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Introduction

The CALIPS®km Cloud and Aerosol Profile Produ¢@Pro and APro, respectivetgport profiles of particulate
extinction and backscatteroefficientsalong withadditional parameters(e.g., particulate depolarization ratios)
derived from these fundamental products. Layer optical depths are reported ib ¥reCloud and Aerosol Layer
Products. The layer optical depths are derived from the same retrievals used to compute the extinction profiles in
the profile products. All of thextinction products are produced usingettamefundamentalalgorithims (Young

and Vaughan, 200¥oung et al 2018§.

The cloud and aerosol profile products are reported at a unifborizontalresolution of 5 km over a nominal
altitude range from 30 km te0.5 km. Profile data foboth tropospheric aerosol and stratospheric aerosol are
reported in the aerosol profile product. Due to constraints imposed by theaard data averaging scheme, the
vertical resolution of the profilproductsvaries as a function of altitude. In the tropospheric region betweef 20
km to-0.5 km, the profile products are reported at a resabutiof 60 m verticallywhile in the stratospheric region
(above 202 km) theverticalresolutionis 180 m.
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Glossary and Acronym Dictionary

Term Meaning
AMSL above mean sea level
AMSR Advanced Microwave Scanning Radiometer
AOD aerosol optical depth
APro aerosol profile product
AVD atmosphericvolume description
CAD cloud-aerosol discrimination
CALIOP CloudAerosol Lidar with Orthogonal Polarization
CALIPSO CloudAerosol Lidar and Infrared Pathfinder Satellite Observation
CERES | £ 2dzR& I yR GKS 9FNIKQa wkRAFYG 9ySNBE ({
CPro cloud profile product
DEM digital elevation model
FCF feature classification flags
frame a fundamentaldata averagingnterval used extensively in ! [ Lht Qa f S@S¢

processing. A frame consists of 15 consecutive sistybe profiles spanning an alo#tigack
distance oD5 km. 15 shots is the least common multiple of the altriagk averaging interval
RSTAYSR o6& /! [LhtQa @GSNIAOIf f Bunt@taNBWy 3
GMAO Global Modeling and Assimilation Office

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

HOI horizontally oriented ice

HSRL high spectral resolution lidar

IGBP International GeospherBiosphere Programme

IR imaging infrared radiometer

L1B level 1B

LEM low energy mitigation

MERRA Modern-Era Retrospective analysis for Research and Applicati@nsion 2
MHz megahertz

N/A not applicable

OoDCOD oceanderived column optical depth
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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
https://nsidc.org/data/amsre
https://ceres.larc.nasa.gov/
https://doi.org/10.1175/2009JTECHA1223.1
https://gmao.gsfc.nasa.gov/
http://igbp.net/
https://gmao.gsfc.nasa.gov/reanalysis/

Term Meaning
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

Data Product Descriptio

Threemainconfigurations of scientific data sets (SDSs) are reported i@ &ie¢OP profile productSDS#or optical

properties (e.g., particulate extinction coefficientse Nx 399 arrays, where N is the number of aldrack 5 km

columns in a granule and 399 is the number of altitude bins in each col®DSs reporting colurrspecific
information (e.g., latitude and lontgide) are N x 1 arrays. Finally, SD&sorting feature classificatios and/or
diagnostic informatiorat subrange bin resolutiorfe.g., the atmospheric volume descripticare reported asN x

399 x 2matrices where thefirst N x 399 submatrireports findings irthe upper 30 m bin irach60 m vertical
averageand the second N x 399 submatreports findings in the lower 30 m birk-or altitudes abové.2 km,
GKSNBE G(GKS @GSNIAOFE NBazf dziAz2y 2identicd iffdrhatioRid regoed iyftheh y 1 S |
upper and lowelsubmatrices

Scientific Data Sets: Measurement Altitudes

Lidar_Data_AltitudegAPro and CPro)
Units: km

Format: Float 32

Valid range:-2.0000 30.0000
Dimensions 399 x 1

Description:Altitudes (above mean sea level) that specify the midpoints o88%verticalbins in theCALIORevel
2 profile products Vertical resolution is 60 m fror0.5 km to 20.2 knand 180 m at higher altitudeslhis
scientific data set (SDS) is only available in the V5.00 data release. In all prior versions, the lidar data
altitude array was stored in the file metadata.

Scientific Data Sets: Time arrbsition

Profile_Time (APro and CPro)

Units: TAI seconds

Format: Float 64

Valid range: 420300000.0000 962300000.0000
Dimensions: number of profiles3x

Description: International Atomic TiméTAl) in elapsed seconds from January 1, 1993. Three values are reported:
the time for the first pulse included in the 15 shot 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_Time (APro and CPro)
Units: yymmdd.ffffffff

Format: Float 64

Valid range: 60428.0000 230701.0000
Dimensions: number of profiles3x

Description: Coordinated Universal Time (UT@rmatted as yymmdd.ffffffff, where yy is a two digit data
acquisition year number (06 to 23), mm is a month number (01 to 12), dd is a day number (1 to 31), and
ffffffff is the elapsed fraction of the data acquisition day. Three values are reportedintlecfor the first
pulse included in the 15 shot average; the time at the temporal midpoint (i.e., at the 8th of 15 consecutive
laser shots); and the time for the final pulse.

Day_Night_Flag (APro and CPro)
Units: NoUnits

Format: Int_8

Valid range: 0 1

Dimensions: number of profiles x 1

Description: As CALIPSO approaches the terminator, the lidar is automatically reconfigured to adapt to changing
lighting conditions thadirectly impact signato-noise (SNR) levelsThese changes occur at Starth
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. 0 indicates daytimeasurement configuration
1 indicates nighttime.

Profile_ID(APro and CPro)

Units: NoUnits

Format: Int_32

Valid range: 1 228630
Dimensions: number of profiles x 1

Description:Unique profile identifier generated sequentially for edickar level 1tprofile. Level 1b pofile IDs are
guaranteed to bainique within each granule but not unique over multiple granul@selevel 2profile
products reportthe first and lasprofile IDsfor the 15 consecutive lasers pulses averatgedreateeach 5
km profile product data record.

Latitude (APro and CPro)

Units: degrees_north

Format: Float 32

Valid range:-90.000090.0000

Dimensions: number of profiles3x

Fill value-9999

Description:Geodetic latitude of the laser footprint on the Ea@&Isurface. Three values are reported: the footprint
latitude for the first pulse included in the 15 shot average; the footprint latitude at the temporal midpoint
(i.e., at the 8th of 15 consecutive laser shots); and the footprint latitude for the finaépul

Longitude(APro and CPro)

Units: degrees_east

Format: Float_32
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Valid range:-180.0000 180.0000
Dimensions: number of profiles3x
Fill value-9999

Description: Longitude of the laser footprint on the Earthsurface. Three values are reported: the footprint
longitude for the first pulse included in the 15 shot average; the footprint longitude at the temporal
midpoint (i.e., at the 8th of 15 consecutive laser shots); and the footprint longitude for thepfifed.

Scientific Data Sets: Column Integrated Parameters

Column_Integrated_Attenuated Backscatter 532 (APro and CPro)

Units: 1/sr

Format: Float 32

Valid range: 0.0000 2.0000

Dimensions: number of profiles x 1

Fill value-9999

Flag values:111.0 = column data quality degraded due to low laser energy

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 thedekscatter signal aD40 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_IAB_Cumulative_Probability (APro and CPro)

Units: NoUnits

Format: Float 32

Validrange: 0.0000 1.0000

Dimensions: number of profiles x 1

Fill value-9999

Flag values:111.0 = column data quality degraded due to low laser energy

Description: The cumulative probability of measuringb82 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 Ndare from the first range in the profile, 840 km, down to one range bin above the surface altitude
specific by the CALIPSO DBAdlues in this field range between 0 andFigurel shows thecumulative
probability distribution compiled using all CALI®DR y 3 f S, meds@réments acquired betwe&908
07-01 thru 200807-15.
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Column_Optical_Depth_Cloud_532 (APro and CPro)
Units: NoUnits

Format: Float 32

Valid range: 0.0000 25.0000

Dimensions: number of profiles x 1

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot 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 Prérdnctie uppermost range
bin to the lowest range bin

Column_Optical_Depth_Cloud_Uncertainty 532 (APro and CPro)
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
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlkot cloud clearing within a column

Description: Estimated uncertainty in the Column Optical Depth Cloud 532 parameter calculated using

.. —\2 —\2
Dt \%( ,@S,) (D+&p- )
NpAd GKS dzy OSNIF Ay Ge Ay KR a) espdaivgly, tRa dalumd Integrated LIG K
particulate backscatter and its associated uncertainty. These quantities are computetraserpid rule
integration
1 su_rface
gp:E a (Zn—l -Zn)( pbzn—]) b-&zn)) (2)
n=TOA 1
1 su.rface 2 5 9
o {5 A () bR D ) o
n=TOA 1
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S_p and D_Sp are, respectively, the backscattereighted column mean lidar ratio and its uncertainty,
calculated fornod SNEB @I f)dsSalow ¥ | 61

1 su.rface
_ N a b(zn) 38;)(%1)

S = n=TOA surface (4)

" s ab()

N n:?OA "

The quantity N is initialized to 0, then incremented by K Sy S @& N# | 0 ®
1 su.r.face
— N a b(zn) s Eﬁxzn)
DSp = n=TOA 1 su.r.face (5)
N a b(Zn)
n=TOA

Column_Optical_Depth_Tropospheric_Aerosols_532 (APro and CPro)
Column_Optical_Depth_Tropospheric_Aerosols 1064 (APro and CPro)
Units: NoUnits

Format: Float 32

Valid range:0.0000 3.0000

Dimensions: number of profiles x 1

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column

Description: Optical depth of all tropospheric aerosols detected within each 5 km vertical column, obtained by
integrating respectively, the 532 nm and 106 tropospheric aerosol extinction coefficients reported in
the CALIPSO 5 km Aerosol Profile Produeis the uppermost range bin to the lowest range bift both
wavelengths, totatolumnaerosol optical depth (AODY the sum othe tropospheic andstratospheric
columnAODs

Column_Optical_Depth_Tropospheric_Aerosols_Uncertainty 532 (APro and CPro)
Column_Optical_Depth_Tropospheric_Aerosols_Uncertainty 1064 (APro and CPro)
Units: NoUnits

Format: Float_32

Dimensions: number of profiles x 1

Fill value-9999

Flag values: -111.0 = column data quality degraded due to laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column

Description: Estimated uncertainty, inespectivelythe Column Optical Depth Tropospheric Aerosol 282
Column Optical Depth Tropospheric Aerosol 1p&rametes, calculated according to equations 1 through
5 above

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Profile_{Description_Document_V5 Pagel4 of 92


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Profile_Data-Description_Document_V5

Column_Optical_Depth_Stratospheric_Aerosols_532 (APro and CPro)
Column_Optical_Depth_Tropospheric_Aerosols_1064 (APro and CPro)
Units: NoUnits

Format: Float_32

Valid range: 0.0000 3.0000

Dimensions: number of profiles x 1

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlkot cloud clearing within a column

Description: Optical depth of all stratospheric aerost#tectedwithin each 5 km vertical column, obtained by
integrating respectively, the 532 nm and 1064 ratnatospheric aerosol extinction coefficients reported
in the CALIPSO 5 km Aerosol Profile Products the uppermost range bin to the lowest range biAt
both wavelengths, totatolumn AODs the sum of théropospheric and stratospheric column AODs.

Column_Optical_Depth_Stratospheric_Aerosols_Uncertainty 532 (APro and CPro)
Column_Optical_Depth_Stratospheric_Aerosols_Uncertainty 1064 (APro and CPro)
Units: NoUnits

Format: Float 32

Dimensions: number of profiles x 1

Fill value-9999

Flag values: -111.0 = column data qualiyegraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column

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

Column_Feature_Fraction (APro and CPro)

Units: NoUnits

Format: Float 32

Valid range: 0.0000 1.0000

Dimensions: number of profiles x 1

Fill value-9999

Flag values:111.0 = column data quality degraded due to low laser energy

Description: The fraction of theln horizontally averaged profile, between-Bth and the DEM surface elevation,
which has been identified as containing atmosphericfeature (i.e., either a cloud, an aerosol, or a
stratospheric layerat any of the 5 km, 20 km, or 80 km horizontal averaging resolutions

Some Notes on Evaluating CALIOP Column Optical Properties

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

depths less thanD5. (Note that this value considers the contribution of multiple scatteririg.ppaquecolumns
OADPSPY gKSYy GKS O2ftdzvy oF O01aO0lFGiSNI aAdylf A&tha2dl ¢
reported dcolumre optical depthsdo not characterize the full vertical column, but instead report the integral of

the particulate extinction coefficients from30 km dowrto the apparent base of the lowest feature observéal.
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the layer products, the opacity of any colurren be determined by inspectitige opacity flag. Values of 1 indicate
that 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 under suspicious circumstandesv qualityextinction
retrievals inoverlying layers can degrade the reliability of all extinction retrievals in the layers below (Young and
Vaughan, 2009) For transparent layersconstrainedretrievals (extinction QC = 1yield the highest quality
solutions. Slutionsfor whichthe final lidar ratio is uncingedfrom the initialestimate (extinction QC = (glso
generatephysically plausible solutionsOn the other hand, retrievals for which the initial lidar ratio must be
reduced to achieve a solution can be problematic, as the retrieved optical depths in these cases tend to be biased
high.

CAD Scores and Feature Subtypesspective of the extinction QC flag, extinction solutions déatdires with low
magnitudeCADscores6 S @3 & > ud 3 1950 MEcdiesshoultldegarded with caution. These features
could not be confidently classified as either cloud or aerosol, and this lack of confidence extends to the choice of
initial lidar ratio used in the extinction solution. Similatycertain aerosol type classificatiolead to increased
uncertainties in the lidar ratios and hentmver confidence in the extinction retrievals.

Cloud phaseThe extinction solutions in columns containing clouds predominately compos$exinbntal oriented
ice (HOI) crystalare likely to be highly unreliableThe anomalously high backscatgenerated byHOI clouds
coupled with very low skill in selecting an appropriate lidar ratio for these cldtetgiently yields very large
overestimates of cloud extinction coefficients and optical depths (Blipche et al., 201D

Scientific Data Sets: Profiles of Optical Properties

Total_Backscatter_Coefficient_532 (APro and CPro)
Units: 1/(km * sr)

Format: Float 32

Valid range: 0.0000 0.0500 (aerosol)

Valid range: 0.0000 1.5000 (cloud)

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column

Description: 532 nm total particulate backscatter coeffici@ntsiAz),reported for all range bins in which clouds
(CPro) or aerosols (APro) were detected. Total particulate backscatter coefficients are the sum of the
parallel and perpendicular channel particulate backscatter coefficlentsh @5 534z)b ydsAz). A
detailed description of the algorithms used to retrieve CALIOP backscatter and extinction coefficients is
found inYoung et al., 2018

Total_Backscatter_Coefficient_Uncertainty 532 (APro and CPro)
Units: 1/(km * sr)

Format: Float_32

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column
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-29.0 = retrieval attempted on an opaque water cloud

Description: Absolute uncertainties for the 532 nm total particulate backscatter coefficients reported for all range
bins in which clouds (CPro) or aerosols (ARvere detected. Backscatter and extinction retrievals in
opaque water cloudare extremely uncertain, hence a special fill valug2¥ is assigned for all range bins
in these layersA detailed description of the algorithms used to retrieve CALIOP backscatter and extinction
coefficient uncertainties is found in treupplemental material for Young et al., 2018igure2 shows the
cumulative distribution of relative uncertaintigg 530 1 32y, fofall transparent cirrus cloudietected
at 5 km averaging resolutidn all nighttimemeasurenentsacquiredduring February 2019.

February 2019 Global Night
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532 nm Backscatter Coefficient Relative Uncertainty (A3//3)
Figure2. Relative uncertainty irthe 532 nm backscatter coefficientetrieved within transparent cirrus
detected at 5 km averaging resolutioiringglobal nighttime measurements acquirgdFebruary 2019.

Perpendicular_Backscatter_Coefficient_532 (APro and CPro)
Units: 1/(km * sr)

Format: Float 32

Valid range: 0.0000 0.0100 (aerosol)

Valid range: 0.0000 0.3500 (cloud)

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlkot cloud clearing within a column

Description: 532 nm perpendicular channel particulate backscatter coeffickeiis(z)) reported for all range
bins in which clouds (CPro) or aerosols (APro) were dete¢tddes aralerivedvia equation(6) usingthe
retrieved particulate extinction profil€Young & Vaughan, 20))9from which we obtain thealtitude
resolved particulate twavay transmittance profile,2}(z) the molecular and ozone twway transmittance
profiles (T?m(z) and T?04(z), respectivelykalculated from theMERRA meteorological datathe molecular
backscatter coefficients, also froiERRA; and the measurements of attenuated backscatter coefficients
made in the532 nm perpendicular channellThe perpendicular component of thaolecular backscatter
coefficients icalculated using the depolarization ratio of Cabannes scattelywg,0.00366Powell et al.,
2009 i.e.,

bi. (2)

RO HOR TG ®

6 K S NRz) £DRP 1.H2)l Y R«(2) is the totamolecular backscatter coefficient.
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Perpendicular_Backscatter_Coefficient_Uncertainty 532 (APro and CPro)
Units: 1/(km * sr)

Format: Float 32

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlkot cloud clearing within a column
-29.0 = retrievahttempted on an opaque water cloud

Description: Absolute uncertainties for the 532 nm perpendicular channel particulate backscatter coefficients
reported for all range bins in which clouds (CPro) or aerosols (APro) were detélrtedrtaintyestimates
are obtained by applying a standgpdopagation of errorg¢o equation (1).

Particulate_Depolarization_Ratio_Profile_532 (APro and CPro)
Units: NoUnits

Format: Float_32

Valid range: 0.0000 1.0000

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column

Description: 532 nm particulate depolarization rafiog(z), are reported for all range bins in which either clouds
(CPro) or aerosols (APro) were detected. Particulate depolarization ratia®m@uguted by dividing the
532 nm perpendicular channel particulate backscatter coefficients by the 532 nm parallel channel
particulate backscatter coefficients ® $od S0y 611 Gip(zk

The quality of the p(z) estimatesis 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 tway transmittances due to molecules and ozamewell characterized

via the model data obtained frothe MERRA meteorological dataThe twoway transmittances due to
particulates, however, are only as accurate as the CALIOP extinction reRRetradvals near the apparent
basewithin opaquelayerscan be particularly prone to errors in the particulate depolarization ratltere

very large attenuation corrections are appliedvieryweak highly attenuatedsignals Onthose occasions
where one channel or the other becomes totally attenuated, this situation can generate very large,
negative particulate depolarization ratio estimates. For layers that are not opag(e)is generally
reliable. However, in weakly scattering layers, the quality of the daytime estimate can be degraded by a
factor of 24 due to the larger background noise compared with the nighttime estimate.

Particulate_Depolarization_Ratio_Uncertainty 532 (APro and CPro)
Units: NoUnits

Format: Float 32

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column
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-29.0 = retrieval attempted on an opaque water cloud

Description: Absolute uncertainties for the 532 nm particulate depolarization rat@salculated using standard
propagation of errorsand reported for all range bins in which clouds (CPro) or aerosols (APro) were
detected.

Extinction_Coefficient_532 (APro and CPro)
Units: 1/km

Format: Float_32

Valid range: 0.0000 1.2500 (aerosol)

Valid range: 0.0000 12.0000 (cloud)
Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlhot cloud clearing within a column

Description: 532 nm particulate extinction coefficients reported for all range bins in which clouds (CPro) or aerosols
(APro) were detected. A detailed description of the algorithms used to retrieve CALIOP backscatter and
extinction coefficients is founish Young et al., 201.8Cloud and aerosol extinction retrievals are illustrated
in Figure3.

532 nm Total Attenuated Backscatter (km'1sr'1) 2006-09-21T01-07-23ZN
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532 nm Particulate Extinction (km'1) 2006-09-21T01-07-23ZN
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Figure3: the upper panel shows the 53#n attenuated backscatter coefficienteasured 200€9-21. Both
clouds and aerosols are present in this scene. The middle panel shows cloud extinction coeffsanrgnéslogl10
color bar In general, water cloud extinction coefficienfdarkest red) are substantially higher than ice cloud
extinction coefficients (all colors)he lower panel shows aerosol extinction coefficients, also using a log10 color
bar. Aerosols at latitudes abov23°N are dust Those beloid3°N are smokeLow confidencdeature detections
(|]CADscorg < 20) are excluded in the extinction images.

Extinction_Coefficient_Uncertainty 532 (APro and CPro)
Units: 1/km

Format: Float_32

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column datguality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column
-29.0 = retrieval attempted on an opaque water cloud

Description: Absolute uncertainties for the 532 nm particulate extinction coefficients reported for all range bins in
which clouds (CPro) or aerosols (APro) were detected. A detailed description of the algorithms used to
retrieve CALIOP backscatter andiection coefficient uncertainties is found in tiseipplemental material
for Young et al., 2018Extinction coefficients are the product of the backscatter coefficients and the lidar
NI GA2 dzASR AY ,FPS,ONB G KE SOV OBNE DS PEE Ay (KS p LI NI A
is thus

Da,(2) 5/(H(2OR2) (+ ptz)) U

% K S N@) and Sz) are, respectively, the particulate backscatteefficient and lidar ratio at altitude z
andni ,(z) andnS(z) are the assoaied uncertainties
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532 nm Particulate Extinction Relative Uncertainty, 2006-09-21T01-07-23ZN
T [ [ [

Altitude (km)

30.08° 23.77° 17.45° T11° 4. 78 -1.56° -7.90° -14.23° -20.37°
10.55° 8.97° 7.49° 6.09° 4.72° 3.37° 2.02° 0.64° -0.76°

Figure 4: extinction coefficient relative uncertainties (i.e., abs(Extinction_Coefficient_Uncertainty 532) /
Extinction_Coefficient_53Xpr both the cloud and aerosol extinction profiles shownFigure3. The lowest
uncertainties in the scene are in the opaque ice clouds sedd8aN andD14 km. Relative uncertainties are
typically higher in aerosols than in ice clouds due to the much larger uncertainties ascribed to the aerosol lidar
NJ { A,.2ThHe hjgiest uncertainties are seen in opaque water clovitsre the multiple scatteringcontributions

to the total backscatteed signas increase very rapidlgs the signalpenetrate deeper into the cloud This effect

causes aavespondinghNJ LIAR f2a& 2F | OOdzNI S NI y 3 AMIIE ardd GtEpRedd | G A 2
1999. In recognition of this phenomenord backscatteand extinction uncertainties reported for opaque water
cloudsset toa flagvalue of¢29, indicatingzero confidence in thaltitude-resolved retrievalsoung et al., 2018

Backscatter_Coefficient_1064 (APro Only)
Units: 1/(km * sr)

Format: Float 32

Valid range: 0.0000 0.0300

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlkot cloud clearing within a column

Description: 1064 nm particulate backscatter coefficients reported for all range bins in which aerosols were
detected. The same algorithm used to retrie®32 nm backscatter coefficients is also used for the 1064
nm retrievals. A detailed description of the algorithms used to retrieve CALIOP backscatter and extinction
coefficients is found iYoung et al., 2018

Backscatter_Coefficient_Uncertainty 1064 (APro Only)
Units: 1/(km * sr)

Format: Float_32

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column
-29.0 = retrieval attempted on an opaque water cloud
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Description: Absolute uncertainties for the 1064 nm particulate backscatter coefficients reported for all range bins
in which aerosols were detectedThe same algorithm used to estimate 532 nm backscatter coefficient
uncertainties is also use derivethe 1064 nmuncertainties A detailed description of the algorithms
used to retrieve CALIOP backscatter and extinction coefficient uncertainties is foundsimpihle mental
material for Young et al., 2018

Extinction_Coefficient_1064 (APro Only)
Units: 1/km

Format: Float 32

Valid range: 0.0000 1.0000
Dimensions: number of profiles x 399
Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlhot cloud clearing within a column

Description: 1064 nm particulate extinction coefficients reported for all range bins in which aerosols were
detected. The same algorithm used to retrieve 532 nm extinction coefficients is also used for the 1064 nm
retrievals. A detailed description of the algorithms used to retrieve CALIOP backscatter and extinction
coefficients is found itvoung et al., 2018

Extinction_Coefficient_Uncertainty_1064 (APro Only)
Units: 1/km
Format: Float 32
Dimensions: number of profiles x 399
Fill value-9999
Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 ssuspicious/incomplete singiehot cloud clearing within a column
-29.0 = retrieval attempted on an opaque water cloud
Description: Absolute uncertainties reported for the 1064 nm particulate extinction coefficients reported for all
range bins in which aerosols were detectefihe same algorithm used to estimate 532 nm backscatter
coefficient uncertainties is also used to derived the 1064 nm uncertainfiedetailed description of the

algorithms used to retrieve CALIOP backscatter and extinction coefficient uncertainties is found in the
supplemental material for Young et al., 2018

Ice_Water_Content_Profile (CPro Only)
Units: g/(m"3)

Format: Float 32

Valid range: 0.0000 0.5400
Dimensions: number of profiles x 399
Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column

Description: Ice water content (IWC) is calculated from ice cloud particulate 532 nm extinction coefficients using
a temperaturedependent parameterization derived from-gitu measurementssge equation 9e in
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Heymsfield et al., 2034 IWC is reported only for those range bins in which ice clouds were detéated.
assessment of CALIOP IWC data quality and comparisons to IWC retrieved using difféheds rand
different sensors is given Winker et al., 2024

Ice_Water_Content_Profile_Uncertainty (CPro Only)
Units: g/(m”"3)

Format: Float 32

Dimensions: number of profiles x 399

Fill value-9999

Flag values: -111.0 = column data quality degraded due to low laser energy
-333.0 = failed extinction retrieval within a column
-444.0 = suspicious/incomplete singlbot cloud clearing within a column

Description: Absolute uncertainties in ice water contealculated by applying standapmlopagation of errorso
equation 9e inHeymsfield et al., 2014with | S@ Y & TSYSUEARNIEOF f f @8 RSGSNXYAY SR
assumed to be error frefor all temperature ranges.

Cloud_Multiple_Scattering_Profile_532 (CPro Only)

Units: NoUnits

Format: Float 32

Valid range: 0.0100 1.0000

Dimensions: number of profiles x 399

Fill value-9999

Flag values:111.0 = column data quality degraded due to low laser energy

Description: 532 nm cloud multiple scatteriiagtors arereported for all range bins in which clouds were detegted
with values raning between 0.01 and .lLayers characterized lsingle scattering onlyrave multiple
scattering factors of 1.9maller values indicatincreasing contributions to the backscatter signal from
multiple scattering.

Ice cloud multiple scatterinfactors arecomputedas asigmoidfunction of cloudtemperature as shown
in Figureb. A full description of the development of this parameterization is giveBamier et al., 208.
Practical application of thiee cloud multiple scattering factors is discussedanng et al., 2018
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Figure5. Multiple scattering factoras a function of the MERR2Atemperature at the 532 nm attenuated
backscatter centrois of ice clouds
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Multiple scatteringactorsfor opaque vater cloudsarecalculaied according tédu et al., 20@, and typically
range betweer0.198 and 0.87. Meanvaluesare slightly higher at nigh0.448 + 0.105bhan during the
day(0.436 £ 0.10p (Yaung et al., 2018 Transparent water cloudareassumed to have multiple scattering
factors of0.6. Based orMonte Carlo simulationghis value appears to be appropriate fdouds with
optical depths less thaD1. But atlarger optical depthshe multiple-scatteiing component of the signal
becomes much larger than the singleatteiing contributionsand the true multiple scattering factos
become dependent on both cloud extinction and range into the cldMden this happenghe extinction
retrieval becomesextraordinarily sensitive to errors irspecifyingthe multiple scattering factor And
becausehese changes imultiple scatteringare notaccounted for in the current retrieval algorithrthe
extinctionretrieval resultanust be regarded agnreliable.

Aerosol_Multiple_Scattering_Profile_532 (APro Only)
Aerosol_Multiple_Scattering_Profile_1064 (APro Only)

Units: NoUnits

Format: Float 32

Valid range: 0.0000 1.0000

Dimensions: number of profiles x 399

Fill value-9999

Flag values:111.0 = column datgquality degraded due to low laser energy

Description: Aerosol multiple scatteringactorsat 532 nm and 1064 nrare reported for all range bins in which
aerosols were detectedwith valuesnominallyranging between 0.01 and 1Layersfor which multiple
scattering does not contribute to the sigrak.,single scattering onjyhave multiple scattering factors of
1. In V5.00, the aerosol multiple scattering factor set uniformly tat both wavelengthdor all aerosol
subtypes.

Scientific Data Sets: Featuiigype and Classification Confidence

Interpretation of 3-DimensionalSDSs

The onboard resolutiosof the backscatter profiles downlinked from the CALIPSO satellite is mivieablel. To
create the CALIOP profile produgctstrievals of cloud and aerosol optical properties are averagadplicated to

a uniform alongtrack resolution of 5 knMoung and Vaughan, 2009 he vertical resolution of the profile products
above 20.2 knis 180 m, which exactly matches the vertical resolution of the downlinked data. Bel2wr0the
vertical resolution of the profile products 8 m which exactly matches th@gownlinked data resolution in the
upper troposphere 20.2 km to-0.5 km), but isa factor of twocoarser in the lower troposphere (8.2 km ¢6.5
km), where thenative vertical resolution is 30 minternally,the CALIORevel 2retrievalsalwaysoperate at the
highest possible vertical resolutioand hence generate 30 m vertical resolution results in the lower troposphere
Toaccommodate tie coarser resolutiomeported by the profile products in this regipsuccessive pairs of vertically
adjacent 30 m optical propeytetrievals are averaged to create 60 m birs a resultsome fraction of théower
troposphereoptical properties reported in therofile producs will be synthesized froma mixture of layer types;
that is, layer type A is detected in the upper 30 m bin of the 60 m average and layer type B is detected in the lower
30 m bin.
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Tablel./ ' [ Lht Qa4 2yo02FNR RIFGF | @SNI IAy3
resolution) then averaged to the spatial resolutions shown below prior to being downlinked. The number of bins
given in the Vertical Resolution columns specifies the numb&16fm bins averaged onboard to create a single
vertical sample prior to downlink.

& OK S YD35mm vertichl2 F A €

Nominal Altitude Bin 532 nm Vertical 1064 nm Vertical
Region Range (km) | Numbers | Horizonal Resolution| Resolution Resolution
5 40.0¢ 30.1 1¢33 15 laser pulses (5 km] 20 bins (300 m) N/A
4 30.1¢20.2 34¢ 88 | 5laser pulses (5/3 km| 12 bins (180 m] 12 bins (180 m)
3 20.2¢ 8.3 89¢ 288 3 laser pulses (1 km)| 4 bins (60 m) 4 bins (60 m)
2 8.3¢-0.5 289¢ 578 | 1laser puls€l/3 km) | 2 bins (30 m) 4 bins (60 m)
1 -0.5¢-2.0 578¢ 583 | 1 laser pulse (1/3 km)| 20 bins (300 m] 20 bins (300 m)

To allow users to identify potentially heterogenous range bins ifdAelORrofile products the following profile
product SDSs are stored &slimensional arrays

Wtmospheric Volume Descriptién

WYAD Sco@

Extinction QC Flagst both wavelengths

Wnique Layer 1Q

Wow Energy Mitigation Feature QC Klag

O OO0 0o

The size of the firalimensionequals thenumber of5 kmprofilesreported in agranule and hence cawmary from
one granule to another. The second dimension tee number of profile productaltitude bing and hence is a
constant(399) The third and final dimension is tweo the entire array can be considered as an ordered p&ir of
x 399 matricesValues in the [N x 399 x 1] matrix repproperties of the upper 30 m bin used to create each 60
m averaged datum. Similarly, values in the [N x 399 x 2] matrix report grep@f thelower 30 m bin. This
distinction between upper and lower biraluesis only meaningfuin the lower troposphere (i.e., below 8.2 km)
where the downlinked vertical resolution is 30 mAt all higher altitudes, the values in the two N x 399 matrices
will be identical. Note that the optical propertieslata (e.g., particulate backscatter and extinction profiles) are
reported as N x 399 arrayso that any array element in the lower troposphere can potentiajyresent the
average of retrievals from two different layer types. Howewaese heterogenoubins will never be a mixture of
cloud and aerosdbecause clouds and aerosols are reported separately

Figure 6 offers an illustration of the mapping of 30 m retrieval information into tmeatrix elements of the
WI GY23LIKSNRO =+ PAVRI®DS Thé rBulicOldidd 16iokv & 36@olumeegment on the left and center
of the imagerepresents feature detectionfor a hypothetical scenbaving atransparent low cloudying above
boundary layer aerosol'he numerical columns on the rigstiow the array indexes of thtaree-dimensional AVD
matrix and identify the featurérom which the data in the upper and lowbins are obtained.

Users should also be aware thedmputinglidar ratios bydividing the etinction coefficiens reportedin these
heterogenous binsby the corresponding backscatter coefficientan generatehighly improbablevalues
Determiningthe lidar ratiosusedin the retrievakof the two different layershusrequires examininthe lidar ratios
in the range bins immediately above and immediately betowheterogereous bin.
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:It' 5 km Column Number Volume Volume
(km) Data location descriptor descriptor
dimension
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 | [col;alt;row] Column 1 Column 16
1.02 [c:345:1] F1 F1
F1 [c:345:2] F2 F1
0.96 [c:346:1] F2 F1
[c:346:2] F2 CA
0.9 [c:346:1] F3 CA
CA [c:346:2] F3 CA
0.84 [c:347:1] F3 CA
[c:347:2] F3 F4
0.78 [c:348:1] F3 F4
F5 [c:348:2] F3 F4
0.72 [c:349:1] F3 F4
[c:349:2] F6 F5
0.66 F6 [c:350:1] F6 F6
[c:350:2] F6 F6
0.6 [€:351:1] F6 Fé
BEl [c:351:2) F6 SF
-5 km Cloud B 5 ki aerosol I surface
20 km Cloud 20 km aerosol
80 km Cloud 80 km aerosol

Figure6. Wholly fictitious but heuristically useful schematic of layer detection results for a data segmitet
lower troposphereextending 8ekm horizontally and 48@n vertically.Six atmospheric features are depicted
labeled F1 through F&yith the yellow, orange andbrown colorsindicating aerosol layes detected at horizontal
averaging resolutiosof, respectively, 88@m, 20km,and 5 km. Shades of blue likewise represent cloudieatcted

at 80km, 20km, and 5 km. Red represenisK S 9durfaie Kt &m, and the white regiomslicatecclearl A NE
where no features were found. The/o rightmost columndist the feature numbers from whichthe upper and
lower atmospheric volume descripteare obtained for all60 mbinsin columns 1 and 16.

Atmospheric_Volume_DescriptioAPro and CPro)
Units: NoUnits

Format: UInt_16

Valid range: 1 57338

Dimensions: number girofiles x 399 x 2

Description: The Atmospheric Volume Description (AVD) isaiant ofthe Feature Classification FlagsCF)
associated with each 5 km x 60 m (or 5 km x 180 m) range bin in the prEfilehAVD and FCF valiea
bit-mapped 16bit integer, where bit) is the least significant bitThe interpretatiors of bits 0¢12 in the
AVD shown inTable2, areidentical to the FCF interpretatisnHowever, lecause extinction solutions are
only generated for features detected at 5 km, 20 km, and 80 km horizontal averaging resolutions, the
interpretations of final three bits in the AVDQyhich definethe averaging required fdieature detection,
are necessarily somewhat different from the interpretat®nhat would be used for the feature
classification flags. The AVD interpretations of b&slb are shown inlrable3.

Table2: interpretation ofatmospheric volume descriptioits 0¢12. The interpretation of the first 13 bits in the
AVD is identical to the interpretation of the first 13 bits in the feature classification feggwted in the layer
products and the vertical feature mask product.

Bits Field Description Bit Interpretation
0 = invalid (bad or missing data)
1 ="clear air"
2 = cloud

3 =tropospheric aerosol

4 = stratospheric aerosol

5 = surface

6 = subsurface

7 = no signal (totally attenuated)

0¢2 Feature Type
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Bits Field Description Bit Interpretation
0 = none
1=low
3c4 Feature Type QA > = medium
3 = high
0 = unknown / not determined
5¢6 | lce/Water Phase L - Ice
2 = water
3 = oriented ice crystals
0 = none
1=low
7¢8 Ice/Water Phase QA 2 = medium
3 = high
9¢11 | Feature Sultype
0 = not determined
1 = marine
If feature type = tropospheric aerosol 2 = dust .

. . . 3 =polluted continental/smoke
bits 9¢11 specify thetropospheric _ :
aerosolsultype 4 = clean continental

5 = polluted dust
6 = elevated smoke
7 = dusty marine
0 = low overcast, transparent
1 = low overcast, opaque
2 = transition stratocumulus
If feature type = cloud, bit8¢11 3 = low, broken cumulus
specify the clougultype. 4 = altocumulus (transparent)
5 = altostratus (opaque)
6 = cirrus (transparent)
7 = deep convective (opaque)
0 =invalid
1 = polarstratospheric aerosol
. 2 = volcanic ash
If feature type = stratospheric aerosol ., _
bits 9¢11 specifythe stratospheric 3 = sulfate
aerosolsultype. 4= eIevateq .smoke
5 = unclassified
6 = spare
7 = spare
If feature type = cleaair, bits9-11 will _
specify horizontal averages not 0=n/a
searched for features due to low 1 =not searched at 80 km
o 2 =not searched at 20 and 80 km
energy mitigation
0 = not confident
12 Feature Subtyp©A 1 = confident

Table3: interpretations of bits 13¢15 in the atmospheric volume description

Value

Atmospheric Volume Description

FeatureClassification Flag

0

not applicable

not applicable

1

5km

1/3 km
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Value Atmospheric Volume Description FeatureClassification Fla
2 20 km 1 km
3 80 km 5 km
4 5 km w/ subgrid feature detected at 1/3 kn 20 km
5 20 km w/ subgrid feature detected at 1/3 kn 80 km
6 80 km w/ subgrideature detected at 1/3 km not used
7,8 not used not used

CAD_ScoréAPro and CPro)

Units: NoUnits

Format: Int_8

Valid range:-101 110

Dimensions: number of profiles x 399 x 2

Fill value:127

Flag valuesseeTable4

Description: The clouderosol discrimination (CAD) score provides a numerical confidence level for the
classification of layers by the CALIOP claaedbsol discrimination algorithrfiiu et al., 201P The standard
CAD scores reported in the CALIPSO layer products range bett@@and 100. The sign of the CAD score
indicates the feature typewith positive values signiilyg cloudsand negative values signifyg aerosols.
The absolute value of the CAD score provittesconfidence level foany classification. The larger the
magnitude of the CAD score, the hightae confidence that the classification is correct. A value of 0
indicates that a feature has an equal likelihood of being a cloud and an aerosol. Additional special CAD
scores have beedefinedto alert users tgossiblyoff-nominal classificationThese special CAD scores are
listed inTable4 andare derived fromadditional information thats notnormally considered in the standard
CAD algorithm. All atmospheric layers detected WYALIOP are assigned a CAD sdorespective of
altitude (.e., stratosphere vs. troposphere) or the amount of altragk averaging required for detection.

Table4: listing ofspecial CAD scoresitside the normal range af100 to 100

Value Interpretation

-111 | Data quality degraded due to low laser energy

-101 | Negative mean attenuated backscatter encountered

101 | Not used after the V3.x release

102 | Not used after the V3.x release

103 | Layer integrated attenuated backscatter at 532 nm is suspiciously high

104 | Boundary layer clouds that were found to be opaque at the initial 5 km horizontal averag
resolution used by the layer detection algorithm
105 | Layer detected at one of the coarser averaging resolutions (20 km or 80 km) for which tk
initial estimates of measured properties have been negatively impacted
106 | AcirrusOf 2 dzR thiafFwddinifiallyScssified aanaerosol by the CAD algorithm and
subsequently reclassifieda spatial proximityanalysisasa randomlyoriented ice cloudsee
Liu et al., 201p
107 | Classification madby the singleshot cloudclearingalgorithm; layerdetected at5 km
resolutionisirrevocablyclassified as high confidencesloudprior to any attenuation
corrections for overlying layefseeTackett et al., 202)
108 | Classification madby the singleshot cloudclearing algorithmlayerdetected at 5 knis
irrevocably classified as aaerosolprior to any attenuation corrections for overlying layers
109 | Classification madby the singleshot cloudclearingalgorithim single shot cloud is
reclassified as an aerosol
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Value Interpretation
110 | Classification madby the singleshot cloudclearingalgorithnt indeterminate ayer
reclassifiedasa cloud

Aerosol_Layer_Fraction (APro and CPro)

Units: NoUnits

Format: Int_8

Dimensions: number of profiles x 399

Valid range: (30

Scale range: 0.0...1.0

Scale factor: 30.0

Scale equation: data/scale_factor

Flag values:111 = column data quality degraded due to low laser energy

Description: Reports the fraction (by ared)each vertical range bin that is identified as aerosol byGiA¢ |OP
CAD algorithmThevalues reported by Aerosol_Layer_Fraction range between 0 ané@fubeup to 30
singleshot resolutionattenuated backscattesamples ca contribute b a 60 m vertical x 5 km horizontal
resolution rangebin in the level 2 profile productThe fractional contribution of singighot resolution
aerosol samples computed by dividing the value reported in the SDS by the scale fac@yflding a

scaled range of 0.0 to 1.0. For exampleggortedvalue of 11 would indicate an aerosol fraction of30

= 0.367. Range bins in which no aerosols were detected have values of 0.

Knownlssue:the LEM algorithnwill reject singleshot profiles affected by low energy laser pdseithin

any 5 km horizontal segment. In these situations, the total numbesinfle shots contributing to the
average will besomething less thaB0. The singleshot resolution Low Energy Mitigation Column QC Flag
can be used to determine the number of singleot samples excluded.

Cloud_Layer Fraction (APro and CPro)

Units: NoUnits

Format: Int_8

Valid range:0, 30

Dimensions: number of profiles x 399

Scale range: 0.0...1.0

Scale factor: 30

Scale equation: data/scale_factor

Flag values:111 = column data quality degraded due to low laser energy

Description: Reports the fraction (by areaf each vertical range bin that is identified@deudby the CALIOP CAD
algorithm The values reported by Cloud_Layer_Fraction range between 0 and 30 because up to 30 single
shot resolution attenuated backscatter samples can contribute to a 60 m vertical x 5 km horizontal
resolution rangebin in the level 2 profile product. The fractional contribution of sirgi®t resolution
aerosol samples is computed by dividing the value reported in the SDS by the scale factor 30, yielding a
scaled range of 0.0 to 1.0. For example, a reported value ofdlldwndicate acloud layer fraction of
11/30 = 0.367. Range bins in which sloudswere detected have values of Bnown issuethe LEM
algorithm can reject singishot profiles affected by low energy laser pulses within a 5 km horizontal
segment. In these situations, the total number of single shots contributing to the average will not be 30.

The singleshot resolution Low Energdyitigation Column QC Flag can be used to determine the number of
singleshot samples excluded.
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Scientific Data Sets: Quality Assurance

Extinction_QC_Flag_532 (APro and CPro)

Extinction_QC_Flag 1064 (APro only)

Units: NoUnits

Format: Ulint_16

Valid range: 0 32768

Dimensions: number of profiles x 399 x 2

Fill value: 32768

Description: The 532 nm and 1064 nm Extinction Quality Co(@G)Flags are bitmapped 16bit integers,
reported for each range bin in which an extinction retrieval was attempted. Flag values are decoded as
shown inTable5. BitOis the least significant bitThe bit assignments are additive, so that (for example)
an extinction QC value 66 represents an unconstrained retrieval for which the lidar ratio was reduced to
achieve a physically plausible solutifit 2 is set QC value =)2n a layer containing a negative signal
anomaly(bit 7 is set QC value = 2 + 64 =)68Complete information about the conditions under which
each extinction QC bit is toggled can be foundldning et al., 2018Bit 13does not necessarily indicate an
anomalous condition.Instead, it flags those range bins in the lower troposphere (8.2 kqd16 km) in
which the 60 m averaged optical properties were created from higher resolution (30 m) retrievals of two
different layer types (i.e., either two different aerosol types optdifferent cloud types).

Tableb: interpretation of the bits in the 532 nm and 1064 nm extinction QC flags

Bit | Value Interpretation

0 0 unconstrained retrieval; initial lidar ratio unchanged during solution process

0 1 constrained retrievalinitial lidar ratio optimized to match measured layer optical
depth

1 2 Initial lidar ratio reduced to achieve successful solution

2 4 Suspicious retrieval due tbe 532 nmintegrated attenuated backscatter being too
higheither within or above the layer or dus excessivly largelidar ratio reductions

3 8 Lidar ratio has been reduced and has convergedalphysically realistioackscatter
uncertainty solution does not exist

4 16 Layer being analyzed has been identified by the feature finder as bpague(i.e.,

totally attenuating

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 | Twoway particulate transmittance has converged but constrained retrieval still n
achieved

10 1024 | Backscatter coefficients not converging and maximum lidar ratio correction iterat]
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 | 60 m lmange bin contains two different feature types tHidely have different lidar
ratios

14 | 16384 | Complex retrieval failure (seéoung et al., 2009

15 | 32768 | Fillvalue no solution attempted
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Minimum_Laser_Energy 532 (APro and CPro)

Units: J

Format: Float 32

Typical range: 0.003...0.135

Dimensions: number of profiles x 1

Description: Minimum single shot laser energy at 532 nm, measured Joules, within each 80 kinaalodgta
segment (80 km = 240 consecutive laser pulses). The 80 km distance matches the largest horizontal extent
considered in CALIOP's standard level d@2adanalysesSince layers can be detected at horizontal
resolutions as large as 80 km, anomalously low laser energies in coarse resolution upper layers can
potentially introduce biases in the spatial and optical property retrievals of underlying laytstet: at

finer spatial resolutions. The Minimum_Laser Energy 532 SDS enables ready identification of these
problematic situations.

Low_Energy_Mitigation_Column_QC_Flag (APro and CPro)

Units: NoUnits

Format: UInt_16

Valid range: 0 63

Dimensions: number of profiles x 1

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 NBtSIFaSz /! [ Lht Qa (fEMBacketyeSaN.B@) wisienhangdd forugay | £ 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 chimipped 16bit integers that summarize the operation of
the LEM algorithm within each 5 km vertical coluthm., each framein the CALIOP profile products. Bit
interpretation is given ifmable6.

Table6: interpretation of the bits in the LEM column QC fldgsO0 is the least significant bit.

bit interpretation
Column contains LEM affected dqtiata has been rejected or contains low

0
energy shots that LEM accepts)

1 Column belongs to a 5 km resolution frame that has been rejected due to t
many unusable profiles

5 Column belongs to a 5 km resolution frame that has been rejected due to t
many rejected subregions in altitude region 3

3 Column belongs to a 5 km resolution frame that has been rejected due to t
many rejected subregions in altitude region 4

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

6¢15 | unused

Low_Energy_Mitigation_Feature_QC_Flag (APro and CPro)
Units: NoUnits
Format: Int_8
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Valid range: 0 1
Fill value:127
Dimensions: number of profiles x 399 x 2

Description: The low energy mitigation (LEM) feature quality control 8eea matrix of &it integers that report
LEM results within each range bin in which a featwessdetected. Features wholly unaffected by low
energy shots are assigned a value of 0. Values of 1 are assigned where features contain one or more low
energy shots and/or the data rejected entirely by the LEM algorithm. Range bins in which no feature was
detected have fill values 6127.

Unique_Layer_ID (APro and CPro)

Units: NoUnits

Format: Int_32

Valid range: 1 83475

Dimensions: number of profiles x 399 x 2

Fill value-9999

Flag values:111 = column data quality degraded due to low laser energy

Description: Unique integeralueassigned to each layer detected at 5 km, 20 &nd80 km(i.e., all resolutions
for which optical properties are retrieved)n the profile productsuniquelayer IDs are reported for all
range binsand all profilesn which a feature was detectediniquelayer IDs are also reported in the CALIOP
layer productsthus allowingdirect two-way mappingbetween the altituderesolved data reported in the
profile productsandthe integratedfeature statisticsreported in the ayer products.

Scientific Data Sets: Ancillary Meteorological Data

Molecular_Number_Density (APro and CPro)
Units: 1/(m"3)

Format: Float 32

Valid range: 8.0 x #95.0 x 168

Dimensions: number of profiles x 399

Fill value-9999

Description: 5 km horizontal mean molecular number densitiesrpolated fromMERRA reanalysis data and
reported for the midpoint of each range bin in the profile.

Ozone_Number_Density (APro and CPro)
Units: 1/(m”"3)

Format: Float 32

Valid range: 9.0 x 101.0 x 1&°
Dimensions: number of profiles x 399

Fill value-9999

Description: 5 km horizontal mean ozone number densitisrpolated from MERRA reanalysis data and
reported for the midpoint of each range bin in the profile.

Temperature (APro and CPro)
Units: degC
Format: Float 32
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Valid range:-120.0000 60.0000
Dimensions: number of profiles x 399
Fill value-9999

Description: 5 km horizontal mean temperatures interpolated fidEBRRA? reanalysis data and reported for the
midpoint of each range bin in the profile.

Pressure (APro and CPro)

Units: hPa

Format: Float 32

Valid range: 1.0000 1086.0000
Dimensions: number of profiles x 399
Fill value-9999

Description: 5 km horizontal mean atmospheric pressures interpolated WdBRRA? reanalysis data and
reported for the midpoint of each range bin in the profile.

Relative_ Humidity (APro and CPro)
Units: NoUnits

Format: Float_32

Valid range: 0.0000 1.5000
Dimensions: number of profiles x 399
Fill value-9999

Description: 5 km horizontal mean relative humidities interpolated flidEBERRA reanalysis data and reported
for the midpoint of each range bin in the profile.

Surface_Wind_Speeds _02m (APro and CPro)
Units: m/s

Format: Float 32

Valid range:-80.0000 80.0000

Dimensions: number of profiles x 1

Fill value-9999

Description: Mean zonal and meridional components of the surface wind speed 2 meters above the surface,
interpolated from theMERRA? data products, and computed over the 5 km horizonal distance spanned
by each profile product record. The first array dimension reports the zonal (eastward, u) component. The
second array dimension reports the meridional (northward, v) component.

Tropopause_Height (APro and CPro)

Units: km

Format: Float 32

Valid range: 4.0000 22.0000

Dimensions: number of profiles x 1

Fill value-9999

Description: Tropopause heights for each 5 km profile, interpolated fronMtBBRA? data products.

Tropopause_Temperature (APro and CPro)
Units: degC
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Format: Float 32

Valid range:-95.0000-20.0000
Dimensions: number of profiles x 1

Fill value-9999

Description: Tropopause temperatures for each 5 km profile, interpolated fronvithRRA data products.

Scientific Data Sets: Surface Information

DEM_Surface_Elevation (APro and CPro)

Units: km
Format: Float 32

Valid range:-1.0000 9.0000
Dimensions: number of profiles x 1

Fill value-9999

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 aknagk averages. Surface elevations are expressed

- a

al 6208

t20Lt YSIy

model (DEM).

IGBP_Surface_Type (APro and CPro)

Units: NoUnits
Format: Int_8
Valid range: 1 18

Dimensions: number of profiles x 1

Fill value=-9

ast

t $OSt ¢ 61 a{[ov

Iy R

NS

Description: International GeospheagBiosphere Programme (IGBP) surface type at the laser footprint, provided
by the CERES IGBP land classifipatiap with values as shown ifable7:

Table7: interpretation of the IGBP surface type values

Value Surface Type Value Surface Type

1 EvergreerNeedleleaffForest 10 Grassland

2 EvergreerBroadleafForest 11 Wetland

3 DeciduousNeedleleafForest 12 Cropland

4 DeciduousBroadleafForest 13 Urban

5 Mixed-Forest 14 CropMosaic

6 ClosedShrubland 15 PermanentSnow

7 OpenShrubland (Desert) 16 Barren/Desert

8 WoodySavanna 17 Water

9 Savanna 18 Tundra
Vgroup: Lidar_Surface Detection
This\A/grogpN\BLJZNJjé_A(]KSA NBadzZ G6a 2F /! [Lt{hQa
¢KSaS aadzaNFIFOS NBGdNyaé¢ KIFI@gS o0204K + G2LI
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indicating when the signal has been completely attenuated. Both altitudes are reported in kilometers above local
mean sea levg]AMSL) The apparent depth of the surface return is dudaw-pass Bessel filters in the CALIOP
receiverand, 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®desolution. All surface data reported in the cloud and aerosol profile
products are derived from attenuated backscatter profiles averaged to 5 km (15 laser pulses) along track resolution.
When no surface is detected for a given wavelength, all surfatection data fields report fill values.

Surface_Top_Altitude 532

Surface_Top_Altitude_1064

Units: km

Format: Float_32

Valid range:-0.5000 8.2000

Flag values:111.0 = column data quality degraded due to low laser energy

Description: Top altitude of the surface return at the lidar footpridetected at respectively532 nmand 1064
nm.

Surface_Base_Altitude 532

Surface_Base Altitude 1064

Units: km

Format: Float 32

Valid range:-0.5000 8.2000

Flag values:111.0 = column data quality degraded due to low laser energy

Description: Apparentd ase altitude of the surface return nm at the lidar footpridetected at respectively532
nmand 1064 nm

Surface_Integrated_Attenuated_Backscatter 532
Surface_Integrated_Attenuated_Backscatter_1064

Units: 1/sr

Format: Float 32

Valid range: 0.0000 2.0000

Flag values:111.0 = column data quality degraded due to low laser energy

Description: Vertically integratedotal attenuated backscatter of the surface retumtetected at either 532 nm or
1064 nm Limits of integration are the wavelengpecific surface top and base altitudebhe integrated
attenuated backscatter measuremesquantify the relative strengtk of the surface retura

Surface_532_Integrated_Depolarization_Ratio

Surface 1064 Integrated_Depolarization_Ratio

Units: NoUnits

Format: Float_32

Valid range: 0.0000 1.0000

Flag values:111.0 = column data quality degraded due to low laser energy

Description:The apolarization ratio of surface return at 532 nm, computed as the rattbevertically integrated
532 nm rpendicularchannel #ienuated backscatter tahe vertically integratecb32 nm prallelchannel
attenuated backscatterlntegration limits for the 532 nm integrated depolarizati@tio are from the 532
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nm surface top altitude to the 532 nm surface base altitude. For the 1064 nm integtatedarization

ratio, integration limitsare from the 1064 nm surface top altitude to the 1064 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 midrange values that depend wegetation and soil conditions (sée et al.2017).

Surface_532_Integrated_Attenuated Color_Ratio
Surface_1064_Integrated_Attenuated_Color_Ratio

Units: NoUnits

Format: Float_32

Valid range: 0.0000 2.0000

Flag values:111.0 = column data qualityegraded due to low laser energy

Description: Total attenuated backscatter color ratio tfe surface return, computedby dividing thevertically
integrated 1064 nm attenuated backscatter coefficients by thevertically integrated532 nm total
attenuated backscatteicoefficients Integration limitsfor the 532 nm integrated attenuated color ratwe
from the 532 nm surface top altitude to the 532 nm surface base altituelar. the 1064 nm integrated
attenuated color ratio, integration limitarefrom the 1064 nm surface top altitude toe&hL064 nm surface
base altitude.

Surface_Detection_Flags 532
Surface_Detection_Flags_1064
Units: NoUnits

Format: UInt_16

Valid range: 0 8192

Description: SQurface detectionquality assurancdlags that describe thewavelengthspecificoutcomes of the
respective surfaceearctes Surface detection flags astored as 1ébit integerswith bit 0 beingthe least
significant bit Bit interpretations are given ifiable8: Bit interpretations for the surface detection flags
reported for each wavelength for all 532 nm and 1064 nm surface detection attempts.

Table8: Bit interpretations for the surface detection flags reported for each wavelength for all 532 nm and 1064

nm surface detection attempts.

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

Surface detection method

0 = derivative test

1-2 | 1 = multishot averaged datgest

2 = single shot surface detection fraction test

3 = unused

532 nm parallel channel saturated

532 nm perpendicular channel saturated

1064 nm channel saturated

532 nm parallel channel negative signal anomaly

532 nmperpendicular channel negative signal anomaly
1064 nm channel negative signal anomaly

Derivative method failure: Z(min gradient) < Z(max gradient)

O |NoOO|~|lWw
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Bit(s) Interpretation

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 exces
allowable limit
Failure: surface detected at 1064 nm qridyt overlyingatmospheric total
13 attenuated backcattercolor ratioisbelowathresholdvalue. 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: 0.000@.0000

Flag values:111.0 = column data quality degraded due to low laser energy

Description: Wavelengthspecific ertically integrated total attenuatedtmospherichackscatter from the top of
the profile measuremen{40 km at 532 nm, 30 km at 1064 ntm)one range bin above thdetectedsurface
top altitude.

Surface_Scaled_RMS_Background_532
Surface_Scaled RMS Background 1064

Units: 1/(km * sr)

Format: Float 32

Valid range: 0.0000 0.0500

Flag values:111.0 = column data qualijegraded due to low laser energy

Description: Background noise estimate computed from RMS baseline noise measurements between 65 and 80
km above mean sea level, rescaled to create psettknuated backscatter coefficiestat, respectively,
532 nm and 164 nm These pseudattenuated backscatter coefficients are useddeterminesurface
detection thre$olds(Vaughan et al., 2036

Surface_Peak_Signal_532

Surface_Peak_Signal_1064

Units: 1/(km * sr)

Format: Float 32

Valid range: 0.0000 3.5000

Flag values:111.0 = column data quality degraded due to low laser energy

Description: Maximum attenuated backscatt@oefficient inthe surface signaldetectedat, respectively, 532 nm
and 1064 nm

Surface_Detections_333m_532
Surface_Detections_333m_1064
Units: NoUnits

Format: Int_16

Valid range: 0 15
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Flag values:111 = column data quality degraded due to low laser energy

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.

Surface_Detections_1km_532

Surface_Detections_1km_1064

Units: NoUnits

Format: Int_16

Valid range: 0 5

Flag values:111 = column data quality degraded due to low laser energy

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.

Vgroup: Ocean_Derived_Column_Optical Depth

ODCOD_Effective_Optical_Depth 532

Units: NoUnits

Format: Float 32

Valid range: 0.0000 25.0000

Flag values:111.0 = column data quality degraded due to low laser energy

Description: Estimates of total column apparent particulate optical depth derived ftben magnitude of the
integratedocean surface backscatter measured at 532 Ryaf et al., 2024 These are apparent optical
depths rather than true optical depths because no corrections are made for multiple scattering effects
from cloud and aerosol layetBat may be presentvithin any column.

ODCOD_Effective_Optical_Depth_532_Uncertainty

Units: NoUnits

Format: Float 32

Flag values:111.0 = column data quality degraded due to low laser energy

Description: Estimated absolute uncertairiesin the ODCOD Effective Optical Degah532 nm(Ryan et al., 2024

ODCOD_QC_Flag 532

Units: NoUnits

Format: Ulnt_32

Valid range: 0 4294967295

Description: Ocean Derived Column Optical Depth (ODCOD) quality controtl#agsbing retrievals at 532 nm
Table9: Interpretation of the bits in the ODCOD quality control fldgast significant bit = bit O

Bit(s) Interpretation
0 The fundamental time delay was shifted from the first point
Lidar surface data too many data points for a validface spike
Range bin above recorded lidar surface data added
Range bin below recorded lidar surface data added
The surface point ratio indicated that the first point of the surface spike is missing
To find the time delay# the surfaspike index range had to be shifted down

QR |WIN[F
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Bit(s) Interpretation

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 isutside the valid range (0.025 to 43 m/s)

14 The fundamental time delay found was too lansufficient data samplet® conducta
second search

15 Too few data points to solve

16 The low pass filter impulse response model curve area was too large

17 | The low pass filter impulse response model curve scale factor could not be found

18 Lidar surface saturated

19 Lidar surface has negative signal anomaly

20 Lidar surface data is not valid

21 Flags bad input/ancillary data

22 No Lidar surface watetected via derivative method at greater than single shot resolutio
23-31 | Unused

ODCOD_Surface_Wind_Speeds _10m
Units: m/s

Format: Float 32

Valid range:-43.0000 43.0000

Description: Mean zonal and meridional componemf the wind speed 10 meters above th® | NIukfaze
reported in the lidar level 1b fileLidarL1b wnd speedsare interpolated from the MERRA ancillary
meteorologicaldata and reported for each laser pulse as N x 2 arrays, where the first column gives the
magnitude of theeastward zonal u component and the second column repottte northward, meridional
v component

ODCOD_Surface_Wind_Speed_Correction
Units: m/s

Format: Float 32

Valid range:-43.0000 43.0000

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

Metadata ParameterDescriptions

Product_ID(APro and CPro)

Acharacter string80-byte maxmum)specifying the data product name. For all CALIPSO Level 2 lidar data products,
the value of this string will be "L2_Lidar".

Date_Time_at_Granule_Sta(APro and CPro)

A 2Tbyte character string that specifies the granuléTCstart date and time.The format is yyyynm-
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
iKS aSO2yR> YR FTFFFFT Ad (GKS FNIOGA2YylIfT &aS0O2ysRo 5
that time is given in UTC.
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Date_Time_at_Granule_En@Pro and CPro)

A 2Tbyte character string that specifies the granuléTCend date and time.The format is yyyynm-
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
G6KS a4SO2YyRX YR FFFFFF Aad GKS FNIOGA2YLIE aSO02ysRo 5
that time is given in UTC.

Date_Time_of_Production(APro and CPro)

A 27byte character string that specifies thérC startlate and timeat which thedatawas generatedThe 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
YAyYydziST &da Aa GKS aSO2yRX IyR FTFTFFFF Aa& GKS FTNI OGAZ
W Q  AsyhBRtAindelisigi8en in UTC.

Number_of _Bad_ProfilegAPro and CPro)

A 32-bit integer specifying the number of bad attenuated backscatter profiles containetetet 1b file used to
generate the level 2 analyseBrofiles are considered bad if (a) any of the three measurement channels are missing
(see bits 0, 1, and 2 in 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_ProfilegAPro and CPro)

A 32-bit integer specifying the number of godte., not identified as being bad}tenuated backscatter profiles
containedin thelevel 1b file used to generate the level 2 analyses.

Initial_Subsatellite_LatitudgAPro and CPro)
This field reports the firstsubsatellite latitudecontained inthe granule.

Initial_Subsatellite_LongitudéAPro and CPro)
This field reports the firssubsatellite longitudeontained inthe granule.

Final_Subsatellite_LatitudéAPro and CPro)
This field reports the lastubsatellite latitudecontained inthe granule.

Final_Subsatellite_LongitudéAPro and CPro)
This field reports the lastubsatellite longitudeontained inthe granule.

Orbit_Number_at_Granule_StaitAPro and CPro)
Orbit_ Number_at_Granule_En@A\Pro and CPro)
Orbit_Number_Change_Tim@Pro and CPro)

Orbit Number consists of three fields that define the number of revolutions by the CALIPSO spacecraft around the
Earth This numbeis incrementedeach timethe spacecraft passes the equatorthe ascending node. To maintain
consistency between the CALIPSO and CloudSat orbit parameters, the Orbit Number is keyed to Sa¢ @lmtid
2121 at 23:00:47 on 2006/09/20. Because the CALIPSO data granules are organized aocsatktige lighting
conditions based on fixed SdBarth-Satellite anglesday/nigh boundaries do not coincide with transition points
for defining orbit number. As such, three parameters are needed to describe the orbit number for each granule as:
1 Orbit Number at Granule Starbrbit number at the granule start time
71 Orbit Number at Granule Endirbit number at the granule stop time

1 Orbit Number Change Timéime at which the orbit number changes in the granule
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Path_Number_at Granule_Sta(APro and CPro)
Path_Number_at_Granule_En@Pro and CPro)
Path_Number_Change_Tim@&Pro and CPro)

Path Number consists of three fields that define an index ranging fre#B831that 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 withinl0 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 latitudiee orbit is realized and
changes by a value of 16 between successive orbits. Because the CALIPSO data granules are organized accordin
to satellite lightingconditions, 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 Starpath number at the granule start time
1 Path Number at Granule Enggath number at the granule stop time
1 Path Number Change Timéme at which the path number changes in the granule

While CALIPSO was formation flying in thEr&in all path numbers are exact. Beginning in September 2018, when
CALIPSO lowered its orbit into thel'tain, path numbers are no longer exact, but instead indicate the closest WRS
reference orbit

Rayleigh_Extinction_Crossection_532APro and CPro)

Rayleigh extinction crossection= 5.1670e31 m? used to convert molecular number densities into 532 nm
molecularextinction coefficients

Rayleigh Extinction_Crossection_1064APro and CPro)

Rayleigh extinction crossection =3.1270e32 m? used to convert molecular number densities into 1064 nm
molecular extinction coefficients.

Rayleigh_Backscatter_Crasgction_532APro and CPro)

Rayleigh backscatter cressction =5.9300e32 m? sr used to convert molecular number densities into 532 nm
molecular backscatter coefficients.

Rayleigh_Backscatter_Crasgction_1064APro and CPro)

Rayleigh backscatter cressction =3.5920e33 m? sr used to convert molecular number densities into 1064 nm
molecular backscatter coefficients.

Ozone_Absorption_Crossection_532APro and CPro)

Ozone absorption crossection =2.7285e25 m? used to convertozone number densities intd532 nm ozone
extinctioncoefficients.

Ozone_Absorption_Crossection_1064APro and CPro)

Because ozone absorption is negligible at 1064 nm, the ozone almorbsssectionfor this wavelength is set
to O.

Lidar_Level 1 Production_Date_ Ting&Pro and CPro)

For each CALIOP Lidar Level 2 data product, the Lidar Level 1 Production 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.
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Ocean_Fresnel_Reflection_Coefficient 5@49ro and CPro)

Estimated reflectance coefficient of the 532 nm signal by seawater. The value of this parameter is 0.0213, based
on work documented itvaughan et. al., 2@

MERRA2_Wind_Uncertainty(APro and CPro)

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

AMSR_Wind_Correction_UncertainfAPro and CPro)

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

Lidar_Data_Altitude(APro and CPro)

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

Initial_Lidar_Ratio_Clouds_53ZPro only)

Characteristididar ratios usedo initiate extinction solutiongor water clouds and ice clouds when additional
information is available to suggest more accurate valuaVater cloudlidar ratiosare 17.7 sr for daytime
measurements and 18.8 sr for nighttime measuremeri®r ice clouds, theharacteristicvalue is 28.3 sr both
daytime and nighttime.SeeYoung et al., 201fr additional detail.

Initial_Lidar_Ratio_Tropospheric_Aerosols_5@%Pro only)
Initial_Lidar_Ratio_Stratospheric_Aerosols_1064 (APro only)

Characteristic lidar ratios used to initiate extinction solutidémstroposphericaerosollayerswhen no additional
information is available to suggest a more accurate value.K8eet al., 201&or additional detail.

At 532 nm only, these fields no longer accurately report the lidar ratios used for the marine and dusty marine types.
Instead, the initial valuegsedfor these types are interpolated from lookup tables and varying both spatially and
seasonally. Details are providedTiath et al., 2025

Tablel0: Characteristic lidar ratios for CALIPSO tropospheric aerosol tgpesged in the file metadata

TropospheridAerosol Type 532 nm 1064 nm
Marine 23 sr 23 sr
Dust 44 sr 44 sr
Polluted Continental/Smoke 70 sr 30 sr
Clean Continental 53 sr 45 sr
Polluted Dust 55 sr 48 sr
Elevated Smoke 70 sr 30 sr
Dusty Marine 37 sr 37 sr

Initial_Lidar_Ratio_Stratospheric_Aerosols_58%Pro only)
Initial_Lidar_Ratio_Tropospheric_Aerosols_10@¥Pro only)

Characteristic lidar ratios used to initiate extinction solutionsstoatospheric aerosol layers when no additional
information is available to suggest a more accurate value.T8ekett et al., 202for additional detail.
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Tablell: Characteristic lidar ratios for CALIPSO tropospheric aerosol types

StratospheridAerosol Type 532 nm 1064 nm
Undetermined 50sr 50sr
PolarStratospheric Aerosol 50sr 25sr
Volcanic Ash 61sr 44 sr
Sulfate 50sr 30sr
Smoke 70sr 30sr
Unclassified 50 sr 30 sr

GEOS_VersiofAPro and CPro)
Specifies the version of the meteorological data usethénlevel 2 analyses. For the version 5.0 data release, this

FASt R MERRAZ ¢l €& &
GMAO_Files_Used (APro and CPro)
Lists the fouMERRA meteorological data files usdd create the level 2 data files for this granule.

Classifier_Coefficients_Version_Numbg@Pro and CPro)

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

Classifier_Coefficients_Version_Da&Pro and CPro)

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

Production_Scrip{APro and CPro)

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

Data Release Information

At the conclusionof the mission, the CALIPSO project had reledisedmajor versions of the lidar level 2 data
products as well as several minor version updat&ablel2 lists all major and minor releases

Tablel2: release date, version number, data date range, and production strategy for all CAidi? 3&¥el 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 to January 19, 2022 Standard
October 2018 4.20 June 13, 2006 to June 20, 2020 Standard
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Lidar Level 2Half orbits (Night and Day)

Release Date Version Data Date Range Production Strategy,
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 31, 2011 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 tdlovember 11, 2007 Provisional / Beta

CALIPSO Data Quality Information

Relevant ExternaDocumentation

This section lists CALIPSQorithm Theoretical Basis DocumsfATBDs) and peesviewed journal articles that
provide detaileddescriptions 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 Cag&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, -S§ed202.02
https://ntrs.nasa.gov/citations/20250006627

T 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, -SER02.03
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, -SCI202.0],
https://ntrs.nasa.gov/citations/20250006626

PeerReviewed Journal Papers
f [Adzz %dE ad WP aODAff X ® ldzz /® 'd® 12aGSGt SNE ao

OFf AONI GA2Yy dzaAy3a az2fl NJ NEER /GEoSch Refoté Sandl (8B NERIS1, 6 & 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 4434447,
https://doi.org/10.1364/A0.45.004437
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https://doi.org/10.1109/LGRS.2004.829613
https://doi.org/10.1029/2004JD004732
https://doi.org/10.1364/AO.45.004437

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 MeasutEBEn®&gosci. Remote
Sens. Lett4, 523,526, https://doi.org/10.1109/LGRS.2007.901085

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. Bandh R. Holz, 2009: CALIPSO/CALIOP Cloud Phase Discrimination
Algorithm,J. Atmos. Oceanic Techn@b, 2293;2309 https://doi.org/10.1175/2009JTECHA1280.1

Hunt, W. H, D. M. Winker, M. A. Vaughan, K. A. Powell, P. L. Lucker, and C. WeitheLA20RSO Lidar
Description and Performance Assessment]. Atmos. Oceanic Technol 26, 12141228,
https://doi.org/10.1175/2009JTECHA1223.1

Liu, Z., M. A. Vaughan, D. M. Winker, C. Kittaka, R. E. Kuehn, B. J. Getzewicept€, Band C. A. Hostetler,
2009 The CALIPSO Lidar Cloud and Aerosol Discrimination: Version 2 Algorithm and Initial Assessment of
Performance,). Atmos. Oceanic Techn@b, 119&;1213,https://doi.org/10.1175/2009JTECHA1229.1

Omar, A., D. Winker, C. Kittaka, M. Vaughan, Z. Liu, Y. Hu, C. Trepte, R. Rogers, R. Ferrareafiti ®uehn,
Hostetler, 2009: The CALIPSO Automated Aerosol Classification and Lidar Ratio Selection AlgAtithos,
Oceanic Techngk6, 19942014, https://doi.org/10.1175/2009JTECHA1231.1

Powell, K. A., C. A. Hostetler, Z. Liu, M. A. Vaughan, R. E. Kuehn, W. H. Hunt, K. Lee, CRRRTRp{®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

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

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

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

Garnier, A., J. Peloh. A. Vaughan, DM. Winker, C. R. Treptand P. Dubuisson, 2015: Lidar multiple
scattering factors inferred from CALIPSO lidar and IIR retrievals ctre@msparent cirrus cloud optical depths
over oceansAtmos. Meas. TeclB, 27592774, https://doi.org/10.5194/amt8-27592015

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-atti32ersion 4 Daytime AlgorithrAtmos. Meas. Tech.
11, 63036326, https://doi.org/10.5194/amt11-6309-2018

Kar, J., M. A. Vaughan, K. P. Lee, J. Tackett, M. Avery, A. Garnier, B. Getzewich, W. Hunt, D. Josset, Z. Liu,
Lucker, B. Magill, A. Omar, J. Pelon, R. Rogers, T. D. Toth, C. ‘Regtnier, D. Winkeand S. Young, 2018:
CALIPSO Lidar Calibration at 532 nm: Version 4 Nighttime AlgoAthmos. Meas. Techll, 145931479,
https://doi.org/10.5194/amt11-14592018

Kim, M:H., A. H. Omar, J. L. Tackett, M. A. Vaughan, D. M. Winker, C. R. Trepte, Y. Hu, Z. Liu, L. R. Poole, M. ¢
Pitts, J. Karand B. E. Magill, 2018: The CALIPSO Version 4 Automated Aerosol Classification and Lidar Ratio
Selection AlgorithmAtmos. Meas. Techll, 61076135,https://doi.org/10.5194/amt11-61072018

Lu, X., Y. Hu, Y. Yang, M. Vaughan, Z. Liu, S. Rodier, W. Hunt, K. Powell, Bndl @k&repte2018: Laser
pulse bidirectional reflectance from CALIPSO missiétmos. Meas. Tech. 11, 32813296,
https://doi.org/10.5194/amt11-3281-2018
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1 Young, SA., M. A. Vaughan, J. L. TackettGArnier, J. B. Lambethnd K. A. Powell, 2018: Extinction and
Optical DepthwS (i NRA SO f & s Vessibid4 Ddtd RetedséAnos. Meas. Techll, 570k5727,
https://doi.org/10.5194/amt11-5701-2018

Supplementhttps://doi.org/10.5194/amt11-5701-2018supplement

1 Liu,Z.,J.Kar, S. Zeng, J. Tackktt Vaughan, MAvery, J. PeloB. Getzewich, K. Lee, B. Magill, A. Omar, P.
Lucker, C. TreptendD. Winker2019: Discriminating Between Clouds and Aerosols in the CALIOP Version 4.1
Data ProductsAtmos. Meas. Techl2, 703,734, https://doi.org/10.5194/amt12-703-2019

1 Vaughan, M., A. Garnier, D. Josdét,Avery, K-P. Lee, ZLiu, W Hunt, J. Pelon, Y. H& Burton, J. Hair, J.
Tackett,B. Getzewich,J. Kar, and S. Rodi@)19: CALIPSO Lid&alibration at 1064 nm: Version 4 Algorithm
Atmos. Meas. Techl?2, 51¢82, https://doi.org/10.5194/amt12-51-2019

1 Avery, M. A, R. A. Ryan, B. J. Getzewich, M. A. Vaughan, D. M. Winker, Y. Hu, A. Garniegrd Bel&n
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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 updafEsblel?2 lists all major and minor releases.

Tablel3: release date, version number, data date range, and production strategy for all CAidH? 3&¥el 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
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Lidar Level 2Half orbits (Night and Day)
Release Date Version Data Date Range Production Strategy
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

51041 vdzZftAGe {4 GSY S.golidafr 2w 2/Datd RradyctrROIgaser SNE A 2 Y
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 danister @l., 200preduced the
internal pressure below the voltage breakdown limit described by O K S v Onige this-oécurred, intermittent
coronal arcing across the Q switch caused the CALIOP laser to begin emitting an increasing numbermas low
energy laser pulses. As seeffrigure7, 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 family of low energy mitigation (LEM) algorithmskéit et al., 20%) 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 uncertaintieby 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 satditemonstrated byigure8, this

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 FylrteaSao | 2NAT 2yl tte -+t PERDASRE RO EDSOSIYSYSat 8 &1
but the filtered profile isstill deemed acceptable for science retrievals) experience a dig#adise ratio reduction

of 6¢9 % which slightly increases the probability of false detections relative to unaffected data. However, as
illustrated byFigure9, the median measured optical properties of the L&ffécted layers typically differ from the

properties of unaffected layers y1.0% or less.
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Figure7: Global frequencies of laser pulses having 532 nm energies less thandi@imgJ2017, 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 June; e.g., se8@0280554-23ZD (Tackett et al.,

2025© Authors 2025CC BY 4)0
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vertical feature mask (VFM, right) from the V4.51 release for a granule strongly affected by low energy pulses on
02 June 2021 at 16Z. Similarlye thottom 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 6§ SNBER +p®dnn pow YyY i 0610
VFEM arguably eliminates all of the false positive feature dit@s seen in V4.51. (Figure adapted froackett et

al., 20259 Authors 2025CC BY 4)0
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Figure9: Frequency distributions of laydry § SANI G SR poH Y Y I, lagesizndtténRated | O1 & (
backscatter color ratiof(  jr ), and layetintegrated volume depolarization ratio for ice clouds (panety,a

water clouds (panels-f), and aerosol layers (panelg)h Distributions from layers wholly unaffected by low energy
pulses are shown in aqua. Distributions for L&ffdcted layers are shown in orange. Statistics are computed from
layers detected in nighttime measurements at 5 km horizontal resolution betweenZIN excluding the SAA,

during all of 2021(Tackett 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

Ff A2NAGKYZ GKS /! [Lht €S@St w f1F&@SNJLINRPRdzOGA FyR LN
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 O2fdzrya KI @S 06SSy S EdodensriaRbaging vegonsckmad KEVR T/
rejected data. The interpretations of individual bits are givehahlel4. With the exception of the 333 m merged

f @SNJ LINPRdAzOGAXT FEf fF&@SNJ LINRPRdAzOGA YR LINBFALS LINEBF
Ctl3aIQo 2 KSy (GKAa FflFr3 Aa GNHLSI (GKS 02 NNEHs)LdnaRA y 3 7
either LEMaffected data, in which some low energy pulses were included in the data averaged onboard the
satellite prior to downlink, or LEEjected 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 AYTF2NXIFGA2Y Ad NBLERNISR Ay (KS OSNIAOFE TSI GdNB
Ctl3Qd [A1S G(KS WCSIHGdNB /fFaaATAOIGAZ2Y Cfl 33Q3 6K

A 4 ooA = u

downlinked data stream. As shownTablel5, 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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Tablel4: Interpretation of the individual bits inthe Y5 WWEUIJI N! WO Yade G UWAQ W[ GcN6WUY q
of 15 consecutive laser pulses that have been averaged onboard the satellite to the vertical and horizontal
spatial resolutions given in(Hunt et al., 200R Bit O is the least significant bit.

Bit Interpretation

0 Column contains LEMffected data (data has beenjected or contains low energy pulses that LEN
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 noperformed at 80 km resolution in this column due to too many rejected fran
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 sisigie resolution)

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

11¢15 | Unused
TablelsY 6A G AYOGSNLINBGFGA2ya T2 NI (biGis tHede@st sigaifeantibdzNBE 5 S G S C

O N|O|O| A~

=
—

Interpretation
First singleshot profile has low energy
Second singlshot 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 singlghot profile is rejected by LEM
Bin in third 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 tofeature detection at 80 km resolution
15 | Unused
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The effects of the low energy mitigation filtering are pervasive 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 thedar level 2 analyses.

0 The feature classification flags (in the layer products and VFM) and the atmospheric volume descriptions (in
0KS LINBFALS LINE RAzORIGD¢ yRRl HE LRny1HCSANS | ALYLOH cdaRIBN Y 1y1 KALWLWA | 132
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readily identified whenever the three least significant bits were all set to zero. Invalid features occurred
extremely rarelyt e.g.,872 of the 41,194,05100.002%) of the unique atmospheric features detected during

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 bdE a feature
classificationflagld2 ¢ e ¢ q U Wq Y WAL YWOYWIaYUNWI W 3G 3t WO0qt we UWh
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.

{dzoddFyadArt 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 cdagédmproved

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 SNpaz2t |yR Of2dzR aAdylrfta gSNBE 2FiSy RSGSOGSR I &
shot) resolution profile scan/@ughan et al., 2009The clouds in these mutifpe 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.

Ly O2yOSNI 4AGK GKS |02¢0S OKIy3aS (2 GKS .[// X GK:
parameter reported in all 5 km averaged products was updated to correctly account ferdj&ded profiles.

As an example, if 5 clouds are detecttdsingle 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.

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

To accommodate the addition of the special LiEMdvalue(-111> (G KS RIF G de@L
Wi SNR&a2f [F&8S8SNJ CNIOGA2YQF YR W A3IK wsSazt
unsigned integers to signed integers.

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
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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
applicable lidar ratio, together with an associated uncertainty estimate that defined theR I NJ NJ (A 2 Q&
natural variability Kim et al., 20183 For example, the lidar ratios for marine and dusty marine types were,
respectively, 23 + 5 srand 37 + 15 sr. In preparation for the V5.00 release, the MAC team constructed tropospheric
aerosol optical depth (AOD) estimates by subtracting the str&d(dSgpNA O ! h5a4 NBLRZ2NISR Ay
stratospheric aerosol produckér et al., 201pfrom the full column AODs reported MODIS 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 equatioot( et al., 208). 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 obtaileedAHPSO

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@AGE) (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.

FigurelOshows 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 lilight 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

I LIWNREAYLFGA2Y 2F aOf S| im ¥IlaINIOYRSIE V50@ yidire lidarxafigs aré &ssigietl> &
to aerosols detected over oceans that are dominated by marine constituents but that can also be mixed with other,
mostly anthropogenic components. As seeffrigurel0, 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.
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CALIOP V. 500 Marme Lidar Ratios: DJF CALIOP V. 500 Marlne Lidar Ratios: MAM

FigurelO: 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(&pairngp, 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
ratio solutions constrained by ! [ L h t Qd@rivetl Gofumiyoptical depth (ODCQOByan et al., 20)4etrievals.

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 precluetl 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. Thmosd exception is that, unlike the marine lidar ratio maps,

the seasonal variability in the dusty marine maps is limited to the green shaded region sheigargill. 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 extendesjions of the globe.
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40°N A
32°N 1
24°N -
16°N 1
8°N 1
0o 4
OS_ - ? - - .I... - ‘.... =,
30°W 0° 30°E 60°E 90°E 120°E

FigurellY G KS 3INBSYy &aKFIRSR IINBF 2F GKS YILI AYRAOIFI{Sa (K:
observed to vary seasonally.
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The V5.00 dusty marine maps are showrigurel2. 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 Marine Lidar Ratios: DIF

"IBU . 1u W u W \; 60°E—t u’;: “180° 15
CALIOP V.500 Dusty Marine Lidar Ratios: JJA

800 = 2 .
o 3 o~ -l R 55

CALIOP V.500 Dusty Marine Lidar Ratios: SON
8 =

P

Figurel2: 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 shaavsvakeks

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, Qcttd November).

A secondahange to the CALIOP aerosol lidar ratidisdsselection ot 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)
OKIy3aSao /' Lht Qa +ndpm FSNRaz2ft adzomdeLAy3a Ff3I2NRIGK)Y
over ocean surfaces as marine, with ocean surfaces being identified usingltheSD lardiater mask. In Arctic
GAYUSNI K26SOSNE Y2aid 27F (KS -wakrinddk gre actdalyfextadded cverdads LI2 NJi
ice sheets, and the aerosol above is hot marine but insteagesspecies of anthropogenic aerosol arriving in the

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 undeaéssiraf aerosol optical

depth. By expanding the surface type identification scheme to also include snow and iceptated in the

CALIOP level 1b files and tmaking small modifications to the aerosol subtyping flowcliaee Figurel13), the
+tpdnn /! [Lht RFGF LINRPRdZOUG y26 Y2NB O2NNBOGfe Ofl aaa
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Figurel3: revised tropospheric aerosol subtyping flowchart; paths and labels in red were added for the V5.00
release.

Yes

9

New ODCOD Retrieval Confidence Flag

Ly NBaLRyaS (2 RIFGF dzaASN)I NBljdzSadas | ySg O2yFARSYyO!
NBLEZ2NISR Ay (KS WhOSI y viréupidcigdedin all Ryerdadguctshahdipiofde: pfodubtsS LG K
Tablel7TRSAONAROGSAa K2g (G2 AYGSNILINBG ff 2F GKS oAdGa dzaSR
AY 2Nry3Suv A& NBLR2NISR Ay o0AlG co Ly GKA&A ySg O2yTFA
of 127 or less. Allhighconfid h5/ h5 NBGNASQOlIta gAftf KFE@PS Iy Wh5/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
c) Surface integrated attenuated backscatter exceeds the upper bound specifiedbiel6.

Tablel6: maximum values of surface integrated attenuated backscatter for confident retrievals; higher values
may include undetected surface saturation.

Daytime Nighttime
532 nm 0.0413 sft 0.0353 sf!
1064 nm 0.0384 sf! 0.0325 sft

d) The number of range bins shifted by the altitude registration algoritRmwell et al., 200Ris not constant
over all profiles used to create the averaged surface return. This is only a concern for averaged profiles where
KFE@Ay3a YdzZ GALX S GoAyad aAaKAFGSRe gAftf RAAG2NI GKS a
quality of the fit to the CALIOP response model (CRWMEN et al., 2024 To aid in diagnosing the presence of
nonO2yadlyd oAy aAKAFGasz || yS¢g {5{ oWaabdzyo Vdoup Ay a
reported in the 5 km layer products.
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Tablel7: interpretation of the individual bits in the ODCOD QC flags (adaptedHsam 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, (
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 thran
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

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 0 sigr
confidence

79 | Unused

10 | The surface detection algorithm did not find a surface

11 | The International GeosphetBiosphere 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 0.02§' 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 th€€RM 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 surface contains 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 wasiveraged to coarser resolutions that may not be reliable for ODCOD

23¢31 | Unused

AIWIN|F

Wrong profile starts for a new chunk after missing data gap

¢KS /1[Lht t£S@St W LINROSaaAy3d Ay3aSaida tS@gSt m RIFEGE
resolution used in the search for features. Each chunk contains 240 consecutiveshimtgteofiles 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 | LJ® | 26 SOSNE GKS tndpm FyR SI
08 2yS¢é¢ SNNEBN GKFG OFdzaSR (KAa LINRPOSaaAy3a NBaidl NI &
As a consequence of eliminating this error, in granules contaotang 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
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¢ 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 versiornsigurel4 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
on 202012-12 at ~22:27 UTC. On this day, data downlink from the satellite wasnittently interrupted by

ground station errors. The white vertical strips in the upper panel show where individual frames were missing or
ANNBGONRSOIot & O2NNMzLIi Ay (KS R2 gyreekd/fl I R0 I R AAFGINNEH YW dC
feature detections in V4.51 to those in V5.00. The green areas represent features detected 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 thateve detected in V5.00 but not V4.51. Regions where no features were detected

in either 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 gasgs following the first to data gaps beginning at
~41.5°S and ~37.2€3here 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 chratigeselection of pseudo

single shot profiles to average. The red range bins not detected in V5.00 were eliminated by the LEM algorithm
described above. In this and other segments, the intermittent detection changes in individual range bins adjacent
tod KS 9 NI KQ& adza2NFI OS 200dzNJ RdzS (2 +*podnn OKIRBeds®d AY
VEM Layer Detection Altitudesction. The additional aerosol detections higited by the black areas in this data
segment are a fortuitousesult of the combination of a shift in profiles averaged combined with LEM filtering. We
note, however, that additional feature detections are not a guaranteed outcome of this code change.

Total Attenuated Backscatt 1sr") 2020-12-12T22-06-43ZD 7

Altitude (k

-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
[ \ \

In V5.00,
] Not In V4.51

: oy EE P _|_
10k 4’7 B b I ige B | - In V451,
‘ | Not In V5.00

6 R B | Features
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Altitude (km)
i
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‘ ‘ ﬂ|| i | —r] Both Clear
0l . ] . 2
| | | | | |
-44.02° -41.85° -39.28° -36.90° -34.51° -32.13° -29.74° -27.35° -24.96°
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Figure1l4: 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
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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 in one or more included frames.

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 content@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 Data Product: CAL LID L2 MLay DiagrBst&V500*.hdf

The newly released CAL_LID_L2_ MLay_Diagrigestitev5-00*.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 AYRAOF (A Y ILIGNG YIS BSNES RIFO S KyS2 (R yoOS SIygR SRzt £ @ O
Gt ARFGSRQ LI NI YSGSNAR AyOfdzRS GKS Of 2dzR @ f dzS& NI Lx%
WCSI GdzZNBE hLIIAOFE 5SLIIK mnacn QU dain alt theArfoBnatidorkr&ortediin tHey 2 & ( /
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 giverainlel8.

2. Initial Integrated Attenuated Backscatter 582t KS a Gl yYRF NR WLY GS3aINI 0SRy ! GGS)
values reported in all CALIOP lidar level 2 layer files are calculated assuming that the feature attenuated
oF O1 a0 GGSN) O2STFAOASYGa KIS 0SSy O2NNBOGSR F2NJ a
Integrated Attenuated BacksdatS NJ pnig) vales ére recorded immediately after feature detection during
the initial 5 km search for features. At this point in the proaegsno 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 &8SNI £ A Rit=NLMP (id vhare TR the dzf G 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 & and hence obtain
estimates of the ogrlying particulate optical depthsi( et al., 20006 ® ¢t KSaS YSikardaB VYSy i
SaaSydAlf AyLWzi NBIldZANBR F2NJ OFfOdzA I iAy3a GKS W/ 2fd
values reported in all layer products.

4

3. Initial Integrated Attenuated Backscatter Uncertainty 538zy" O S NIi |
lGGSydzad GSR . 01a0FGGSN) poHQ GKA
Above Opaque Water Cloud Uncertainty5®@ @1 f dzSa ¢

A

4. Initial Integrated Attenuated Backscatter 1064 K A & & 0KS mMncn yY |ylLrf23 27F

. 01a0lGdGSN) poHQ® . SOl dz&a S /' Lht R2S&a yz2i4d YIS
parameter is unused in the V5.00 analysés.any (currently unforeseen) future version of the CALIOP data
LINPRdzOG &S GKS WLYAGAFf LYyGdSaNIGSR !'daGSydzr SR . I O &

proposed byChand et al., 2008 derive column Angstrém exponents for particulates above opaque water
clouds.
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5. Initial Integrated Attenuated Backscatter Uncertainty 184K A & A& GKS wmncn yY

Ft2:
lGGSydz2 GSR .1 0140 GGSNI ! yOSNIiI Ayi(ié& poHQO® . SO dza §

at 1064 nm, this parameter is unu$én the V5.00 analyses.

Tablel8: 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 hawata rejected in regions 1 and 2 but the 5 km resolution column was
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 not rejected
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 Frame rejected due to too many rejected subregionaliitude region 4

8 Feature detection was not attempted at 20 km resolution due to too many-tégddted columns

9 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 H&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 arV/grinasb

¢tKS Wanm 1Y 5

Vgroupreplicates the majority of the SDSs reported in the CAL_LID_ L2 0lkmCLay StéroGirdhdf products.
LYF2NXYIGA2Yy Ay (KS SEOftdzZRSR {5{a Aa SAGKSNI 60O
YR WLD.t {dNFROKRSNAIISR) TARIYO AIKSSHHEXE 2F (GKS &l
Vgroupd S®I b3 W{2f I NJ SYA(IKI yRRAVESNELIA IZKSMWS ! I INBLKQU ¢ I €

CAylffes

NEB LJE
Y§ yi°

0§KS WhOSIy 5SNX Q/8rBupin tRef DimyhgstictBethl pkoQucts augmentdiitie Q o

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

integrated optical properties for thandividual 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 for layers detected at single shot arldriresolutions, 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@aff 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
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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 sixteen instances all reference the same layer, and the layer
properties reported for all ingincesc e.g., top and base heights, integrated attenuated backscatters, and optical
depthsc will also replicated across all sixteen 5 km columns. In the 5 km profile products, unique layer IDs are
reported at the same latitude, longitude, and time coaralies 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 example, for a 480 m
thick aerosol layer detected at 80 km horizontal averaging in a rectang@amr@ould extendover eight 60 m

altitude bins and sixteen 5 km profile segments.

bS¢ wW{OSyS ctr3aQ {5{ ' RRSR G2 'tf [FI&8SNJtNRRdzO( a

To enable rapid identification of all columns containing specific feature types, the CALIPSO layer products now
AyOf dzZRS I W{ OSyS Cftl 3Q {5{ ®dbitintegebwith idibigusdl biGriterpitatibris ash Y LIt
defined inTablel9. 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

Tablel9: 7 RqWRUqUI Gl Dg¢ qRYUt WnVY!l WGYt RagR2WJW2¢dGe 3t WYn Waé 1JLW

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 ieeter phase
16¢31 | Unused

More Readily Accessible Altitude Information

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

H RFEGF LINPRdzOG&ad ¢KS W[ARFNISFGF !'f0dAGdZRSAQ | NNIF & N
vertical midpoints of i range bins in the profile measurements downlinked from the CALIPSO satellite. In all
previous versions of the CALIPSO lidar data products, th&388 YSy G W[ ARIF NJ 5F 4 ! f (A G dz

in the file metadata. To ensure backward compaiibéi ¢ A G K SEAaGAy3 az2Fdsl NBX GKS
lfGAGdZRSaQ Aa NBOGFIAYSR Ay it FAfSao

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 lowest®-0.5 km toD-2.0 km) CALIOP onboard averaging regions, the superfluous altitude
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bins were eliminated. Making this change now matches the VFM altitude array size to the vertical dimension of
GKS 6dzyLJ O1 SRU WCSIFGdzNB / fFaaAFAOIGAZzYy Cfl3aQ {5{®

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, cong&d 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% cdrage 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

16

14

e
N

S5
o

Altitude (km)

72.01° 66.23° 60.24° 54.14° 47.98° 41.78° 35.54° 29.28° 23.01°
21.14° 13.51° 8.61° 5.09° 237° 0.14° -1.77° -3.47° -5.03°

In V5.00,
Not In vV4.51

In V4,51,
Not In V5.00

Features
In Both

Altitude (km)

Both Clear

72.01° 66.23° 60.23° 54.13° 47.96° 41.75° 35.50° 29.24° 22.97°
21.14° 13.51° 8.60" 5.08° 2.36° 0.13° -1.78% -3.49° -5.04°

Figure15: CALIOP nighttime observations of clouds and aerosols over Scandinavia, western Europe, and into
northern Africa. These measurements were acquired on 2001 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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Table20: 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 \% V \% \% V \%
Low_Energy_Mitigation_Feature_ QC_F \% V \% \% \Y V
Scene_Flag V \% V \% \%
DEM_Surface_Elevation \% V
Unique_Layer_ID V \% \% \Y V
VFM_Feature_Detection_Quality Flag | V
Number_Bins_Shift \%
Extinction_QC_Flag 532 \% \% V
Extinction_QC_Flag 1064 \ V V
Single_Shot_DetectidissLow_Energy
Mitigation_Column_QC_Flag v v v v v v
Single_Shot_DetectishO O3 A AT A \Y; \Y; \Y; \Y; V Vv
S!ngle_S_hot_DetectlmhO\E)mber_- v v v v v v
Bins_Shift

Table21: 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 U
Surface_Elevation_Statistics U U
ExtinctionQC_532 U U U
ExtinctionQC_1064 U U U
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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 (Vtha) 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 unegorting the vertical extent of

dense smoke layers above ldevel clouds when compared with coincident observations made by the Cloud
Aerosol Transport System (CATS) lidar instrument. Figure 1 (a, c) showfdluoee 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 upptevel 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
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to such a degree that the CALIOP feature detection algorithm artificially elevated the layer base. This is confirmed
by seeing that the rapid attenuation is not seen in the 1064 nm signal response (Figure 1b), where the aerosol
extinction is not as greatsathat 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 for feature detection. The ingbf 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 neagurface 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 532nmientiact
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 @¥ 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 extendedais) 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 algorithia documented inrackett et al., 202a.

Summary of changes:

1 The stratospheric aerosol subtyping algorithm now relies solely on depolarization and integrated attenuated
o0 01a0FGdGdSN) 6+ 0 (G2 RAAONAYAYIFGSR 0SiG6SSy @2t OF yaA
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 pyroCh
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 FIFIISk2IKSNE &a0NF G§23LKSNRO | SN&@R,f & dzo
and unclassified. Previously, the sulfate/other type included both aerosol layers likely to be sulfate and layers
GAGK f2¢ OItiySRYZTIKSIAaABKBBE SO2YLRYSYyld 2F GKS 02°
NS y26 NBLR2NISR ASLINIGSte 4 adzyOf I AaAFTASRE D

1 The 532 nm lidar ratio for volcanic ash has been increased to 61 + 17 sr based ondoAkt@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 sulfasenake due to the difficulty of separating these
types with CALIOP observables.

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Profile_{Description_Document_V5 Page64 of 92


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Profile_Data-Description_Document_V5
https://doi.org/10.5194/amt-16-745-2023

Version 4.2 Version 4.5

100 - y . 100
- Hatched bars ASh_
& 80 807 indicate low-y' layers | dominant
& 60 80t { |MEMChaiten 2008
o B Puyehue-Cordon 2011
2 40 40 ¢ 1 [ calbuce 2015
D
s o20 20 1
Ash  Sulfate/other Smoke Ash Sulfate Smoke Unclassified
100 100 Sulfate
® 80 80 dominant
§ 60 60 [ 1 W OKmok 2008
@ Il Kasatachi 2008
= 40 40 [ sarychey 2009
@ M abro 2011
i = ml | 7
Ash  Sulfate/other Smoke Sulfate Smoke Unclassmed
100 100 Smoke
* 80 80T dominant
& B0 60 | Bl Australia 2006
S Il Elack Saturday 2009
= 40 40 | [sibera 52012
g . America 712014
L 20 o 20+ I PNW Event 2017
ol [ ANY Event 2019/2020

Ash  Sulfate/other Smoke Ash Sulfate Smoke Unclassified

Figure 3 Stratospheric aerosol subtymdassification 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 Depiisove Opaque Water Clouds

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

Of 2dzRa® ¢KS poHyY fF&8SNI AYGiSaANFGSR FGdSydzr iSR-061F O 2
above, could be estimated as a function of the lidar ratichefwater cloud (§ and the multiple scattering factor.

LF GKSNB FINB FSIF{ida2NBa Fo02@S> (KSy -way trangniitarice, whigh ifN& R dzO ¢
Fdzy Ol A2y 27F (k9. Udnglihis BfbriatidR &r_dstihatedof 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 f+Fr8@8SNJAYGSANIGSR poHWEY ¢@AOdKY $ { RY1T2 t61ANIKT 1 G A 2 WEBN.
computed in the CALIOP L2 data products. An estimate fof 8paque water clouds is assumed to be 19 sr.

1. 3a- d76.
above _Eln?m §O| (1)

This new column particulate optical depth and uncertainty are detailed further in the V4.51 CALIOP Layer Level 2
RFEGF LINPRdzZOG RSAONARLIIAZ2YD® ¢KSAS G2 ySs6 LI NFYSGHSNE
between feature typing as seen in @hcolumn optical depth parameters in the CALIOP level 2 data product.
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(HSR{2) during a leg of the ORACLESeld 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
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 antmse stratiform cloud

layer. The 532nm aerosol optical depth derived from H&ERlack 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 reported in 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. Thesed optical depths do not track the depolarization approach as well, given that 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 betwedr?0 and V4.51 aerosol optical depths, in which V4.51

is always greater than/equal to V4.21, is due to the increase in depth of layer associated with smoke base extension.

[=1
w

532nm Optical Depth
(=]
L]

0.1

*

Latitude

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 @atl depth (V4.51 red circles, V4.20 green circles) computed by integration of
aerosol profile extinction above opaque water clouds during CALIPS@ligheiof HSRE track on September

18", 2016, from 13:33:50 to 13:36:52 UTC in the serdbtAtlantic Basin during the ORACiIZE®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 tinagntcansmittance overhead
to a modelled ocean returned by tlegjuation 2 below¥enkata and Reagan 2016
_CAT;(z)

2R,

T; (2,) @

In therelationship, #(z) is the tweway transmittance at range from 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 lecause no attempt is made to separate multiple
scattering and single scattering from the cloud and aerosol particsiatihe column Ryan et al., 209.
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The V4.51 Lidar Level 2 algorithms only estimaterB2ptical depths in regions of the column where clouds and
aerosol are directly detected. The regions wherelagers aredetected are assumed to be particulate free. This
assumption is known tgield anunderestimatetotal column particulateoptical depth by on the order of 0.Q@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.

Figure 5 shows cloud screened seasonal difference of medians (ODI@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. Regionallyassnoé 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 medians (QDAZIMDIS) 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. ODG®D higher than MODIS is shown in red and ODCOD lower

is shown in blug(Ryan et al., 202® Authors 2024CC BY 4)0

Correctiorsto 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 .Hyerproduct 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 sitggshot clouds are detected throughout the entirety of each 5km block of data. The
CloudAerosol Discrimination (CARju et al, 20106 R2Say Qi (y2¢ GKIFdG 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 a4 GKS poHyY WISNR&a2tQ SEGAY Oirédavih the avbiyiigerasol. f | & S
When applying the corrected algorithm, the single shot layer remains as a cloud (Figure 6d) and the 532nm aerosol
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extinction bias has been eliminated (Figure @&jckett et al, 2022lso detailed the consequence of this error, in
which nearly 3% of all 5km resolution layers for J&wgust 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 the-llewel water cloud and the
implications on extinction of the cloud layeeihg recast as an aerosol by the ClgAgtosol 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 fraokett, 2023

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

VFM Layer Profile
SDS name 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmM | 5kmA | 5kmC
Surface_Wind_Speeds_02m \% \% \Y V

5F34F wvdzk fAGES { aFas YQ.SZlL'Lida? 2w 2/Datd RradyctR@easet SNEA 2 Yy
Version: 421

Data Release Date: October 02, 2020
Data Date Range: October 01, 2020 teresent

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.
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Data Quality Statementfof ! [ Lt { h Q420 idarN.&véal 2 Mata Product Release

Data Version: 4.20
Data Release Date: October 10, 2018
Data Date Range: June 13, 2006 to September 30, 2020

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 energy lshots.
technical advisaorof 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
SDSame 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmA | 5kmC
Minimum_Laser_Energy 532 \ \% \% \% V V \Y

Data Release: Junel2, 2018

CALIOP Instrument Anomaly Advisory: Low Energy Laser Shots
Dates Affected: September 01, 20%t6resent

Applies to: CALIOP Level 1B and LevBk®a Products, V4.10 and earlier

/' Lht o6/!'[Lt{hQ& [L5!w AyadNHzy¥Syio 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 OctobBaciember 2017 (right).

Data Quality Statement fof ! [ Lt { h Q410 kidarN.&vél 2 Pata Product Release

Data Version: 410
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 (V3) series of products in May 2010. As expected, V4.10 provides a substantial advance over V3
and earlier releases; kmm retrieval artifacts have been eliminated and numerous enhancements have been
incorporated to increase the accuracy of the science data while simultaneously reducing uncertainties. The most
significant code, algorithm, and data product changes include
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71 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

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 ieeater 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

T 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 =N

=]

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 o6[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 G LINP RdzOG&a> 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 technigiénonstrates significant improvementer 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
AOGNBYy3IGKAE Ay (KSaS WwWy20 LINBOA2dzate aolyySRQ NBIA2Y 3
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 discontinuedW4.1Q Instead, surface detection information is recorded in a rrpdtiameter
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®¥igroupreports the followingparameters at both 532 nm and

1064 nm

1 surface top and base altitudes

integrated attenuated backscatter
integrated volume depolarization ratio
integrated attenuatedoackscattercolor ratio

= =4 =4 -=A

where applicable, surface detections at finer spatial resolutions (i.e., 1/3 km and 1 km)
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These additional parameters are expected to proviée 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.

Cloud and Aerosol Layer Detection

TheCALIOR/4.10level 1 (L1) datéfirst released in April 2014, significantly improved the calibration of the CALIOP
attenuated backscatter coefficiestit 532 nm(Kar et al., 2018Getzewich et al., 20)&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 ayslggetiter 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 CAV4AIRL1 data necessitated substantial revisions

to the V3 leel 2 (L2) CAD algorithrAccordingly, 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 afelaftols. As

a consequence, the4.10data 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
GNRLRLI dzaS 6SNBE Of I aaATASROIKS aGANNIGRHAISINIIOGEE TS |
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.

ForinRSLIGK aO0OASYUGATAO FylteasSa 2F LRfIFN A0GNF (2 3&LKSNR
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 supercoolethary 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 sgrialV4.1Q 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 tleay. dhe bulk of the single
shot layers classified as aerosol¥#h10are 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
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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 layers of lofted dust and weakly
depolarizing cloud fragments makebkemn largely indistinguishable in the CAD domain. To achieve reliable
aSLINFGA2yS | &aSljdzSy0S 2F alLI GALFf LINRPEAYAGE GS&ada A
of previously identified large scale ice clouds. Layers identifiéd@s\ NNXza FNAYy 3ISaé | NB | aaj
of 106.

Figure 1 shows the pattern of changes in CAD scores from V3 to V4.10. Most of the high confidence samples in V3

are also classified as the same type (cloud or aerosol) in V4.10 with similar high confidence. However, as seen in

the lower right quadrant ofiilgure 1, a small fraction of layers classified as clouds in V3 are classified as aerosols in

V4.10. Some of these have optical properties that fall in the grey zone between aerosols and clouds and may

actually be misclassified clouds. These cases occuraftes over the polar regions. Because they typically have

f2g /15 a02NBaz GKSe& OFly 06S ARSYUAFTASR IyR NBY2@SR
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Figure 1:Comparison of CAD scores of the same samples betwe&0 &3dV4.10using the L2 profile products.

After acquisition and analysis of over 10 years of simsed lidar data, the CALIPSO team has gained a much
improved understanding of the physical and optical properties of the different types of aerosols and clouds that
occur in different altitude regims. As a result, the V4.10 PDFS are more representative and more physically realistic
than earlier versions, in which the occurrence frequency of aerosols at higher altitudes was noticeably
underestimated. One result of modifying the PDFs to achieve nurerate aerosol identification is an across the

board decrease in the magnitude of the CAD scores reported in V4.10; i.e., the mean magnitude of CAD scores for
all aerosols detected in V4.10 is lower than the mean magnitude in V3. Likewise, the meamndeghthe cloud

CAD scores is lower in V4.10 than in V3. In retrospect, the higher CAD scores in V3 should be seen as overly
optimistic; the slightly lower V4.10 scores now provide a more realistic assessment of CAD classification confidence.

Aerosol Subtyping Changes

Several improvements to aerosol subtyping have been implemented in V4.10. The most fundamental change is
that aerosol layers are now classified as either tropospheric aerosol or stratospheric aerosol feature types,
depending on the location of the attenusd backscatter centroid relative to the MERRAZ2 reanalysis tropopause
height. In previous versions, aerosol was only identified below the tropopause. Given that the CAD algorithm is
applied at all altitudes in V4.10, aerosol layers detected above the tiays® are classified as stratospheric
aerosols and are assigned subtypes commonly found in the stratosphere. Figure 2 compares distributions of
tropospheric aerosol subtypes between V3 and V4.10.

Tropospheric aerosol subtyping improvements
1.1 yS¢ GRdzAGe YIFINAYySé¢ SNRaz2t &ddzodellS KF-a 0SSy | RR!
aerosol identified as moderately depolarizing aerosol layers having base altitudes within the marine boundary
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layer (assumed to be at 2.5 km). In previous versions these layers would have been classified as polluted dust.
The dusty marine lidar ratio is more representative of a dust/marine aerosol mixturisagitaracteristic lidar

ratio isD33% smaller than that of polluted dust. The geographic distribution of dusty marine layers agrees well
with known locations of dust subsidence into the marine boundary layer, though some ambiguity occurs in
regions where anthropogenic pollution, dust, amérine aerosol cexst. These layers are classified as dusty
marine, yet it is not always clear whether they should be typed instead as polluted dust.

2. Smoke layer identification and nomenclature has been revised. As in previous versions, elevated non
depolarizing aerosols are assumed to be smoke which is injected above the planetary boundary layer (PBL) due
to combustioninduced buoyancy. The definitich2 NJ a St S @I (i ¥R¥0to mean IABrOWith Bk A v
higher than 2.5 km above ground level (i.e., a simple PBL approximation). For clarity, the nomenclature for the
ay21S SNraz2tf adzondeéellS Aa OKIy3aASR (2 &SRSHBRYSRAAY?2
introduction of a new algorithm to vertically homogenize aerosol subtyping for weakly scattering fringes
detected at the base of extended plumes, elevated smoke layers which were misclassified as marine aerosol in

V3 are now correctlglassified as elevated smoke.

3. Within the PBL, it is difficult to discriminate smoke due to biomass burning from polluted continental aerosol
arising from anthropogenic pollution using CALIOP measurements. Therefore, the description of the polluted
O2yGAYySy Gl t &dzo (fedzdSS RA A0 2NRINYASSYRI [ x a2 iS¢ (2 Of I NA -
present.

4. In previous versiongerosol detected over snow, ice, or tundra were subtyped as either clean continental or
polluted continental Given that transport pathways exist for smoke, dust and other aerosol types to reach the
Arctic, this condition has been removed\t4.10and all species are allowed. Users are cautioned to treat
aerosol detected over Antarctica carefully and to exercise prudence when interpreting aerosol subtyping in
this region. Often aerosol layers in the Antarctic are classified as dust or pollutedutisd their elevated
depolarization. Despite that transport pathways do exist for dust to reach Antarctica (fréagd®éa for
example), data users are cautioned that layers classified as aerosol may actually be misclassified clouds or
blowing snow rather than true dust.

5. Calculation of the particulate depolarization ratio estimates using in the aerosol subtyping scheme now
correctly accounts for signal attenuation due to overlying layers. Making this change greatly rdduoesr
abundance of polluted dust in identified in V3

6. Tropospheric aerosol lidar ratios and lidar ratio uncertainties have been updatede marine, dust, clean
continental, and elevated smoke subtypes to reflect the current state of knowledge based on observations by
NASA Langley Airborne High Spectral Resolution, IEdRLINERERONETCALIPSO argynergistic multi
sensor retrievals

Stratospheric aerosol subtypes introduced

Stratospheric aerosol subtypes have been introducaddiriOfor ash, sulfate/other, smoke and polar stratospheric
aerosol. The/4.10stratospheric aerosol subtyping algorithmerforms well at identifying volcanic ash and sulfate
abovethe tropopause based on manual verification. Note that below the tropopause, ash and sulfate plumes are
given tropospheric aerosol subtypes: volcanic ash is often classified as dust or polluted dust and volcanic sulfate is
often classified as elevated smmkAs a result, contiguous aerosol features crossing the tropopause will have
aerosol subtypes which switch from tropospheric to stratospheric subtypes, depending on the relationship
between the attenuated backscatter centroid altitude of the layer idemdifby the feature finder and the
tropopause altitude. Weakly scattering stratospheric aerosol layers which are not classified as polar stratospheric

I SNR&az2t FNBE Of AaAFASR | GadzZ FI G§Sk2idKSNE disataksBiddS F 2 NJ
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Tropospheric Aerosol Subtype Distribution, 2007-2008
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Figure 2:Comparison of global tropospheric aerosol subtype distributions between V¥&ridfor 20072008,

day and night. Over land, elevated smoke is reduced in favor of polluted continental/smoke as a consequence of
NEZAASR aStSOFiSRé RSFAYAGAZ2YDd h@OSN 20SkHys>s Rdzade
classifications.

Cloud Subtyping Changes

TheCALIPSO cloud subtyping algorithses cloud top pressure, cloud opacity and cloud fraction to idemitfgt

cloud types A bug in the V3 analysis code caused a systematic underestimate of all categories of opaque clouds;
in fact, no low overcast opaque clouds were reported in any of the V3 data products. As seen in Figure 3, this defect
has been remedied iW4.1Q and thus, relative to V3, thé¢4.10data products show a large increase in the fraction

of low opaque cloud types and a corresponding decrease in the fraction of low transphrads.

04 V3 vs V4 Cloud Types, May 2008, Layers Detected at 5-km Only
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Figure 3distribution of cloud subtypes in V3 (orange) artl10(green) for all layers detected at ek horizontal
averaging resolution during May 2008

Cloud IceWater Phase Discrimination Changes

Layers identified as clouds by the CAD algorithm are further classified according to thermodynamic phase as either
water, randomlyoriented ice (ROI), horizontallyriented ice (HOI) or unknown phase. The phase algorithm
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primarily uses an objective sorting algorithm basedtmclustering of relationships between the layiategrated
attenuated backscatter (IAB) and the laygreraged depolarizatiorThis technique relies on fundamental CALIOP
L1 measurements, and M4.10confidently identifies the thermodynamic phase (ice vs. water) of at least 75%
(nadir pointing) and 85% (tilted) of cloud layers, globally

On November 28, 200The initial CALIOP viewing angle of 0.3° (nadir) was permanently changed to 3°, tilted)
repress specular reflections from hexagonal plates. These plates, with crystal faces perpendicular to the CALIOP
laser beam, cause specular reflections which can be identified in nadir viewing data by abnormaitydgrgéeed
attenuated backscattemwith essentially zero depolarization. The V3 phase algorithm included a scheme for
recognizing HOI that identified numerous instances of theselmeds. However, hdepth comparisons of the V3

nadir and tilted data determined that very few true specular reflections were occurring in the dited and so

HOI testing of ice clouds initially identified as ROI was elimindtethe V4.10phase algorithm ol water clouds
observed in the nadir view are testedouds that mainly consist of ROl may also have water or HOI occurring at
warmer temperatures at the bottom of the layer, and these are now identified by the dominant cloud particle
phase, which is RORAdditional details about the change of afadir angle from 0.3° to 3.0° are given in Appendix

1 at the end of this document. Table 1 characterizes V3 to V4.10 changes in the volume of cloud phases globally,
for both nadir and tilted viewing angles.

Table 1:Cloud volume occurrence frequency (5 km x 60 m bins) in percent; nadir statistics computed using all data
from January through November 2007 (excludingnaftlir tests); tilted statistics computed using all data from
January through November 20Q8IC = migconfidence).

Confidence| V3 Nadir | V4.10Nadir | V3 Tilted | V4.10Tilted

Cloud Phas¢ Phase Flag Flag (0.3°) (0.3°) (3.0°) (3.0°)
ROI 1 3 48 53 64 67
Water 2 3 18 20 18 19
HOI 3 3 6 5 <1 <1
Unknown 0 0 9 13 6 10
Fringe 1 0 N/A 3 N/A 3
MCHOI 3 2 17 5 10 N/A
MGC-ROI 1 2 3 <1 <1 <1

A nonzero, but negligible, amount of leovand midconfidence water layers are also identified at each viewing
angle. As these phase classifications account for less than 1% of all cloud bins, they are not shown in this table.

In V4.10, between 630% of the range bins identified as atmospheric features by CALIOP are classified as clouds.
The population of water clouds identified at horizontal averages of 5 km or more remains very stable between V3
and V4.10, at about 18%. Th®Roopulation is larger in tilted data than in nadir data and i43% larger in V4.10

than in V3. The additional V4.10 ROI bins were mainly classified as clear aignfiignce HOI or stratospheric
features in V3. Unknown phase clouds increase inQ/due to generally lower CAD scores and the detection of

more thin cloud layers with weak backscatter and depolarization signals. The reduction in V4.10 HOI is due to the
elimination of a spatial coherence test in the phase algorithm. About 3% of the plopalation in V4.10 are
ARSYGAFASR d GaOANNHzZ FNAYyIASEEéd {AyOS GKS O2YLRaAGA
numbers should be used only for guidance in understanding the changes between V3 and V4.10.

Lidar Ratios and Multiple Scattering Factors for Ice Clouds

LY 20 YR SFENIASNE A0S Ot 2dzRa 6 S NBsxnk @6 Ikv3.903he miltipl®© 2 v a i
scattering factor is instead implemented as a sigmoid approximation function of the layer attenuated backscatter
centroid temperatur@ ¢ iin&reasing from 0.46 at 270 K to 0.76 at 190 K.
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This approximation function was derived from extensive analysis of collocated measurements acquired by the
CALIPSO lidar and the CALIPSQvHRh reconciled observed and theoretical ratiols532 nm optical depths
derived from V3 CALIOP measured tway transmittances to the absorption optical depth retrieved from IIR
YSIF&dz2NBYSyida i mMHdap >Yo ¢KS i KS@wNPB ibuglehdd aghkgatdad? &
columns

In V3 and earlier, ice cloud extinction retrievals that could not be constrained by the direct measurement of the
two-g @ UGNl yaYA(GdaGlryOS O6AdSdE aGdzyO2yaiNIXAySRé NBGNRSOI
semitransparent clouds,Z Y LI NA&a2ya GAGK LLw F 0a2NLJ Aradistiveeclasuie O |- f
SELISNAYSY(d dzaAy 3 a hothlskowen, on avefageNduieigbod @diement with V3 CALIOP
constrained retrievals, but substantially worse agreement with unconstrained retrievals, thus demonstrating that
the initial default lidar ratio was generally too small.

To ensure full consistency between unconstrained and constrained retrievals itraasparent clouds, initial ice
cloud lidar ratios i'v4.10are derived from the statistical analysis of several years of constrained retrievals, using
only those clouds identified as higionfidence randomly oriented ice. Like the multiple scattering factor\thd0

initial ice cloud lidar ratio is estimated using a sigmoid approximation function based on the layer attenuated
backscatter centroid temperature. Default lideatio valuesdecrease from ~35 sr to ~20 sr as the cloud centroid
temperature decreasesThis initial lidar ratio is only used for setr@nsparent ice clouds when constrained
retrievals are not possible. For opaque clouds and constrained retrievals ofragmsparent clouds, the extinction
retrievals are initialized using a lidar ratio dexd directly from the CALIOP L1 measurements and the temperature
dependent multiple scattering factor.

Multiple Scattering Factors for Water Clouds

LYy 0o YR SINIASNE Fff ¢l GSN) Of 2dzRa 45 NE6. INVEAR FHY SR |

for transparent water clouds remains fixed at 0.6. For opaque layers, howevergffigetivewater cloud multiple
scattering factors are computed from the measured layer integrated volume depolarization . ré®sa
consequence, under the appropriate conditions (e.g., single layer clouds in otherwise clear skies), estimates of
water cloud lidar ratios can now be obtained from the multiple scattering factors and the 532 nm layer integrated
attenuated backscatteestimates.

Extinction and Optical Depths

The particulate backscatter and extinction profiles and layer optical depths reported in the QAL IDEata
products are produced by a modified and substantially enhanced version ohythed extinction retrieval
algorithmused in earlier releases. Several developments are particularly noteworthy.

0 Analysis of Opaque Layers

The extinction retrieval used for opaque layers is entirely differemiv3 and earlier, the lidar ratios used for
opaque layers were assigned by the scene classification algorithms based on layer type (i.e., cloud vs. aerosol)
and subtype (e.g., ice vs. water, dust vs. smoke, etc\J41hQ initial estimates of the lidar ratios for opaque

layers arecomputed directly from the measured integrated attenuated backscatied refined as necessary

within the extinction solver to ensure that extinction coefficients are calculated through the full vertical extent

of the layer. This procedure yields highly precise and accurate-édfemtive lidar ratios, which translate
directly into more realistic extinction coefficient estimates and eliminate many artifacts previously seen in
CALIOP optical depth distributions.

0 Increased Number of Constrained Retrievals

Constrained retrievalase measurements of clear air above and below a lofted layer to directly estimate layer
optical depth. These optical depths provide a constraint on the solution of the lidar equation, allowing the layer
lidar ratio to be retrieved from the data rather thaestimated a priori. In retrospect, the approach used in V3
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and earlier was perhaps too timid, in that constrained solutions were only attempted for lofted layers with
optical depths greater than ~0.3. \f.10constrained solutions (and hence lidar ratio estimates) are derived
for all layers having valid twway transmittance measurements. Uncertainties in the lidar ratio estimates are
now reported for all retrievals. While lidar ratios derived from layers wittall optical depths can have large
random uncertainties, the extinction retrievals are unbiased.

0 More Precise Reporting of Retrieval Success

For each extinction profile retrieved, information about the termination state of the extinction algorithm is
provided in the extinction QC flags. These flags are implemented-bis d8signed integers. Multiple bits can

be toggled within each extinctioC flag, with each bit conveying a specific piece of information. In V3, 10 of
the 16 bits were used. Thé4.10algorithm uses 14 bits and is both more verbose and more rigorous in its
assessment of retrieval quality. As a consequence, users will encauatgr more distinct QC flags W¥#.10

than in V3. For example, for all data collected in 2008 V3 reported only 19 different extinction QC flags at 532
nm. By contrastV4.10is expected to report in the neighborhood of 75 different values for the same time
period. The most reliable retrievals have extinction QC flags of 0, 1, 2, 16 or 18. Data flagged with other values
should be treated with varying degrees of suspicion.dareant cases, the extinction retrieval can fail. The
backscatter and extinction efficients reported for these failed retrievals are set to a fill value3a8s.

o Improved Estimates of Extinction Uncertainties

During theV4.10development, considerable attention was given to providimgre accurate estimates of the
uncertaintiesreported for the CALIOP extinction coefficients and optical depths. In partitdakQlidar ratio
uncertainty estimates are now verified and adjusted as appropriate on a-l3yyer basis. In the V3
processing these uncertainty estimates were always specified a priori and never varied thereafter.

While layereffective multiple scattering factors for opaque water clouds can be reliably estimated, the known
range dependence of water cloud multiple scattering is not accounted for inveh&0 CALIOP retrieval
algorithm. Furthermore, th&/4.10extinction retrieval does not attempt to compensate for the loss of ranging
information introduced by pulse stretching. As a result, beyond the first range bin (and frequently within the
first range bin) thev4.10CALIOP extinction retrievals in opaque water c®sadould be considered entirely
unreliable. To reinforce this notion, the uncertainties for opaque water clouds are not calculated, but instead
are assigned a uniform fill value -@.

0 Summary of Extinction Changes from V¥#10

The changes described above will have considerable impact on the magnitude \¢4.tt@backscatter and
extinction coefficients, their attendant uncertainties, and in those parameters subsequently derived from these
values. However, it is critically important for data users to understand that the extinction and optical depth
changes from V& V4.10cannot be attributed wholly to changes in the extinction algorithm. Changes in the

a priori specifications of layer multiple scattering factors and/or layar lidtios can by themselves introduce
considerable changes in the retrieved values of extinction and optical depth. Similarly, changes in the
calibration coefficients from V3 td4.10result in small increases in the L1 attenuated backscatter coefficients,
which in turn yield concomitant but nonlinear increases in particulate backscatter and extinction coefficients.

Revised Ic&Vater Content Algorithm

Cloud ice water content (IWC) is reported for all ice clouds detected by CALIOP. As in V3, IWC is a provisional data
product calculated aa parameterized functioof the CALIOP 532 nm extinction coefficients retrieved within ice
clouds. InV4.1Q the parameterization has been modified to includetemperaturedependent particle size
relationshipthat approximates the observations compiled in an expanded set of aircraft microphysical data. Due

to the cumulative impact of multiple factors, including the new ice mass parameterization and impveved
calibration and extinction coefficient retrievals, users can exp@cLOIWC to be significantly larger than V3 IWC;

e.g., up to 68 times as large for thick ice clouds at warm temperatures. At cold temperatured/4H®IWC
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calculated for a given extinction coefficient is smaller than in V3. However, since the extinction coefficients are
larger inV4.1Q the resulting change in IWC from V3u4.10is relatively small.

V4 Log10 Zonal Measured IWC-HEA14 for January 2008 V3 Log10 Zonal Measured IWC-HWZ05 for January 2008
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Figure 4zonal mean IWC for January 2008 calculated from V4.10 data (left panel) and V3.01 data (right panel).

CALIOP IWC is a highly derived data product. Besides the cloud particle-arass parameterization, it relies on

cloud feature determination (CAD), cloud phase determination, specification of lidar ratios and multiple scattering
factors and the ensuingxtinction retrieval. Uncertainty in cloud ice water content is affected byatb@uracy of

the microphysical parameterizatiotdowever, the IWC uncertainty reported in the CALIOP data products reflects
only the uncertainty in the extinction coefficient retrieval. Because IWC is parameterized from ice particle
extinction, it follows that data screening criteria for valid IWC $thdae similar to those used to identify valid
extinction coefficients. Best results will likely be obtained by using only those data with high CAD scores that have
also been classified as ice with high confidence.

New Data Product:-§m Merged Layer Product

In response to numerous engser requests, th&/4.10data release includes a newkin merged layer product that
aggregates all of the information found in the existingrd cloud layer product and-Em aerosol layer product

and packages it into a single file. ThierB merged layer product also contains amqehensive subset of the data
reported in the single shot layer product (as do tid.105-km cloud and aerosol layer products), so that
unambiguous cloud clearing information will always be immediatelgilable. This new product offers several
advantages to users of the CALIPSO layer products. In particular, (a) the spatial relationships between clouds and
aerosols detected at varying averaging resolution in any column are fully specified and (b}itld influences
between layers of different types (e.g., the uncertainties in cloud optical depth retrievals for cirrus clouds lying
above aerosol layers) can be readily appreciated and fully characterized. A complete specification of all parameters
included in the 5km merged layer product is given in the latest release of the CALIPSO Data Products Catalog.

Browse Image Improvements

The CALIOP browse images have been augmented in the V4.10 release with new plots showing the cloud subtypes
identified within each granule. The aerosol subtyping plots have been updated to reflect changes in aerosol
subtyping and the addition of the stragpheric aerosol subtypes.

New Version 4.10 Data File Parameters

Table 2 lists all new parameters that have been added to the V4.10 data products. Of particular note is the inclusion
of single shot layer detection information in atkB layer products.

Table 2:new scientificdata sets reported in the CALIOR.10L2 data products

VEM Layer Profile
SDS name 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmA | 5kmC
LidarSurface Detectiongroup \ \ \ \% \% \%
Single Shot DetectioV{roup V \% \%
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VFM Layer Profile
SDS name 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmA | 5kmC

Profile ID V \Y V

CAD Score

G21& /fSINBRéE CflI 3

Opacity Flag

Layer Centroid Temperature

Initial CAD Score

Attenuated Scattering Ratio Statistics, 532 ni

High Resolution Layers Cleared

Final Lidar Ratio Uncertainty, 532 nm

Final Lidar Ratio Uncertainty, 1064 nm

Ozone Number Density V

IGBP Surface Type V
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< <<
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Data Quality Statementfof ! [ Lt { h Q%41LidarN.&véal 2 Mata Product Release

Data Version: 341
Data Release Date: October 02, 2020
Data Date Range: October 01, 2020 to present

Version 3.4Inarksa change in the data produatieie to a required upgradef the operating system on the cluster
computer used to generat€ALIPSO dublicly distributed data productsAll program executablesvere re
compiled to process in this new environment with no chagedeto the underlying science algorithms or inputs.

Data Quality Statementfof ! [ Lt { h Q%40 darN.&véal 2 Pata Product Release

Data Version: 3.40
Data Release Date: December 14, 2016
Data Date Range: December 01, 2016 t&eptember 30, 2020

Version 3.40 release reflects an update of the Forward Process$itsirument Teams (FH) meteorological data
provided by the Global Modeling and Assimilation Office (GMAO) from version 5.9.1 to version Nd 2hkinges
were made to the program executables.

Data Quality Statementfof ! [ Lt { h Q&30 HdarN.&al 2 Pata Product Release

Data Version: 3.30
Data Release Date: April 19,2013
Data Date Range: March 1, 2013 to November 30, 2016

Version 3.30 data products incorporatew versions of two important ancillary data produdtsyupdatedGMAO
FRIT meteorological data an(?) the enhanced Air Force Weather Authority (AFVEAQw andice data set as
ancillary inputs Based on comparis@of CALIOP V3.@fatato the newly generatedCALIOP V3.38roducts,the
transition tothe new GEOS FRIT data ispredicted tohave onlyminimal effects on the science data products.
Production of the V3.30 data set began witfarch 1, 2013.

LayerDetection

GEOS molecular number densities increased in the CALIOP night and day calibration ,retjichéowered the
calibration coefficients anohcrea®d the attenuated backscattecoefficiens, which in turncausd the number of

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Profile_{Description_Document_V5 Page79 of 92


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Profile_Data-Description_Document_V5

layers detected to increase slightétwo month of V3.02 to V3.30 showed th#ite number of aerosol and cloud
layers increased by < 0.8% and < 0.2%, respectively.

Layerdassification

The GEOS tropopause heights decreased B km between 30°S and 40°N. Since CALIOP classifies layers
detected above the tropopause as stratospheric features(S% of the features formerly classified as
stratospheric were reclassified as either cloud or aerosol. Over Antarctic in Septembetr@papause heights
decreased betweeri.0 km andl1.5 km, causingall of cloud and aerosol layexgith basesabove the revised
tropopause heightso bereclassified as stratospheric featureBhis effect may oceiseasonally over Antarctc

Data Quality Statementfof ! [ Lt { h Q%02 LidarN.&él 2 Yata ProduRelease

Data Version: 3.02
Data Release Date: Decemberl2,2011
Data Date Range: November 1, 2011 to February 28, 2013

Version 3.02 epresents a transition of the Lidar, IIR, and Wi4efeénce dataprocessing and browsenage
productionto a new cluster computing system. No algorithm changes were introducedpalydvery minor
changes were observed between V3.01 and V3.02 as a result of the compiler and computer architecture
differences.

Data Quality Statement fof ! [ L tVersidd#01 Lidar Level 2 Data Product Release

Data Version: 3.01
Data Release Date: April 28,2010
Data Date Range: June 13, 2006 to October 31, 2011

Version 3.01 of the Lidar Level 2 data products is a significant improvemerthey@evious version. Major code
and algorithm improvements include:

1 the elimination of a bug in the cloud clearing code that caused a substantial overestimate of low cloud fraction
in earlier data releases (details giverMaughan et al., 2030

1 enhancements to the clouderosol discrimination algorithm that increase the number of diagnostic
parameters used to make classification decisions (details giviein it al., 201))

71 improved daytime calibration procedures, resulting in more accurate estimates of layer spatial and optical
properties (details given iRowell et al., 201)) and

1 an entirely new algorithm for assessing cloud thermodynamic phase (details gidereinal., 2009

LayerDetection

As in previous versions, the layer boundaries reported in the Lidar Level 2 Cloud and Aerosol Layer Products appear
to be quite accurate. Some false positives are still found beneath optically thick layers; these, however, can
generally be identified by #ir very lowCAD score6 S®3 dx pu/ !'5 a02NBy X HALd Ly 2
where signal is reliably observed is reported as the base. In actuality, this reported base may lie well above the true
base. Opaque layers are denoted byoacity fhg. In this release, the layers which are reported represent a choice

in favor of high reliability over maximum sensitivity. Weakly scattering layers sometimes will go unreported, in the
interest of minimizing the number of false positives.
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CloudAerosol Discrimination

Figurel (below) compares the distributions of CAD scores derived from four months of version 3 test data to the
corresponding version 2.01 data. The V3 curve shows a smoother distribution and generally has fewer low CAD
values (i.e., values less than ~|95|), refling the better separation of clouds and aerosols when using the version

3 5D PDFs as compared to the separation providedbByPDFs in previous versions. One notable exception to this
observation is the bump betweed0 and 20 in the V3 tesucve, which accounts for ~ 6% of the total features.

The CAD scores in this region identify both outlier features whose optical/physical properties are not correctly
measured or derived, and those features whose attributes fall within the overlap regiwreee the cloud and

aerosol PDFs. In contrast, these outliers are populated over the entire CAD span in the V2 release.
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Figure 1 Histograms of CAD scores for Version 2 (red) and Version 3 (blue).

Figure2 (below) presents the relationship between the CAD score andayer IAB QA factor, which provides a
measure of the integrated attenuated backscatter overlying a cloud or an aerosol layer. A layer IAB QA factor close
to 1 indicates that the atmosphere abe the layer under is clear. Decreasing values indicate the increasing
likelihood of overlying layers that have attenuated the signal within the layer under consideration, and thus
decreased the SNR of the measurement. A layer IAB QA factorail@ imdicate total attenuation of the signal.

As seen in the figure, the IAB QA is highest for high magnitude CAD scores and slopes down gradually for small CAL
score magnitudes. This relationship reflects the fact that the presence of overlying fetgndssto add difficulty

to the cloudaerosol classification task, and therefore reduces the confidence of the classifications made. The dip
between-10 and 20 represents features that are outliers in thB £AD PDFs and indicates that these outliers
mostoften lie beneath other relatively dense features. The cloud layers with special CAD scores (103 and 104) have
the smallest IAB QA values. The relatively big value at CAD = 0 corresponds to the features having zero CAD value:
at high altitudes where the pibability of the presence of overlying features is low. At high altitudes the separation

of clouds and aerosols is not as good as at low altitudes because of the presence of subvisible cirrus clouds.
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Figure 2 Relationship between CAD score and Layer IAB QA Factor

Overall, because of the better separation between clouds and aerosols in the 5D space, the alQdCifin
significantly improves the reliability of the CAD scoress€&haprovements include:

1.

Dense aerosol layers (primarily very dense dust and smoke over and close to the source regions), which are
sometimes labeled as cloud in the V2 release,rene correctly identified as aerosol, largely because of the
addition of the integrated volume depolarization ratio to the diagnostic parameters used for-aknadol
discrimination. In addition, in the open oceans, dense aerosols that were previoudifiethas clouds are

now frequently observed in the marine boundary layer. Improvements are also seen for these maritime
aerosols. Note, however, dense dust/smoke layers found at saigie (0.333 km) resolution will be classified

as cloud by default. Thissue will be revisited for peSt3 releases.

Because the V2 CAD algorithm used a latitidiependent set of 3D PDFs, a class of optically thin clouds
encountered in the polar regions that can extend from the surface to several kilometers were sometimes
misclassified as aerosols. In version 3, thfesgures are now correctly classified as cloud.

Correct classification of heterogeneous layers is always difficult. An example of a heterogeneous layer would
be an aerosol layer that is vertically adjacent to a cloud or contains an embedded cloud, but which is
nonetheless detected by the feature findas a single entity in the V2 release. By convention, heterogeneous
layers should be classified as clouds. The version 3 feature finding algorithm has also been improved greatly
and can now much better separate the embedded or adjacent sstghe cloud lagrs from the surrounding
aerosol. This improvement in layer detection contributes significantly to the improvement of the CAD
performance.

Some secalled features identified by the layer detection scheme are not legitimate layers, but instead are
artifacts due to the noise in the signal, multiple scattering effects, or to artificial signal enhancements caused
by nonideal detector transientesponse or an overestimate of the attenuation due to overlying layers. These
erroneous "pseuddeatures" are neither cloud nor aerosol and are distributed outside of the cloud and aerosol
clusters in the PDF space. The V3 CAD algorithm can better idbaty outlier features by assigning a small
CAD score (the bump betweehO and 20 in the V3 CAD histogram) and classify most of them as cloud by
convention. A CAD threshold of 20 can effectively filter out these outliers.

Some misclassifications may still occur with the 5D algorithm. For example, dust aerosols can be transported long
distance to the Arctic. When moderately dense dust layers are occasionally transported to high latitudes, where
cirrus clouds can present evamthe low altitudes, they may be misclassified. This is also the case for moderately
dense smoke aerosols occasionally transported to the high latitudes. Smoke can be mixed with ice particles during
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