

DCRM downlinked CALIOP response model

DEM digital elevation model

EARLINET European Aerosol Lidar Network

ECR Earth Cergred Rotating

frame a fundamentaldata averagingnterval used extensively i ! [ Lht Q& f S@St
processing. A frame consists of 15 consecutive sisighe profiles spanning an alofigack
distance o5 km. 15 shots is the least common multiple of the alragk averaging interval
RSTAYSR 0é /![LhtQa OSNIUAOLIf f Bunt@taNR2oOy 3

GMAO Global Modeling and Assimilation Office

GOCART Goddard Chemistry Aerosol Radiation and Transport

granule continuous data segment in which all measurements were acquired while the lidatf
configured for daytime data acquisition only or nighttime data acquisition only; each gr
spans approximately one half of a full orbit, with daytime granules beingflsligrger/longer
than nighttime granules

HERA Hybrid Extinction Retrieval Algorithm

HDF Hierarchical Data Format

HOI horizontal oriented ice

HSRL high spectral resolution lidar

IGBP International GeosphergBiosphere Programme

IAB integrated attenuated backscatter

IR imaging infrared radiometer

IRF instrument response function

IVDR integrated volumedepolarization ratio

L1B level 1B

LEM low energy mitigation

LSWG CALIPS@ar science working group

MAC Maps of Aerosol lidar ratios for CALIPSO ‘

MERRA Modern-Era Retrospective analysis for Research and Applicati@nsion 2 ’
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Term Meaning
MODIS Moderate Resolution Imaging Spectroradiometer
MSL mean sea level
N/A not applicable
NAMMA NASA African Monsoon Multidisciplinary Analyses
nm nanometer
OoDCOD oceanderived column optical depth
PBL planetaryboundary layer
PDF probability distribution function
PSC polar stratosphericcloud
QA quality assurance/quality control
QC quality control/quality assurance
RMS root mean square
SNR signatto-noise ratio
SDS scientific data set
sr steradian
TAI International Atomic Time
uTC Coordinated Universal Time
WRS Worldwide Reference System

Scientific Data Setdvleasurement Altitudes

Lidar_Data_Altitudes(all layer products)

Units:km

Format:Float 32

Valid Range2.0,40.0

DescriptionAltitudes (above mean sea level) that specify the vertigdpoints of the 583 range bins in the profile
measurements downlinked from the CALIPSO satellités scientific data set (SDS) is only available in the
V5.00 data releaseln all prior versions, the lidar data altitude array was stored in the fileadett.

Scientific Data Sets: Time and Position

Profile_Time(all layer products)
Units: TAI seconds

Format:Float_64

Valid Range: 4.203ES8, 9.623E8

Description:International Atomic Tim€TAl) in elapsed seconds from January 1, 1988es reported in th&33
m layer products are for the individual laser pulses from which the layer statistics were derived. Times
reported in the 1 kmayer products represent the temporal midpoint of the three laser pulses averaged to
generate the 1 km horizontal resolutiatata. Forall 5 km layer products, three values are reportée
time for the first pulse included in the 1$hot average; the time at the temporal midpoint (i.e., at the 8th

of 15 consecutive laser shots); and the time for the final pulse.
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Profile_UTC_Timéall layer products)
Units: yymmdd. ffffffff
Format:Float_64

Valid Range50428.0 230701.0

Description: CoordinatedUniversal Time (UTC), formatted as yymmdd.ffffffff, where yy is adigid data
acquisition year number (06 to 23), mm is a month number (01 to 12), dd is a day nuhbe3(), and
ffffffff is the elapsed fraction of the data acquisition ddymes reported in the 3 m layer products are
for the individual laser pulses from which the layer statistics were derived. Times reported in the 1 km layer
products represent the temporal midpoint of the three laser pulses averaged to generate the 1 km
horizontalresolution. Forall 5 km layer products, three values are reported: the time for the first pulse
included in the 15hot average; théime at the temporal midpoint (i.e., at the 8th of 15 consecutive laser
shot9; and the time for the final pulse.

Day_Night_Fladall layer products)

Units:NoUnits

Format:Int_8

Valid Range: @,

Description:As CALIPSO approaches the terminator, the lidar is automatically reconfigured to adapt to changing
lighting conditions thatlirectly impact signaio-noise (SNR) levelsThese changes occur at SHarth
Satellite (SES) angles of 95° (day to night) and 265° (night to day), corresponding to changes in lighting

conditions at an altitude dD24 km above mean sea level. O indicates daytime measurement configuration,
1 indicates nighttime.

Profile_ID(all layer products)

Units:NoUnits

Format:Int_32

Valid Ranget, 228630

Description:Unique profile identifier generated sequentially for each lidar level 1b profile. Level 1b profile IDs are
guaranteed to be unique within each granule lwitl not be unique over multiple granulesThe 333 m
(single shot) layer products report the profile ID assigned to each pdlee.1 km productseport the
profile ID of the first of the three consecutive laser pulses averaged to create data at 1 km horizontal

resolution Theb5 km layer productseport the profile IDsfor the first and lasbof the 15consecutive lasers
pulses averaged to create each 5 km profile product data record.

Latitude (all layer products)
Units:degrees north
Format:Float 32

Valid Range90.0,90.0

Description:Geodetic latitude of the laser footprint on the Earth's surfdcatitudes reported in th&33 m layer
products are for the individual laser pulses from which the layer statistics were derived. The latitudes
reported in the 1 km layer products represent footprint latitude at the temporal midpoint of the three laser
pulses averaged to generate the 1 km kontal resolution. For the 5 km layer products, three values are
reported: the footprint latitude for the first pulse included in the-&Bot average; the footprint latitude at
the temporal midpoinii.e., at the 8th of 15 consecutive laser shp#nd thefootprint latitude for the final
pulse.

Longitude(all layer products)
Units:degrees east
Format:Float 32
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Valid Range:180.0, 180.0

DescriptionLongitude of the laser footprint on the Earth's surfdcengitudes reported in th833 m layeproducts
are for the individual laser pulses from which the layer statistics were derived. The longitudes reported in
the 1 km layer products represent footprint longitude at the temporal midpoint of the three laser pulses
averaged to generate the 1 km hpontal resolution. For the 5 km layer products, three values are
reported: the footprint longitude for the first pulse included in the-dl%ot average; the footprint longitude
at the temporal midpointi(e., at the 8th of 15 consecutive laser shpssdthe footprint longitude forthe
final pulse.

Scientific Data Set€€olumnOptical Properties

Column_Integrated_Attenuated_Backscatter_53&I(layer product3

Units: 1/sr

Format: Float 32

Valid range: @,2.0

Dimensions: number gfrofiles x 1

Fill value-9999

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The integral with respect to altitude of the 5 km horizontal average (15 shots) of the profiles of 532
nm total attenuated backscatter coefficients reported in the CALIOP level 1b product. The limits of
integration are from the onset of the backscatterrsg)atD40 km, down to the range bin immediately
prior to the surface elevation specified by the digital elevation model (DEM). The column integrated
attenuated backscatter provides a measure of atmospheric turbidity above the surface.

Column_lAB_Cumulative_Probabilital( layer product$

Units: NoUnits

Format: Float 32

Valid range: @,1.0

Dimensions: number of profiles x 1

Fill value-9999

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The cumulative probability of measuringg@2 nmtotal column integrated attenuated backscatter
0 432) value equal to the value computed for the current profi@r any profile, the limits of integration
T 2 B are from the first rangéin in the profile, atD40 km, down to one range bin above the surface
altitude specific by the CALIPSO DEMlues in this field range between 0 andFigurel shows the
cumulative probability distribution compiled using all CALEOR Yy 3 f Ss3; riekisiréments acquired
between200807-01 thru 200807-15.

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer -Datxription_Document_V5 Pagel6of 123


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5

Cumulative Occurrence Frequency
o O O O o O o o o
~o LD v RO O N ®© o

<
&

10 107" 10°
532 nm Column Integrated Attenuated Backscatter (5r'1)

Figurel: Cumulative distribution of 532 nm single shotal column integrated attenuated backscatter

Column_Optical_Depth_Cloud_53all 5 km layer producty
Units: NoUnits

Format: Float_32

Valid range: @,25.0

Dimensions: number of profiles x 1

Fill value-9999

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM
¢333.0 failed extinction retrieval within a column
¢444.0 suspicious/incomplete singlghot cloud clearing within a column

Description: Optical depth of all clouds detected within each 5 km vertical column, obtained by integrating the
532 nm cloud extinction profile reported in the CALIPSO 5 km Cloud Profile Products from the uppermost
range bin to the lowest range bin which clouds are identified

Column_Optical_Depth_Cloud_Uncertainty 53315 km layer productps
Units: NoUnits

Format: Float 32

Dimensions: number of profiles x 1

Fill value-9999

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM
¢333.0 failed extinction retrieval within a column
¢444.0 suspicious/incomplete singlghot cloud clearing within a column

Description: Estimated uncertainty in the Column Optical Depth Cloud 532 paramateulated using
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Column_Optical_Depth_Tropospheric_Aerosols_53aR $ km layer products
Column_Optical_Depth_Tropospheric_Aerosols_106H % km layer products
Units: NoUnits

Format: Float 32

Valid range: 0.,3.0

Dimensions: number of profiles x 1

Fill value-9999

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM
¢333.0 failed extinctionretrieval within a column
C444.0 suspicious/incomplete singlghot cloud clearing within a column
Description: Optical depth of all tropospheric aerosols detected within each 5 km vertical column, obtained by
integrating respectivelythe 532 nmand 1064 nniropospheric aerosol extinction coefficients reported in
the CALIPSO 5 km Aerosol Profile Products from the uppermost range bin to the lowest rangehich
tropospheric aerosols are identified\t both wavelengths,dtal column aerosol optical depth (AOD) is the
sum of the tropospheric and stratospheric column AODs.

Column_Optical_Depth_Tropospheric_Aerosols_Uncertainty 58PX km layer producty
Column_Optical_Depth_Tropospheric_Aerosols_Uncertainty 10845 km layer products
Units: NoUnits

Format: Float 32

Dimensions: number of profiles x 1

Fill value-9999

Flag Values:¢111.0 column data quality degraded due to low laser energy and rejected by LEM
¢333.0 failed extinction retrieval within a column
¢444.0 suspicious/incomplete singlghot cloud clearing within a column

Description: Estimated uncertainty in, respectively the Column Optical Depth Tropospheric Aerosol 532 and
Column Optical Depth Tropospheric Aerosol 1064 paramgetaisulated according to equations 1 through
5 above
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Column_Optical_DepthStratospheric Aerosols_5324]l 5 km layer productps
Column_Optical_Depth_Stratospheric_Aerosols_106# % km layer products
Units: NoUnits

Format: Float_32

ValidRange0.0,25.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM
¢333.0 failed extinction retrieval within a column
¢444.0 suspicious/incomplete singlghot cloud clearing within a column

Description: Optical depth of alstratospheric aerosols detected within each 5 km vertical column, obtained by
integrating, respectively, the 532 nm and 1064 nm stratospheric aerosol extinction coefficients reported
in the CALIPSO 5 km Aerosol Profile Products from the uppermost rantgetha lowest range binn
which stratospheric aerosols are identifiedAt both wavelengths, total column AOD is the sum of the
tropospheric and stratospheric column AODs.

Column_Optical_Depth_Stratospheric_Aerosols_Uncertainty 58P km layer producty
Column_Optical_Depth_Stratospheric_Aerosols_Uncertainty 10645 km layer products
Units: NoUnits

Format: Float 32

Dimensions: number of profiles x 1

Fill value-9999

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM
¢333.0 failed extinction retrieval within a column
¢444.0 suspicious/incomplete singlghot cloud clearing within a column

Description: Estimated uncertainty in, respectively the Column Optical Detospheric Aerosol 532 and
Column Optical DepthiatosphericAerosol 1064 parametersalculated according to equations 1 through
5 above

Column_Particulate_Optical_Depth_Above Opaque_Water_Cloud_(HZayer product$
Units:NoUnits

Format: Float 32

ValidRange0.0,3.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM
¢33.33 failed retrieval

Description: 532 nm particulate optical depths in the vertical column above an opaque water cloud, derived
according to the method detailed idu et al., 2007

Column_Particulate_Optical_Depth_Above_Opaque_Water_Cloud_Uncertainty (a8Bfayer products
Units:NoUnits

Format: Float 32

Fill Valuez9999.0

Flag Values:¢111.0 column data quality degraded due to low laser energy and rejected by LEM
¢33.33 failed retrieval

Description: Estimated uncertainty in the column 532 nm particulate optical depths above opaque water clouds.
These uncertainty estimates combine both systematic biases arising from the assumption of a water cloud
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lidar ratio and random uncertainties arising from the SNR of the 532 nm parallel and perpendicular channel
measurements within the water clouds.

Column_Feature_Fractiorall 5 km layer products

Units:NoUnits

Format: Float_32

Valid Range: 0.0, 1.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The fraction of the 8&km horizontally averaged profile, between 8 and theDEM surface elevatign
which has been identified as containing a feature (i.e., either a cloud, an aerosol, or a stratospheric layer)
at anyof the 5 km, 20 km, or 80 km horizontal averaging resolutions

SomeNotes on Evaluating CALIOP Column Optical Properties

Opacity The CALIPSO lidar is only capable of penetrating to the surfamdumrs with total particulateoptical

depths less thanD5. (Note that this value considers the contribution of multiple scatterinig.ppaquecolumns
(i.e.,whenthe column backscatter signal is totally attenuated before thé NI K Q&  heddetBcted) e O y
reported ccolumre optical depthsdo not characterize the full vertical column, but inste@gort the integral of

the particulate extinction coefficients from30 km down to theapparent base of the lowest feature observed.

the layer products, lte opacity of any columpoan be determined by inspectirthe opacity flagof the lowest
detected layer Values of 1 indicatéhat the lowest detected layer in the column is classified as opaque.

Extinction QCThe extinction QC values in the column should be examined to determine if any dbtiteor
aerosolextinction retrievalseither failed or converged undesuspiciouscircumstances Low qualityextinction
retrievals inoverlyinglayerscandegrade thereliability of all extinction retrievals irthe layers belowm(Young &
Vaughan 2009. For transparent layersconstrainedretrievals (extinction QC = 1yield the highest quality
solutions. Slutionsfor whichthe final lidar ratio is unchangefdom the initialestimate (extinction QC = (glso
generatephysically plausible solutionsOn the other hand, retrievals for which the initial lidar ratio must be
reduced to achieve a solutiazan beproblematic, as the retrieved optical depths in these cases tend to be biased
high.

CAD Scores and Feature Subtypeespective of the extinction QC flagtimction solutions for atures with low

magnitudecloud-aerosol discriminationGAD scores(e.g.,u / ! 5 p or¥ & #Js ® A edreéshouldl e regarded
with caution These features could not be confidentlyclassifed as eithercloud or aerosgland this lack of
confidence extends tthe choice of initial lidar ratiaused in the extinction solutionSimilarly,uncertain aerosol

type classificationkead toincreaseduncertainiesin the lidar ratios and henctwer confidence in the extinction
retrievals.

Cloud phaseThe extinction solutions columns containing clouds predominately composelasizontal oriented
ice (HOI) crystalare lkely to be highly unreliableThe anomalously high backscatgenerated byHOI clouds
coupled with very low skill in selecting an appropriate lidar réiothese cloudsfrequently yieldsvery large
overestimates of cloud extinction coefficients and optical depths (Blmche etal., 2010.

Scientific Data Set€£olumn QA Information

Calibration_Altitude_532all 5 km layer producty
Units:km

Format: Float 32

Valid Range: 0.0040

Fill Valuez9999.0
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Description:Top and base altitudes, above mesaa level, of the region of the atmosphere used for calibrating the
532 nm parallel channeNote that while the nighttime values in this SDS are both congtapt= 39 km,
base = 36 kmand correct daytime values are erroneous, as they simply replicate the nighttime values.

FeatureFinderQCa(l 5 km layer productp
Units: NoUnits

Format:UInt_16

Valid Range: 0, 32767

Description:To generate data at a nominal 5 km horizontal resolution requires averaging 15 consecutive laser
pulses. For each 5 kaverage, we report a set of feature finder QC flags. Conceptually, these flags are a
set of 15 Boolean values which tell the user whether or not a feature (cloud, aerosol, or surface echo) was
detected in each of the 15 laser pulses. The flags are impleders a 16it integer. The most significant
bit is unused, and always set to zero. Each of the 15 remaining bits represents the "features found" state
for a single fultesolution profile. A bit value of zero indicates that one or more features weredfauitinin
the profile. A feature finder QC flag value of zero for any 5 km column indicates complete feature finder
success.

Normalization_Constant_Uncertaint{all 5 km layer products
Units: NoUnits

Format: Float_32

Valid Range0.0,1.0

Fill Value:9999.0

Description:Uncertainty in the 532 nm and 1064 nm calibration constants due solely to random error in the
backscatter measurements in the calibration region; reported as a relative error (i.e., dC/C) in a N x 2 array,
with the 532 nm uncertainties stored in first calm, and the 1064 nm uncertainties in the second column.

Scientific Data Setd:ayer Spatial Properties

Layer_Top_Altitudgall layer products)

Layer_Base_Altitudé€all layer products)

Units:km

Format:Float 32

Valid Range0.5, 8.2(333mMLay):0.5,20.1(1kmCLa); -0.5, 30.1(5kmALay5kmCLays5kmMLay)

Fill Value=9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Fundamentals of the CALIOP layer detecéilgorithm are explained in detail Miaughan et al., 2009
with subsequenenhancemens described itvaughan et al., 201(@erosol base extensigyirackett et al.,
2021 (smoke base refinementAndTackett et &, 22 (boundary layer cloud clearihg

The hyer top and base altitudedetected by this schemare reported in units of kilometers abowveean
sea levelBecause CALIOP does onboard data averaging to reiduedink data volume, and because the
amount of averaging varies withtiédide (Hunt et al., 2009 the precisionof the layer boundaries
determinationis itself a function of altitudeln the lower troposphere, &tween-0.5 km and>8.2 km the
vertical resolution of the lidar is 38. In the upper troposphere,dtweenD8.2 km toD20.2 km the vertical
resolutionis 60 m. In the lower stratosphere, dtweenD20.2 kmto D30.1 kmthe vertical resolution is
180-meters. AboveD30.1km and belowg0.5 km the vertical resolution is 300 m.

The uncertainties associated with detection of cloud and aerosol layers in backscatter lidar data are
examined in detail in Section 5 of tALIPSO Feature Detection ATBIte ATBD contains quantitative
assessments of feature finder performance derived using simulated data sets, for which all layer
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boundaries were known exactly. In the real world of layer detection, we do not have access to this
underlying truth. Therefore, in this document we provide the following set of "rules of thumb" that users
can apply to the data products to obtain a qualiv@tunderstanding of the layer boundaries reported, and

of the optical properties associated with these layers.

a. Strongly scattering features are easier to detect than weakly scattering features. The scattering
intensity of each layer is reported in the 532 nm and 1064attenuated backscatter statisti@nd by
the integrated attenuated backscattext 532 nm and 106 nm.

b. Detection of layers during the nighttime portion of the orbits is more reliable than during the daytime
portion of the orbits. Due to solar background signals, the noise levels in the daytime measurements
are much larger than those at night, and this aitditl noise can obscure faint features, and can lead
to boundary detection errors even in more strongly scattering layers.

c. Features become increasingly difficult to detect with increasing optical depth above feature top. Put
another way, detection of the lower layers in a midtyer scene is made more difficult by the signal
losses that occur as the laser light passes thrabghupper layers. (In a sense, this is a restatement of
(a), since the backscatter intensity of secondary features is reduced from what it otherwise might be
by the signal attenuation caused by the overlying featurda.the 5 kmlayer productsthe signal
attenuation can be calculated directly usithge W@verlyingParticulateOpticalDepth532Q  { e5g, for
an overlying optical depthof 1Ry | FSI G dzNB KIF @Ay 3 | YiefsignaisJt S &
attenuated by a factor oéxp(-2t' t ) =0.135. In the 333 m and 1 km product$ig ‘@verlying Integrated
Attenuated Backscattébndayer Integrated Attenuated Backscatter Rp&torQ  { ser{edaoptical
depthproxies, and thusallow qualitative assessments of the confidence that usemuthassign to the
reported layer properties.

d. Ingeneral, our confidence in the location of the top of a layer is somewhat greater than our confidence
in the location of the base of the same layer. Fansparentfeatures, one reason for this is that the
backscatter signal is attenuated by traversing the feature, thus degrading the potential contrast
between feature and "notfieature” at the base. Additionally, in strongly scattering layers, multiple
scattering efécts and signal perturbations introduced by then-ideal transient responsef the 532
nm detectors(Hunt et al., 2009Pcan also make base determination less certain.

e. TheOpacity Flags used to indicate features that completely attenuate the backscatter signal. For
these features, the base altitude reported must be considered as an "apparent” base rather than a true
base.

f. In those cases where the layer base has been extended to 90 m above the local fvaiagiean et
al., 2010, the assumption is that extended region contains aerosol that lies below the detection limits
of the standard algorithm. The resultimgcrease in aerosol optical depthelicates that this procedure
is appropriate far more often than not.

g. Stratospheric features reported during dayligrespecially those reported above 20 km betweefiN0
and 60S¢ are often noise artifacts and should be treated with suspicidresefalse-positivefeature
detectiorstypically have no confidence CAD scqf€#\D| < 20) andare often misclassified as volcanic
ash [ackett et al., 2023

Horizontal_Averagindall 5 km layer products

Units:km

Format:int_8

Valid Range: 5, 80

Fill Value0

Flagvalues: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The amount of horizontal averaging required for a feature to be detedieel values in this field will
be either 0, 5, 20, or 80with O beinga fill value The remaining values indicate features detected at
respectively5 km, 20km, and 8(&km horizontalaveraging intervals.
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Number_Layes Found(all layer products)
Units:NoUnits
Format:Int_32
ValidRange: 333mMLay 6¢5
5kmALay=0¢8
1kmCLay5kmCLay ;10
5kmMLay, 5kmDiag @15
Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The number ofayers found in a columrcloud layer products report (only) the number dbud
layers found, aerosol layer products report (only) the number of aerosol layers found, and the merged layer
products report the numbes of cloud and aerosol layers foundterpretation of the number of layers
found parameter is straightforward for the 1 km aB83 m layemroducts: individual layers are always
separated by regions of “clear air", and layer boundaries never overlap in the vertical dimension. However,
this simplicity of interpretation does not always carry over into the 5 km cloudaanaisol layer products.
CALIPSO uses a nested rgtiid feature finding algorithm\aughan et al., 2009and thus the search for
layer boundaries is conducteddependentlyat multiple horizontal averaging resolutions. While the 1 km
and 333 m layemproducts report only those features detected at, respectively, averaging resolutions of 1
km and 1/3 km, the 5 km products report layers detected at multiple averaging resolutions (5 km, 20 km,
and 80 km). Because the reporting resolution (5 km) is neayd identical to the detection resolution,
layers may appear to overlap in the vertical dimension.

Figure2 shows a wholly fictitious but heuristically useful schematic of layer detection results for a data
segment extending 88m horizontally and 4685 vertically. Yellow/orange/brown colors indicate an
aerosol layer detected at horizontal averaging resolutiofhgespectively, 80, 20 or 5 km. Shades of blue
likewise represent clouds detected at 80, 20, and 5 km resolutions. The white regions are (presumably)
clear air, where no features were found. The labeled rows at the bottom indicate the 'number of layers
found' that will be reported in the cloud and aerosol layer products for each 5 km colaneolumn 16,

the layer labeled F5 (top altitude = 0.285 km, base altitude = 0.165 km) appears to vertically overlap F6
(top altitude = 0.255 km, base altitude = 051i8m), which in turn appears overlap F7 (top altitude = 0.225
km). However, F5 was detected at an averaging resolutionkofi5and hence the backscatter data that
comprises F5 iemoved from consideratidmefore construction the 2&m horizontally averaged profile

in which F6 was detected. Similarly, the backscatter data from both F5 and F6 were removed from
consideration before constructing the &®n averaged profile in which F7 was detected. Layers tedec

at higher spatial resolutions are thus seeroi@rwrite, rather than overlapapparently collocated layers
detected at coarser spatial resolutior@nestrategy for accommodatinghesevertically adjacent features

is descritkedin Thorsen et al., 2.
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Altitude
(km)

5 km Column Number

7

9 10 11 12

13
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15

16

0.465
0.435
0.405
0.375
0.345
0.315

F1

0.285

0.255

0.225

0.195

F6

0.165

0.135

0.105

F7

0.075

0.045

0.015

Number Layers Found (Cloud) 3 2 2
Number Layers Found (Aerosol) 1 1 1
5 km Cloud

20 km Cloud
80 km Cloud

B 5 < aerosol
20 km aerosol
80 km aerosol

Figure 2: Diagram illustrating thenterpretation of the \Humber of layer@parameter Detected features are
enumerated (Fthrough B) and color codedccording to feature type and averaging required for detechimte
that layers detected at different horizontal averaging resolutions can be vertically adjacent to one afether
F5, F6, and®. If these layersire classifiedas the same type (e.g., all three are classified as distjay be
appropriate to consider eadieature as a fragment of a larger structure rather thardesretelayers.

High_Restution_Layers_Cleare¢all 5 km layer productps

Units:NoUnits

Format:UInt_16

ValidRange0, 32767

Description: Bit-mapped integer identifying which singéfot resolution columns in alm average contain clouds
detected and removed by theingleshot boundary layer clougtlearing algorithn(Vaughan et al., 2009
Tackett et al., 2022 The flags are implemented as-fih integers, with the most significant bit unused.
For example, if clouds are removed in tifg 29, and 3 columns (ordered chronologicallpyt not in any

of the other columnsthe high resolution layers cleared would Wen n 1 n 1 n 0 QN HOTRNGESHNEM
notation).

Single_Shot_Cloud_Cleared_Fracti@h 5 km layer productp

Units:NoUnits

Format:Float 32

ValidRange0.0, 1.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy @ajelcted by LEM

Description: Layers detected in the planetary boundary layer (PBL) are subjected to an additional cloud clearing
procedure to separate smadicale boundary layer clouds from any surrounding PBL aerosols at the highest
possiblespatial resolution (i.e., single shot datseeVaughan et al., 2008nd Tackett et al., 2022 The
single shot cloud cleared fraction reports the fraction of the nominal layer area (i.e., horizontal averaging
distance times layer height) that was removed by the cloud clearing process.
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Was_Cleared (333mMLay

Units:NoUnits

Format:Int_8

ValidRange0, 1

Fill Value:127

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Single shotdyersthat were cleared(i.e., removed)y the boundary layer cloudlearing algorithm
(Vaughan et al., 2009 ackett et al., 202Pprior to reaveraging the surrounding data farrther feature
searche; 0=not cleared, 1=cleared.

Decoupled_Layer_Typ@33mMLaybkmALay, 5kmCLay, 5kmMLakmDiag
Decoupled_LayerStatus(5kmALay, 5SkmCLay, 5SkmMLakmDiag

Units:NoUnits

Format:Int_8

ValidRange:1, 9(Type) -1, 10 (Status)

Fill Value:127

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Quality assurance parameters used to document the outcome of the rebisaddary layer cloud
clearing (BLaC@lgorithm(seeFigure5) first implemented in the V4.51 releas€ackett et al., 2022 The
W5 S 02 dzLJ SR (skdTabBmy idéndifiedStie specific pathwithin the BLaCCalgorithm that
determines the mechanism fopartitioning clouds and aerosols withimoundary layer features The
W5 S 02 dzLJ) SR (sedTablsINdsdigiista Bloz@xlassification to éagdr.
2 AGKAY GKS O2yGSEG 2F /!'[LhtQ&a f1&8S8SNJ RSGSOGAZY :
called particulates and are defined as any extended, vertically contiguous region of enhanced backscatter
that rises significantly above the signal magRitSs SELISOGSR FTNRBY | LJzNBft &
(Vaughan et al., 20099n unspoken assumption in this definition is that the features being identified are
vertically homogeneous, irrespective of whether they are subsequently classified as clouds or aerosols.
Recognizing the fallacy of this assumption, the boundary layerdctlearing algorithm was designed
specifically to identify and decompose heterogeneous features with layer tops below a somewhat arbitrary
upper bound of 4 km AMSL. The conceptual model used in designing the initial iteration of this algorithm
was the pesence of smaltcale fair weather cumulus embedded within ubiquitous boundary layer
aerosols. After making corrections to adapt the prelaunch implementation torbit measurements
(Vaughan et al., 2IM), the original algorithm performed as expected in the vast majority of casesit But
consistently failed in cases where dense aerosol plumes lay immediately above extended stratus decks.
Figure3illustrates this phenomeon with an example of dust lofted above opaque stratusasured in the
middle of the Atlantic Ocean on 15 June 2013. [Eftepanel shows a time history of 532 nm attenuated
backscatter coefficients. The right panel shows a 5 km averaged profile extracted at the vertical line shown
in the left panel.From the top of the dust layer, just above 4 kmttie apparent base of thetratuscloud,
just below 1 km, the measured backscatter signal never falls below the detection threshold, hence th
dustover-stratus combination is considered to be a single featiBecause the stratus deckdstectedin
all 15 single shot proék used to construct th& km averageearlier versions othe BLaCGlgorithm
assumed the feature is a cloud and henad dot attempt to separatethe cloud from the aerosol.
However, further along in the processing chaithe CAD algorithmwill frequently identify these
heterogenoudeatures as aerosolThe malignconsequencedf this miscommunication betweetihe two
algorithmsis that cloud contamination causethe resulting aerosol extinction retrievalto be biased
unacceptably highNhile the occurrene frequency of these heterogenous features is low, affedag %
of all boundary layer features detected at 5 km resolution, the subsequent perturbation to the high end of
the aerosol extinction distribution is enormous.
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Figure3: left panel shows time history odust lofted aboveopaquestratus measured5 June 2013The vertical

line in the left panel marks the location of tlekm (15 shot) averaged profile shown in the right parigie right

panel showghe averaged data in green and the layer detection threshold in oraie magnitude of the data
first rises continuously above the threshold at the top of the dust |layet remairs above the threshold until the
signal becomes totally attenuated at the base of the strdaygr. Consequently, two distingciertically adjacent
layer types are identified as being a single feature

Toremedy the clash of feature classificatiom®tween theBLaC@nd CAD algorithmghe CALIPSO lidar
scienceworking group (LSWGubstantially redesigned the BLaCC for the V4.51 rel@emekett et al.,
2022. In doing sothe LSWG introduced thimllowing new descriptiveterminology.

1 ! Mather Layeéis aboundary layefeatureoriginallydetected at 5km resolutionandin which clouds
aresubsequenthdetectedby the BLaCid all15single shot profiles The hetengenous feature shown
in the right panel ofFigure3is an example of a mother layer

9 . SO0IdzaS YdzZf GALX S Of 2dzRa Ol'y 6S RSGSOGSR Ay Lye
is created by first identifying the highest CAD score among all clouds detected in each single shot
profile. The top altitude of the fused layer is theet equal to the highest top altitude found within
this subset of 1xclouds The fused layer base altitude is set equal to lthse of the mother layer.
Finally, the backscatter data in the-$Bot horizontal extent bounded vertically by the fused layer top
and base are thedt ¥ dza S Ré Sikyhiagethht, by définition is classifieds a cloud.The stratus
portion of the heterogenous feature shown in the right paneFigfure3 is an example of a fused layer.

1 ! Seévered Layérs created byseparatirg the fused layer from the mother layeo thatthe original
heterogenoudeature detectedat 5-km resolutionis partitioned into a fused layeand an overlying,
vertically adjacent severed layem the right panel oFigure3, the severed layer would extend from
the top of the overlying dust layer to one range bin above the top of the stratus cloud below.

Figure4 shows a more complex conceptual diagramaoheterogenous feature in whicannotations
identify the mother layer, the fused layer, the severed lgyardall clouds and aerosols detected at single
shot resolution Note thateven though a fused layer is creatétle severed layer can also contain single
shot clouds.Whilethe BLaC@utomatically and irrevocably classifiesed layersas cloudsit relies on an
invocation of theCADalgorithm toclassiy the severed layeas either cloud or aerosol

Figure5 illustrates the full complexity of this new addition to the BLaC&K S W5 SO2 dzLJt SR [ I &
W5 S02dzL) SR [ I & S Ndenfifii thelspizéfi@ aldalithilpafitBai Ball Ibllowed and how the
classification of the severed layer was determined

The modified algorithm successfully decowgplayers containing single shot resolution clouds in every
profile for thevastmajority ofthose cases for whictiecoupling is appropriate. On rare occasions, layers

can be classified as aerosol even though th&gingleshot resolution cloudsAlthough te occurrence
frequencyof theseerrorsis very low(a per profile error ratdess thar2.2 x 105> %, to further reducecloud
contaminationof the aerosol retrievalsthe LSWG implemented agxtinction post-processor ¢ identify
theseanamalouscases When an error is found, theptical depth and alextinction coefficientsfor the
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erroneoudayer areassigned a flagalueof -444, as areall extinction cefficientsin the5 kmcolumnbelow

the erroneouslayer.
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Figure4: Schematic of a 5 km sceilleistrating fused layer determination by identifying the maximum CAD score
assigned to layers detected within each single shot prdafifeD scores for the featureslected todefine theupper
bounda of the fused layer are shown in white
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Figure 5: Flow chart detailing the updates to theoundary layer cloud clearinglgorithm Assignments of
decoupled layer statuare indicated by circleshumbers (0¢8). Decoupled layer typelefinitions are given in bold

red type

Table2: Interpretation for the integers reported in th®ecoupled Layer TyDS

Type Decoupled Layer Type Definition
-1 Not applicablefill value)
0 Layer is notn the boundary laye¢not used in V5.00)
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Type Decoupled Layer Type Definition

Is nother layer, not partitioned

Istruncated mother layertop altitude revised downward (lower)

Fused cloudeparated from a mother layelayertype determined
by the BLaCC criteria

Severed cloudeparated from a mother layglayertype
determined bythe BLaCC criteria

Severed aerosaeparated from a mother layglayertype
determined bythe BLaCC criteria

Severed layeseparated from a mother layelayertype determined
by the CALIOP CAD algorithm

Severed layerclouds detected in all single shot profiles

Unused

BLaCC algorithmrror

Table3: Interpretation for the integers reported in th®ecoupled Layer Stat&DS

Status

Decoupled Layer Status Definition

-1

Not applicabl€fill value)

0

Detected mother layer is not in the boundary layer

1

Fused layetop too close to mother layer topdelete fused layer atain original
mother layer

Severed layer is noecognized as kegitimatefeature;retain fusedayer,
delete motherlayerand severed layer

Severed layer isase isabove PBlretain fusedand severed layerslelete
mother layer

No clouds detected at single shot resolution withezered layerretain fused
and severed layerslelete motherlayer

Severed layeclassified as cloud after removinfpuds detected at single shot
resolution retain fusedand severed layerslelete motherlayer

Severed layer classified as aerositgle shot detections withinevered
aerosollayerare not confidently classified as cloudsgefineall single shot
detections aserosolsretain fusedand severed layerslelete motherlayer

Severed layeclassified as aerosol; single shot detections witlewesed
aerosollayerare confidently classified as cloydielete fusedand severed
layers, retairmother layer

Detected mother layer is not the uppermost mother layer in the boundary
layer

BLaCC algoritheompleted witherrors

10

BLaCC algorithnaifed

Unique_Layer_Iall 5 km layer productp

Units: NoUnits
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Format:Int_32

ValidRange1l, 83475

Fill Value:9999

Flag Values: ¢111.0 column data quality degraded due to low laser energy @apelcted by LEM

Description: Unigueintegerassignedor each layer detectedithin a granuleat 5km or coarser resolutiofi.e.,
at all resolutions for whiclhayeroptical properties are retrievedNumbering begins at th each granule.
Values are replicated as necessary, so that in the 5 km layer products, the unique layer ID for a layer
detected at 80 km resolution could appear as many as 16 times. Unique layer IDs are also reported in the
CALIOP profile products, thus allowing diréeb-way mapping between the altitudeesolved data
reported in the profile products and the integrated feature statistics reported in the layer proditts.
numbering of unique layers restarts anet0for each granule

Number_Bins_Shif333mMLay, 01kmCLay)
Units:NoUnits

Format:int_32

ValidRange:8, 8

Description:Number of 3@meter altitude bins shifted by the altitude registration algorithm &xhieve the best
YIFIGOK 0SG6SSy LI NByG a{[] Ay (GKS YSI adz2N®ie LINR F.
altitude registration processi KS oAy aKATFTO NBIdZANBR (2 NBIAAGSNI G
grid is designated as positive whenever MSL in the measured data is higher than MSL in the fixed altitude
grid. Similarlywhenever MSL in the measured data is lowe bin shift is deignated negative.A
schematic of the bin shifting geometry is showrfigure6. For measured ofhadir angles very near the
commanded CALIOP afadir angle, theNumber of Bins Shifteid approximately equal to roun8(rface
Altitude Shift /(0.029979x cos(offnadir angle)){units=km).

measured data fixed altitude measured data
registers high array registers low
MSL
relative to the MSL bin in the
fixed altitude array, the MSL
bin in the measured data
array is higher, hence the
bin shift value is positive
»| MSL

Figure6: schematic view of the bin shifting that occurs in the CALIOP altitude registration process.

Scene_Flapall layer products)
Units:NoUnits

Format:Int_32

Fill Value:9999
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Description:Bit mapped32-bit integer in whichindividual bits are toggled toindicate the detection at ary
averaging resolutioyof specificatmospheric feature typgwithin each 5 kncolumn The interpretatiors
of the scene flag bitare given inTable4.

Table4: bit interpretation for the integers reported in th&cene Fla§DSBIt O is the least significant bit.

Bit Interpretation

0 Troposphericaerosol, subtype marine

1 Troposphericaerosol, subtype dust

2 Troposphericaerosol, subtype polluted continental/smoke
3 Troposphericaerosol, subtype slean continental

4 Troposphericaerosol, subtype polluted dust

5 Troposphericaerosol, subtype elevated smoke

6 Troposphericaerosol, subtype dusty marine

7 Sratosphericaerosol, subtype polar stratospheric aerosol
8 Sratosphericaerosol, subtype ®olcanic ash

9 Sratosphericaerosol, subtype sulfate

10 Sratosphericaerosol, subtype elevated smoke

11 Sratosphericaerosol, subtype anclassified

12 Golumn has RQjhaseclouds at any resolution

13 Golumn hasHOIphaseclouds at any resolution

14 Golumn haswater phaseclouds at any resolution

15 Golumn hasunknownphaseclouds at any resolution

Scientific Data Setd:ayer Meteorological Parameters

Layer_Top_Pressurgll layer products)

Midlayer_Pressurdall layer products)

Layer Base_Pressurgll layer products)

Units:hPa

Format: Float_32

Valid Rangel.0, 1086.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Atmospheric pessures at, respectivelythe top, geometric midpoint and baseof the layer in the
vertical dimension; derived from thERRA meteorologicakeanalysisproducts.

Layer_Top_Temperaturéll layer products)
Layer_Centroid_Temperatur@833mMLay1kmCLay5kmCLay5kmMLay 5kmDiag
Midlayer_Temperaturg(all layer products)

Layer_Base_Temperatur@ll layer products)

Units:°C

Format: Float 32

Valid Range:110.0,60.0
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Fill Valuez9999.0
Flag Values: ¢111.0 column data quality degraded due to low laser energy aajeicted by LEM

Description: Temperatureat, respectivelythe top, the 532 nmtotal attenuated backscatter centroialtitude, the
geometric midpoint,and the base of the layer in the vertical dimension; derived from tMERRA
meteorological reanalysiroducts. The 532 nm total attenuated backscatter centroid altitude is reported
in the Attenuated_Backscatter_Statistics_532 SDS.

Relative_Humidity (SkmALay, SkmMLagkmDiag
Units:NoUnits

Format: Float_32

Valid Range0.0, 1.5

Fill Value=9999.0

Description:Relative humidity at the geometric midpoint of the layer in the vertical dimengdenived from the
MERRA meteorological reanalysjsroducts.

Scientific Data Setd:ayer Measured Optical Properties

Integrated_Attenuated_Backscatter_53all layer products)

Integrated_Attenuated_Backscatter 1064ll layer products)

Units:1/sr

Format: Float_32

Valid Range: 0,0.8

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The532nmanstncn yY AYy(iS3IANI G§SR Isih yRbshdreicaicRatedl forehich OF G G
layer by integrating therofiles oftotal attenuated backscatter coefficients from layer top to layer base.
Prior to integration, the backscatter data are corrected for wavelerggtcific signal attenuation by any
overlying layers.At 532 nm, the contribution téhe integral made by molecular scatterifrpm within a X
fFe@8SNJ Aa SadAYF(iSR dzaAy3d GKS Wodudhanhet al, ROLD Sindel LIST 2
molecular backscatter is a factor DL7 time weaker atLl064 nmthan at 532 nmand because the SNR in
the 1064 nm channel is notably lower than at 532 irauley et al.2019), clear air trapezoid corrections
are not deemed useful or necessavhen calculating 1064
G poH VYYZI (K & edfimatefinithie &ipp@riost fayeSin any column is a function of the
accuracy of the top and base identificatiamcertainties in the backscatter coefficientsthé top and the
base, the reliability of the532 nm channel calibrations, and the sigtwhoise ratio (SNR) of the
oF 01a0FGGSN) RIHGF gAGKAY GKS @SN C2NJflF&@SNhR 08
to account for attenuation caused by the overlying lay@msung & Vaughan, 2009In practice this means
that once an extinction solution has been obtained for a layer, all attenuated backscatter coefficients below
the layer base are divided by the tweay particulate transmittance,?Jss, computed for the layer. As a
result, the quality of the ss;calculation for lower layers also depends on the accurdgysslfor all
overlying layers. The most reliablg %, estimates come from constrained solutions to the lidar equation
(Young & Vaughan, 2009 Uncertainties in estimates of overlying, %. derived from unconstrained
solutions will be further amplified by uncertainties in the choice of the lidar ratio(s) and multiple scattering
factor(s) used in the extinction solutions for the overlying layei{sufqg et al., 2013

The effects of errors caused by misestimatifigan increase sharply as the optical thickness above a layer
increases: small errors in large optical depths can yield substantial errors in the renormalization of the
underlying features. For the 5 km layer products, the CALIOP processing scheme #hvagts do
correct estimates of s3> for the attenuation imparted by previously identified overlying features. As a
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consequence, we will occasionally report unrealistically large valuesspin the 5 km layer products.

These cases are flagged with a special CAD score of 103. However, because extinction solutions are only
derived for data averaged to aksn (or greater) resolution, thess, values reported in the 1 km and 333

m layer products are not corrected for the signal attenuation effects imparted by overlying layers.

The values reported forss2 should always be positive, and for the results derived directly from the layer
detection algorithm (i.e., as reported in the 1 km and 333 m layer products) this is always true. However,

in the 5 km products there are two exceptions. First, for layeteaded at 5 km resolution only, there are

some anomalous cases where negative values occur due to unresolved cloud clearing artifacts. These cases
are flagged with a special CAD scored1 and are extremely rare; there a288 instances among all
732,601,646 unigue layers reported in 5 km merged layer products for the whole mission. Layers with CAD
scores 0of101 should be excluded from all science investigations.

The second exception is for layers detected after averaging to 20 km or 80 km horizontally, where negative
1 s3pvalues can arise when overlying layers detected at finer spatial resolutions have vastly different optical
depths. Negatives can occur because this situation leads to very different weightings (i.e., different
renormalization factors) of the reaveragedtd originally included in the 20 km or 80 km horizontal extent.
These layers are assigned a speCilaD scoref 105 and occur slightly mordten than layers with CAD
scoresg101 (14,477 instances among all 732,601,646 unique layers). While the spatial properties of CAD
= 105 layers may be trustworthy, all measured and derived optical properties for these layers are unreliable
and should be igored. In evaluating the reliability of the spatial properties of these layers, users should
carefully consider théayer IAB QA factor.

C 2 Neks, measurement quality in the uppermost layisgovernedby many ofi KS &l YS & OG 2 N.
i.e.,the accuracy of the top and base identification, the reliability of1864 nm calibration constant, and

by the signato-noise ratio (SNR) of the backscatter data within the layer. However, unlike at 532 nm,
because the molecular backscatter signal is so fegtigble estimates of?, 10sscannot be derived from an
analysis of the 1064 nm backscatter signal in (assumed to be) clear air regimhsthus the

T%, 106aCOrTECtIONS fOr the attenuation from overlying layers are always obtained from extinstitutions

that useprescribed values of lidaatio and multiple scattering factor. Once again similar to 532 nm, no
T%,1064COrrections are applied to theigssvalues reported in the 1 km an@33 m layerproducts.
Furthermore, because the CALIOP layer detection algorithm examines only the 532 nm backscatter signals
at all resolutions other than single sh@faughan et al., 20Q9negative (i.e., nofphysical) values may
occasionally be reported farigesin the 1 km and 5knmesolutions of the layer products. Unlike the layers

for which! s32is negative, layers with negativaessare not indicated by a special CAD score. Negative
values of j0s40ccur most often for very weakly scattering layers (e.g., faint aerosols) and in those layers
for which the backscatter signal has been highly attenuated by other, overlying layers.

Integrated_Attenuated_Backscatter_Uncertainty 53all layer products)
Integrated_Attenuated_Backscatter _Uncertainty 10@dll layer products)

Units: 1/sr

Format: Float 32

Valid Range: 0,®.5

Fill Valuez9999.0

Flag Values: ¢111.0 column dataquality degraded due to low laser energy and rejected by LEM

Description: Estimated uncertaintie®r the 532 nmand 1064 nnintegrated attenuated backscatter values. These
uncertainties quantify the random error in the integral of thigenuation-corrected backscatter signdlihe
general procedure used for calculating uncertainties for integrated quantities is desdnilsedtion 6 of
the CALIPSO Feature Detection ATBD
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Initial_Integrated_Attenuated_Backscatter_53BKmDiag
Initial_Integrated_Attenuated_Backscattel064(5kmDiag

Units: 1/sr

Format: Float_32

Valid Range: 0,0.8

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The 532 nnand 1064 nmintegrated attenuated backscatter (IAB) computed for each layer with no
corrections applied for signal attenuation by overlying laye#$.532 nm thesevalues are required for
computing thedColumnParticulate Optical Depth Above Opaque Water Cloudt pd2ameter(Hu et al.,
2007). Thel064 nm value is essential for retrieviestimates 0fL064 nmabovecloud optical depths using
the methodoutlined inChand et al., 2008

Initial_Integrated_Attenuated_Backscatter_Uncertainty 532KmDiag
Initial_Integrated_Attenuated_Backscatter_Uncertainty 1068kfnDiag

Units:1/sr

Format: Float 32

Valid Range: 0,0.5

Fill Valuez9999.0

Flag Values: ¢111.0 columndata quality degraded due to low laser energy and rejected by LEM

Description: Estimated uncertaintiesf the initial 532 nmand 1064 nnintegrated attenuated backscatter values.
These uncertainties quantify the random error in the integral of the 532amch 1064 nnbackscatter
signas.

Attenuated_Scattering_Ratio_Statistics_538all layer products)

Units: NoUnits

Format: Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Attenuated scattering ratios are calculated by dividingrofile ofmeasuredattenuated backscatter
coefficients by grofile of the molecular onlpttenuated backscatter coefficients derived from collocated
atmospheric model data (e.dMERRA). The 532 nm attenuated scattering ratios are used extensively in
the CALIOP layer detection algorithm. This S&gorts the minimum, maximum, mean, standard
deviation, centroid, and skewness coefficient of the 532 nm attenuated scattering ratio coefficients for

each layerdetected. Formulas used for each of the statistical calculatians givenin section 6 of
the CALIPSO Feature Detection ATBD

Attenuated Backscatter Statistics_53Z4all layer products)
Attenuated_Backscatter_Statistics_104ll layer products)

Units:1/(km - sr)

Format: Float 32

Fill Valuez9999.0

Flag Values:¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Reports the minimum, maximum, mean, standard deviation, centroid, and skewness coefficient of
the 532 nmand 1064 nniotal attenuated backscatter coefficients for each layer.
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Integrated_Volume_Depolarization_Rati¢all layer products)

Units:NoUnits

Format: Float_32

Valid Range: 0.0, 1.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The 532 nmlayer integrated volume depolarization ratio (IVDBalculated as the sum of the
perpendicular channeattenuated backscatter coefficients divided by the sum of the parallel channel
attenuated backscatter coefficient¥he quality of théVDRestimate is determined by the accuracy of the
top and base identification, the reliability of the polarization gain ratio calibration, and by the ignal
noise ratis (SNR) of théwo channels obackscatter data within the layeitn general]VDRestimates are
highly reliable Validation studies show that the CALIOP depolarization ratios agree well virtticamnt
measuremens by groundbased lidars {escheet al., 2013 Kim et al., 2014Dai et al.,, 2018 The
integrated volume depolarization ratio is a kgarameter usedii K N2 dz3K2dzi /! [ Lht Q&
classification algorithms (e.g., CAD, aerosol subtyping, and cloud thermodynamic. phase)

Integrated_Volume_Depolarization_Ratio_Uncertainggll layer products)

Units:NoUnits

Format: Float 32

Valid Range: 0.0, 2.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The uncertainties reported for the 532 nm layiategrated volume depolarization ratios provide an
estimate of the total random error in the combined backscatter sigfiads, the 532 nm parallel and
perpendicular signals within the featut@jhe specific formulased to generate this parametés given by
equation 6.11 in th&CALIPSO Feature Detection ATBD

Volume_Depolarization_Ratio_Statisti¢all layer products)

Units:NoUnits

Format: Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Reports the minimum, maximum, mean, standard deviation, centroid, and skewness coefficient of
the altitude-resolved532 nm volume depolarization ratios for each laydre mean value reported here is
the mean of the ratios, whereas the layer integrated value discussed previously is the ratio of the means.

In regions withsufficientSNR, depolarization ratexcuracy will depend almost entirely on the accuracy of
the polarization gain ratio calibratiotunfortunately,in other regionsthe physical interpretatiorof the
volume depolarizationratios can be somewhat obscure. This is because each of the range resolved
depolarization ratios within any layer is the ratio of two nomgasurements Especially where feature
backscatterings relativelyweak and in regions of low SN&Rg measuredsalues in both the numerator

(the 532 nm perpendicular channel) and the denominator (the 532 nm parallel channel) can randomly and
independently approach zero, which in turn can generate extremely large or extremely small (and even
non-physical) depolarization ratios. When computing layerams, standard deviations, and centroids,
these values can dominate the calculation and thus return entirely unrealistic estin@@desequently,
whenusingvolumedepolarization ratioso characterie cloud and/or aerosdayers the layermedianand
(especially) the layerintegrated valueare both more reliablenetricsthan the mean.
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Integrated_Attenuated_Total_Color_Rati@ll layer products)

Units:NoUnits

Format: Float_32

Valid Range: 0.0, 2.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The htegrated attenuated total color ratids the quotient of theintegrak of the total attenuated
backscattercoefficientsat the two wavelengths (1064 nm / 532 nmdmputedfrom layer top to layer
base The 1064 nm term is identical to the 1064 nm integraattdnuated backscatterHowever, irnthe
color ratiocalculation the532 nmterm is not corrected foin-layer molecularbackscattercontributions.
The quality of the estimate iwholly determined by thequality of the two integrated backscatter terms
For the 5 km layer products, the attenuated backscatter coefficients used itotheratiocalculation are
correctedfor the estimated overlying twaevay transmittance. No such correction is attempted for the 1
km and 1/3 km values, as no extinction solution is computed at these resolufidres.integrated
attenuated total coloratio is a key parameter used in the cleadrosol discrimination algorithm.

Integrated_Attenuated_Total Color_Ratio_Uncertaingll layer products)

Units:NoUnits

Format: Float 32

Valid Range: 0.0, 3.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laggrergy and rejected by LEM

Description: The uncertainties reported for the layéntegrated attenuated total color ratios, which provides an
estimate of the total random error in the combined backscatter sig@as at 532 nm and 1064 nnihe
specific formuldo derive this parameteis given by equation 6.14 in tl@ALIPSO Feature Detection ATBD

Attenuated_Total _Color_Ratio_Statisti¢all layer products)

Units:NoUnits

Format: Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Profiles of totalattenuated backscattercolor ratiosare calculated by dividing the 1064 rotal
attenuatedbackscatter coefficient by thB32 nm totalattenuatedbackscatter coefficient at each CALIOP
altitude bin. This SD8ports the minimum, maximum, mean, standard deviation, centroid, and skewness
coefficient of thetotal attenuated backscattercolor ratios within each layer. As with the 532 nm
depolarization ratio statistics, the meaning of the variotmor ratio quantites can be somewhat
misleading. Like the depolarization ratios, the attenuated total color ratios are produced by dividing one
noisymeasurementy a second noisyeasurementhat, in turn, is the sum of two noisy measurements
Depending on the noise in any pair of samples, the resuléiigscan range from large negative values to
extremely large positive values. When computing layer means, standard deviations, and centroids, these
outliers can dominate the calculation, and thus return entirely unrealestanates. As with the volume
depolarization ratiosif/when total attenuated backscattercolor ratiosare used tocharacterize cloud
and/or aerosol layerghe layermedianand (especiallythe layerintegrated valueare both more reliable
metricsthan the mean.

Overlying_Integrated_Attenuated_Backscatter_58&ll layer products)
Units: 1/sr
Format:Float 32
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ValidRange0.0, 2.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: For any layer2 @3S NI @ Ay 3 Ay i S3INI S RooeliditiieSnyedral ith Respact 61 a O
altitude of the 532 nm total attenuated backscatter coefficients between the top of the atmosphere (TOA,;
i.e., the first range bin in any L1B profile) down to the range bin immediately above the layer top altitude.
1 apoveprovides a qualitative assessment of the layer boundary detection confidence that users can apply
G2 SIOK f1 &SN NBL2NISRO® Ly 3 SySNIOINS LaBEReady 2 y  C
directly from the calibrated backscatter signal, and hence can also provide a crude proxy for the optical
depth above each layer, irrespective of the averaging required for feature detedi®noted earlier (see
the discussion folayer base and top heights), layer detection, and the assessment of the associated layer
descriptors, becomes increasingly uncertain as the overlying optical depth increases. This uncertainty
cannot be easilpr immediatelyquantified, because dckscatter lidars such as CALIOP cannot measure
optical depth directly and must instead derive optical depth estimates in subsequent data processing.
However, ahoveCan be obtained directly from the calibrated backscatter signal, and hence can provide a
qualitative proxy for the optical depth above each layer detected.

Measured_Two_Way_Transmittance_53all 5 km layer productys

Units:NoUnits

Format: Float_32

Vaid Range0.0, 1.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data qualityegraded due to low laser energy and rejected by LEM

Description: Provides the measured value of the layer tway transmittance, derived by computing the ratio of
the mean attenuated scattering ratios in the "clear air" regions immediately below and above the layer
This calculation can only be accomplistiedtransparent layershat are not vertically adjacent to other
layer types See the discussion of constrained retrievats Young & Vaughan2009 Twoway
transmittances areeported only for the 532 nm data, as the CALIOP 1064 nm channel is essentially
insensitive to molecular backscatter. Physically meaningful measurements efidywdransmittance lie
between 0 and 1 However, due to noise in the backscatter signal, and perhaps to undetected aerosol
contamination ofone or bothof the "clear air" regions, the values reported in the CALIOP data products
will sometimes exceed these bounds.

Measured_Two_Way_Transmittance_Uncertainty 5@2 5 km layer products

Units:NoUnits

Format: Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description:The relative error in the twavay transmittance measurement, calculated usgtgndard technigues
for error propagatiorin ratioed quantities.

Two_Way_Transmittance_Measurement_Regiall & km layer producty

Units:km

Format: Float 32

Valid Range: 0.0, 30.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer -Datxription_Document_V5 Page36 of 123


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
https://doi.org/10.1175/2008JTECHA1221.1
https://en.wikipedia.org/wiki/Propagation_of_uncertainty
https://en.wikipedia.org/wiki/Propagation_of_uncertainty

Description: Provides the top and basdtitudesof the clear air region used to measure the tway transmittance
below a transparent layer.

Opacity_Flg (all layer products)

Units:NoUnits

Format:Int_8

Valid Range:,A

Fill Value99

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Flag that identifies a layer in which thackscatter signal becomes completely attenuated. An opacity
flag of O indicates a transparent layer, while a value of 1 indicates an opaque layer. A layer is considered
opague if (a) it is the lowest feature detected in a column, and (b) it is not subsdyclassified as a
surface return. For those layers identified as opaque, the reported base altitude must be considered as an
apparent base, rather than a true base.

Scientific Data Setd:ayerDerivedOptical Properties

Feature_Optical_Depth_53@ll 5 km layer products
Feature_Optical_Depth1064(5kmALay, 5kmMLayskmDiag
Units:NoUnits
Format: Float_32
Valid Range: 0,.0
Fill Valuez9999.0
Flag Values: ¢7.777 invalid feature
¢33.333failed retrieval
¢111.0 data quality degraded due tow laser energy and rejected by LEM
¢444.0 improper singleshot cloud clearing

Description: Reports estimates of layeptical deptts at 532 nm and 1064 niastimates for aerosol optical depths
are provided at both wavelengths. Because the extinction coefficients for clouds are largely independent
of wavelength in the spectral region sampled by CALt@P km cloud and mergddyerproducts report
cloud optical deptk only for the 532 nmretrievals CALIOP extinction retrievals for clouds amdosols
use exactly the same retrieval framework. These algorithms are documentethihidYoung & Vaughan,
2009andYoung et al., 2018

When using any of th€ALIOP optical depths scientific studies, users are cautioned to take note of
several important caveats

1 For the vast majority of cases, CALIOP cannot provide a direct measurement of layer optical depth. In
these cases, estimates of optical depth are derived using extintdidrackscatter ratios (i.e., lidar
ratios) that are specified based on an assessmérdyer type and subtype. Uncertainties in the value
of the lidar ratio, which can arise both from natural variability and from occasional misclassification of
layer type, propagate nofinearly into subsequent estimates of layer optical deftbung et al., 2013

1 Retrievals of optical depth from spabased lidar measurements must account for contributions from
multiple scattering that are generally considered negligible in grelbmged, and aircraftbased
measurementgHu et al., 2007 Garnier et al., 2016

1 Smilar to the layer detection problem, estimates of layer optical depth become increasingly fraught
with error in multHlayer scenes, as errors incurred in overlying layers are propagated into the solutions
derived for underlying feature§’oung et al., 2013
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1 The optical depthseportedfor layers flagged as opaque are ramicurate representations of the true
optical depths. Instead, they report the optical depthat can beretrieved before the CALIOP
backscatter signal bemes totally extinguished In generalthe extinction profiles in opaque layers
are reliableup to optical depths oD5 in ice clouds and 3 in aerosolslowever, $ers should be
especiallycautiousabout retrievals in opaque water cloudshere multiple scattering rapidly becomes
so pervasive thalt LJdzf &4 S Gelinidatésthepasgililiy ofaccurate rangingnto the cloud(Miller
and Stephens, 1999Winker, 2003.

Unlike the 5 km cloud andenged layer productshie V5.00 5 km merged diagnodhieta products report

cloud optical depths at both 532 nm and 1064 nm. Though yet to be validated, the 1064 nm optical depths
for ice clouds are likely to be relialfidaarig et al., 2006 However, the 1064 nm optical depth retrievals

for water clouds are highly suspicious for several reasons. First, the same lidar ratio is used for retrievals
at both wavelengths, even though the lidar ratios are known to be slightly lower at 1064 matt&82

nm (e.g., Swe2D18.2 sr and §3:2D18.6 sr;sed Q/ 2 vV vV 2 NJ )S Second, thesintegrated mttenuated
backscatters are notably higher at 1064 nm. Consider all water clouds detectdahatesolution during
daytime operations between December 2007 and December 2016 for which (a) the layers are totally
opague (i.e., the surface is not detected in any of the 15 single shot profiles) and (b) the retrieved multiple
scattering factorsHu et al., 200ylie between the physically meaningful limits of 0 and 1. Applying these
filtering criteria to the global CALIOP data set yidl@8i507,473 samples for which the median integrated
attenuated backscatter iD ¢t KA IKSNI G mMnancn VY Yoes $IOFO8IF srhl{y RpagtH Y Y T
0.0682 srL. If we assume the lidar ratios given byQ / 2 v v 2 NJ ,$hé muiltiplebsEatteriogdastor at

poH Vc¥=21/32 x'18.6 ¥.0682) = 0.394 (versus a retrieved median value of 0.395) whiletHigple
a0FGGSNRY I Tl Qdis2 NJ2Ix18.2v00818) = §.336 These differences notwithstanding,

the CALIOP water cloud retriegalse the same lidar ratios and multiple scattering factors at both
wavelengths

Feature_Optical_Depth_Uncertainty_532l{ 5 km layer producty
Feature_Optical _Depth_Uncertainty 1064 (5kmALay, SkmMLsmDiag
Units:NoUnits

Format: Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM
¢33.333failed retrieval
¢29.0 opaque water cloud
C¢444.0 improper singleshot cloud clearing
99.99 uncertainty calculation failed

Description:Estimatedabsoluteuncertainty in/ | [ L 532 slrdand 1064 nm layer optical deptioung et al.,
2013provides an in-depthassessmentf the uncertaintieghat propagate nonlinearly througtne CALIOP
extinction retrieval The numerical recipe used to estimate extinction and optical depth uncertainties in
the CALIOP data productggisen in the supplementary material accompany¥aung et al., 2018

Erors in layer optical depth calculations typically arise from three main sources:-tignaise ratio (SNR)
within a layer, calibration accuracy, and the accuracy ofeffiective lidar ratio specified for use in the
solution. The effectivdidar ratiois the productof the lidar ratioand multiple scattering factoe.g.,see
Young, 199% Effectivelidar ratio uncertainties are almost always the dominant contributor to optical
depth uncertainties The relative error in the layegxtinction profilewill always be at least as large as the
relative error in theeffectivelidar ratio and willincrease nonlinearlgs the solution propagates through

the layer and the layer twavay particulate transmittance decrease€! [ L ht Qa Oflthe Gydat | G A 2
optical depth uncertainty is an iterative process. On some occasions when the SNR is poor, or an
inappropriateeffectivelidar ratio is being used, the iteration will attempt to converge asymptotically to
positive infinity. When this situation detected, the iteration is terminated, and the layer optical depth
uncertainty is assigned a fixed value of 99.99. Any time an uncertainty of 99.99 is reported, the extinction
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calculation should be considered to have failed. The associated optical depthstreliable and should
therefore be excluded from all science studies.

Overlying_Particulate_Optical_Depth_532al(5 km layer productys
Units:NoUnits

Format: Float_32

Valid Range: 0.0, 3.0

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM
¢333.0 failed retrieval
¢444.0 improper singleshot cloud clearing
Description:For each featureeported in the 5 km layer productthis SDS provides thgarticulate optical depth
above the featurecalculated from the CALIOP 532 nm extinction retrievéisio features are detected
above the value will be zer@hese data are reported at 5 km aletigck resolution, hence multiple values
can be associated with a singleiquefeature. For exampleconsideraweakboundary layer aerosdying
beneath a continuous cirrus shieldf the cirrus layeis detectedat 5 kmresolutionand the aerosotan
only be detected using§0 km horizontal averaging is entirely conceivable that there will be 16 different
estimates of cirrus optical depth above the singéxosol detection.

Overlying_Particulate_Optical_Depth_Uncertainty 532(5 km layer products
Units: NoUnits

Format: Float_32

Valid Range: 0.0, 3.0

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM
¢333.0 failed retrieval
C¢444.0 impropersingleshot cloud clearing

DescriptionEstimatel uncertaintyin the overlying532 nmparticulate optical depth, calculated according to the
method describe irYoung et al., 2018ndreportedat 5 kmresolutionin al of the CALIOP layer products

Initial_532_Lidar_Ratiodll 5 km layer products

Initial_1064_Lidar_Ratio (5kmALay, 5kmML&kmDiag

Units:sr

Format: Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Retrieving optical depth and profiles pérticulateextinction and backscatter coefficients from the
532 nm and 1064 nf@ALIOP measurements requiresaaprioriestimate of the particulate extinctioto-
backscatter ratio, commonly known as the "lidar ratidable5 lists/ ! [ L difter@featuretypes and
subtypesthe initial estimatesised for eaclsultype, anda literature sourcehat explains the rationale for
each choiceThe initial lidar ratios and uncertainties reflect the current state of knowledge based on
observations bythe NASA Langley Airborne High Spectral Resolution (H#RL)EARLINERERONET
CALIPSO and synergistic mséinsor retrievals.

Table5: values and selection methods for the Initial Lidar Ratios

Type Subtype 532 nm 1064 nm | Reference

Night: Quater = 17.7 £ 2.7 S| same asat
Day: Qater= 18.8 £ 2.8 sr| 532 nm

cloud water 14
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Type Subtype 532 nm 1064 nm | Reference
Sce = sigmoid function of
cloud ice cloud centroid szrgze r?;a 1,2
temperature + 25%

cloud unknown phase OYSIXésgz;};{SbZ(;%; szrg; r?;a
tropospheric aerosol | unknown aerosol 35+14 sr 35+14 sr
tropospheric aerosol marine variable 23 +5sr 15,3
tropospheric aerosol desert dust 44 + 9 sr 44 + 13 sr 4,5
tropospheric aerosol conﬁrﬁ)g:l{g‘;gmoke 70 £ 25 sr 30+ 14 sr 6
tropospheric aerosol clean continental 53 +24 sr 45+ 24 sr 7,16
tropospheric aerosol polluted dust 55+ 22 sr 48 + 24 sr 8
tropospheric aerosol elevated smoke 70 £ 16 sr 30+ 18sr 4
tropospheric aerosol dusty marine variable 37+15sr| 15,9
stratospheric aerosol undetermined 50 + 20 sr 50 + 20 sr
stratospheric aerosol polar as(terg[:;pherlc 50 £ 20 sr 25+ 10 sr 10
stratospheric aerosol volcanic ash 61 £ 17sr 44 + 13 sr 11
stratospheric aerosol sulfate 50+ 18 sr 30+ 14 sr 12
stratospheric aerosol elevated smoke 70 £ 16 sr 30+ 18 sr 4
stratospheric aerosol unclassified 50+ 18 sr 30+ 14 sr 13

N

o oA

10.
11.
12.
13.

14.
15.

16.

Extinction and Optical Depth Retrievalsfot [ Lt { h Qa

+ §S NA NM&uyg enal., 3098 |

Constrained CALIPSO retrievals of faghfidence randomly oriented ice cloudsdrnier et al., 208).

HSRL measurements in multiple field campai@fidler et al., 2007 No wavelength dependence based ®ayer et

al., 2012 Josset et al., 2012nd Papagiannopoulos et al., 2016

CALIPSO constrained retrievals by et al., 205.
HRSL measurements of transported Saharan dust. No wavelength dependence basedionet al., 2009

Microphysical measurements made during NAMMAChyar et al, 2010and AERONET cluster analysi©byar et

al., 2005

HSRL measurements for layers classified as clean continental by CARJIBSO ét al., 2034

Microphysical measurements made during NAMMA. Lidar ratio values in agreemerRayittwiannopoulos et al.,

2016andMduller et al., 2007

Modeled mixture of dust and marine aerosol, 65/35 by surface afea et al., 2018 Uncertainty larger than dust

or marine alone.

wSt St as

Theoretical model of supercooled ternary solution at stratospheric pressiieset al., 2018
CALIPS®©onstrained retrievals of volcanic ash lidar ratio at 532 hatkett et al., 2023

Independent lidar retrievals of multiple sulfatlominated volcanic plumes an@ALIPS©onstrained lidar ratio
retrievals,Kim et al., 2018

)

Identical to the sulfate initial lidar ratio because this is the smallest lidar ratio expected for stratospheric aerosol
layers, thereby minimizing propagated extinction retrieval err@is;kett et al., 2023

Diurnal Differences in Lidar Ratios for Opaque Water Clotasghan et al., 2022
Mapping CALIPSO Marine and Dusty Marine Aerosol Lidar Ratios using MODIS AOD Constrained Retrievals and

GOCART Model Simulatioiisth et al., 2025
Discussion of the spectral slope of the lidar ratio between 355 nm and 1064 nm from multiwavelength Raman lidar
observationsHaarig et al., 2025
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The aerosol lidar ratios used for the CALIOP analyses represent well established mean values that are
characteristic of thenatural variability exhibited for each aerosol species (e.g.(ear et al., 200Kim et

al., 2018 Tackett et al., 2023 The clear implication of this natural variability is that even for those cases where
the aerosol type is correctly identified, the initial lidar ratio represents an imperfect estifoatny specific
aerosol layer. These same caveats apply equally to the mean values used for the initial cloud lidar ratios. For
all layer types, clouderosol discrimination errors can exacerbate the error associated with the specification
of the initial lidar ratio. Uncertainty can also be introduced by the cloudvweter phase classificatio\yery

et al., 2020 and the aerosol subtype identification procedurésni et al., 201&ndTackett et al., 2023
However, the CALIOP extinction algorithm incorporates some-emwecting mechanisms thah many cases

will adjust the initial estimate of lidar ratio so that a more suitable value is ultimately used in the retrieval.
Details of the lidar ratio adjustment scheme are providedung et al., 2018

The initial lidar ratio for ice clouds asigmoid approximation function of theemperatureat the layer532 nm
attenuated backscatteremtroid (Young et al., 2018 Valuesdecrease fronD35 sr toD20 sr aghe centroid
temperature decreases. Initial default lidar ratios are derived from the statistical analysis of several years of
constrained retrievals, using only those clouds identified as-bigtiidence randomly oriented ice. The
individual ice cloudlidar ratios are retrieved from the layer apparent tway transmittance, the layer
integrated attenuated backscatter, and the temperatwtependent multiple scattering factor.

For opaque water cloud§32 nmlidar ratio estimatesare retrieved using the opaque layer form off | G (1 Qa
equation(Platt, 1973 together with the measurethtegratedattenuated backscatter and a multiple scattering
factor derived fromlayer integrated volume depolarization rati¢isu et al., 200).

TfA2NRAGKY | NOKAGSOGdzNY £ AYTF2NXNI GA2Y -aergsBl dise@nhsting £ A T ¢
algorithms, cloud icavater phase algorithms, and aerosol subtyping algorithms can be found @GALP SO
Scene Classification ATBD

Final 532 Lidar Rati@ll 5 km layer products

Final_1064 Lidar_Ratio (5kmALay, 5kmMLay)

Units:sr

Format: Float_32

Valid Range: 0.0, 250.0

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Reports the lidar ratio in use at the conclusion of the extinction processing for each layer. The final
lidar ratio may be

1) the initial lidar ratio supplied by thecene classificationalgorithms(i.e., no lidar ratio changes were
needed to achieve a successful extinction solution)

2) the result ofincrementalreductionsto the initial lidar ratio to avoid a nophysical solution,

3) iteratively adjustedto yield a calculated optical depth consistent witlh measured layetwo-way
transmittance(i.e., a constrained retrievalpr

4) for opaque layers onlgerived fromthe measuredntegrated attenuated backscatter and a measured
or modeledmultiple scattering factorYoung et al., 2018

Sdution paths (3) and (4) yielthe mostaccurate and precisidar ratios.Users can determine the status
of the final lidar ratio by examining thextinction QC flags.

For weakly scattering features, the lidar ratio is most often left unchanged by the extinction solver, as a
physical solution is usually obtained on the first iteration. In these cases, the uncertainties in the final lidar
ratio are the same as the uncemies in the initial lidar ratio. The exception to this statement would be if
either the cloudaerosol discrimination or the layer siping procedures have misclassified the layer.
However, for weak layers, the relative error in the lidar ratio is (apionately) linearly related to the
resulting error in the derived optical depth estimate.
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The optical depths and extinction profiles derived in those cases where the layer lidar ratio must be
reduced(option 2 abovehpre, in all likelihoodpiased high The lidar ratio reduction scheme terminates
after identifying the largest lidar ratio for which a physically meaningbliition can be generateddm

the backscatter measured in the lay€@onsequentlythe optical depths and extinction profiles reported

in thesecasescan only be considered as upper bounds; the true values are somewhat, or perhaps even
significantly, lower. Similarly, the uncertainties reported for thedayers captures only the random
component; the unknown bias error cannot be estimated and hence is not includsithg these data in
statistical analyses of layer optical properties) be problematiand users are advised to treat these cases
with all due caution.

Final_532_Lidar_Ratio_Uncertaintgl( 5 km layer products

Final_1064 Lidar_Ratio_Uncertainty (5kmALay, SkmMLay)

Units:sr

Format: Float_32

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Reports thdidar ratio uncertainty at the conclusion of the extinction processing for each |ayer.
final lidar ratio uncertainty iglifferent from the lidar ratio uncertaintynitially assigned based on feature
type (se€eTableb) only in those cases whetke lidar ratio is optimized based on the value of some external
constraint (i.e., constrained solutions and solutions in opaayers).

Lidar_Ratio_532_Selection_Methodal( 5 km layer products

Lidar_Ratio_1064_Selection_Method (5kmALay, 5kmMLEkmDiag

Units:NoUnits

Format:Int_8

Valid Range: 0, 7

Fill Value99

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Specifies the internal procedure used to select the initial lidar ratio for each. |ayerse selection
procedures are described briefly Trable6.

Table6: Lidar Ratio Selection Method

Value Selection Method

0 Not Determined

Transmittance Method, constrained retrieyaklected only for those layers with
1 measurable tweway transmittance lying between 0 anddlso known as a
constrained retrieval

2 Opaque Layer Methgdselected for albpaquelayers

Cirrus Temperature Methgdselected fotransparentice cloudghat are not
3 suitable for solution via constrained retrieyak., cloudgor whichthe two-way
transmittance either cannot be measured or falls outside the bounds of O to 1]

Unknown Cloud Phaseelected forunknown phaseransparentcloudshaving
4 centroid temperature between-37.0 and 0.0Cthat are not suitable for solution
via constrained retrieval

Fired Layer Methodselected fotransparentwater clouds and aerosothat are
not suitable for solution via constrained retriealg., surfaceattached aerosols)
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Value Selection Method

Solution at 532 nm Methgdselected forl064 nmsolutionsin transparentclouds.
Because spectral independence is assumed for clobdsl®64 nirsolution is

6 initiated using the 532 nm multiple scattering factor and the 532 nm final lidan
ratio.
MAC Table Interpolatigridar ratio assigned via interpolation of thaps of

4 Aerosol lidar ratios for CALIPAQ lookup table applies only taransparent

marine and dusty marine aerosol types that are not suitable for solution via
constrained retrieval

Layer_Effectve_532_Multiple_Scattering_Factdall 5 km layer products

Layer Effective_1064_Multiple_Scattering_Fact@kmALay, 5SkmMLaybkmDiag
Units:NoUnits

Format:Float 32

ValidRangel.0 (aerosols); 0.01, 1.0 (clouds)

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejectetlEiy

Description: TheCALIPS832 nmand 1064 nnmultiple scattering factwrange betweerD0.2 (for opaque water
clouds)and 10 (for aerosols)where 1.0corresponds to the single scattering otiilyit (i.e., no multiple
scattering presentiand smaller values indicatincreasing contributions to the backscatter signal from
multiple scattering.

Multiple scattering effects are different in aerosols, ice clouds, and water clondsvesviewof multiple
scattering factors for ice clouds and several aerosol types can be fodahker, 2003 Garnier et al.,

2015 derive / ! [ L kempeaturedependent multiple scatteringactor model for ice clouds using
collocated measurementsf transparent layers madey CALIOP ar@ALIPSO achannelinfrared Imaging
Radiometer(lIR Garnier et al., 2021 Hu et al., 200tevelops the theoretical relationshihat enables
multiple scattering factorsto be directly calculated from theintegrated volume depolarization ratios
measured iropaqueliquid water cloudsWhilethe multiple scattering factor foopaque water clouds will

vary, transparent water clouds are assigned a constant multiple scattering facth6oBased on Monte
Carlo simulations of multiple scattering, this value appears to be appropriate for semitransparent water
cloudswith optical depths less thaD1.

Multiple scattering factors for all aerosol subtypes at both wavelengths are set to unity. Simulations
multiple scattering effects on retrievals of aerosol layer optiegithsindicate the effects are small in most

cases. There is uncertainty in these estimates, however, due to poor knowledge of aerosol scattering phase
functions. For example, based on Monte Carlo studig€ahnert and Scheirer, 205ggest that, for low

optical depths or when the aerosol effective radius is not too large, a constant 532 nm multiple scattering
factor ofDn ®po O2dzf R 0SS [ LIINBLINAF GS® b20S:T K2gSOSNE
RSFl dzA G ALISOAFAOFGAZ2Y Ad RglI NFSR o0& (GKS NBflIOGAD
which range from 20% to 45% at 532 nm and from 22909% &t 1064 nm. Analyses of CALIOP patrticulate
depolarization ratios suggest that, even in dust plumes with a significant coarse mode fraction, multiple
scattering effects are largely negligible for aerosol extinction retrievals in layers with optidhkdeps

thanD1 (Liu et al., 201}l At larger optical depths and layer penetration deptind especially for opaque

dust layers, neglecting to account for multiple scattering effects can result in significant underestimates of
AOD(Liu et al., 201;1Shcherbakov et al., 202However, in these high AOD cases uncertainties in the
calibration coefficients and lidar ratios can also produce large retrieval errors.

Integrated_Particulate_Depolarization_Ratial{ 5 km layer producty
Units:NoUnits
Format:Float 32
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ValidRange0.0, 1.0
Fill Valuez9999.0
Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Layerintegrated particulate depolarization ratiavhichrepresents the contribution to the volume
depolarization ratio that is due only to the cloud and/or aerosol particles within the |&penonrspherical
particles (e.g., icanddust), the particulate depolarization ratio will normally be higher than the volume
depolarization rati¢p though how much higher depends on the particulate concentration within the
volume. For layers consisting of spherical particles, the particulate depailanizatio would normally be
equal to or even slightly lower than the volume depolarization ratios. However, if the layer optical depth
is high (e.g.opaquewater clouds), multiple scattering can cause the integrated particulate depolarization
ratio to be substantially higher thamould otherwise be expected. While the integrated volume
depolarization rati@ v, i$ a direct measurement, the integrated 532 nm particulate depolarization rafjo,
is a postextinction quantity, calculated from ratio of the layer integrated perpendicular and parallel
polarization components dhe particulate backscatter coefficiesvithin the layer i.e.,

(6)

wherei py andi p; are, respectivelythe perpendicular and parallel componentstbé 532 nmparticulate
backscatter coefficient.

The quality of the estimate far, is determined not only by the SNR of the backscatter measurements in
parallel and perpendicular channels, but also the accuracy of the naasgdved tweway transmittance
estimates within the layer. The twway transmittances due to molecules and ozorem dbe well
characterized via the model data obtained from B&AO. The twavay transmittances due particulates,
however, are only as accurate as the CALIOP extinction retrieval. Opaqgue layers can be particularly prone
to errors in thelayerintegratedparticulate depolarization ratio, as very large attenuation corrections are
applied to the weak signals at the base of the layers, and on those occasions where one channel or the
other becomes totally attenuated, very large, negative particulate depolarizaditio estimatesan result

For layers that are not opaqueyis generally reliable. However, itransparent layers, relative
uncertaintiesin the daytime estimate typically increaséy a factor ofD2 due to the larger background

noise compared with th nighttime estimats.

Integrated_Particulate_Depolarization_Ratio_Uncertaintall 5 km layer productps
Units:NoUnits

Format:Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Absolute uncertainties associated with the estimage of the layerintegrated particulate
depolarization ratio, calculated by integrating the uncertainties for the particulate backscatter coefficients
measured in the 532 nm parallel and perpendicular channels, and then applying standard techniques for
error propagation in ratioed quantitiesThe uncertainties for the parallel and perpendicular channel
particulate backscatter coefficients are derived from previously computed estimates of the extinction
uncertainty. There are occasions when the extinction utaety calculation can become unstaldad
excessively large. Whenever this situation is detected, a default uncertainty of 99.99 is assigned to all
remaining extinction and backscatter coefficients within a layer. If the extinction calculation anywhere
within a layer found to be totally unreliadg i.e., if the extinction uncertainty is 99.€3hen the integrated
particulate depolarization rati@s equally unreliableand hencethe integrated particulate depolarization
ratio uncertainty will also be sebt99.99.
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Figure7 showsi KS NXBf I G§A @S LI NI A Odz | {kS,, aR &fudetion oNdirruig-ofitika? y  dz)
depthfor alltransparentcirrusmeasured between December 2007 and December 204&n compiling

the stdistics, cirrus were limited tahe uppermost layer detected in a 5 km columnd required tohave

centroid temperatures less #n¢40 °C Each poinin the figured K 2 g & (0 K S,k Y, ®Rakdptical n +

depth increment of 0.03 Error bars are the median absolute distance (MAD) relative to the median
Daytime data are shown in yellow, nighttime data are shown in bjug.k , statistics foropaque layers

are shown ifrable7® 'a SELX | ApkS RlatbeuntEriaiftibsbare high& fonopaque layers

than for transparent layers, but do not sham appreciable dagnight difference.

Uppermost Cirrus Clouds, Global, December 2007 - December 2016
I I I [ I I [ [

0.8

daytime; N = 29,335,937
& nighttime; N = 33,700,022
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532 nm Cirrus Optical Depth

Figure7: Relative particulate depolarizatioatio uncertainty, n 4K p, for alltransparent cirrughat are the upper

most layer detected in a 5 km column and have centroid temperatures lesx;ttahC. The data are filtered to
excludedata points with relative uncertainties greater than 2 in either the volume depolarization ratios or the
particulate depolarization ratios.

Table7: Descripive statistics for the relative particulate depolarization ratio uncertaintiasofjpaque cirrus that

are the only layer detected in a 5 km column and have centroid temperatures less40dgQ.The data are filtered

to exclude data points with relative uncertainties greater than 2 in either the volume depolarization ratios or the
particulate depolarization ratiosThe mean optical deptls substantially smaller during the démgecause dgtime

solar background noisebscures faint, highly atteraied signals@pproaching the apparent cloud base.

_cimusday N 4K 4day _cmusNight | n 4K g night
min 0.0082 0.0455 0.0059 0.0404
max 9.8029 2.0000 11.2573 2.0000
median 4.1081 0.5283 6.6021 0.5188
MAD 0.8028 0.2418 0.6996 0.2013
mean 4.1831 0.6133 6.4232 0.5310
stdev 1.0133 0.3170 0.9595 0.2718
samples 9,587,077 9,587,077 7,772,986 7,772,986

Particulate_Depolarization_Ratio_Statistical(5 km layer products

Units:NoUnits

Format:Float_32

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy aegcted by LEM
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Description: Reports the minimum, maximum, mean, standard deviation, centroid, and skewness coefficient of
the array of particulate depolarization ratios computed for each laff@rmulas used for each of the
statistical calculations can be found in section 6 of @f_IPSO Feature Detection ATBD

As forthe volume depolarization ratiogach of the range resolvgghrticulatedepolarization ratios within
any layer is the ratio of two noisgtrievals Especially where featuteackscatterings relativelyweak and
in regions of low SNRe retrievedvalues in both the numerator (the 532 nm perpendicular channel) and
the denominator (the 532 nm parallel channel) can randomly and independently approach zero, which in
turn can generate extremely large or extremely small (and evenpiysical) depolarizeon ratios. When
computing layer means, standard deviations, and centroids, these values can dominate the calculation and
thus return entirely unrealistic estimate€onsequently, Wwen usingparticulate depolarization ratios to
characterize cloud and/oremosol layersthe layermedianand (especiallythe layerintegrated valueare
both more reliablanetricsthan the mean.

Integrated_Particulate_Color_Rati¢6kmALay, 5SkmMLayskmDiag

Units:NoUnits

Format:Float_32

Valid Range0.0, 4.0

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: The integrated particulate color ratisderived from ratio of the particulate backscatter coefficients
at 532 nm and 1064 nm, each summed over the vertical extent of the:layer

base

é. by 106{ Z )

c —K=top

ba : ()
a 0,s:4Z1)

Much like theintegrated attenuated total color ratio, the quality of is governed by the accuracy to which
layer top and base altitudes are determined and byglymalto-noise ratios of the backscatter data within

the layer. Additionally, since all of the {z) values are derived by ! [ L Hybri@ &xtinction Retrieval
Algorithm (HERAYoung & Vaughan, 200%he quality of., also depends on the success of the HERA
profile solver in deriving accurate solutions fer{z). As such, the quality of can be partially assessed

via theextinction QC flagahich report the final state of the HERA solution attempt. In general, solutions
where thefinal lidar ratiois unchanged (extinction QC = 0) or the extinction solution is constrained
(extinction QC ) yield physically plausible solutions more often. Conversely, solutions tend to be more
uncertain in those cases where the lidar ratio for either wavelength must be reduced.

Integrated_Particulate_Color_Ratio_Uncertain{pkmALay, 5SkmMLayskmDiag
Units:NoUnits

Format:Float_32

Valid Range: 0.0, 1.0

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Absolute uncertainty associated with the estimate of the lay@tegrated particulate backscatter
color ratio, calculated by first integrating thencertainties for the particulate backscatter coefficients
measured at each wavelength, and then applying standard techniques for error propagation in ratioed
quantities. The error estimates in the particulate backscatter coefficients at both wavelengths are
computed by the extinction retrieval algorithm. There are occasions wheregtiaction uncertainty
calculation carbecome unstableand excessively largéVhenever this situation is detectec default
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uncertainty of 99.99 is assigned to all remaineginction andbackscatter coefficients within a layer. If
the backscatter uncertainty calculation fails anywhere within a l&ythat is, if the uncertainty in any of
the backscatter coefficients used to compute the particulate color ratio uncertainty is set to 9¢hea
the particulate color ratio uncertainty fadhe entirelayer will also be reported as 99.99.

Particulate_Color_Ratio_Statistics (5kmALay, SkmMLakmDiag

Units:NoUnits

Format:Float_32

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Reports the minimum, maximum, mean, standard deviation, centroid, and skewness coefficient of
the array of particulate backscatter color ratios computed for each ldy@mulas used for each of the
statistical calculations can be found in section 6 of @.IPSO Feature Detection ATBBcause
particulate color ratios arereatedby dividing one noisy number (the 1064 nm particulate backscatter
coefficient) by a second noisy number (the 532 nm particulate backscatter coeffithen®sulting values
can range from large negative values to extremely large positive values, depending on the noise in any pair
of samples. When computing layer means, standard deviations, and centroids, these outliers can dominate
the calculation and thus tarn entirely unrealistic estimatesConsequently, when using particulatelor
ratios to characterize cloud and/or aerosol layers, the layer median and (especially) the layer integrated
value are both more reliable metrics than the mean.

Ice_Water_Path (5krGLay, 5kmMLay5kmDiag

Units:g/(m"2)

Format:Float 32

Valid Range: 0.0, 200.0

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: The integral, from layer top to layer base, of the-ieater content profile within any ice cloud layer.
Ice water content is derived from the cloud particulate 532 nm extinction coefficient using a temperature
dependent parameterization derived from-gitu measurementsHeymsfield et al.2014 Winker et al.,
2024

Ice_Water_Path_Uncertainty (5k@@Lay, 5SkmMLay5kmDiag

Units:g/(m"2)

Format:Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 dataquality degraded due to low laser energy and rejected by LEM

Description: Uncertainty associated with the estimate of ice water path, computed by integrating the uncertainties
estimatedfor the ice water content within the layer.

Scientific Data Setd:ayer QA Information

Feature_Classification_Flagall layer products)
Units:NoUnits

Format:UInt_16

ValidRange1l, 49146

Description: A set dkeature classification flags derivedfor each layer detected in the CALIPSO backscatter data.
These flags are H6it integerswith bit interpretations given inrable8. The first three bits of the feature
classification flaggbits (0z2) identify the feature type. Bits@1 identify the feature subtype for clouds,
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tropospheric aerosols, and stratospheric aerosdier regionsA RSY A FASR Fa aOf SI NJ
atmospheric featurs were detected, bits 11 report additional LEManalysesof the signal within the

range bin(Tackett et al., 2026 Note that clear air range bins aoalyreportedin the vertical feature mask

product and will not appean the layer products Bits 1315 identify the amount of horizontal averaging
requiredfor feature detection.

Correct nterpretation of the feature subtype bits dependstirelyon the feature typadentified inbits Og
2,andthe interpretatiors are different for clouds and aerosolBistinguishindetween features andlear

air is accomplished by the CALIOP layer detectigoithms (Vaughan et al., 2009 Cloudaerosol
discrimination (CAD) is accomplished usindjrbensional probability distribution functions (PDEsat
determine layer type and assi@rtlassification confidence sconeminallybetween 0(no confidenceand
100(highest confidenceglLiu et al., 201P Theseparation betweenropospheric aerosolkand stratospheric
aerosols is based on theeight of the layer attenuated backscatter centroid relative to the MERRA
specified tropopause latitude. rdpospheric aerosolsare further partitioned into eight sultypes:
undetermined, marine, dust, polluted continentalsmoke, clean continental, polluted dust, elevated
smoke, and dusty marin&ix subtypes of stratospheric aerosols are identified: invditir stratospheric
aeroso] volcanic ashsulfate, elevated smoke, and unclassified. Comprehensive descriptions of the
tropospheric and stratosphariaerosol subtyping algorithms are given in, respectivéip, et al., 20& and
Tackett et al., 2023 Cloud subtypes arassigned byhe CALIOP cloud subtyping algorithm illustrated in
Figure 8. High, middle, and low clouds are defined according to ltiternational Satellite Cloud
Climatology Project (ISCCétpud top pressure(P(top)) boundaries at 680 mb and 440 mbFurther
discrimination is done using along track cloud fractioh )(and cloud opacity.Additionalinformation
about the Feature_Classification_Flags is provided in the CALIPSO Vertical Feature Mask Data Description

Document.
CAD = cloud
Pltop) <440 ™ o 5 PIORI<EBO S\ ¢f>088 >—NO—>< f <04 >—
mb mb = =
YES YES YES
v v v NO
Opaque — Opaque — Opaque —
NO NO NO YES
A T (Y S S ‘,
YES Cloud Type 6 YES Cloud Type 4 YES Cloud Type 0 Cloud Type 2
! b 4 !
| Cloud Type 7 ) Cloud Type 5 | | Cloud Type 1 ) Cloud Type 3

Cloud Type 0 = Low, overcast, thin (transpamgratus stratocumulus and fog)
Cloud Type 1 = Low, overcast, thick (opasfuatus stratocumulus and fog)
Cloud Type 2 = Transition stratocumulus

Cloud Type 3 = Low, broken (trademulusand shalloncumulug

Cloud Type 4 = Altocumulus (transparent)

Cloud Type 5 = Altostratus (opaqadtpstratus nimbostratus altocumulug

Cloud Type 6 = Cirrus (transparent)

Cloud Type 7 = Deep convective (opagliestratus cumulonimbusnimbostratug
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Figure8: Diagram of the CALIOP cloud subtyping algorithm, adapted thher@ALIOP scene classification ATBD

P(top) represents cloud top pressure acfd represents along track cloud fraction.

Table8: interpretation of thebits in theFeature Classification Fe@it O is the least significant bit

Bits Field Description Bit Interpretation
0 =rejected by LEM
1 ="clear air"
2 =cloud
3 = tropospheric aerosol
Oc2 | Feature Type 4 = stratospheric aerosol
5 =surface
6 = subsurface
7 = no signal (totally attenuated)
O=none (OX p/ ! 5y
1=low OHAN XK ROy ! f
3¢4 | Feature Type QA 2=mediumé pn XK p/ |8
3 = high (7Tn DK | PKLOO)5 u
0 = unknown / not determined
5¢6 | Ice/Water Phase lf ce
2 = water
3 = oriented ice crystals
0 = none
1=low
7¢8 | Ice/Water Phase QA 5 = medium
3 = high
9¢11 | Feature Sultype

If feature type = tropospheric aerosol,
bits 10-12 will specify the tropospheric
aerosol type

0 = not determined

1 = marine

2 =dust

3 = polluted continental/smoke
4 = clean continental

5 = polluted dust

6 = elevated smoke

7 = dusty marine

If feature type = cloud, bits 202 will
specify the cloud type.

0 = low overcast, transparent
1 = low overcast, opaque

2 = transition stratocumulus

3 = low, broken cumulus

4 = altocumulus (transparent)
5 = altostratus (opaque)

6 = cirrus (transparent)

7 = deep convective (opaque)
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Bits Field Description Bit Interpretation

0 =invalid

1 = polar stratospheric aerosol
2 = volcanic ash

3 = sulfate

4 = elevated smoke

5 = unclassified

If feature type = stratospheric aerosol
bits 10-12 will specify stratospheric
aerosol type.

6 = spare
7 = spare
If feature type = cleaair, bits 1012 0 =n/a

will specify horizontal averages not
searched for features due to low
energy mitigation

1 =not searched at 80 km
2 =not searched at 20 and 80 km

0 = not confident
1 = confident

0 = not applicable

12 Feature Subtyp&A

1=1/3km
1315 Horizontal Averaging Required for 2=1km
Detection 3=5km

4 =20 km

5=280 km

* in previousreleases, a zero in this field indicated bad or missing data

CAD_Scoréall layer products)
Units:NoUnits
Format:Int_8
ValidRange:101, 110
Fill Value:127
Flag Valuesgl111l column data quality degraded due to low laser energy and rejected by LEM
¢101 negative mean attenuated backscatter encountered
103 layer integrated attenuated backscatter at 532 nm is suspiciously high

104 scatteredboundary layer clouds that were found to be opaque at the initial 5 km horizontal
averaging resolution used by the layer detection algorithm

105 layer detected at 20 km or 80 km for which the initial estimates of measured properties have
been negatively impactebly correction for attenuations by overlying layers

106 suspecteda O A KihgE&ALiu et al., 201 layer initially classified as aerosol by the CAD
algorithm and subsequently reclassifiedaaso-confidencerandomlyoriented ice cloud

107 correction to singleshot cloud clearingused/mother 5km layer is a cloud by definition

108 correction to singleshot cloud clearingsevered 5km layer is an aerosol by definition
109 correction to singleshot cloud clearingsingle shot cloud is reclassified as an aerosol

110 correction to singleshot cloud clearinglayer is a cloud based on the scene classification
algorithm

Description: The clouderosol discrimination (CAD) score provides a numerical confidence level for the
classification of layers by the CALIOP claerbsol discrimination algorithm. The standard CAD scores
reported in the CALIPSO layer products range betw100 and 100. The sign of the CAD score indicates
the feature type: positive values signify clouds, whereas negative values signify aerosols. The absolute
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value of the CAD score provides a confidence level for the classification. The larger the magnitude of the
CAD score, the higher our confidence that the classification is correct. A value of 0 indicates that a feature
has an equal likelihood of being a etband an aerosol. Additional special CAD scaresalsodefined

based on additional information beyond that normally considered in the standard CAD algofFititim.
explanations of special scor&83 to 106and the circumstances under which they assigned are given

inLiu et al.2019 Special scores 107 to 110 are related to the revised boundary layer cloud clearing (BLaCC)
algorithm first implemented in the V4.51 releadeatkett et al., 2022

ThestandardCAD algorithm uses fisxgimensional (5D) PDEsensisting ofayer midpointaltitude, footprint
centerlatitude, 532 nmlayermean attenuated backscatter, layerean total attenuated backscatter color
ratio, and layemean volume depolarization ratio. Detailed descriptions of the original CAD algorithm can
be found in Sections 4 and 5 of tRALIPSO Scene Classification AABMetailed in the/4 data quality
summary,major changes tdhe CAD algorithnwere made in the transition from V3 to V4Further
information on theV5 CAD algorithm architecturean be found inLiu et al.2019and referances cited
therein.

The sameCAD algorithm is appliew all features detectedincludingthose the stratosphere andhose
detected at single shot resolution (383). However, the users should note that the optical properties of
these single shot layers were not used for building the CAD PDFs, which may affect the overall CAD
performance including the CAD scores for these single shot lajersscientific analysiof Polar
Stratospheric Clouds (PSCs), users are urged tb Usg L tdé¢dicaied PSC product.

Initial_ CAD_Score (333MLay, 01kmCLay, 5kmCLay, 5kmMNkaDiag
Units:NoUnits

Format:Int_8

Valid Range:101, 119

Fill Value:127

Flag Values: ¢111 data quality degraded due to low laser energy aegcted by LEM
119 featureinitially identifiedas cloudhas beerreclassified

Description:The initial CAD score field contains the G8@re assigned in the initial classification of layer type
prior to attenuation corrections mad®r overlying layersBecause dense smoke and pollution plumes can
attenuate the backscattered signal much more strongly at 532 nm than at 1064 nm, the color ratios in
underlyingcloudscan grow to magnitudes far beyond the characteristic values recognized by the CAD
algorithm. Consequently, where excessively large color ratios are detected, a CAD postprocessor will
attempt to reclassify suspicious layers by using a default color sg® gection 3.2.2 ihiu et al., 201p
When this occurs, the original layer CAD score is stored in the Initial CAD_score field.

Extinction_QC_Flag_532al( 5km layer product}
Extinction_QC_Flag_1068KmALay, 5SkmMLayskmDiag
Units:NoUnits

Format:UInt_16

ValidRange0, 32768

Fill Value: 32768

Description:The 532and 1064 nnextinctionquality control flags are bimapped 16bit integers, reported for each
layer for which an extinction retrieval was attempteflerosol extinction is computednd reportedfor
both wavelengths; cloud extinction is only reported at 532 rifine bit assignments are additive, so that
(for example) an extinction QC value of 18 represents an unconstrained retrieval (bit 1 is NOT set) for which
the lidar ratio was reduced to prevent divergence (+2; bit 2 is set), andlmh the feature finder has
indicated that the layer is opaque (+16; bit 5 is set). Complete information about the conditions under
which each extinction QC bit is toggled can be founddoung et al., 2018Bit 13 was introducedfter
V4.51.
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Table9: interpretation of 532nm and 1064nm Extinction QC fl&3s0 isthe least significant bit

Bit | Value Interpretation
0 unconstrained retrieval; initial lidar ratio unchanged during solution process
1 constrained retrieval
1 2 Initial lidar ratio reduced to achieve successfuléallumn solutions
4

0

Suspicious retrieval due to layer or overlying integrated attenuated backscatter |
too high or excessive lidar ratio reductions
Initial lidar ratio has been reduced and has converged, but backscatter uncertail

3 8 : :
solution does not exist

4 16 Layer be_ing gnalyzed has been identified by the feature finder as being totally
attenuating (i.e., opaque)

5 32 |[Estimated optical depth error exceeds the maximum allowable value

6 64 |Negative signal anomaly detected

7 128 |Retrieval terminated amaximum iterations for a constrained retrieval

8 256 |No solution possible within allowable lidar ratio bounds

9 512 quway particulate transmittance has converged but constrained retrieval still 1
achieved
Backscatter coefficients nabnverging and maximum lidar ratio correction iteratic

10 1024 reached

11 2048 |Uncertainties not converging and maximum lidar ratio correction iterations achie
12 4096 |Lidar ratio converged but retrieval still not converging

13 8192 [Range bircontains two different feature types that may have different lidar ratios
14 | 16384 |Complex retrieval failure

15 | 32768 |Fill value or no solution attempted

Layer_TypeZkmMLay 5kmDiag

Units: NoUnits

Format:Int_8

Valid Range: 2

Fill Value:127

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Featuretype decipheredfrom bits 3 of the Feature Classification Fl@g Cloud, 3= Tropospheric
Aerosol, 4= Stratospheric Aerosol.

Layer_Base_ Extendeadl( 5 km layer producty
Units: NoUnits

Format:UInt_16

ValidRange0, 49146

Description: A notzero value indicates that the baseasf aerosolayer has been extended from the initial altitude
assigned by the layer detection algorithm to a new, lower altitude lying three range bins (90 m) above the
Earth's surfac€Vaughan et al., 20)0Nonzero values represent the layer's feature classification flags
prior to the base being extended.ayer base extension is not applied to clouds.

Smoke_Layer_Base Extended QC_REikgnALay, 5SkmMLayskmDiag
Units:NoUnits
Format:UInt_16
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ValidRange0, 127
Fill Value: 9999

Description:Flag used to identify aerosol layers which are candidates for smoke layer base extension, and, if
selected,whenthe extension was successfiihe CALIOP feature detection algorithm can at times have
difficulty determining the base of optically thick smoke lay&ajapakshe et al., 20Hbcumented one
such case where a dense smoke layer was in contact with an underlying marine stratocumulus cloud deck,
as evidenced by the CALIOP 1064nm attenuated backscatter signal. However, the smoke layer base altitude
was detected well above the cloud2 LJ> € S+ @Ay 3 |y LI NByd NBIAzZzYy 2
the cloud. This occurred because CALIOP feature detection operates on the 532 nm attenuated backscatter
signal, and smoke layers are strongly attenuating at that wavelength. The attenwditthe 532nm signal
through the dense smoke layer lowered the attenuated backscatter magnitude rapidly enough to fall below
the feature detection threshold prematurely. The resulting base altitude for the smoke layer was set
artificially high, leavinghe region of clear air between the two layers. In order to improve the ability to
detect the full vertical extent of smoke layers overlying clouds, a technique was developed to close this
I LILI NBy G O Reyindidn b dinhlar sidroaciabthe CALIOP layer base extension algorithm, the
base of the dense smoke layers above clouds are extended downward to 60 m above the cloud top if the
following criteria are met, based on empirical analysis of CALIOP smaokwatiens:

1 The subtype of the layer is smoke, and it is the lowest aerosol layer in the column.

1 The gap between the smoke layer and the top of the underlying cloud is less than 4.5 km for day and
less than 3 km night.

1 The1064/Y &OF GGSNRAY3I NI GA2 2F GKS LI NByd Of SI NJ
greater than 2.0, indicating aerosol exists within the gap.

1 The underlying cloud layer must have an attenuated color ratio greater than 1.4, indicating the
presence of smoke overhead.

Tackett et al., 202provide additional details.

Tablel0: interpretation of the Smoke Layer Base Extended QCBildljis the least significant bit

Bit Interpretation

Candidate for smoke layer extension

Success, smoke layer extended

Failed, smoke layer base already in contact with a cloud layer
Failed, no cloud layer is found below the smoke layer

Failed, gap distance between smoke ad cloud layer exceeds limit
Failed, 1064 nm scattering ratio test is below threshold

6 |Failed, cloud color ratio test is below threshold

(W[N] ]|O

Layer IAB_QA_Factdall layer products)

Units: NoUnits

Format:Float 32

ValidRange0.0, 1.0

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Single layer analog of ti@lumnIntegratedAttenuated BackscatteitQumulativeProbability SDSthe
layer 1AB QA factor is defined as € Qusbvaaye), Where! apovaayeris calculated betweethe uppermost
range binand the range bin immediately above layer top ah@usbva aye) IS thecumulative probabilityof
measuring dotal column integrated attenuated backscatter equal'tesova ayer Values range between 0
and 1, with lower values indicating more turbid skies above and hence reduced confifetayeer
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detection boundariesand optical property retrievals. For layers detected at single shot and 1 km
resolutionsthe layer IAB QA factaffers qualitative insight into the overlying particulate optical depth.

Low_Energy_Mitigation_Column_QC_Fi@l layer products)
Units:NoUnits
Format:UInt_16
Valid Range:single shot £©¢1983
1 km and 5 km average @B

Description:In mid2016, the CALIOP laser began intermittently emitting low energy laser pulses, and the
occurrence frequency of these pulses slowly increased as the mission progressed. For the version 5.00
RFEGF NBtSIFaSx> /! [ Lht Qa (fEXMBacketyeSaN.B@) wisienhangdd forkugay | £ 3
the level 2data processing The LEM algorithm identifies level 1 backscatter data resulting from low energy
pulses and, whemppropriate excludest from the level 2 analyse§.he low energy mitigation column
quality control (QC) flags are N x 1 arrays ofrdpped 16bit integers where N is the number of columns
reported in the layer product file Bit interpretation forthe LEM column QC flagsgiven inTablell. Bits
0¢5 summarize the operation of the LEM algorithm within each 5 km vertical colueaneach framein
the CALIOP profile products and report potential data averaging biases over an 80 km chunikl@Bits 7
report information specific to single shot retrievals and thus will be toggled on only in the 333 m layer
products andvgroups.

Tablell: interpretation of the bits in the LEM column QC flaggorted in the 1 km and 5 km layer productit
0 is the least significant bifThese flags are intended to characterize the influence of individual low energy pulses
on profile data that has been averaged horizontally aboard the spacecraft prior to being transmitted to Earth.

bit Interpretation

0 Column contains LEM affected data (data has been rejected or low energy
shots that LEM accepts)

1 Column belongs to a 5 km resolution frath@t has been rejected due to too
many unusable profiles

2 Column belongs to a 5 km resolution frame that has been rejected due to t
many rejected subregions in altitude regior(832 ¢ 20.2 km)

3 Column belongs to a 5 km resolution frame that has been rejected due to t
many rejected subregions in altitude regioii20.2¢ 30.1 km)

4 Feature detection at 20 km resolution not performed in this column due to
insufficient fraction of usable 5 km resolution frames

5 Feature detection at 80 km resolution not performed in this column due to
insufficient fraction of usable 5 km resolution frames

unused

Column has data rejected in altitude regions 1 &2 ¢ 8.2 k) (333 m only)
Column has data rejected in altitude regio832¢ 20.2 km)(333 m only)
Column has data rejected in altitude regio29.2¢ 30.1 km)(333 m only)

OO |N|O®

10 Column does not have low energy, but data is rejected in altitude regions ]
due to rejected data in altitude region(333 m only)

11-15 | Unused

Low_Energy_MitigationFeature QC_Flag01kmCLay5kmALay, 5kntlLay, SkmMLay
Units:NoUnits
Format:int_8
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ValidRange0, 1
Fill Value:z127

DescriptioniLow energy mitigation (LEM) quality control flag reported for daghr detected

Tablel2: interpretation of the Low Energy Mitigation Feature QC flag

value interpretation

0 No low energy shots affecting the layer

Some portion of the layer contains low energy shots and/or g

! rejected by the LEM algorithm

Low_Energy_Mitigationinternal_Column_QC_Fla§KmDiag

Units:NoUnits
Format:UInt_16
ValidRange0, 768
Fill Value:127

Descriptioninternallow energy mitigation quality control flag set during LEM algoridperations

Tablel3: interpretation of the Low Energy Mitigation Internal Column QC flag

bit

Interpretation

0

Single shot columns have data rejected in regions 1 & 2 but the 5 km reso
column was not rejected by LEM

Column has data rejected in region 3 but the 5 km resolution column was |
rejected by LEM

Column has data rejected in region 4 but the 5 km resolution column was |
rejected by LEM

Full column is rejected by LEM

Column rejected due teegion 3

Frame rejected due to too many low energy shots

Frame rejected due to too many rejected subregions in region 3

Frame rejected due to too many rejected subregions in region 4

(N~ |[wW

Feature detection was not attempted at 20 kesolution due to too many
LEMrejected columns

Feature detection was not attempted at 80 km resolution due to too many
LEMrejected columns

10

Feature detection was not attempted at resolution 6 due to too many1EM
rejected columns

11

Columncontains LEM affected data in region 3

12

Column contains LEM affected data in region 4

1315

unused

Minimum_Laser_Energy_ 532 (1kmCLa}y},5 km layer products

Units:J
Format:Float 32

TypicaRangen ®nno Xnd®mop

Fill Valuez9999.0
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Description:A quality assurance parameter introduced in V4.20 that reports timum 532 nm laser energy
measured within eachonsecutiveB0 km alongirack data segment (80 km = 240 singl®t laser pulses).
CALIOP's standard level 2 data analgséslj dzSy G A £ f @ LINRPOSaa f\BidisSthesem 0
chunks,layers can be detected at horizontal resolutions as large as 8Gkdanomalously low laser
energiescontaminatingcoarse resolution upper layers can introduce biases in the spatiloptical
property retrievals of underlying layers detected at finer spatial resolutitng5.00, he W[ @aumn QC
FlagsDSargely obviates the need for the minimum laser energy parameter.

Scientific Data Setfkeflectance

Parallel_Column_Reflectance_53all layer products)
Perpendicular_Column_Reflectance 5@ layer products)

Units: NoUnits

Format: Float_32

ValidRange0.0,2.0

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Bidirectional column reflectancederived from thedepolarizationgain ratio and, respectively, the
parallel and perpendiculaioot mean squareRMS baselinemeasurements at 532 nmAs exlained in
the data quality summary, the calculation of column reflectances wastantrlly revisedin the V5.00
release.

Parallel_Column_Reflectance_Uncertainty 5@l layer products)
Perpendicular_Column_Reflectance_Uncertainty 5afl layer products)

Units:NoUnits

Format: Float_32

ValidRange0.0,0.45

Fill Valuez9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: Column reflectance uncertainties derived for, respectively, the 532 nm parallel channel and the 532

nm perpendicular channelAs explained in the data quality summary, the calculation of column reflectance

uncertainties was substantially revised in the V5.00 release.

Parallel_Column_Reflectance_ RMS_Variation_582% km layer products
Perpendicular_Column_Reflectance_ RMS_Variation 58PF km layer products
Units:NoUnits

Format: Float 32

Fill Value=9999.0

Flag Values: ¢111.0 data quality degraded due to low laser energy and rejected by LEM

Description: The RMS variation of the paralbatd perpendiculachannel reflectance values computed using the
15 samples that comprise a nominaks horizontal swath of CALIOP lidar measurements.

Scientific Data SetdAncillary Meteorological Data

Tropopause_Heightall layer products)
Units:km
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Format:Float 32

ValidRange4.0,22.0

Fill Valuez9999.0

Description: Tropopause heighAMSlobtained from theMERRA ancillary meteorological data

Tropopause_Temperaturéall layer products)

Units:°C

Format: Float_32

Valid Range95.0,-20.0

Description: Tropopause temperatug@btained from theMERRA ancillary meteorological data

Surface_Wind_Speeds_02m (5kmALay, 5kmMLlsmDiag
Units:m/s

Format: Float_32

Valid Range80.0,80.0

Fill Value:9999.0

Description: Surface wind speeds measured 2 m above the Earth's sudhizéned from MERRA ancillary
meteorological dataFirst Dimension = eastward, zonal, u; Second Dimension = northward, meridional, v.

Scientific Data SetSurface Information

IGBP_Surface_Tygall layer products)
Units: NoUnits

Format:Int_8

ValidRange1, 18

Fill Value:9

Description:International GeosphergBiosphere Programme (IGBP) surface type at the laser footprint, provided
by the CERES Surface Type ID map

Tablel4: interpretation of the IGBP surface type values

Value Surface Type Value Surface Type
1 EvergreerNeedleleafForest 10 Grassland
2 EvergreerBroadleafForest 11 Wetland
3 DeciduousNeedleleafForest 12 Cropland
4 DeciduousBroadleafForest 13 Urban
5 Mixed-Forest 14 CropMosaic
6 ClosedShrubland 15 PermanemSnow
7 OpenShrubland (Desert) 16 Barren/Desert
8 WoodySavanna 17 Water
9 Savanna 18 Tundra

Snow_Ice_Surface_Tygall layer products)
Units:NoUnits
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Format:Uint_8
ValidRange0, 255
Fill Value:9

Description: Snow and ice coverage for the surface at the laser footprint provided k. $hé\ir Force Weather
Agency (AFWAYalues between 0 and 100 represent the percentage of ice within a pixel having a nominal
resolution of 25 kri Pixels with permanent ice are assigned a value of 101. A value of 103 indicates pixels
containing snow. 255 indicates mixed type/uncertain type pixels at coastlines.

DEM_Surface_Elevatiofall layer products)
Units:km

Format:Float 32

ValidRange=1.0,9.0

Fill Valuez9999.0

Description:Reports the minimum, maximum, mean, and standard deviation of the surface elevation at the laser
footprint, computed for all 15 laser pulses in a 5 km altnagk averages. Surface elevations are expressed
&4 al 62@S t20Fft YSI y tain8dfrom tBedCHtidSat stienaetdam didital dtevdtidcdBs 2
model (DEM).

Scientific Data Setd:idar Operating Mode

Laser_Energy 532 (333mMLa}l 5 km layer productp
Units: J

Format: Float_32

Typical Range: 0.003...0.135

Description: 532 nntaser energy measured for ealdser pulséy a dedicated onboarthser energy monitorln
GKS p 1Y fF&@SNJLINRPRdzOGA&S LISNJ Llzf aS | ¥GNjs.SyY SNHA S

Off _Nadir_Anglgall layer products)
Units: degrees

Format: Float 32

Valid Range: 0.40.0

Fill Valuez9999.0

Description: Angle of the lidar viewing vectetative to nadir pointingthe off-nadir angle was fixed &3 degrees
at launch/firstlight and permanently changetb 3.0 degrees after November 28, 200he 333 m layer
products report the offnadir angles at single shot resolution. The 1 km and 5 km products report values
averaged over, respectively, 3 and 15 consecutive laser pulses.

There is some jitter in the cffadir angle. The mean value for the 51,719,250 good laser profiles acquired
during October 2014 is 2.9827° + 0.0128°, with minimum and maximum values of, respectively, 2.9348°
and 3.0274°. There is also a very small nurmddegranules in which pointing angle experiments are
conducted, and during these events the-a#dir angles can be as large as 30° or nisee Appendix 1 of

the CALIPS@dar level 1data description documeit These granulewith large offnadir anglesare
excluded from all level 2 analysé3n the other hand, data with cfiadir angles of 1.0°, 1.5°, and 2.0°,
acquired during February and June of 2017, are included in the level 2 analyses. The time periods for these
small offnadir angle experiments are reported in Table Awéry et al., 2020
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Scientific Data Setrbital Environment

Solar Zenith_Angldall layer products)

Units: degrees

Format: Float_32

Valid Range: 0.4,80.0

Fill Valuez9999.0

Description: Angle between the zenkiectorat the lidar footprint on the surface and the line of sight to the sun.

Solar Azimuth_Angldall layer products)

Units: degrees

Format: Float_32

Valid Range:180.0,180.0

Fill Value:9999.0

Description: Azimuth angle from north of the line of sight to the sun.

Scattering Angle(all layer products)

Units: degrees

Format: degrees

Valid Range: 0.0,80.0

Fill Value:9999.0

Description: Angle between the lidar viewing angle and the line of sight of the sun.

Scientific Data Sets: Spacecraft Position

Spacecraft Position(all layer products)
Units: km

Format: Float 64

Valid Range:8000.0,8000.0

Fill Value:9999.0

Description: Bsition of the CALIPSO satellite expressed in Eartref@ehRotating (ECR) coordinaigdso known
asEarth-centered, EartHixed (ECEfcoordinates).

Vgroups: Single Shot.idarSurfaceDetection(333mLayall 5 km layer products)

The lidar_Surface_DetectiodgrousNB LI2 NI G KS NBadz Ga 2F /! [Lt{hQa RSRA
GKS 9FNIKQa &adz2NFI OSo ¢tKSaS aadz2NFIFOS NBilOdaNyaé¢ KIF @S
and a base altitude, indicatingpat the signal has been completely attenuated. Both altitudes are reported in
kilometers above local mean sea level (AMSL). The apparent depth of the surface return ifodupass Bessel

filters in the CALIOP receivand, at 532 nm, th@on-ideal response of the photomultipliersThe surface top and

base altitudes can be different at the two wavelengths, since the 532 nm signals are downlinked at 30 m vertical
resolution whereas the 1064 nm signals are downlinked at 60 m resolutdinen no surface is detected for a

given wavelength, all surface detection data fields report fill values.

Search results fordar surface detected at single shot resolution are reported in the followilayer products.
o0 InthelLidar_Surface_Detectiovigroupin the 333 m merged layer product

o0 InthelLidar_Surface_Detectiovigroupcontained within the Single_Shot_Detectiovigroupin
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the 5 km aerosol layer produgts

the 5 kmcloud layer products

the 5 km standard merged layer producésid
A the 5 km beta merged layer products

C > > >

Names and descriptiorfer all SDS# the Lidar_Surface_Detectiovigroupreported inthe 333 m merged layer
productare listed below.In the Single_Shot_Detectiovigrougs reported in the 5 km layer productdigse same
SDS namels NB  LINE T A tB Sigrify éefriévals asinglé shotresolution As an exampléhe Surface_Top_
Altitude_532SDSeported in the 333 m merged layer product is reportedtss ssSurface_Top_Altitude_58DS
in the Single_Shot_Detectiovigrougs contained in all 5 km layer products

Surface_Top_Altitude 532

Surface_Top_Altitude_1064

Units: km

Format: Float 32

Valid range:-0.5, 8.2

Fill Value:99990

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Top altitude of the surface return at the lidar footprint detected at, respectively, 532 nm and 1064
nm.

Surface _Base Altitude 532

Surface_Base_Altitude 1064

Units: km

Format: Float 32

Valid range:-0.5,8.2

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: ! LILJ NBy 4 aol aSé¢ IfdAdGdzRS 2F (GKS adzaNFIF OS NI dzN
nm and 1064 nm.

Surface_Integrated_Attenuated Backscatter 532

Surface_Integrated_Attenuated_Backscatter_1064

Units: 1/sr

Format: Float 32

Valid range: 0.,2.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Vertically integrated total attenuated backscatter of the surface return detected at either 532 nm or
1064 nm. Limits of integration are the wavelengibecific surface top and base altitudes. The integrated
attenuated backscatter measurements quantifetrelative strengths of the surface returns.

Surface_532_Integrated_Depolarization_Ratio
Surface_1064_Integrated_Depolarization_Ratio
Units: NoUnits

Format: Float 32

Valid range: 0.,a..0
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Fill Valuez9999.0
Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: The depolarization ratio of surface return at 532 nm, computed as the ratio of the vertically integrated
532 nm perpendicular channel attenuated backscatter to the vertically integrated 532 nm parallel channel
attenuated backscatter. Integration limits fiare 532 nm integrated depolarization ratio are from the 532
nm surface top altitude to the 532 nm surface base altitude. For the 1064 nm integrated depolarization
ratio, integration limits are from the 1064 nm surface top altitude to ti@4 nm surface base altitude.
Surface depolarization ratios provide some insight into surface type, with liquid water surfaces having very
low depolarization ratios, snow and ice having very high depolarization ratios, and land surfaces typically
having milrange values that depend on vegetation and soil conditionsl(gest al., 201)

Surface_532_Integrated_Attenuated_Color_Ratio

Surface_1064 Integrated_Attenuated_Color_Ratio

Units: NoUnits

Format: Float_32

Valid range: 0.,2.0

Fill Value:9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Total attenuated backscatter color ratio of the surface return, computed by dividing the vertically
integrated 1064 nm attenuated backscatter coefficients by the vertically integrated 532 nm total
attenuated backscatter coefficients. Integration limits floe 532 nm integrated attenuated color ratio are
from the 532 nm surface top altitude to the 532 nm surface base altitude. For the 1064 nm integrated
attenuated color ratio, integration limits are from the 1064 nm surface top altitudééoli064 nm surface
base altitude.

Surface_Detection_Flags 532
Surface_Detection_Flags 1064
Units: NoUnits

Format: UInt_16

Valid range: (8192

Description: Surface detection quality assurance flags that describe the wavelgragtific outcomes of the
respective surface searches. Surface detection flags are storedtasini@gers with bit 0 being the least
significant bit. Bit interpretations are given iflablel5.

Tablel5: Bit interpretations for the surface detection flaggported for each wavelength fall 532 nm and 1064
nm surface detection attempi®it O is the least significant bit.

Bit(s) Interpretation
Surface detected
0 0=no
1=yes

Surface detection method

0 = derivative test

1-2 | 1 = multishot averaged data test

2 = single shot surface detection fraction test

3 = unused

532 nm parallel channshturated

532 nm perpendicular channel saturated

1064 nm channel saturated

6 532 nm parallel channel negative signal anomaly

glh|w
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Bit(s) Interpretation

7 532 nm perpendicular channel negative signal anomaly

8 1064 nm channel negative signal anomaly

9 Derivativemethod failure: Z(min gradient) < Z(max gradient)

10 Derivative method failure: vertical extent exceeds limit

11 Derivative method failure: peak signal below threshold

12 Failure: vertical separation between 532 and 1064 surface top altitudes excee
allowable limit
Failure: surface detected at 1064 nm qridyt overlyingatmospheric total
13 attenuated backcattercolor ratiois belowathresholdvalue. This test is disableq
in the V5.00 release.
14-15 | Unused

Surface_Overlying_Integrated_Attenuated_Backscatter 532
Surface_Overlying_Integrated_Attenuated_Backscatter_1064

Units: 1/sr

Format: Float 32

Valid range: 0.,2.0

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Wavelengthspecific vertically integrated total attenuatetmosphericbackscatter from the top of
the profile measurement (40 km at 532 nm, 30 km at 1064 nm) to one range bin above the detected surface
top altitude.

Surface_Scaled_RMS_Background_532

Surface_Scaled RMS Background 1064

Units: 1/(km * sr)

Format: Float 32

Valid range: 0.,®.05

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Background noise estimate computed from RMS baseline noise measurements between 65 and 80
km above mean sea level, rescaled to create pseattenuated backscatter coefficients at, respectively,
532 nm and 1064 nm. These psetattenuated backscatter coéifients are used to determine surface
detection thresholdg¢Vaughan et al., 2036

Surface_Peak_Signal 532

Surface_Peak_Signal_1064

Units: 1/(km * sr)

Format: Float_32

Valid range: 0.8.5

Fill Value=9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Maximum attenuated backscatter coefficient in the surface signals detected at, respectively, 532 nm
and 1064 nm.
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Vgroups : 1 km Lidar Surface DetectighkmLay, SkmDiag)

In the 1 km cloud layer producthe Lidar_Surface_Detectiovigroupreports surfaces detected imttenuated
backscattemprofiles averaged to 1 km (3 shot) aletigck resolution. The same layer detection algorithm is used
for both single shot and 1 knesolutions. The SDS names and descriptionthe Lidar_Surface_Detectidfgroup
reported in the 1 km cloud produetre identical to those givepreviouslyfor the single shot lidar detectiowgroup
However,the 1 km resolutionLidar_Surface_Detectiowgroup containstwo SDSglisted below, that are not
reported in the single shot product

Surface_Detections_1km_532

Surface_Detections_1km_1064

Units: NoUnits

Format: Int_16

Valid range: (b

Flag values:111 =column data quality degraded due to low laser energy and rejected by LEM

Description: These fields report the number df km resolutionsurface detections within each 5 km resolution
profile. Detection results are reported separately for the 532 nm and 1064 nm channels.

Surface detection resultgtrievedat 1 kmalongtrackresolutionare also reported in theidar_Surface_Detection
Vgroupnested inthe 01km_DetectiorvVgroupin the 5 kmbetamerged layer productTheparametergeportedin
the 01km_DetectionVgroupare identical to those reported in the staradone 1 km cloud layer product. To
distinguish 1 km results from the single shot and 5 km results reported i kine beta merged layer produdhe
names ofSDSs reporting parameters retrieved at 11kiNBS  LINB T A E SRR andeskainle, tHerSurface (Tdp_
Altitude 532 SDS reported in thekm cloudayer product is reported as thg&lkmSurface_Top_Altitude 532 SDS
in the 01km_DetectiorvVgroupcontained in all 5 km layer products.

Vgroups : 5 km Lidar Surface Detectidall 5 km layer products)

In the 5 km standard layer prodig;the Lidar_Surface Detectidfgroupreports surfaces detected in attenuated
backscatter profiles averaged 5&km (15 shot) alongtrack resolution. The same layer detection algorithm is used
for both single shatl km and 5 knresolutions. The SDS names and descriptions in the Lidar_Surface_Detection
Vgroupreported in the5 km cloud product are identical to those given previously for the single shot lidar detection
Vgroup However, thés km resolution Lidar_Surfaceelction Vgroupcontains two SDSs, listed below, that are
not reported in the single shot product.

Surface Detections_333m_532

Surface_Detections_333m_1064

Units: NoUnits

Format: Int_16

Valid range: (015

Flag values:111 =column data quality degraded due to low laser energy and rejected by LEM

Description: These fields report the number of single shot surface detections within each 5 km resolution profile.
Detection results are reported separately for the 532 nm and 1064 nm channels.

Vgroups :OceanDerived Column Optical DepthStandard(all layer products)

ODCOD_Effective_Optical_Depth_532
Units: NoUnits
Format: Float_32
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Valid range: 0.®5.0
Fill Valuez9999.0
Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Ocean Derived Column Optical Def@DCOD)stimates of total colummeffectiveparticulate optical
depth derived fronthe magnitude of the integratedcean surface backscatter measured at 532 Ryaf
et al., 2023. These areffective (i.e.apparen) optical depths rather than true optical depths because no
corrections are made for multiple scattering effeessingfrom cloud and aerosol layethat may be
presentwithin any column.

ODCOD_Effective_Optical_Depth_532_Uncertainty

Units: NoUnits

Format: Float 32

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejectdcEhy

Description: Estimated absolute uncertainties in the ODC&lfectiveoptical depthsat 532 nm see equation 12
in Ryan et al., 2024

ODCOD_QC_Flag_532
Units: NoUnits

Format: Ulnt_32

Valid range: 04294967295

Description: The ODCOD quality control flagse bitmapped 32-bit integersdescribingoutcome of ODCOD
retrievals at 532 nmBit interpretation is given ifablel6.

Tablel6: Interpretation of the bits in the ODCOD quality control flagseleast significant bits bit O.

Bit(s) Interpretation

0 The fundamental time delay was shifted from the first point
1 Lidar surface data too many data points for a valid surface spike
2 Range bin above recorded lidar surface data added
3 Range bin below recorded lidar surfad&ta added
4
5

The surface point ratio indicated that the first point of the surface spike is missing
To find the time delaythe surface spike index range had to be shifted down
6 The retrieval inputs fall outside of confidence ranges indicating a confident retrieval
7-9 | Unused
10 No Lidar surface was found
11 The surface is not ocean
12 The surface is ice
13 The wind speed is outside the valid range (0.025 to 43 m/s)
14 The fundamental time delay found was too lowsufficient datesamples to conduct a
second search
15 Too few data points to solve
16 TheCALIOResponse model curve area was too large
17 | TheCALIOResponse model curve scale factor could not be found
18 Lidar surface saturated
19 Lidar surface hasegative signal anomaly
20 Lidar surface data is not valid
21 Flags bad input/ancillary data
22 No Lidar surface was detected via derivative method at greater than single shot resolu
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Bit(s) Interpretation
23-31 | Unused

ODCOD_Surface_Wind_Speeds _10m

Units: m/s

Format: Float 32

Valid range:-430,43.0

5SEO0ONRLIAZ2YY aSly T2ylf YR YSNARA2YyIf O2YLRYySyi(a
reported in the lidar level 1b file. Lidar L1b wind speadsinterpolated from the MERRA ancillary
meteorological dataand reported for each laser pulse as N x 2 arrays, where the first column gives the

magnitude of theeastward zonal ucomponent and the second column repott® northward, meridional
v component

ODCOD_Surface_Wind_Speed_Correction
Units: m/s

Format: Float 32

Valid range:-430,43.0

Description: An additive correction deriveétom global analysis of AMSR wind speeds and applied during the
ODCOD retrievals to tHdERRA wind speed magnitudes.

Vgroups :OceanDerived Column Optical Depths, 5 km MergBiagnosticBetaOnly

The OceatDerived Column Optical DeptNgroupreported in the 5 km Mergetlayer DiagnostiBeta products
provides diagnostic informatioabout the 532 nm ODCOD retrievalk also offers preliminary estima®f the
1064 nmeffective optical depths derived using exactly the same technique that is implemeri@@ am. Because
the extensive laboratory characterization of the 532 nm detector responsenatigeplicated for the 1064 nm
channel, the 1064 nnnstrument response function (IRF) is approximated using the 532 nmTHRE.choice
together with the different vertical averagindone forthe two channelsjnevitably introduces some increased
uncertaintiesandthe possibility ouinquantifiedbiasedsn the 1064 nm resultsStudies conducted thus far suggest
that the 1064 nmeffective optical depthretrievalscould bebiased low byD0.07, though the underlying cause for
this offset has not been determinedFurthermore, he ODCOD 1064 nm effective optical depths have not been
validatedand hence should be used with utmost caution.

Understanding and féective use of the diagnostic parameters requires a close reading of the ODCOD algorithm
details given irRyan et al., 2024

ODCOD_Effective_Optical_Depth_1064

Units: NoUnits

Format: Float 32

Valid range: @,250

Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM

Description: Estimates of total columeffective particulate optical depth derived frorthe magnitude of the
integrated ocean surface backscatter measuredl@b64nm. These areffective (i.e.,apparen) optical
depths rather than true optical depths because no corrections are made for multiple scattering effects
arisingfrom cloud and aerosol layetBat may be presentvithin any column.

ODCOD_Effective_Optical_Depth_1064_Uncertainty

Units: NoUnits

Format: Float 32
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Fill Valuez9999.0

Flag Values: ¢111.0 column data quality degraded due to low laser energy and rejected by LEM
Description: Estimated absolute uncertainties in the ODG&fective optical depths at1064nm.
ODCOD_QC_Flag_1064

Units: NoUnits
Format: Ulnt_32
Valid range:0, 4294967295

Description: The ODCOD quality control flags arerbapped 32bit integers describing outcome of ODCOD
retrievals atl064nm. Bit interpretation is given ihablel6.

ODCOD_Two_Way_Transmittance_532
ODCOD_Two_Way_Transmittance_1064
Units: NoUnits

Format: Float 32

Valid range:0, 1

Fill Valuez9999.0

Description: see equation 6 ifrRyan et al., 2024 The ODCOD algorithm fiesstimates theeffective particulate
two-way transmittancein eachcolumn before convertingnemto the corresponding optical depgh 532
nm optical depths are reported in the standard layer products. 1064 nm optical depths and thveatyvo
transmittances at both wavelengths are only reported in the 5 km merge beta product.

ODCOD_Two_Way Transmittance_532_Unc
ODCOD_Two_Way_Transmittance_1064_Unc
Units: NoUnits

Format: Float 32

Fill Value:9999.0

Description: total estimated absolute uncertainty itne effective particulate twoway transmittance calculations
at both wavelength; asseen equation 11 irRyan et al., 2024here are multiple components that combine
to yield the total uncertainty estimate.

ODCOD_Two_Way_Transmittance_532_Unc_Wind
ODCOD_Two_Way_ Transmittance_1064 Unc_Wind
Units: NoUnits

Format: Float 32

Fill Valuez9999.0

Description:the wind speed componentf the total two-way transmittanceuncertainty calculationssee equation
17inRyan et al., 2024

ODCOD_Two_Way_Transmittance_532_Unc_Area
ODCOD_Two_Way_Transmittance_1064_Unc_Area
Units: NoUnits

Format: Float_32

Fill Valuez9999.0

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer -Datxription_Document_V5 Page66 of 123


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
https://doi.org/10.5194/amt-17-6517-2024
https://doi.org/10.5194/amt-17-6517-2024
https://doi.org/10.5194/amt-17-6517-2024

Description: portion of the total two-way transmittance uncertainty calculatioascribedto uncertainties in the
CALIOP response model (CRtat approximates theunderlying CALIOP instrument response function
(IRF)see equation &in Ryan et al., 2024

ODCOD_T2_Product_Molecular_ O3 532
ODCOD_T2_Product_Molecular_0O3_1064
Units: NoUnits

Format: Float 32

Valid range: 0, 1

Fill Value:9999.0

Description: magnitude of the combinedblecular and ozone twavay transmittance between the lidar and the
surfaceat each wavelengthobtained from MERR2 model data.

ODCOD_Two_Way_Transmittance_532_Unc_T2MolO3
ODCOD_Two_Way_Transmittance_1064_Unc_T2MolO3
Units: NoUnits

Format: Float 32

Fill Value:9999.0

Description: portion of the total two-way transmittance uncertainty calculatiorthat would be ascribedo
uncertainties in themolecular and ozone twavay transmittances between the lidar and the surface
Although calculatedvalues are given in the respective S[I/an et al., 2024tate that the contributiors
made by this terntto the overall uncertainty should be less than 0.02%. As these uncertainties are small
compared to that of wind speed and area fit, they are not included in the OD@®) uncertainty
estimateg @

ODCOD_Ocean_Surface_Retro_Reflectance 532
ODCOD_Ocean_Surface Retro_Reflectance 1064
Units: NoUnits

Format: Float 32

Valid range: 0, 1

Fill Valuez9999.0

Description: The modeled reflectancef the ocean surfacasa function of wind speedt the lidar offnadir angle
at both wavelengthssee equatiory in Ryan et al., 2024

ODCOD_Fundamental_Time_Delay 532
ODCOD_Fundamental_Time_Delay 1064
Units: > a

Format: Float_32

Valid range:-0.05, 0.15

Description: Elapsedime, atboth 532 nmand 1064 nm,from the surfacerange bin midpoint to thensetof the
CRM within the bipfor details,seeSection 2.1 anéfigure 2 irRyan et al., 2024

ODCOD_Scale_Factor_532
ODCOD_Scale_Factor_1064
Units: NoUnits

Format: Float_32

Valid range:0, 5
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Fill Valuez9999.0

Description: Scale factor to achieve the best fit between theasurements and thERMseell KS h LI NI Y S
Table 1 irRyan et al., 2024

ODCOD_First_Point_Index_532

ODCOD_First_Point_Index_1064

Units: NoUnits

Format: Float_32

Valid range:0, 582

Fill Value:1

Description: The index into the 58ABIem,ent CAVLIOP alti:[udeAarralvyesAignatinghe location of theonset of :[hg o
ocean surface signal5dzS 02 RATFSNBYOSa Ay [/ ![Lht Qa&a OSNIUAOI
backscatter profiles, these indexes may not be identical for the two wavelengths.

ODCOD_Surface Points 532

ODCOD_Surface Points_1064

Units: km¢! sr¢t

Format: Float_32

Typicakange: -0.1...3.3

Fill Value:9999.0

Description: The attenuated backscattecoefficientsused for the ODCOD retrieval each wavelengthLevel 1
dataarray indexes fothese valuegxtendfrom the ODCOD_First_Point_Index_%R&vnward forl to 3
range bingi.e. the ODCOIcean surface returwill containat least2 pointsand no more than 4 poinjs

ODCOD_IRF_Area_532
ODCOD_IRF_Area_1064
Units: NoUnits

Format: Float 32

Valid range:0.0, 0.962

Fill Valuez9999.0

Description: The ODCOD algorithmapproximatesthe CALIOP impulse response functiiRF) using the
mathematically tractable CRMhe IRF areparametersare the area calculatedunder the CRMand
subsequentiyused to determinghe ODCOD scale factmat both wavelengtts; see equation 5 ilRRyan et
al., 2024

ODCOD_IRF_Area_532_Uncertainty

ODCOD_IRF_Area_1064_Uncertainty

Units: NoUnits

Format: Float_32

Fill Valuez9999.0

Description:Estimateduncertainty in the integral of the shifted and scaled CRM (i.e., after the time delay and scale
factor have been found and applied). These parameters afeAintermediate values used in calculating Ehe
Wh5/ h5 ¢¢2 2F¢é& ¢NIFyaYAUUl yafe$eposigd dordiagnbisticixparmgoseg only y O !

ODCOD_Curve_Fit_Error_532

ODCOD_Curve_Fit_Error_1064

Units: NoUnits
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Format: Float 32

Fill Valuez9999.0

Description: Estimateduncertaintyof the ocean return model fitcalculatedasthe root mean squaredifference
betweenthe surface measurementnd the besfit to the downlinked CALIOP response mo(l2CRM)

see equationd inRyan et al., 2024The curve fit erroquantifies the contributions that uncertainties in
the integrated surface backscatter signals make to the total effective optical uncertainty.

Vgroups : Single Shot Detectiofall 5 km layer products)

AllCALIOB kmlayer products include a Single Shot Detection ($¥8§B)upthat reports a comprehensive subset

of the parametergeported in the333 m Merged Layer ProduciThese results are included specifically to give
users the ability to identify and characterize boundary layer clouds detected at single shot resolution. The
attenuated backscatter coefficients in these boundary layer clouds are excluded when creatingréssingly
coarse horizontal averages used for layer detections at 5 km, 20 km, and 8akighan et al., 2009 ackett et

al., 202). By design,le SDS names in tl&SDv/groupare very nearlyidentical to theSDS nameis theroot HDF
directory. The difference is that th8SD/groupnamest N6 = Ay | ft Ol 4S&az répnedemss ESR
W3 A vy 3 f Boingithiselinhdtes any potential ambiguity pecifyingparameter names when using tfekm
layerproducts For example, in the 5 km Cloud Layer Product, diopdltitudes for layersletected at 5 km, 20

km, and 80 km are reported in tHeayer Top Altitude SDSstored in the HDF roddirectory. Similarly, cloudop
altitudes for layers detected at single shot resoluteme reported in the ssLayer_Top_Altitude SDS stored in the
SSDv/group Because the spatial resolution of the ancillary meteorological data present is not better than 5 km,
these parameters are not copied from the 333 m Merged Layer Product into the SSD Vgroup. Sun angles and
spacecraft position are also excluded from the S§Dup.

Tablel7 lists all SDSs contained in the S&Poupand includes links to the parameter descriptions in the left
column Because the spatial resolution of the ancillary meteorological data présemt better than 5 km, these
parameters are notopied from the 333 m Merged Layer Product itite SSD/group Sun angles and spacecraft
position are also excluded from the S8@roup

Tablel7: correspondence between SDS names in3B8 m Merged layer product and the Single Shot Detection
Vgrougs reported in all 5 km layer products.

333 m Merged.ayer Product Single Shot Detectiovigroup
Lidar_Data_Altitudes
Profile ID(all layer products) ssProfile_ID
Latitude (all layer productd)atitude (all layer| ssLatitude
products)
Longitude(all layer products) ssLongitude

Profile_Time (all layer product$)rofile_Time (all | ssProfile_Time
layer products)

Profile_ UTC_Tim@ll layer products) ssProfile_UTC_Time
Day Night Flaall layer products) ssDay Night_Flag
Off Nadir_Angl€all layer products) ssOff_Nadir_Angle

Solar_Zenith_Angle

Solar_Azimuth_Angle

Scattering_Angle

Spacecraft_Position

Laser Energy 532(333mMLay all 5 km layel ssLaser_Energy_532
productg
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333 m Merged.ayer Product

Single Shot Detectiovigroup

Low_Energy_Mitigation_Column_QC_Flagall
products)

layer

ssLow_Energy_ Mitigation_Column_QC_Flag

Parallel_Column_Reflectance 5@l layer products)

ssParallel_Column_Reflectance_532

Parallel_Column_Reflectance_Uncertainty %a#l layer
products)

ssParallel_Column_Reflectance_Uncertainty 532

Perpendicular_Column_Reflectance 532(all
products)

layer

ssPerpendicular_Column_Reflectance 532

Perpendicular Column_Reflectance Uncertainty 532
(all layer products)

ssPerpendicular_Column_Reflectance_Uncertainty 532

Column_Integrated _Attenuated Backscatter 532 (all
layer products)

ssColumn_Integrated_Attenuated_Backscatter 532

Column_IAB_Cumulative_Probability (all
products)

layer

ssDEM_Surface_Elevation

Column_Particulate _Optical Depth Above Opaque \
ter_Cloud 534all layer products

ssColumn_Particulate_Optical_Depth_Above Opaque_
Water_Cloud_532

Column_Particulate _Optical Depth Above Opaque \
ter_Cloud_Uncertainty 53¢all layer productp

ssColumn_Particulate_Optical_Depth_Above Opaque_
Water_Cloud_Uncertainty 532

Tropopause_Height

Tropopause_Temperature

IGBP_Surface_Type

Snow_Ice_Surface_Type

DEM_Surface_Elevation

Number_Layers Foun(@ll layer products)

ssNumber_Layers_Found

Scene_Flaall layer products)

ssScene_Flag

Number_Bins_Shi{333mMLay, 01kmCLay)

ssNumber_Bins_Shift

Layer Top_Altitud€all layer products)

ssLayer_Top_Altitude

Layer Base_ Altitud@all layer products)

ssLayer_Base_Altitude

Layer Top Pressufall layer products)

ssLayer_Top_Pressure

Midlayer Pressur¢all layer products)

ssMidlayer_Pressure

Layer Base Pressufall layer products)

ssLayer_Base_Pressure

Layer Top_ Temperatur@ll layer products)

ssLayer_Top_Temperature

Layer Centroid_Temperatur{333mMLay, 1kmCLay
5kmCLay, 5kmMLay, 5kmDiag)

ssLayer_Centroid_Temperature

Midlayer Temperaturdall layer products)

ssMidlayer_Temperature

Layer Base_Temperatufall layer products)

ssLayer_Base_Temperature

Opacity Fladall layer products)

ssOpacity_Flag

Attenuated Scattering_Ratio_Statistics_53¢all
products)

layer

ssAttenuated_Scattering_Ratio_Statistics_532

Attenuated_Backscatter_Statistics 532 (alll layer| ssAttenuated_Backscatter_Statistics_532
products)
Integrated_Attenuated Backscatter 532 (all  layer| ssintegrated_Attenuated_Backscatter_532

products)
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333 m Merged.ayer Product

Single Shot Detectiovigroup

Integrated Attenuated Backscatter Uncertainty 532
(all layer products)

ssintegrated_Attenuated Backscatter _Uncertainty 532

Attenuated_Backscatter Statistics 1064 (all
products)

layer

ssAttenuated_Backscatter Statistics_1064

Integrated_Attenuated Backscatter 1064 (all
products)

layer

ssintegrated_Attenuated Backscatter 1064

Integrated Attenuated Backscatter Uncertainty 1064
(all layer products)

ssintegrated_Attenuated Backscatter Uncertainty 1064

Volume_Depolarization_Ratio_Statistics (all
products)

layer

ssVolume_Depolarization_Ratio_Statistics

Integrated_Volume_Depolarization_Ratio (all
products)

layer

ssintegrated_Volume_Depolarization_Ratio

Integrated_Volume_Depolarization_Ratio_Uncertainty
(all layer products)

ssintegrated_Volume_Depolarization_Ratio_Uncertainty

Attenuated Total Color Ratio_Statistics (all
products)

layer

ssAttenuated_Total_Color_Ratio_Statistics

Integrated Attenuated Total Color_Ratio(all
products)

layer

ssintegrated_Attenuated_Total_Color_Ratio

Integrated_Attenuated_Total Color_Ratio_Uncertainty
(all layer products)

ssintegrated_Attenuated_Total_Color_Ratio_Uncertainty

Overlying_Integrated Attenuated Backscatter 53all
layer products)

ssOverlying_Integrated_Attenuated_Backscatter 532

Layer IAB_QA Fact(all layer products)

ssLayer_IAB_QA_Factor

Feature_Classification_Flagal layer products)

ssFeature_Classification_Flags

* in previous releases, a zero in this fig
indicated bad or missing data
CAD_Score (all layer products)

ssCAD_Score

Initial CAD_Score(333MLay, 0l1kmCLay, 5kmCL
5kmMLay, 5kmDiag)

sslinitial_CAD_Score

Was_Cleare333mMLay)

ssWas_Cleared

Decoupled_Layer Type (333mMLay,
5kmCLay, 5kmMLay, 5kiag)

5kmALay,

ssDecoupled_Layer _Type

Metadata Parameters

Product_ID

A character string (88yte maximum) specifying the data product name. For all CALIPSO Level 2 lidar data products,

the value of this strings L2_LIDAR.

Date _Time_at _Granule_Start

A 2Tbyte character string that specifies thgranule UTC start date and time. The format is yyygn-

ddThh:nn:ss.ffffffZ, where yyyy is the year, mm is the month, dd is the day, hh is the hour, nn is the minute, ss is
¢ KS Wy

the second, and ffffff is the fractional second. Date and time are separated by the Gddact¥’ ¢ Q ©

that time is given in UTC.
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Date Time_at _Granule End

A 2*byte character string that specifies the granule Ugi@l date and time. The format is yymm-
ddThh:nn:ss.ffffffZ, where yyyy is the year, mm is the month, dd is the day, hh is the hour, nn is the minute, ss is
(KS 4802yR> I yR FFFFFFT AA (GKS FNIOGAZYL t¢ KiSS OBATR & v RS
that time is given in UTC.

Date_Time of Production

A 2Tbyte character string that specifies the UTC date ame at which the data was generate@he format is
yyyymm-ddThh:nn:ss.ffffffZ, where yyyy is the year, mm is the month, dd is the day, hh is the hour, nn is the
YAYydziSEs aa Aa GKS aSO2yRX FyR FFFFFT Aad (GKS FTNIOGAZ
W Q  asyhBtiirelisigiven in UTC.

Number_of Bad_Profiles

A 32bit integer specifying the number of bad attenuated backscatter profiles contained the level 1b file used to
generate the level 2 analyses. Profiles are considered bad if (a) any of the three measurement channels are missing
(see bits 0, 1, and 2 the QC Flags SDS); (b) the measurement data could not be geolocated (see bit 3 in the QC
flags SB); or (c) the energy in either the 532 nm or 1064 nm channel falls below the low energy threshold (see bits

5 and 6 in the QC Flags SDS).

Number_of Good_Profiles

A 32bit integer specifying the number of good (i.e., not identified as being bad) attenuated backscatter profiles
contained in the level 1b file used to generate the level 2 analyses.

Initial_Subsatellite_Latitude

¢tKA&d FASER NBLRNIUA doahedinthéNgaiuled dzo a - G St € A fF0A0GdzRS

(s

Initial_Subsatellite_Longitude

¢CKA& FTASETR NBLRNIAa (céntinet ithekgranula.dzo a I G St £ A G

w»

f2y3AGdRS

Final_Subsatellite Latitude
¢tKAa FASER NBLRNIa cokaBedintheigianuiedzo a1 6 St f AGS €+ GAGdzRS

Final_Subsatellite_Longitude
¢tKAa FASER NBLRNIaAa cdodinet ine@raniildzo a1 6 St f AGS 2y 3AddzRS

Orbit_Number_at_Granule_Start
Orbit_Number_at_Granule_Stop
Orbit_ Number_Change_Time

Orbit Number consists of three fields that define the number of revolutions by the CALIPSO spacecraft around the
Earth. This number incremented each time the spacecraft passes the equator on the ascending node. To maintain
consistency between the CALIPSO and CloudSat orbit parameters, the Orbit Number is keyed to the CloudSat orbit
2121 at 23:00:47 on 2006/09/20. Because the CALIP&Ogdanules are organized according to satellite lighting
conditions, based on fixed Starth-Satellite angles, day/night boundaries do not coincide with transition points
for defining orbit number. As such, three parameters are needed to describe titenarbber for each granule as:

1 Orbit Number at Granule Start: 2 ND A G ydzYoSNJ G GKS 3INI ydzZ S aidl NI

1 Orbit Number atGranule End:2 ND A G0 ydzYoSNJ Fd (GKS AN ydzZ S adz2L) a7

1 Orbit Number Change Tme:i A YS i 6 KAOK (GKS Didduked ydzyo SN OKI y !
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Path_Number_at_Granule_Start
Path_Number_at Granule_Stop
Path_Number_Change_Time

Path Number consists of three fields that define an index ranging fre#831that references orbits to the
Worldwide Reference System (WRS). This global grid system was developed to support scene identification for
LandSat imagery. Since theTAain is maitained to the WRS grid within £10 km, the Path Number provides a
convenient index to support data searches, instead of having to define complex latitude and longitude regions
along the orbit track. The Path Number is incremented after the maximum latitudlee orbit is realized and
changes by a value of 16 between successive orbits. Because the CALIPSO data granules are organized accordir
to satellite lighting conditions, day/night boundaries do not coincide with transition points for defining path
number. As such, three parameters are needed to describe the path number for each granule as:

1 Path Number at Granule Start: LJ- § K ydzZY6 SNJ & GKS 3INIydzZ S adl NI &,

1 Path Number at Granule End:LJF 4§ K ydzY6oSNJ 4 GKS 3N ydzA S adz2L) GAY

1 Path Number Change Time:i A YS | & 6KAOK GKS LI 6K ydzYoSNJ OKI y 3¢
While CALIPSO was formation flying in th&rain all path numberen the metadataare exact. Beginning in

September 2018, when CALIPSO lowered its orbit into {limid, path numbers are no longer exact, but instead
indicate the closest WRS reference orbit.

Lidar_L1 Production_Date Time

For each CALIOP Lidar Level 2 data product, the Lidar LRx@duction Date Time field reports the file creation
time and date for the CALIOP Level 1 Lidar data file that provided the source data used in the Level 2 analyses.

Number_of Single_Shot _Records_in_Files
QA parameter for internal use only

Number_of Average Records_in_File
QA parameter for internal use only

Number_of Features_Found
QA parameter for internal use only

Number_of Cloud_Features Found
QA parameter for internal use only

Number_of Aerosol Features Found
QA parameter for internal use only

Number_of_Indeterminate_Features_Found
QA parameter for internal use only
Ocean_Fresnel_Reflection_Coefficient 532

Estimated reflectance coefficient of the 532 nm signal by seawater. The value of this parameter is 0.0213, based
on work documented ivaughan et. al., 2019

Ocean_Fresnel_Reflection_Coefficient_106&rhDiag

Estimated reflectance coefficient of tH®64nm signal by seawater. The value of this parameter isG202ased
on work documented itvaughan et. al., 2019
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MERRA2_Wind_Uncertainty

Estimated global relative uncertainty of the &Owind speed reported in the MERRA2 meteorological model data
product. The value of this parameter is 0.1506, based on wimdumented irRyan et al., 2024

AMSR_Wind_Correction_Uncertainty
Estimated global correction uncertainty between the AMSR MIERRA winds. As documented ifRyan et al.,
2024, the value of this parameter is 0.2537

Lidar_Data_Altitudes

Altitudes (above mean sea level) that specify the vertical midpoints of the 583 range bins in the profile
measurements downlinked from the CALIPSO satellifbe values in this field are identical to those in the
Lidar_Data_Altitudes SDS and are retained in V5.00 for backward compatibility with existing software.

GEOS_Version
Specifies the version of the meteorological data used in the level 2 analyses. For the version 5.0 data release, this

FASEtR A& lfgleda daodww! HED
GMAOQO_Files Used

Lists the four MERR2Ameteorological data files used to create the level 2 data files for this granule.

Classifier_Coefficients_Version_Number

Version number of the classifier coefficients file that stores thedivmeensional probability distribution functions
used by thecloud-aerosol discrimination (CAD) algorithm

Classifier_Coefficients_Version_Date

Creation date of the classifier coefficients file that stores the-fiweensional probability distribution functions
used by thecloud-aerosol discrimination (CAD) algorithm

Production_Script

Provides the configuration information and command sequences that were executed during the processing of the
CALIOP Lidar Level 2 data products. Documentation for many of the control constants found within this field is
contained in theCALIPSO Lidar Level 2 Algorithm Theoretical Basis Documents

CALIPSO Data Quality Information

Relevant ExternaDocumentation

This section lists CALIPSQorithm Theoretical Basis DocumefATBDSs) and peesviewed journal articles that
provide detailed descriptions of the algorithms used to calibrate the lidar and retrieve the CALIOP level 2 science
data products.

ATBDs and Project Documentation

1 CALIPSO Data Management Team: CALIPSO Data Products Ca&dg0®®Release 5.00.

1 Vaughan, M. A,, D. M. Winker, and K. A. Powell, 2005: CALIOP Algorithm Theoretical Basis Document, Part 2:
Feature Detection and Layer Properties Algorithm, -9e14202.02
https://ntrs.nasa.gov/citations/20250006627
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https://doi.org/10.5194/amt-12-703-2019
https://doi.org/10.5194/amt-12-703-2019
https://ntrs.nasa.gov/citations/20250006627

1 Liu, Z.,, A. H. Omar, Y. Hu, M. A. Vaughan, and D.M. Winker, 2005: CALIOP Algorithm Theoretical Basis
Document, Part 3: Scene Classification Algorithms, -SE&r02.03
https://ntrs.nasa.gov/citations/20250006628

1 Winker, D. M., C. A. Hostetler, M. A. Vaughamd A. H. Omar, 2006: CALIOP Algorithm Theoretical Basis
Document, Part 1 CALIOP Instrument and Algorithms Overview, -SCRX02.0],
https://ntrs.nasa.gov/citations/20250006626

PeerReviewed Journal Papers

T [AdzZ %P ad Wd aODAfET & ldzZ /& I d | 2a0SGtftSNE aod
OFf AONI GA2Y dzaAy3 az2fl NJ NEERGkoSch Regmoté Sandi [itE RIS, 0 & A
https://doi.org/10.1109/LGRS.2004.829613

1 Liu, Z., M. Vaughan, D. Winker, C. A. Hostetler, L. R. Poole, D. L. Hlavka, W. D. Hart, and M. J. McGill, 2004: Us
of probability distribution functions for discriminating between cloud and aerosol in lidar backscatterJdata,
Geophys. Resl09, D15202https://doi.org/10.1029/2004JD004732

1 Liu, Z., W. Hunt, M. Vaughan, C. Hostetler, M. McGill, K. Powell, D. Winker, and Y. Hu, 2006: Estimating Random
Errors Due to Shot Noise in Backscatter Lidar Observatichgpl. Opt, 45 443%4447,
https://doi.org/10.1364/A0.45.004437

1 Hu, Y., M. Vaughan, Z. Liu, K. Powell, and S. Rodier, 2007: Retrieving Optical Depths and Lidar Ratios for
Transparent Layers Above Opaque Water Clouds From CALIPSO Lidar MeasuteEBEn®g0sci. Remote
Sens. Lett4, 523,526, https://doi.org/10.1109/LGRS.2007.901085

1 Hu, Y., D. Winker, M. Vaughan, B. Lin, A. Omar, C. Trepte, D. Flittner, P. Yang, W. Sun, Z. Liu, Z. Wang, S. Youl
K. Stamnes, J. Huang, R. Kuehn, B. Banh R. Holz, 2009: CALIPSO/CALIOP Cloud Phase Discrimination
Algorithm,J. Atmos. Oceanic Techn@b, 2293;2309 https://doi.org/10.1175/2009JTECHA1280.1

T Hunt, W. H, D. M. Winker, M. A. Vaughan, K. A. Powell, P. L. Lucker, and C. WeitheLA2ORSO Lidar
Description and Performance Assessment]. Atmos. Oceanic Technol 26, 12141228,
https://doi.org/10.1175/2009JTECHA1223.1

1 Liu, Z.,, M. A. Vaughan, D. M. Winker, C. Kittaka, R. E. Kuehn, B. J. Getzewicept€, Bnd C. A. Hostetler,
2009 The CALIPSO Lidar Cloud and Aerosol Discrimination: Version 2 Algorithm and Initial Assessment of
Performance,). Atmos. Oceanic Techngb, 11981213, https://doi.org/10.1175/2009JTECHA1229.1

1 Omar, A., D. Winker, C. Kittaka, M. Vaughan, Z. Liu, Y. Hu, C. Trepte, R. Rogers, R. Ferrareaitl ®uehn,
Hostetler, 2009: The CALIPSO Automated Aerosol Classification and Lidar Ratio Selection Algétitiws,
Oceanic TechngPk6, 19942014, https://doi.org/10.1175/2009JTECHA1231.1

1 Powell, K. A., C. A. Hostetler, Z. Liu, M. A. Vaughan, R. E. Kuehn, W. H. Hunt, K. Lee, CRRRTROt®rs,
S. A. Youn@nd D. M. Winker, 2@ CALIPSO Lidar Calibration Algorithms: Radighttime 532 nm Parallel
Channel and 532 nm Perpdioular Channel, J. Atmos. Oceanic Technol26, 20152033,
https://doi.org/10.1175/2009JTECHA1242.1

1 Vaughan, M., K. Powell, R. Kuehn, S. Young, D. Winker, C. Hostetler, W. Hunt, Z. Liu, M. McGill, and B.
Getzewich, 2009: Fully Automated Detection of Cloud and Aerosol Layers in the CALIPSO Lidar Measurements,
J. Atmos. Oceanic Techn@b, 2034;2050,https://doi.org/10.1175/2009JTECHA1228.1

1 Winker, D. M., M. A. Vaughan, A. H. Omar, Y. Hu, K. A. Powell, Z. Liu, W. H. Hunt, and S. A. Young, 200
Overview of the CALIPSO Mission and CALIOP Data Processing Algdritamss. Oceanic Techn@se,
23102323 https://doi.org/10.1175/2009JTECHA1281.1

1 Young, S. A. and M. A. Vaughan, 2009: The retrieval of profiles of particulate extinction from Cloud Aerosol
Lidar Infrared Pathfinder Satellite Observations (CALIPSO) data: Algorithm descdptiamos. Oceanic
Technal 26, 11051119, https://doi.org/10.1175/2008JTECHA1221.1

1 Garnier, A, J. Peloh). A. Vaughan, DM. Winker, C. R. Trepteand P. Dubuisson, 2015: Lidar multiple
scattering factors inferred from CALIPSO lidar and IIR retrievals cfre@sparent cirrus cloud optical depths
over oceansAtmos. Meas. TeclB, 2753;2774,https://doi.org/10.5194/amt8-27592015
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1 Getzewich, B. J., M. A. Vaughan, W. H. Hunt, M. A. Avery, K. A. Powell, J. L. Tackett, D. M. WinkeR.J. Kar, K.
Lee, and T. Toth, 2018: CALIPSO Lidar Calibration-abti32ersion 4 Daytime AlgorithmAfmos. Meas. Tech.
11, 630%6326,https://doi.org/10.5194/amt11-63092018

1 Kar, J., M. A. Vaughan, K. P. Lee, J. Tackett, M. Avery, A. Garnier, B. Getzewich, W. Hunt, D. Josset, Z. Liu,
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Data Release Information

At the conclusion of the mission, the CALIPSO project had released five major versions of the lidar level 2 data
products, as well as several minor version updaiEsblel8lists all major and minor releases.
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Tablel8: release date, version number, data date range, and production strategy for all CAidd? 3&vel 2data
products

Lidar Level 2Half orbits (Night and Day)

Release Date Version Data Date Range Production Strategy
October 2025 5.00 June 13, 2006 to June 30, 2023 Standard
June 2023 451 June 13, 2006 to June 30, 2023 Standard
October 2020 4.21 July 01, 2020 tdanuary 19, 2022 Standard
October 2018 4.20 June 13, 2006 to June 20, 2020 Standard
November 2016 4.10 June 13, 2006 to September 30, 2020 Standard
October 2020 3.41 October 1, 2020 to June 30, 2023 Validated Stage 1
December 2016 3.40 December 1, 2016 to September 31, 2020 Validated Stage 1
April 2013 3.30 March 1, 2013 to November 30, 2016 Validated Stage 1
December 2011 3.02 November 1, 2011 to February 28, 2013 Validated Stage 1
May 2010 3.01 June 13, 2006 to October 32011 Validated Stage 1
October 2008 2.02 September 14, 2008 to October 29, 2009 Provisional
January 2008 2.01 June 13, 2006 to September 13, 2008 Provisional
December 2006 1.10 June 13, 2006 to November 11, 2007 Provisional / Beta

Data QualitySummaries

5FGF vdzr ft AGe { G GSY S.galidaF 2wl 2/Datd RradyctrRelgaser SNE A 2 V

Data Version: 5.00
Data Release Date: 1 October 2025
Data Date Range: June 13, 2006 to June 30, 2023

The sections below highlight the masignificant changes made in the CALIOP version 5.00 (V5.00) level 2 data
products. The magnitude and effects of these changes are frequently illustrated with comparisons to the previous
release of the version 4.51 (V4.51) data products.

Modifications for Low Energy Mitigation (LEM)

During final seven years of the CALIPSO mission, a slow leak in the laser dénigtet @l., 200p reduced the
internal pressure below the voltage breakdown limit described by O K S \ Onige ttiis-oécurred, intermittent
coronal arcing across the Q switch caused the CALIOP laser to begin emitting an increasing humbermd low
energy laser pulses. As seeffrigure9, early on this behavior was confined almost exclusively to the South Atlantic
Anomaly (SAARodriguez et al., 203but toward the end of the mission the phenomenon occurred worldwide.

Because CALIOP profiles are tiaveraged onboard the satellite prior to downlinkiunt et al., 200) the
deleterious effects of individual low energy pulses are not localized, but instead cause a degradation in signal
quality across multiple consecutive shots. To minimize these effects, the CALIPSO lidar science working group
(LSWG) developed a famibf low energy mitigation (LEM) algorithmSakett et al., 202) that identify
compromised level 1b data segments on small, targeted scales. Using a highly optimized data filtering scheme,
these segments are subsequently excluded from all level 2 data analyses. The level 1 LEM algorithm corrects a
pervasive lowdaytimecalibration bias (3% to 4%) and redudegtimecalibration uncertaintie®y 20% to 40% in

the SAAatitude band. In addition, the V5.00 level 1 energy normalization process now correctly compensates for
the inclusion of no energy laser pulses in data averaged onboard the sat&ditlemonstrated b¥igurel0, this
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level 1modification in combination with the level 2 LEM algorithms, yields a substantial reduction in the number
of false positive feature detections.

Note that averaged profiles containing one or more low energy pulses are not automatically excluded in the level

H FylfeaSao | 2NAT 2y Glfte + PERDASR:E RoEWDSOS ISy Sat 8 &l
but the filtered profile isstill deemed acceptable for science retrievals) experience a digsadise ratio reduction

of 6¢9 % which slightly increases the probability of false detections relative to unaffected data. However, as
illustrated byFigurell, the median measured optical properties of the LEff&cted layers typically differ from

the properties of unaffected layers Iy1.0% or less.

Laser pulses with E53, <10 mJ

0 10 20 30 40 50 60 70 80
Frequency (%)

Figure9: Global frequencies déser pulses having 532 nm energies less than 10 mJ during 2017, 2019, 2021, and
the first six months of 2023. The vertical bands of high frequencies seen in 2023 are caused by daytime granules
having nearly continuous low energy pulses during May and; &ig., see 20286-12T0554-23ZD(Tackett et al.,

2025© Authors 2025CC BY 4)0
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2 vertical feature mask (VFM, right) from the V4.51 release for a granule staffegyed by low energy pulses on

02 June 2021 at 16Z. Similarly, the bottom row shows the same quantities for the V5.00 release. Relative to V4.51,
the SNR above 8.2 km is noticeably higher in the-EEMf § SNBR +pdnn poH VYY 500610
VFM arguably eliminates all of the false positive feature detections seen in {Hdhite adapted fronTackett et

al., 20259 Authors 2025CC BY 4)0
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Figure 11: Frequency distributions of laydry 6 SANI 4§ SR poH VYY | &i SayetihednSR 0 |
attenuated backscatter colamatio (f ir ), and layeiintegrated volume depolarization ratio for ice clouds
(panels ac), water clouds (panelsf), and aerosol layers (panelg)h Distributions from layers wholly unaffected

by low energy pulses are shown in aqua. Distributions for-affiddted layers are shown in orange. Statistics are
computed from layers detected in nighttime measurements at 5 km horizontal resolution betweerbGINS
excluding the SAA, during all of 20Zhckett et al., 202%® Authors 2025CC BY 4)0

To enable users to easily identify Liaflected features and profiles that have been wholly excluded by the LEM
Ff32NAGKYSX GKS /! [Lht fS@Stf W f1&SN) LINRPRdzOG&A | yR LIN
each atmospheric column in the gpective data sets. These flags arenbitpped 16bit integers that indicate

which columns contain low energy laser pulses, which columns have been wholly rejected as unusable, why
NBE2SOGSR 0O2fdzyya KI @S 0SSy S EdodentzRiRebaging yeflonsgsckinmad KEM2 F /
rejected data. The interpretations of individual bits are givehahlel9. With the exception of the 333 m merged

f I @SNJ LINPRdAzOGAXT FEf fF&@SNJ LINRPRdAzOGA YR LINBTFALS LINEBF
Ctl3aIQo 2 KSy (GKAa FflFr3 Aa GGNHLSI (GKS 02 NNEHs)LdEnaRA y I 7
either LEMaffected data, in which some low energy pulses were included in the data averaged onboard the
satellite prior to downlink, or LEdvejected data that have been wholly excluded from the level 2 analyses. The
layer descriptions (e.gtop and base altitudes, integrated attenuated backscatter, etc.) in-tefddted columns

are identified with a LEM flag value-afL1.

[ 9a AYTF2NXIGA2Y A& NBLERZ2NISR Ay (GKS GSNIAOIFT TSI {dz2NB
CtlF3aQo [A1S GKS WCSIGdzNB /flFaaAFTAOLIGARZ2Y Cftl3aQF 6K

A 4 oA =

downlinked data stream. As shownTiable20, these bits inform data users which range bins contain low energy
shots, which have been rejected by LEM, and which feature finder averaging resolution was required for the feature
to be detected.
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Table19: Interpretation of the individual bits inthe Y5 WWEUIJ1 N! W9 Yde G UWAQ W[ G¢e N6 WUYq
of 15 consecutive laser pulses that have been averaged onboard the satellite to the vertical and horizontal
spatial resolutions given in(Hunt et al., 2009 Bit O is the least significant bit.

Bit Interpretation

0 Column contains LEMffected data (data has been rejected or contains low energy pulses that L
accepts)

1 Column belongs to & kmframe that has been rejected due to too many unusable profiles

2 Column belongs to & kmframe that has been rejected due to too many rejected subregions in
altitude region 3

3 Column belongs to & kmframe that has been rejected due to too many rejected subregions in
altitude region 4

Feature detection not performed at 20 km resolution in this column due to too many rejected frg
Feature detection not performed at 80 km resolution in this column due to too many rejected frg
Unused

Column has data rejected in altitude regions 1 and 2 (only reported at sshgteresolution)

Column has data rejected in altitude region 3 (only reported at sisigte resolution)

Column has data rejected in altitude region 4 (only reported at sisigte resolution)

10 Column does not have low energy, but data is rejected in regions 1 & 2 due to rejected data in
altitude region 3 (only reported at singtdhot resolution)

11¢15 | Unused
Table20:bitA Y G SNIINB G F §A2ya F2NJ 0KS WiitQis theléast SigufiBnt tBt.S G SOG A 2 v

O NO|OoT| &

Bit Interpretation

First singleshot profile has low energy

Second singkshot profile has low energy

Third singleshot profile has low energy

Fourth singleshot profile has low energy

Fifth singleshot profile has low energy

Bin in first singleshot profile is rejected by LEM

Bin in second singighot profile is rejected by LEM
Bin inthird singleshot profile is rejected by LEM

Bin in fourth singleshot profile is rejected by LEM
Bin in fifth singleshot profile is rejected by LEM
Contributed to feature detection at 1/3 km resolution
Contributed to feature detection at 1 km resolution
Contributed to feature detection at 5 km resolution
Contributed to feature detection at 20 km resolution
Contributed to feature detection at 80 km resolution
15 | Unused
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The effects of the low energy mitigation filtering gvervasive throughout the CALIPSO level 2 data products,
particularly in the final years of the mission. To optimize the functioning of the LEM algorithms required several
LEMrelated changes to the lidar level 2 analyses.

0 The featureclassification flags (in the layer products and VFM) and the atmospheric volume descriptions (in
0KS LINRPTFAES LINE RAZORIGAC Rl HE LEMY1HCSANS | ALYLDR cdaRBN Y1yl KW WA T 132
readily identified whenever the three least significant bits were all set to zero. Invalid features occurred
extremely rarelyt e.g.,872 of the 41,194,051D0.002%) of the unique atmospheric features detected during
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all of 2012we designated as invalid. These features were also assigned special cloagrosol
discrimination (CAD) scores [(iu et al., 2019 to give users some insight into the failure mechanism that

cause the layer to be identified as invalid. In V5.0, having the three least significant bdk a feature
classificationflagld2 ¢ e ¢ qU Wq Y WALl YWOYWaYUNWI W 3G 3t 30qt we UWhn
instead indicates that data in the column has been rejected by the level 2 LEM filter. The spatial and
optical properties within these columns (e.g., top and base litudes, CAD scores, and optical depths)

are all set to a special LEM flag valug111). Features that were previously classified as invalid are now
identified as zeroconfidence clouds and they retain any of the speciaCAD scores that were assigned in

previous data releases.

0o {dzoAddGFYyGAlLf Y2RAFTAOFIGAZ2YA 6SNB NBIldZANBR G2 FRR daf ¢
(BLCC) algorithm. The function of this procedure is to separate boundary layer clouds from the surrounding
aerosols at single shot resolution so thiae signaito-noise ratios (SNR) of the aerosol data cdagdnproved
by large scale averaging, thus greatly reducing uncertainties in the aerosol extinction retrievals. Problems
arose, however, when dense aerosols lay immediately above stratus détkbese cases, the combined
I SNRaz2f FyR Oft2dzR aAdylfta ¢gSNB 2FiSy RSGISOGSR I a
shot) resolution profile scan/@ughan et al., 2009The clouds in these mutiipe features were subsequently
identified at single shot resolution. However, when 15 horizontally adjacent clouds were detected at single
shot resolution within a single 5 km segment, a logic flaw in the BLCC scheme faigpdutate these clouds
from the overlying aerosol. This, in turn, introduced significant errors into the affected aerosol extinction
retrievals. While this flaw was largely eliminated in the V4.51 data rel@asgdtt et al., 2022 some residual
errorsremained. When checking for the presence of 15 horizontally adjacent clouds detected at single shot
resolution, the V4.51 BLCC did not account for contamination by low energy laser pulses. Since no clouds
would be detected in these single shot low enepulses, the count of horizontally adjacent clouds within the
5 km segment would fall below 15. As a consequence, these clouds were not properly separated from the
overlying aerosol prior to calculating an extinction solution. Not surprisinghyextinction solutions retrieved
for these unintentionally heterogenous layensere completely unreliable. This situation is amelioraied
V5.00by excludnglow energy pulses when calculating the fraction of laser shots in which clouds are detected
at single shot resolution.

o Ly O2yOSNI ¢A0GK GKS +620S OKFy3asS G2 GKS .[//32X (K!:
parameter reported in all 5 km averaged products was updated to correctly account ferdj&dted profiles.
As an example, if 5 clouds are detectgdsingle shot resolution within a 5 km aletrgck segment that also
included 5 low energy laser pulses, the single shot cloud cleared fraction in i@ d&a products will be
5/10 = 0.5 versus 5/15 = 0.333 in the V4.51 products.

o To improve the accuracy of the surface detection algorithm and prevent spurious detectionsyrfaee
detection algorithm was modified to recognize and exclude {&jbtted data.

0o To accommodate the addition of the special Lidgvalue(-111> G KS RIF GF (e&LSa 2
Wi SNRA2f [F&@SNJ CNIOGA2YQY FyYR Wi A3IK wSazf dzi A
unsigned integers to signed integers.

T UK
2 [
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Changes to Aerosol Lidar Ratios

TheModels, In situ, and Remote sensing of Aerosols (MiofKing group was formed by an international team

of aerosol research scientists shortly after the successful conclusion afAh&”SO Version 5 Aerosol Lidar Ratio
Workshopin March 2021. One of the primary goals initially identified by the MIRA group was to develop a solid
empirical basis for creating a global set of spatially and seasonally vargirgof Aerosol lidar ratios for CALIPSO
(MAC) Basedon RS LIG K 'yl feasSa o6& a!/ NBaSFNOKSNBRSZ /![Lt{hg
to the default lidar ratios used to initiate extinction solutions for the marine and dusty marine aerosol types.

In all previous data releases, the CALIOP aerosol subtypes were characterized by a single, type specific, globally
F LILIXE AOIF6fS €ARFNI NFGA2Y (23SOGKSNJ gAGK Fy aaz20Al{Si
natural variability Kim et al., 2018 For example, the lidar ratios for marine and dusty marine types were,
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respectively, 23 £ 5srand 37 = 15 sr. In preparation for the V5.00 release, the MAC team constructed tropospheric
FSNp&az2f 2LIGAOFE RSLIIK 6! h50 SadAylLaSa o0& &adzodNY Oda
stratospheric aerosol produckér et al., 201pfrom the full column AODs reported MJODIS These tropospheric

AODs were then paired with collocated CALIOP 532 nm attenuated backscatter profiles to retrieve aerosol lidar
ratio estimates from constrained solutions of the lidar equatidatf et al., 203). Retrievals were limited to cloud

free scenes over oceans in which CALIPSO identified only a single aerosol type (i.e., either marine or dusty marine)
within a 5 km averaged column. Solutions were calculated for all qualifying measurements obtaileed AP SO

flew in the A-Trainwith MODISAqua, from June 2006 through August 2018. The retrieved lidar ratios for each of
the two aerosol types were then aggregated into four seasonal maps (winter, spring, summer, and fall) having a
spatial resolution of 2° latitude x 4.8° longitud@rid cells having fewer than 50 samptes.g., in polar winters,

when the MODIS orbit does not allow for the daytime measurements necessary to retrieve a@®@xcluded

from these maps. These excluded values are replaced with an approximation dédwedhe relationship
between the constrained lidar ratios and the sea salt volume fraction (SSVF) computed using parameters reported
by the Goddard Chemistry Aerosol Radiation and Transport (GO@adele) (Toth et al., 208). For any V5.00
CALIOP footprint, the locally appropriate lidar ratio and its associated uncertainty are interpolated in both time
and space from the map data.

Figurel2shows the seasonal maps developed for marine aerosols. Seasonal and regional variations in marine lidar
ratios are plainly visible and often show a marked difference from the 23 £ 5 sr value used globally in previous data
releases. These differences tilight an important conceptual difference between the V5.00 marine lidar ratios

and the marine lidar ratios in previous data releases. Previously, the marine lidar ratio represented our best
FLIINBEAYFGAZ2Y 2F aOf S| iim ¥iaINIOYRSIE V5O@® yidkide lidarafids aré &sgRetl > &
to aerosols detected over oceans that are dominated by marine constituents but that can also be mixed with other,
mostly anthropogenic components. As seeffrigurel2, genuinely pristine marine aerosols are largely confined

to the remote southern oceans. Coastal regions frequently exhibit a pronounced influence from other aerosol
sources that elevates the lidar ratios to values significantly higher than those stendauthern oceans.

CALIOP V.500 Marme Lidar Ratios: DJF CALIOP V.500 Marlne Lidar Rat|os MAM

Figurel2: CALIOP initial marine lidar rati@snits = srflerived from CALIOP 532 nm attenuated backscatter profiles
constrained by collocated MODIS aerosol optical depths. The top left shows median values for the winter months
(December, January, and February); the top right shows median values for the(8feiredy, April, and May); the
bottom left shows median values for the summer (June, July, and August); and the bottom right shows median
values for the fall (September, October, and November).

Our approach for constructing dusty marine maps was, with two notable exceptions, essentially identical to the
method we used for marine aerosols. The first exception is that for the dusty marine maps we also included lidar
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NI GA2 az2fdziazya O2 y-deiividcaluns éptical depth (ODAODAEAAl., 2O Eetrighals.

For the marine lidar ratios, ODCOD retrievals were excluded so that they could later be used to validate the MODIS
constrained retrievals. However, for the dusty marine type, sun glint contaminating the collocated MODIS
measurements preclugtl their use as an AOD constraint in important dust transport corridors (e.g., during boreal
summers in the Caribbean and central western Atlantic). Consequently, we chose to include ODCOD constrained
solutions in developing the dusty marine maps. Theoad exception is that, unlike the marine lidar ratio maps,

the seasonal variability in the dusty marine maps is limited to the green shaded region sheigaril3. While

other parts of the hydrosphere showed little, if any, seasonal variation (perhaps due to temporal changes in dust
concentrations), significant seasonal variations in dusty marine lidar ratios were observed over the Mediterranean
Sea, the PersianuB, the Arabian Sea, and the Bay of Bengal. Furthermore, the seasonal sample counts in these
regions were large enough in each season to retrieve confident lidar ratio estimates. Neither of these conditions
were met simultaneously in any other extendeajions of the globe.

Dusty Marine Seasonal Variation Region
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24°N +
16°N 1
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g°s{ -
30°W

FigureldY G KS 3INBSYy
observed to vary seasonally.

60°E  90°E  120°E

FNBIF 2F GKS YI LI AYyRAOIGSa (K:

The V5.00 dusty marine maps are showrigurel4. As expected, the dusty marine lidar ratios are uniformly
larger than the marine lidar ratios. The spatial patterns of the two types are generally similar, simply because
anthropogenic aerosol transport patterns are essentially identical for both tgpdghe inclusion of anthropogenic
aerosols elevates both sets of values.

CALIOP V.500 Dusty Marlne lear Ratios: DJF CALIOP V.500 Dusty Marlne lear Ratios: MAM

Figurel4: CALIOP initial dusty marine lidar rat{asits = srderived from CALIOP 532 nm attenuated backscatter
profiles constrained by collocated aerosol optical depth measurements from MODIS and ODCOD. The top left
shows median values for the winter months (December, January, and February); the top right shaavsvakaks
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for the spring (March, April, and May); the bottom left shows median values for the summer (June, July, and
August); and the bottom right shows median values for the fall (September, October, and November).

A secondathange to the CALIOP aerosol lidar ratidisdselection oft new value of 45 + 24 sr for 1064 nm retrievals

of clean continental aerosol. This change is based on field measurements of continental aerosol tdadedy

et al., 2025using a 1064 nm rotational Raman lidar. The 532 nm lidar ratio for the clean continental type remains
unchanged at 53 + 24 sr.

Changes to Aerosdlype Identification

In addition to the MAGidar ratiowork, the V500 data set contains a second fairly substantial (albeit localized)
OKly3aSo /T Lht Qda nodpm | SNRaz2f adzomieLAy3a | f3I2NA0GKY
over ocean surfaces as marine, with ocean surfaces being identified usingltheSD landiater mask. In Arctic
GAYUSNI K26SOSNE Y2aid 27F (KS -wardnddk gre actdalyfexteadded cvecdads LJ2 NJi
ice sheets, and the aerosol above is not marine but instead some species of anthropogenic aerosol arfiging in t
polar regions via long range transport. In these cases, assigning a marine aerosol lidar ratio to the aerosol layer
both misrepresents the true aerosol type and leads to sometimes substantial underestimates of aerosol optical
depth. By expanding theugface type identification scheme to also include snow and ice dgtarted in the

CALIOP level 1b files and tmaking small modifications to the aerosol subtyping flowcliage Figurel5), the
+tpdnn /!'[Lht RFEGF LINBRdzOG y2¢6 Y2NBE O2NNBOGfte Oflaaa

Ziop, Zuase - layer top and base altitude
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Figurel5: revised tropospheric aerosol subtyping flowchart; paths and labels in red were added for the V5.00
release.

New ODCOD Retrieval Confidence Flag

Ly NBaLRyas (2 RE{OF dzaSNJ NBljdSadas I y8s O2yFARSYO!
NBL2NISR Ay (4KS WhOSI y Vvir@upidcigdedin all Ryerdqadguctshabdipfofde: pfodubtsS LG K
Table22RS&ONAO6Sa K2¢ (2 AYOGSNIINBG ff 2F (KS oAG& dzaSR
Ay 2Nl y3S0 A& NBLRNISR Ay o6AG c® Ly GKA& ySs O2yFA

of 127 or less. Allhighconfido h5/ h5 NBGNASQOlIt A& Attt KFE@S |y Whs5/h
following conditions will cause bit 6 to be toggled on, indicating a low confidence solution.

a) Wind speed out of range; the AMSR corrected MERR#d speed is less than 3 m/s or greater than 15 m/s

b) Surface integrated depolarization ratio is greater than 0.05, suggesting that the surface is not pure sea water
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d)

Surface integrated attenuated backscatter exceeds the upper bound specifiedbie?1.

Table21: maximum values of surfacetegrated attenuated backscatter for confident retrievals; higher values
may include undetected surface saturation.

Daytime Nighttime
532 nm 0.0413 sf* 0.0353 sf*
1064 nm 0.0384 sf* 0.0325 sf*

The number of range bins shifted by th#itude registration algorithmHowell et al., 200Pis not constant

over all profiles used to create the averaged surface return. This is only a concern for averaged profiles where
KFE@AyYy3a YdzZ GALX S GoAyad aKAFGSReE gAff RAAG2NL GKS a
quality of the fit to the CALIOP response model (CRMiN et al., 2024 To aid in diagnosing the presence of
nonO2yaidlyid oAy akKAFdaz | yS¢ {5{ oWwaabdzyo Vdidup Ay a
reported in the 5 km layer products.

Table22: interpretation of the individual bits in the ODCOD QC flags (adaptediram et al., 2024 bit 0 is the
least significant bit.

Bit Interpretation

0 Of the measurements provided to the ODCOD algorithm by the surface detection algorithm, C
adjusted the CRM such that the first data point of the surface detection data was not the first pc
the CRM

The surface detection algorithm provided surface measurements covering a range greater than

The ODCOD algorithm used range bins above the top of the detected surface altitude

The ODCOD algorithm used range bins below the base of the detected surface altitude

AIWIN|PF

When solving for thalignment of the CRM, the first measurement that should fall on the CRM i
was not originally provided by the surface detection algorithm

5 ODCOD had to adjust the CRM such that the first measurement provided by the surface de
algorithm was not the first point on the CRM

6 ODCOD retrieval confidence flag; a value of 1 indicates a confident retrieval whereas O sigf
confidence

7-9 Unused

10 | The surface detection algorithm did not find a surface

11 | The InternationalzeosphereBiosphere Programme (IGBP) surface type is not 17 for ocean

12 | The depolarization ratio of the surface is greater than 0.15

13 | The corrected MERRAwiInd speed is outside of the inclusive range 0.028' to 43m s?

14 | ODCOD has failed to find the time delay of the CRM from the surface measurements provided
surface detection algorithm

15 | The vertical extent of the detected surface contains too few samples to derive a time delay solu|

16 | When solving for the CRM area, the solution grew unrealistically large

17 | Afailure occurred while attempting to solve for the scale factor

18 Surface saturation was detected in the surface return

19 | Negative signal anomaly was detected in the surface return

20 | The detected surfaceontains negative or invalid backscatter measurements

21 | Necessary input data is either fill or invalid

22 | The surface detection algorithm had to resort to an alternative method of finding the surface wh
surface return was averaged to coarser resolutions that may not be reliable for ODCOD
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Bit Interpretation
23¢31 | Unused

Wrong profile starts for a new chunk after missing data gap
¢KS /!'[Lht fS@St uw LINRPOS&daaAy3d Ay3aSaida tS@St wm RFGF
resolution used in the search for features. Each chunk contains 240 consecutiveshitgbeofiles distributed

uniformly across 16 consative 5km (15 shot) frames. If there are any missing data within these 240 consecutive
profiles, the candidate chunk is discarded, and the level 2 processing resumes beginning with the first single shot

profile in the first frame available after the dat 3 I LJ® | 26 SOSNE GKS *ndpm FyR SI

08 2yS¢é¢ SNNEBN) GKIFG OFdzaSR (GKAa LINRPOSaaAy3a NBall NL &
As a consequence of eliminating this error, in granules contantatg gaps; e.g., for planned activities such as
boresight alignments and polarization gain ratio calibrations or for unplanned events such as the repeated ground
station downlink anomalies that occurred between 21:20:46 UTC on-222@ and 00:12:12 UTé&h 202012-13

¢ the level 2 chunks built following those data gaps will use a somewhat different collection of single shot profiles
in V5.00 relative to all previous versions.

532 nm Totalttenuated Backscatter (km'1sr'1) 2020-12-12722-06-43ZD a 7

-

Altitude (km

-44.02° -41.66° -39.29° -36.92° -34.54° -32.16° -29.77° -27.39° -25.01
-116.27° -117.08° -117.84° -118.56° -119.25° -119.91° -120.54° -121.15° -121.75°

VFM Feature Detection, V4.51 vs. V5.00 : 2020-12-12T22-06-43ZD
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Figurel16: The upper panel shows 532 nm total attenuated backscatter coefficients measured in the southern
Pacific Ocean on 202»-12 at ~22:27 UTC. The white vertical stripes in the image represent frames (i.e., 15
consecutive shots) containing missing data.e Tdwer panel compares V4.51 and 8®VFM feature detections

for the scene shown in the upper panel. The gray vertical stripes show where chunks (i.e., 240 consecutive shots)
were rejected by the level 2 processing algorithms due to missing data inronere included frames.

Figurel6 shows an example of the kinds of changes that can occur due to this change in profiles averaged. The
upper panel shows daytime data acquired in the southern Pacific Ocean ofl2dZ0at ~22:27 UTC. On this day,
data downlink from the satellite was itmittently interrupted by ground station errors. The white vertical strips
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in the upper panel show where individual frames were missing or irretrievably corrupt in the downlink data stream.
CKS f26SNI igleeiGf | DR ¢ RANBRI Y O2YLI NAy3 FSF GdNB RSG SO
areas represent featuredetected in both data processing versions, while the red areas show features that were
detected in V4.51 but not V5.00 and the black areas show the opposite; i.e., features that were detected in V5.00
but not V4.51. Regions where no features were detedteéither analysis are shown in white. The vertical gray

bars show where chunks have been rejected by the level 2 processing due to the presence of missing data. In some
caseg e.g., following the first to data gaps beginning at ~41.5°S and ~3AR&& are no layer detection changes.

On the other hand, the region following the final data gap shows substantial changes, though not all of them can
be attributed to the change in the selection of psetslagle shot profiles to average. The red ranges biot

detected in V5.00 were eliminated by the LEM algorithm described above. In this and other segments, the
AYGSNYAGGSYlG RSGSOGA2Y OKIy3aSa Ay AYRAGARdzZEf NI y3S
in VFM altitude registrationas described below in th&evised VEM Layer Detection Altitudsection. The
additional aerosol detections higghted by the black areas in this data segment are a fortuitous result of the
combination of a shift in profiles averaged combined with LEktihg. We note, however, that additional feature

detections are not a guaranteed outcome of this code change.

HDF File Changes

The V5.0 CALIPSO data products are distributed as Hierarchical Data Format Version 4 (HDF4) files, consistent
with the EOS requirement in effect when CALIPSO launched in 2006. Since launch, there have been substantial
technological advances in data discoverabilityd accesdo resources. To make CALIPSO data more readily
accessible to the scientific community beyond the life of the mission and take advantage of newer data access
capabilities, several modifications were made to the format and contente@fXALIOP HDF files. These include:

9 Updating all units to conform tbletCDF Climate and Forecast (@€tadata conventions.

1 Ensuring that all dimensions are named, to allow HDF to NCDF conversions using commercial off the shelf
(COTS) tools that currently exist.

1 Creating/expanding SDS attributes and comments to make the data products medecathenting.

New DataProduct: CAL LID L2 MLay Diagnd3tixVV5-00*.hdf

The newly released CAL_LID_L2_ MLay_Diagrigestitev/5-00*.hdf data products are augmented versions of the
standard CAL_LID L2 05kmMLay_Stand¥&r80*.hdf products. The production strategy for these products is

W, SGF QX AYRAOLI Ay ILIINI YIS BSNES RIFH S KyS2 (A yoOS SIyR STRdzt £ & I
gt ARFGSRQ LI NI YSGSNE AyOfdzRS GKS Of 2dzR @I f dzSa NI LE
WCSI dzNB hLIGAOFE 5SLIGK wmnacn QU dain al® tieAnfoBnatiorkKr&ortediin tHey 2 & (0 /
Standard products, they also contain the five SDSs listed below that are not reported in the Standard products.

1. Low Energy Mitigation Internal Column QC KJag16bit unsigned integer that offers extra insight into the
internal workings of the LEM algorithm. Bit interpretations are giverainle23.

2. Initial Integrated Attenuated Backscatter 582t KS a Gl yYRF NR WLY GS3aNI 0SRy ! GGS)y
values reported in all CALIOP lidar level 2 layer files are calculated assuming that the feature attenuated
ol 01a0FGGSNI O2SFFAOASY(la KIS 06SSy O2NNBOGSR FT2NJ &
Integrated Attenuated BacksdatS NJ pniQ walQes are recorded immediately after feature detection during
the initial 5 km search for features. At this point in the progegsno single shot cloud clearing has been done
nor have the layers been classified by the CAD algorithm. Assuming perfect detection and classification and
LISNFSOG 1y26fSRIS 2F 1 &SN £ A Rit=NLMR (i v@hére Ty the dzf § A |
two-way transmittance of all overlying particulate layers. In special cases, when particulate layers lie above
2L ljdzS 61 G4SN Of 2 dzRacan bé Sded tozNEBVE Ssfiriadies dafve and hence obtain
estimates of the overlying particulate optical depth$u(et al., 2000 ® ¢tKSaS YSikardaB VYSy i
SaaSyidAlf AyLWzi NBIdANBR F2NJ OFfOdzA I iAy3a GKS W/ 2fd
values reported in all layer products.
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parameter is unused in the V5.00 analysés.any (currently unforeseen) future version of the CALIOP data
LINP RdzOG &Y GKS WLYAGAFf LYydSaNIGSR !'iGSydzZ SR . I O a

proposed byChand et al., 200® derive column Angstrém exponents for particulates above opaque water
clouds.

5. Initial Integrated Attenuated Backscatter Uncertainty 1684 KA & A& GKS wmMncn YyY |yl
I GSydzk SR . O1a0FGGSN) ! yOSNIiFAyda pouHQd . 8O dza s
at 1064 nm, this parameter is unu$én the V5.00 analyses.

Table23: internal low energy mitigation (LEM) quality control flags set during LEM algorithm operations; bit O us
the least significant bit

Bit Interpretation

0 Single shot columns have data rejected in regions 1 and 2 but the 5 km resolution column w
NOT rejected by LEM

1 Column has data rejected aititude region 3 but the 5 km resolution column was not rejected
LEM

2 Column has data rejected aititude region 4 but the 5 km resolution column was mejected by
LEM

3 Full column is rejected by LEM

4 Column rejected due taltitude region 3

5 Frame rejected due to too many low energy shots

6 Frame rejected due to too many rejected subregionaliitude region 3

7

8

9

Frame rejected due to too many rejected subregionaliitude region 4
Feature detection was not attempted at 20 km resolution due to too many-tégddted columns
Feature detection was not attempted at 80 km resolution due to too many-tégddted columns
10 | Feature detection was not attempted at resolution 6 due to too many &jbtted columns
11 | Column contains LEM affected dataaititude region 3
12 | Column contains LEM affected dataaititude region 4
13-15 | Unused

In addition to the new SDSs, the Diagnostic Beta products also contain arvVgxinash ¢tKS Wnm 1Y 5
Vgroupreplicates the majority of the SDSs reported in the CAL_LID_ L2 0lkmCLay StéroGirdhdf products.
LYF2NXYIGA2Y Ay (KS SEOftdzZRSR {5{a Aa SAGKSNI 6F0 NBLIX
YR WLD.t {dNFROKRSNAIISR) TARIYO AIKSSHHEXE 2F (KS &l YS ylI°
Vgroupd S®I b3 W{ 2f I NJ SYA(IKI yRAVESNE LI 1K SMWS ! I INBLKQU ¢ I €

CAylLffesr GKS WwWhOSIy 5SNR &/8rBupin tRefDimyhystictBethi pkoQucts augn@entdiitie Q 6
information contained in the Standard products by reporting column particulate optical depth retrievals at 1064
nm. In addition, ODCO¥groupin the Diagnostic Beta products contains a wealth of diagnostic information and
intermediate calculations for the ODCOD retrievals at both wavelengths. Comments in the HDF attributes for each
SDS in thid/group describe the function of each parameter in tl@DCOD calculation chain. Researchers
considering using this information should first very thoroughly review the ODCOD retrieval technique described in
Ryan et al., 2024

Unique Layer IDs for Features Detected at 5 km, 20 km, and 80 km Resolutions

Within each granule, unique layer IDs are now assigned for all layers detected at 5 km, 20 km, and 80 km averaging
resolutions. Unique layer IDs are unsignedbit6integers that enable unambiguous mapping between the
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integrated optical properties for the individual layers reported in the 5 km layer products and the corresponding
profiles of vertically resolved optical properties reported in the 5 km profile products. Because extinction retrievals
are not attempted folayers detected at single shot and 1 km resolutions, unique layer IDs are not assigned for the
features reported in the 333 merged layer files and the 1 km cloud layer files.

In the 5 km aerosol, cloud, and merged layer files, unique layer IDs are reported in the same manner as layer optical
properties. Recall that layer properties are reported at a uniform 5 km al@uf resolution, and that for layers
detected at 20 km an@®0 km resolution, these properties are replicated over four 5 km columns for 20 km
detections and sixteen 5 km columns for 80 km detections. Consequently, while a unique layer ID may appear as
many as sixteen times in a single data file, these sixtestanes all reference the same layer, and the layer
properties reported for all instancese.g., top and base heights, integrated attenuated backscatters, and optical
depthsc will also replicated across all sixteen 5 km columns. In the 5 km profileiggydinique layer IDs are
reported at the same latitude, longitude, and time coordinates as in the layer products. But, instead of appearing
once in each 5 km column, layer IDs are replicated over the full vertical extent of a layer. For exam@i@Qfor a

thick aerosol layer detected at 80 km horizontal averaging in a rectangular regioid extendover eight 60 m

altitude bins and sixteen 5 km profile segments.

bS¢ wW{OSyS ctlr3aQ {5{ ' RRSR G2 'tf [I&8SNJtNRRdzO( a

To enable rapid identification of all columns containing specific feature types, the CALIPSO layer products now
AyOf dzZRS | W{ OSyS Cftl 3Q {5{ ®dbitintegebwith idiigudl biriterpitatibris ash Y LIt
defined inTable24. Fill values-9999) are used to identify columns that do not pass the LEM quality checks. Users
are therefore warned to check the sign of the Scene Flags and discard/ignore any negative values before querying
the flags to determine column feature types

Table24: 7 RqWRUq I Gl Dgc¢ qRYUt WnY! WGYt RqR2VW2¢cde 3t WY nWaqé6 1JW

Bit Interpretation
0 column contains tropospheric aerosol, marine subtype
1 column contains tropospheric aerosol, dust subtype
2 column contains tropospheric aerosol, polluted continental/smoke subty
3 column contains tropospheric aerosol, clean continental subtype
4 column contains tropospheric aerosol, polluted dust subtype
5 column contains tropospheric aerosol, elevated smoke subtype
6 column contains tropospheric aerosol, dusty marine subtype
7 column contains stratospheric aerosol, polar stratospheric aerosol subt]
8 column contains stratospheric aerosol, volcanic ash subtype
9 column contains stratospheric aerosol, sulfate subtype
10 column contains stratospheric aerosol, elevated smoke subtype
11 column contains stratospheric aerosoiclassified
12 column contains ice clouds composed of randomly oriented crystals
13 column contains ice clouds composed of horizontally oriented crystals
14 column contains water clouds
15 column contains clouds with unknown ieeater phase
16¢31 | Unused

More Readily Accessible Altitude Information

¢2 YIS /![Lht FEfGAGAZRS AYyF2NNIGA2Y SFaAASNI G2 | O0Sa

H RFEGF LINPRdzOGad® ¢KS W[ARIFNISFGF !'f0dAGdZRSAQ | NNI & N
vertical midpoints of k range bins in the profile measurements downlinked from the CALIPSO satellite. In all
previous versions of the CALIPSO lidar data products, th&388 YSy & W[ ARIFNJ 5F GF 1 £ GA QG dz

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer -Datxription_Document_V5 PageB9of 123


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5

Ay GKS TAES YSGIRIGED ¢2 SyadNB ol O16FNR O2YLI GAGAC
lf0AGdzRSaQ Aa NBOGFAYSR Ay | ff TAfSa¢

In the V5.00 vertical feature mask (VFM) product, the altitude array now contains 545 elements instead of the 583
elements reported in all other products. Because the VFM product does not report layer detections in the highest
(D30 km toD40 km) or lowestd-0.5 km toD-2.0 km) CALIOP onboard averaging regions, the superfluous altitude

bins wereeliminated. Making this change now matches the VFM altitude array size to the vertical dimension of
GKS o6dzyLJ O1 SRU WCSIFGdzNB / fFaaAFAOIGAZzY Cfl3aQ {5{a®

Revised VFEM Layer Detection Altitudes

Some changes were made to the altitude registration of layer tops and bases in the VFM product to more accurately
reflect the top and base altitudes reported in the CALIOP layer products. Differences between the V4.51 and V5.00
VFM files are small, confd to the high resolution (i.e., single shot) data regime betwe@b km and 8.2 km, and
typically no more than +1 range bin. The images below show a particularly egregious example of altitude
mismatches between V4.51 and V5.00. Approximately 1% cdraje bins reporting feature detection in either
V4.51 or V5.00 were detected only in V4.51. Similarly, approximately 0.4% were detected only in N6s00.
apparent altitude registration anomaly is, fortunately, confined solely to the VFM files. When comparing V4.51
data products versus V5.00, the layer top and base altitudes reported in the 333 m merged layer files, the 1 km
cloud layer files, and th& km merged layer files are identical for all layers detected in this granule.

532 nm Total Attenuated Backscatter (km'1sr’1) 2010-10-01T02-02-24ZN
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Figure17: CALIOP nighttime observations of clouds and aerosols over Scandinavia, western Europe, and into
northern Africa. These measurements were acquired on 201 beginning at 02:02:42 UTC. The top panel
shows attenuated backscatter coefficients measureéd32 nm. The bottom panel shows the VFM differences
between V4.51 and V5.00. In the majority of the cases, V5.00 extends one range bin below the layer base altitude
reported in the V4.51 analyses.

Summary of Newly Added and Removed SDSs

The tables below contain a comprehensive listing of all SDSs that were either added or removed. Included in the
listing are SDSs that were renamed in the transition from V4.51 to V5.00.
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Table25: new scientific data sets reported in the CALIOP V5.00 lidar level 2 data products; horizontal resolution
suffixes are A = aerosol, C = cloud, and M = merged layers (i.e., both aerosol and cloud).

VFM Layer Profile

SDS name 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmM | 5kmA | 5kmC
Lidar_Data_Altitudes \% \% \% V V \% V
Low_Energy Mitigation_Column_QC_F \ V \Y V V V V
Low_Energy_Mitigation_Feature_QC_F \ V \ \Y \% V
Scene_Flag \% \% \% V V
DEM_Surface Elevation V \%
Unique_Layer_ID \% \% \% \% V
VFM_Feature_Detection_Quality Flag | V
Number_Bins_Shift V
Extinction_QC_Flag 532 V \% \%
Extinction_QC_Flag 1064 V \% \%
Single_Shot_DetectidissLow_Energy
Mitigation_Column_QC_Flag v v v v v v
Single_Shot_DetectighO O3 A AT A \Y \Y \Y \Y \Y Vv
S!ngle_S_hot_DetectlmhCM)mber_— v v v v v v
Bins_Shift

Table26: scientific data sets removed from the CALIOP V5.00 lidar level 2 data products; horizontal resolution
suffixes are A = aerosol, C = cloud, and M = merged layers (i.e., both aerosol and cloud).

VFM Layer Profile
SDS name 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmM | 5kmA | 5kmC
Samples_Averaged ) U
Surface_Elevation_Statistics U 9)
ExtinctionQC_532 U U U
ExtinctionQC_1064 U U U

51041 vdzZrftAGe {41 GSY 3gliidaf 2w 2/Datd RradyctrROlgaser SNE A 2 Y
Data Version: 451

Data Release Date: June 1, 2023
Data Date Range: June 13, 2006 to June 30, 2023

The new version 4.51 (V4.51) of the CALIPSO lidar (CALIOP) Level 2 (L2) data products contains a number ©
improvements and additions over the previous version (Véha) was released in October 2018. A summary of
the major changes addressed in this release is detailed below, as well as a section highlighting known issues.

Improved Smoke Layer Accuracy above Clouds

The CALIOP L2 feature detection algorithm employs an iterative thresholding technique applied to profiles of
532nm attenuated scattering over differing horizontal resolutions to identify and vertically resolve lggeigh@n

et al., 20®). Rajapakshe et al., 201dentified instances when CALIPSO was uneporting the vertical extent of

dense smoke layers above ldewvel clouds when compared with coincident observations made by the Cloud
Aerosol Transport System (CATS) lidar instrument. Figure 1 (a, ¢) shoofdluwee specific oveflights, in which

the 532nm total attenuated backscatter (a) and vertical feature mask (c) show a clear delineation on the order of
1 km between the base of the uppéavel smoke layer and the top of a marine cloud layer below.hieart
examination of this scene showed that this smoke layer was dense enough to rapidly attenuate the 532nm signal
to such a degree that the CALIOP feature detection algorithm artificially elevated the layer base. This is confirmed
by seeing that the rapidttenuation is not seen in the 1064 nm signal response (Figure 1b), where the aerosol
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extinction is not as great as that seen in the 532nm signal. The 1064 nm response, which appears to close the clear
air gap between the smoke and cloud layer, is also why CATS was able to fully identify the smoke layer as that
instrument uses 1064 nm foe&ture detection. The inability of CALIPSO to fully detect these layers can have the
consequence of underestimating global aerosol optical depths, critically important for the derivation and
understanding of radiative forcingsy et al., 2018

In the version 3 (V3) release of the CALIOP L2 data a technique was developed for the feature finder algorithm to
extend the base of neasurface aerosol layers done to the surface. A variant of this same approach was applied
for these overlying dense smekayer cases. Several criteria need to be met before the layer could be extended, a
summary of which are detailed in the V4.51 CALIOP layer level 2 data product description.

Figure 1d shows the application of this new technique, in which the-elegap has been closed. The mean 532nm
optical depth of these extended smoke layers has also increased, from 0.94 to 0.122, an increase of nearly 30%. A
global representation of aéixtended layers for the month of August 2016, seen in figure 2a, show a concentration

in the southeastern Atlantic during the African burn season, the same region noted in the CALIPSO/CATS
comparisons previously documented. Figure 2b shows the impattteo832nm optical depth for those extended

smoke layers, where in a majority of those cases in which the layer was extended the optical depths increase. The
few outliers that exist have been traced to instances when the negative values of the 532nmientiac
included, which could happen during rapid attenuation of the signal.
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Figure 1 (a) 532 nm total attenuated backscatter from the V4.51 CALIOP Level 1B, (b) 1064 nm attenuated
backscatter from the V4.51 CALIOP Level 1B, (c) feature type from the V4.21 CALIOP Level 2 Vertical Feature Mas
(VFM), and (d) feature type from the V4.51 @R Level 2 VFM between 1:35:03 and 1:41:44 on August 6th, 2016.
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Figure 2 (a) Global distribution of all (day and night) extended smoke layers for August 2016 and (b) 532nm aerosol
optical depth changes between extendedayis) and norextended (xaxis) smoke layers. Data used to generate
both plots were pulled from the V4.5idar Level 2 5km Merged layer files. Nextended smoke layers were
created by running the V4.51 Lidar Level 2 algorithm but with the smoke extension turned off.

Improved Classifications for Stratospheric Aerosols

The stratospheric aerosol subtyping algorithm has been updated in V4.51 to improve the ability to discriminate
between volcanic ash and depolarizing smoke from pyrocumulonimbus (pyroCb) injections, improve the fidelity of
the sulfate classification, and tgpdate the 532 nm volcanic ash lidar ratio to the current state of knowledge. The
stratospheric aerosol subtypes are now: volcanic ash, sulfate, smoke, polar stratospheric aerosol, and unclassified.
A full description of changes with the V4.51 algorithra documented inrackett et al., 202a.

Summary of changes:

1 The stratospheric aerosol subtyping algorithm now relies solely on depolarization and integrated attenuated
ol 01a0FGdGdSNJ 6+ 0 G2 RAAONAYAYlIGSR 0SGoeSSy @2t O yA
color ratio that was included in the V4sRbtyping algorithm allows more accurate identification of sulfate and
less misclassification of sulfate as smoke.

1 The estimated particulate depolarization ratio threshold used to discriminate between smoke from pyroChb
injections and volcanic ash has been increased from 0.15 to 0.25 based on empirical analysis of recent major
pyroCb events.

1 ¢KS +#ndH dadzZ FIFIISk2GKSNE &ad0NF G§2aLKSNRO | SN&@R,f & dzo
and unclassified. Previously, the sulfate/other type included both aerosol layers likely to be sulfate and layers
GAUK (26 OlI{iYSAYZTIKSIZAaABKBBESO2YLRYSYyld 2F GKS 02
FNE y26 NBLER2NISR aASLINIGSte a dadzyOf I AaAFTASRE D

1 The 532 nm lidar ratio for volcanic ash has been increased to 61 + 17 sr based onddAkt@ihed retrievals
of volcanic ash plumes.

Figure 3 demonstrates the improvements in stratospheric aerosol subtyping between V4.2 and V4.51. Panels in
each row show the frequency of classification of each stratospheric aerosol subtype for manually identified layers
associated with a dominant aerdstype. In V4.51, there are fewer misclassifications of volcanic ash as sulfate,
more accurate classifications sulfate from true sulfate events, and fewer misclassifications of true smoke as
volcanic ash. There remain some misclassifications of sulfasmake due to the difficulty of separating these
types with CALIOP observables.
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Figure 3 Stratospheric aerosol subtype classification frequency for events dominated by volcanic ash (top row),
sulfate (middle row), and smoke (bottom row). V4.2 and V4.51 classifications are in the left and right columns,
respectively(Tackett et al., 202a© Authors 2023CC BY 4)0

Total Column Particulate Optical Depifisove Opaque Water Clouds

Hu et al., 200®eveloped an approach to estimate 532nm total particulate optical depth above opaque water

Of 2dzZRa® ¢KS poHYY @SN AYGSAINIFISR GdSydzad G6§SR-01 O 2
above, could be estimated as a function of the lidar ratichefwater cloud (§ and the multiple scattering factor.

LF GKSNB IINB FSIF0dz2NBa Fo020S3> (KSy -way trangniitfarice, whith ifN& R dzO ¢
Fdzy Ol A2y 27 (49 Udnglihis dfbrinatidh &rl_dstikhatedof the above cloud optical depth can be
inferred directly from current CALIPSO measurements, as seen in equation 1. The multiple scattering is a ratio of
GKS fF8SNIAYGiSAINIFGSR poHWYEY g@BAOKY $ { RY T2 t6IANIKI 1 G A 2 yWBN.
computed in the CALIOP L2 data products. An estimate fof 8paque water clouds is assumed to be 19 sr.

_1 84 ¢6
above _Eln?m ?Ol (1)

This new column particulate optical depth and uncertainty are detailed further in the V4.51 CALIOP Layer Level 2
RIGl LINPRdzOG RSEAONARLIIAZ2Y® ¢KSAS (¢2 ySg dfferbidtiaeS i SNA
between feature typing as seen in other column optical depth parameters in the CALIOP level 2 data product.

I O2YLI NRAa2y 0SG6SSYy GKAA ySg | LILINBIOK FyR RFEGI O2f
(HSR¥2) during a legf the ORACLESfield campaignRedemann et al., 202Ccan be seen in Figure 4. This
particularly scene, taken from September™ 8016, of a CALIPSO transit from 13:33:50 to 13:36: 52 UTC and
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coincident with the ER overflight, is in the soutkeastern Atlantic Ocean off the coast of Africa and is
characterized by an elevated smoke layer from seasonal biomass burning over a dense marine stratiform cloud
layer. The 532nm aerosol optical deptbrived from HSRE (black triangles) compares favorably with the new
depolarization ratio approach (blue circles) at 5km resolution. The particulate optical depth is also reported at 1km
and 333m (single shot) resolution. Profiles of 532nm extinction tegoin the Lidar Level 2 5km aerosol profile
products were used to compute aerosol optical depths for this scene, using both the V4.51 (red) and V4.20 (green,
previous version) data. These two optical depths do not track the depolarization approach ,agweellithat the

profiles of extinction are for aerosol only, as determined by the level 2 typing algorithm, while the depolarization
method uses the entire column. The differences between V4.20 and V4.51 aerosol optical depths, in which V4.51
is always grater than/equal to V4.21, is due to the increase in depth of layer associated with smoke base extension.
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Figure 4532nm aerosol optical thickness above clouds from the E3Rack triangles), 532nm particulate optical
depth above opaque water clouds at 5km resolution using the V4.51 Lidar Level 2 depolarization ratio technique
(blue circles), and 532nm aerosol @l depth (V4.51 red circles, V4.20 green circles) computed by integration of
aerosol profile extinction above opaque water clouds during CALIPSdligheiof HSRR track on September

18", 2016, from 13:33:50 to 13:36:52 UTC in the serdBtAtlantic Basin during the ORACIE®Id campaign.

Total Column Particulate Optical Depths from Ocean Surface Returns

The Ocean Derived Column Optical Depth (ODCOD) product is an estimate of total column effective optical depth.
ODCOD relates the measured magnitude of the lidar ocean surface return and taainwtcansmittance overhead
to a modelled ocean returned by theguation 2 below¥enkata and Reagan 2016
_CcAT:(z)

2R,

T;(2) @

In the relationship, Az) is the twoway transmittance atange zfrom the spacecraft where molecular/ozone and
particulatecomponentsare denoted by the subscript8 YoQW Ld§spectively. Variable c is the speed of light, A is
the area of the ocean surface return, andifRthe modelled backscatter reflectance from the ocean surface. The
retrieval isfor the total column from the CALIOP top of the atmosphere calibratiegionto the lidar detected
ocean surface. The estimate is affective optical depth because no attempt is made to separate multiple
scattaing and single scattering from the cloud and aerosol particsliat¢he column Ryan et al., 209.

The V4.51 Lidar Level 2 algorithms only estimaterBB2ptical depths in regions of the column where clouds and
aerosol are directly detected. The regions wherelangers aredetected are assumed to be particulate free. This
assumption is known tgield anunderestimatetotal column particulateoptical depth by on the order of 0.@3

0.05 (Toth et al., 2018 ODCOD compliments the CALIPSO data record by providing estimates of optical depth for
the entire column including regions CALIOP does not detect particulate.
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Figure 5 shows cloud screened seasonal difference of medians (OD@ODIS) of the 5km ODCOD daytime
retrieval to MODIS derived Effective Optical Depth Average Ocean interpolated to 532 nm and to the CALIOP 5km
footprint midpoint. Generally, ODCOD showsd agreement in each season and over most of the globe with
global median differences of 0.019 in December, January, and February; 0.025 in March, April, and May, 0.015 in
June July and August; and 0.017 in September, October, November. Regionallyassmoé the globe see larger
differences possibly due to uncertainties in wind speed and the surface reflectance model used.
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Figure 5 The four panels show cloud screened seasonal difference of mg@@EOD MODIS) comparisons of

the 5km ODCOD daytime retrieval to MODIS derived Effective Optical Depth Average Ocean interpolated to 532
nm and to the CALIOP 5km footprint midpoint. OD ODCOD higher than MODIS is shown in red and ODCOD lower
is shown in hle (Ryan et al., 202® Authors 2024CC BY 4)0

Coarrectiorsto SingleShot Cloud Clearing

An anomalous condition was identified in the CALIOP Level 2 Selective Iterated Boundary Layer (SIBYL) algorithm,
in which 333m single shot clouds identified and retained in the boundary layer could inadvertently be reclassified
as an aerosol. The V4.5yerproduct description details the error and new approach used, in which a boundary
layer scene could be broken apart and these newly defined layers reclassified based on a number of criteria.

Figure 6 illustrates this error and the resultant amelioration. In this scene a dense water cloud underlies a dust
plume (Figure 6a). For a majority of this scene the V4.2 algorithm retains the 333m single shot water cloud layer,
which occurs when the sifgyshot clouds are detected throughout the entirety of each 5km block of data. The
CloudAerosol Discrimination (CARju et al, 2016 R2Say Qi (y2¢ GKIFG GKS Of 2dzR
reclassifies those bins as having aerosols, as seen in Figure 6b. The consequence of this error can be seen in Figur
cOs 4 GKS poHYY WISNR&2tQ SEGAY Oirédavih the avbiyiigkerasol. f | & S
When applying the corrected algorithm, the single shot layer remains as a cloud (Figure 6d) and the 532nm aerosol
extinction bias has been eliminated (Figure @&ckett et al, 2022lso detailed the consequence of this error, in

which nearly 3% of all 5km resolution layers for Jogust 2007, 2013, and 2014, clustered around regions of
continental aerosol outflow (smoke or desert dust), were impacted.
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Figure 6 June 18, 2013, scene in the eastern Atlantic Ocean between CALIOP V4.21 Level 1 and Leveld data (a
and the V4.51 Level 2 data-€). The left most column shows the prescience of thellewel water cloud and the
implications on extinction of the cloud layeeibg recast as an aerosol by the ClaAgtosol Discrimination
algorithm. The right most column shows that the updated V4.51 algorithm now properly accounts for the cloud
and the 532nm extinction bias has been eliminated. Taken ffaokett, 2023

Tablel: new scientificdata sets reported in the CALIOR.51L2 data products

VEM Layer Profile
SDS name 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmM | 5kmA | 5kmC
Surface_Wind_Speeds_02m Vv V V \

5Fd0F vdzZr €t AGe { GF GSY @lidafF 2w 2/Datd RradyctRelgaser SNEBE A 2 Y
Version: 421

Data Release Date: October 02, 2020
Data Date Range: October 01, 2020 to present

A minor version bump (+0.01) has been applied to all CALIPSO data products due to a required upgrade to the
operating system on the CALIPSO production clusteprédram executablewere recompiled to process in this
new environment with no changemadeto the underlying science algorithms or inputs.

Data Quality Statement fof ! [ Lt { h Q420 bidarN.&vél 2 Pata Product Release

Data Version: 4.20
Data Release Date: October 10, 2018
Data Date Range: June 13, 2006 to September 30, 2020
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The Version 4.20 (V4) CALIOP Level 2 data product is identical to the V4.10 data product with the addition of several
HDF science data sets (SDS) that provide information to the user for filtering out low laser energylshots.
technical advisogrof this phenomenashown belowwaspostedon the CALIPSO website in June of 2018.

Table 2:new scientificdata sets reported in the CALIOR.20L2 data products

VFM Layer Profile
SDS name 1/3kmM | 1kmC| 5kmA | 5kmC | 5kmA | 5kmC
Minimum_Laser_Energy 532 \% V V \% V V \%

Data Release: Junel2, 2018

CALIOP Instrument Anomaly Advisory: Low Energy Laser Shots

Dates Affected: September 01, 20%6resent

Applies to: CALIOP Level 1B and Level 2 Data Products, V4.10 and earlier

/' Lht o6/!'[Lt{hQ& [L5!w AyadNHzyrSyido Aa SELSNASyOAy3
South Atlantic Anomaly (SAA) region due to decreased pressure inside the laser canister. The low energy laser shots
began in September 2016 andve increased in frequency, particularly since the second half of 2017 (Fig. 1).
Science quality of affected profiles within the SAA is degraded and these profiles should be excluded from scientific
analyses. The document below provides guidance on hadetatify affected profiles in CALIOP level 1B and level

2 products. Science quality of profiles with nominal laser energies is unaffected by this issue. The IIR (Imaging
Infrared Radiometer) and the WFC (Wide Field Camera) instruments are also unaffected.
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Figure IMonthly frequency of low energy laser shotss 80 mJ) from January 2016 to March 2018, globally and
in the SAA region (left). Spatial distribution of low energy shot frequency from October to December 2017 (right).

Data Quality Statementfof ! [ Lt { h Q410 darN.@véal 2 Pata Product Release
Data Version: 4.10

Data Release Date: November 8, 2016

Data Date Range: June 13, 2006 to May 31, 2018

Version 4.10 (V4) is the first wholly new release of the CALIPSO lidar level 2 data products since the initial release
of the Version 3 (V3eries of products in May 2010. As expected, V4.10 provides a substantial advance over V3
and earlier releases; known retrieval artifacts have been eliminated and numerous enhancements have been
incorporated to increase the accuracy of the science datdevdimultaneously reducing uncertainties. The most
significant code, algorithm, and data product changes include

1 a standalone surface detection algorithm
1 revised probability density functions (PDFs) for the cloud aerosol discrimination (CAD) algorithm

1 application of the CAD algorithm to layers detected at single shot resolution and to layers detected in the
stratosphere
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1 a major overhaul of the aerosol subtyping algorithms in which separate algorithms are now used to classify
tropospheric and stratospheric aerosols

improved cloud subtyping and iseater phase determination
temperaturedependent determination of multiple scattering factors for ice clouds
multiple scattering factors for opaque water clouds derived from measured depolarization ratios

updated extinction retrievals for opaque layers; improved uncertainty estimates and matepih quality
assurance reporting for all extinction retrievals

a new algorithm for deriving ieeater content from CALIOP extinction retrievals

7 introduction of a new &m merged layer product that reports the spatial and optical properties of all cloud
and aerosol layers detected in a single file

1 new browses image showing cloud subtypes identified within each granule
1 the addition of several new parameters in the data products files

= =4 -4 -4

=]

Each of these is discussed in some detail in the sections below.

Lidar Surface Detection

Ly LINBE@A2dza OSNBRA2Yya 2F GKS /! [Lht €S@St w oO[HO RIG
using ageneral purpose layer detection schemhat scans lidar profiles from the top of the atmosphere downward,
looking for significant positive excursions rising above an expected molecular backscatter signal. In théneral
approach works well. However, in mdiliyer scenes and/or highly turbid atmospheres the effectiveness of the
top-down technique can be degraded by signal attenuation from intervening atmospheric layers that limit its ability

to reliably detect surfee returns. Inth&/4.10R I 4 I LINR RdzOGa> RSGSOGA2Yy 2F GKS 9
a dedicated, newly developed search routine that scans upward from the bottom of the profile using a derivative
based peak finding algorithm. This new technigiggnonstrates significant improvemenwver the V3 method in

turbid atmospheres, while maintaining equal or better performance in clear skies. As a result of this improved
detection scheme, there are fewer opaque layers identified inMAel0data than there were in V3, especially at

night. Because regions below layers previously classified as opaque are now scanned for the presence of
atmospheric features, there is also a slight increase in the number of cloud and aerosol layers repansdd. Sig
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layers will have low CAD scores.

TheV4.10data products report substantially more surface detection information than was available in V3. The
Lidar_Surface Elevation and Surface Elevation Detection_Frequency parameters reported in the V3 data
products have been discontinuedW#.1Q Instead, surface detection information is recorded in a rpdtiameter
Lidar_Surface_Detectiovigroup In addition to the surface detection status (i.e., detected or not detected) and
surface altitude information provided in V3, this n®¥groupreports the followingparameters at both 532 nm and

1064 nm

surface top and base altitudes

integrated attenuated backscatter
integrated volume depolarization ratio
integrated attenuatedbackscatteicolor ratio
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where applicable, surface detections at finer spatial resolutions (i.e., 1/3 km and 1 km)

These additional parameters are expected to providev insights into surface typ@.g., distinguishing between
ice, liquid water and land) and, for measurements over oceans, total column optical depths at both 532 nm and
1064 nm.
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Cloud and Aerosol Layer Detection

TheCALIOR/4.10level 1 (L1) datdirst released in April 2014, significantly improved the calibration of the CALIOP
attenuated backscatter coefficiemit 532 nm(Kar et al., 2018Getzewich et al., 203&nd especially at 1064 nm
(Vaughan et al., 2039In particularthe magnitude of thecalibration coefficients at 532 nm decreased by ~3% to
~8%, depending on latitude and season, resulting in the concomitant increase in the 532 nm attenuated backscatter
coefficients. This increase in backscatter magnitude translates directly into ayslgyetter layer detection
frequency. When combined with the layer detection increases obtained from the new surface detection algorithm,
the V4.10data products show a net cloud fraction gain of ~5% relative to V3.

Cloud Aerosol Discrimination (CAD)

The magnitude of the calibration changes introduced in the CAVAAIPL1 data necessitated substantial revisions

to the V3 leel 2 (L2) CAD algorithrccordingly, a new set of CAD probability distribution functions (PDFs) was
developed and subsequently used to generate We10L2 data. Th&/4.10CAD PDFs are stilidimensional, but

now have increased latitude resolution (5° intervals vs. 10° in V3) which has led to an overall improvement in CAD
reliability. The revised PDFs were specifically designed to be more sensitive to the presence eflatmls. As

a consequence, the€4.10data products show significant improvements in the classification of#liglnde smoke

plumes and Asian dust layers, which in earlier versions were often classified as cirrus clouds.

Application of thev4.10CAD algorithndiffers from previous versions in these important aspects:

1. In V3 and earlier, the CAD algorithm was applied only to tropospheric layers, and layers detected above the
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eliminated. Instead, the CAD algorithm is applied everywhere, to all layers detected. The CAD scores for
stratospheric clouds and aerosols are generally robust within a few kilometers of the tropopause. However, a
very high altitudes, the general paucity of samples available for the trainirag setll as falling SNR may affect
the reliability of the CAD.
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dedicated PSC products. For less demanding applications, PSCs are also reported in the standard L2 data
products. While thev4.10CAD algorithm classifies the majority of the polar stratospheric layers as clouds,
some aerosol layers are also identified. The spatial distribution of these polar stratospheric aerosol layers is
similar to the distribution of STS (i.e., the supercookeahary soluion of nitric acid, sulfuric acid and water)
obtained from the dedicated CALIPSO PSC product.

2. Unlike V3, thev4.10CAD algorithm is also applied to those strongly scattering layers that can be detected at
single shot resolution (333 m). In the past these layers were classified as clouds by default and were
systematically removed before averaging over the weaker sghialV4.1Q layers detected at single shot
resolution that are classified as aerosols are no longer removed from coarser resolution averages, and thus can
be expected to increase peak aerosol optical depths in the regions where teay. dhe bulk of the single
shot layers classified as aerosol¥#10are found within the dust belt region of the globe. Howeveshould
be noted that optical properties of these layers were not used in buildinyth&0CAD PDFs, which may affect
the overall CAD performance when classifying single shot layers.

While the CAD algorithm is applied to all layers detected, there are two anomalous situations where layers are
subsequently reclassified using additional analysis. The first occurs when dense smoke plumes extend over stratus
decks and other water cloudshd differential attenuation of the signals at 1064 nm and 532 nm by the smoke can
lead to very high color ratios in the clouds below, which in turn can result in artificially low CAD scores. In such
cases, the color ratio of the underlying clouds is régetn empirically derived mean value and the CAD scores are
recalculated. Both the original CAD score and the revised CAD score are recorded in the layer products. In the
second case, the similarity of the scattering signatures of faint, isolated layelsfted dust and weakly
depolarizing cloud fragments makes them largely indistinguishable in the CAD domain. To achieve reliable
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