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Introduction 

By combining two disparate but tightly coupled data realizations, the CALIPSO cloud, aerosol, and merged layer 
products deliver comprehensive insights into the large-ǎŎŀƭŜ ǾŜǊǘƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ 9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜΦ The first of 
these is a set of column properties, which describe the temporal and spatial location of the vertical column (or, for 
averaged data, the vertical curtain) of atmosphere being sampled. Column properties include satellite position data 
and viewing geometry, information about the surface type and lighting conditions, and the number of features 
(e.g., cloud and/or aerosol layers) identified within the column. For each set of column properties, there is an 
associated set of layer properties. These layer properties specify the spatial and optical characteristics of each 
feature detected in the column and include quantities such as layer base and top altitudes, integrated attenuated 
backscatter, layer-integrated volume depolarization ratio, and optical depth.  

The CALIPSO project creates άstandardέ layer products for different subsets of feature types and at several different 
horizontal averaging resolutions.  The cloud layer products are distributed at 1 km (3 shot) and 5 km (15 shot) 
resolutions and report layer properties for clouds only.  Aerosol layer products are distributed at 5 km, with layer 
properties limited solely to aerosols detected in either the stratosphere or the troposphere.  The merged layer 
products, distributed at 5 km and single shot resolutions, report layer properties for all features detected, 
irrespective of feature type.  File naming conventions shown in Table 1. 

Table 1: the left gives the resolution and feature type for each of the CALIOP V5.00 layer products; the right column 
specifies the file naming convention used to indicate the product type in the left column 

Product File Naming Convention 

333 m standard merged layer CAL_LID_L2_333mMLay-Standard-V5-00* .hdf 

1 km standard cloud layer CAL_LID_L2_01kmCLay-Standard-V5-00* .hdf 

5 km standard cloud layer CAL_LID_L2_05kmCLay-Standard-V5-00* .hdf 

5 km standard aerosol layer CAL_LID_L2_05kmALay-Standard-V5-00* .hdf 

5 km standard merged layer CAL_LID_L2_05kmMLay-Standard-V5-00* .hdf 

5 km beta merged layer diagnostic CAL_LID_L2_MLay_Diagnostic-Beta-V5-00* .hdf 

The 5 km layer products report features detected at all altitudes between Ḑ30 km and ς0.5 km AMSL.  Due to 
CALIPSOΩǎ altitude-dependent on-board data averaging scheme (Hunt et al., 2009), data downlinked at 1 km 
vertical resolution are only available at altitudes between Ḑ20.2 km and ς0.5 km AMSL, thus placing limits on the 
altitude range of the layers reported in the 1 km cloud layer products.  The vertical range of layers reported in the 
single shot merged layer products is similarly restricted by the downlinked raw data resolution to altitudes between 
Ḑ8.2 km and ς0.5 km AMSL. 

As described in Vaughan et al., 2009, the so-ŎŀƭƭŜŘ άр ƪƳ ƭŀȅŜǊ ǇǊƻŘǳŎǘǎέ ŀŎǘǳŀƭƭȅ ǊŜǇƻǊǘ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ŦŜŀǘǳǊŜǎ that 
can be detected at 5 km, 20 km, and 80 km along-track averaging resolutions.  Thus, while the column properties 
are unique for each 5 km segment, the layer properties may not be.  Layer properties of features detected at 20 
km and 80 km are replicated as necessary along the lidar orbit track to span the full horizontal extent of each layer.  
!ƭǎƻΣ ǘƘŜ Ψ{ƛƴƎƭŜ {Ƙƻǘ 5ŜǘŜŎǘƛƻƴΩ Vgroup reported in all 5 km layer products contains a substantial subset of the 
column and layer properties reported in the single shot merged layer product.  This additional information is 
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included to provide data users the means to readily reconstruct heterogeneous layer composition below 4 km, 
ǿƘŜǊŜ /![LhtΩǎ ǎƛƴƎƭŜ ǎƘƻǘ ōƻǳƴŘŀǊȅ ƭŀȅŜǊ ŎƭƻǳŘ ŎƭŜŀǊƛƴƎ ŀƭƎƻǊƛǘƘƳ ƻǇŜǊŀǘŜǎ όVaughan et al., 2009; Vaughan et al., 
2010; Tackett et al., 2023).  The scientific data set (SDS) nameǎ ƛƴ ǘƘŜ Ψ{ƛƴƎƭŜ {Ƙƻǘ 5ŜǘŜŎǘƛƻƴΩ Vgroup are close to 
identical to those used in the 333 m merged layer product.  The difference is that the SDS names in these Vgroups 
all include a two-letter ǇǊŜŦƛȄ όΨǎǎΩύ ƛƴŘƛŎŀǘƛƴƎ that these parameters are retrieved/reported at single shot 
resolution. 

/![Lt{hΩǎ ǾŜǊǎƛƻƴ рΦлл Řŀǘŀ ǊŜƭŜŀǎŜ also includes one entirely new layer product: a beta version of the 5 km merged 
layer product augmented with diagnostic information not included elsewhere (i.e., CAL_LID_L2_MLay_Diagnostic-
Beta-V5-00* .hdf).  Among the new and enhanced parameters included in these diagnostic files are ocean-derived 
column optical depth (ODCOD) retrievals at 1064 nm, along with a wealth of ODCOD intermediate calculations, and 
a full set of cloud optical property retrievals at 1064 nm, including cloud optical depths.  In addition to all SDSs and 
Vgroups contained in the standard 5 km merged layer product, the beta 5 km merged diagnostic file also contains 
a Ψ01km_DetectionΩ Vgroup which includes a comprehensive set of the layer and column properties reported in the 
1 km cloud layer product.  As ƛƴ ǘƘŜ Ψ{ƛƴƎƭŜ {Ƙƻǘ 5ŜǘŜŎǘƛƻƴΩ Vgroup, the SDS names in ǘƘŜ Ψ01km_DetectionΩ Vgroup 
ŀƭƭ ƛƴŎƭǳŘŜ ŀ ǇǊŜŦƛȄ όΨлмƪƳΩύ indicating that these parameters are retrieved/reported at 1 km horizontal resolution. 
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Glossary and Acronym Dictionary 

Term Meaning 

1kmCLay CALIOP 1 km cloud layer product 

333mMLay CALIOP 333 m merged layer product (reports clouds and aerosols) 

5kmALay CALIOP 5 km aerosol layer product 

5kmCLay CALIOP 5 km cloud layer product 

5kmMLay CALIOP 5 km merged layer product (reports clouds and aerosols) 
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Term Meaning 

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

AERONET  AErosol RObotic NETwork 

AFWA U.S. Air Force Weather Agency 

ATBD Algorithm Theoretical Basis Document 

AMSL above mean sea level 

AOD aerosol optical depth 

ATBD algorithm theoretical basis document 

BLaCC boundary layer cloud clearing 

CAD cloud-aerosol discrimination 

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization 

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation 

CERES /ƭƻǳŘǎ ŀƴŘ ǘƘŜ 9ŀǊǘƘΩǎ wŀŘƛŀƴǘ 9ƴŜǊƎȅ {ȅǎǘŜƳ 

CRM CALIOP response model 

DCRM downlinked CALIOP response model 

DEM digital elevation model 

EARLINET European Aerosol Lidar Network 

ECR Earth Centered Rotating 

frame a fundamental data averaging interval used extensively in /![LhtΩǎ ƭŜǾŜƭ м ŀƴŘ ƭŜǾŜƭ н Řŀǘŀ 
processing. A frame consists of 15 consecutive single-shot profiles spanning an along-track 
distance of Ḑ5 km.  15 shots is the least common multiple of the along-track averaging intervals 
ŘŜŦƛƴŜŘ ōȅ /![LhtΩǎ ǾŜǊǘƛŎŀƭƭȅ ǾŀǊȅƛƴƎ ƻƴōƻŀǊŘ Řŀǘŀ ŀǾŜǊŀƎƛƴƎ ǎŎƘŜƳŜ όHunt et al., 2009). 

GMAO Global Modeling and Assimilation Office 

GOCART Goddard Chemistry Aerosol Radiation and Transport 

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

HERA Hybrid Extinction Retrieval Algorithm 

HDF Hierarchical Data Format 

HOI horizontal oriented ice 

HSRL high spectral resolution lidar 

IGBP International GeosphereςBiosphere Programme 

IAB integrated attenuated backscatter 

IIR imaging infrared radiometer 

IRF instrument response function 

IVDR integrated volume depolarization ratio 

L1B level 1B 

LEM low energy mitigation 

LSWG CALIPSO lidar science working group 

MAC Maps of Aerosol lidar ratios for CALIPSO 

MERRA-2 Modern-Era Retrospective analysis for Research and Applications, Version 2 
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Term Meaning 

MODIS Moderate Resolution Imaging Spectroradiometer 

MSL mean sea level 

N/A not applicable 

NAMMA NASA African Monsoon Multidisciplinary Analyses 

nm nanometer 

ODCOD ocean-derived column optical depth 

PBL planetary boundary layer 

PDF probability distribution function 

PSC polar stratospheric cloud 

QA quality assurance/quality control 

QC quality control/quality assurance 

RMS root mean square 

SNR signal-to-noise ratio 

SDS scientific data set 

sr steradian 

TAI International Atomic Time 

UTC Coordinated Universal Time 

WRS Worldwide Reference System 

Scientific Data Sets: Measurement Altitudes 

Lidar_Data_Altitudes (all layer products) 

Units: km 

Format: Float_32 

Valid Range: -2.0, 40.0 

Description: Altitudes (above mean sea level) that specify the vertical midpoints of the 583 range bins in the profile 
measurements downlinked from the CALIPSO satellite.  This 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 and Position 

Profile_Time (all layer products) 

Units: TAI seconds 

Format: Float_64 

Valid Range: 4.203E8, 9.623E8 

Description: International Atomic Time (TAI) in elapsed seconds from January 1, 1993. Times reported in the 333 
m layer products are for the individual laser pulses from which the layer statistics were derived. Times 
reported in the 1 km layer products represent the temporal midpoint of the three laser pulses averaged to 
generate the 1 km horizontal resolution data. For all 5 km layer products, 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 (all layer products) 

Units: yymmdd.ffffffff 

Format: Float_64 

Valid Range: 60428.0, 230701.0 

Description: Coordinated Universal Time (UTC), formatted 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 (01 to 31), and 
ffffffff is the elapsed fraction of the data acquisition day. Times reported in the 333 m layer products are 
for the individual laser pulses from which the layer statistics were derived. Times reported in the 1 km layer 
products represent the temporal midpoint of the three laser pulses averaged to generate the 1 km 
horizontal resolution. For all 5 km layer products, 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. 

Day_Night_Flag (all layer products) 

Units: NoUnits 

Format: Int_8 

Valid Range: 0, 1 

Description: As CALIPSO approaches the terminator, the lidar is automatically reconfigured to adapt to changing 
lighting conditions that directly impact signal-to-noise (SNR) levels.  These changes occur at Sun-Earth-
Satellite (SES) angles of 95° (day to night) and 265° (night to day), corresponding to changes in lighting 
conditions at an altitude of Ḑ24 km above mean sea level. 0 indicates daytime measurement configuration, 
1 indicates nighttime.  

Profile_ID (all layer products) 

Units: NoUnits 

Format: Int_32 

Valid Range: 1, 228630 

Description: Unique profile identifier generated sequentially for each lidar level 1b profile.  Level 1b profile IDs are 
guaranteed to be unique within each granule but will not be unique over multiple granules.  The 333 m 
(single shot) layer products report the profile ID assigned to each pulse.  The 1 km products report the 
profile ID of the first of the three consecutive laser pulses averaged to create data at 1 km horizontal 
resolution.  The 5 km layer products report the profile IDs for the first and last of the 15 consecutive lasers 
pulses averaged to create each 5 km profile product data record. 

Latitude (all layer products) 

Units: degrees north 

Format: Float_32 

Valid Range: -90.0, 90.0 

Description: Geodetic latitude of the laser footprint on the Earth's surface. Latitudes reported in the 333 m layer 
products are for the individual laser pulses from which the layer statistics were derived. The latitudes 
reported in the 1 km layer products represent footprint latitude at the temporal midpoint of the three laser 
pulses averaged to generate the 1 km horizontal resolution. For the 5 km layer products, 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 final 
pulse.  

Longitude (all layer products) 

Units: degrees east 

Format: Float_32 
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Valid Range: -180.0, 180.0 

Description: Longitude of the laser footprint on the Earth's surface. Longitudes reported in the 333 m layer products 
are for the individual laser pulses from which the layer statistics were derived. The longitudes reported in 
the 1 km layer products represent footprint longitude at the temporal midpoint of the three laser pulses 
averaged to generate the 1 km horizontal resolution. For the 5 km layer products, 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 the 
final pulse. 

Scientific Data Sets: Column Optical Properties 

Column_Integrated_Attenuated_Backscatter_532 (all layer products) 

Units:  1/sr   

Format:  Float_32   

Valid range:  0.0, 2.0 

Dimensions:  number of profiles × 1 

Fill value: -9999 

Flag Values:  ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The integral with respect to altitude of the 5 km horizontal average (15 shots) of the profiles of 532 
nm total attenuated backscatter coefficients reported in the CALIOP level 1b product. The limits of 
integration are from the onset of the backscatter signal at Ḑ40 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 (all layer products) 

Units:  NoUnits   

Format:  Float_32   

Valid range:  0.0, 1.0 

Dimensions:  number of profiles × 1 

Fill value: -9999 

Flag Values:  ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The cumulative probability of measuring a 532 nm total column integrated attenuated backscatter 
ό5ɹ32) value equal to the value computed for the current profile. For any profile, the limits of integration 
ŦƻǊ ʴ532 are from the first range bin in the profile, at Ḑ40 km, down to one range bin above the surface 
altitude specific by the CALIPSO DEM. Values in this field range between 0 and 1. Figure 1 shows the 
cumulative probability distribution compiled using all CALIOP ǎƛƴƎƭŜ ǎƘƻǘ ʴ532 measurements acquired 
between 2008-07-01 thru 2008-07-15.   
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Figure 1: Cumulative distribution of 532 nm single shot total column integrated attenuated backscatter 

Column_Optical_Depth_Cloud_532 (all 5 km layer products) 

Units:  NoUnits   

Format:  Float_32   

Valid range:  0.0, 25.0 

Dimensions:  number of profiles × 1 

Fill value: -9999 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
 ς333.0 failed extinction retrieval within a column 
 ς444.0 suspicious/incomplete single-shot cloud clearing within a column 

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

Column_Optical_Depth_Cloud_Uncertainty_532 (all 5 km layer products) 

Units:  NoUnits   

Format:  Float_32   

Dimensions:  number of profiles × 1 

Fill value: -9999 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
 ς333.0 failed extinction retrieval within a column 
 ς444.0 suspicious/incomplete single-shot cloud clearing within a column 

Description:   Estimated uncertainty in the Column Optical Depth Cloud 532 parameter calculated using   
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 Lƴ ǘƘƻǎŜ ǊŀƴƎŜ ōƛƴǎ ŦƻǊ ǿƘƛŎƘ ʲόȊnύ ƛǎ ŀ Ŧƛƭƭ ǾŀƭǳŜ όƛΦŜΦΣ ƴƻ ŦŜŀǘǳǊŜ ŘŜǘŜŎǘŜŘύΣ ʲόȊn) is set to 0 prior to computing 

pɹ ŀƴŘ ɲʴp. 

pS and pSD are, respectively, the backscatter-weighted column mean lidar ratio and its uncertainty, 

calculated for non-ȊŜǊƻ ǾŀƭǳŜǎ ƻŦ ʲόȊn) as follows. 
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Column_Optical_Depth_Tropospheric_Aerosols_532 (all 5 km layer products) 

Column_Optical_Depth_Tropospheric_Aerosols_1064 (all 5 km layer products) 

Units:  NoUnits   

Format:  Float_32   

Valid range:  0.0, 3.0 

Dimensions:  number of profiles × 1 

Fill value: -9999 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
 ς333.0 failed extinction retrieval within a column 
 ς444.0 suspicious/incomplete single-shot 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 1064 nm tropospheric aerosol extinction coefficients reported in 
the CALIPSO 5 km Aerosol Profile Products from the uppermost range bin to the lowest range bin in which 
tropospheric aerosols are identified.  At both wavelengths, total column aerosol optical depth (AOD) is the 
sum of the tropospheric and stratospheric column AODs. 

Column_Optical_Depth_Tropospheric_Aerosols_Uncertainty_532 (all 5 km layer products) 

Column_Optical_Depth_Tropospheric_Aerosols_Uncertainty_1064 (all 5 km layer products) 

Units:  NoUnits   

Format:  Float_32   

Dimensions:  number of profiles × 1 

Fill value: -9999 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
 ς333.0 failed extinction retrieval within a column 
 ς444.0 suspicious/incomplete single-shot cloud clearing within a column 

Description:   Estimated uncertainty in, respectively the Column Optical Depth Tropospheric Aerosol 532 and 
Column Optical Depth Tropospheric Aerosol 1064 parameters, calculated according to equations 1 through 
5 above.   
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Column_Optical_Depth_Stratospheric_Aerosols_532 (all 5 km layer products) 

Column_Optical_Depth_Stratospheric_Aerosols_1064 (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 25.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
 ς333.0 failed extinction retrieval within a column 
 ς444.0 suspicious/incomplete single-shot cloud clearing within a column 

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

Column_Optical_Depth_Stratospheric_Aerosols_Uncertainty_532 (all 5 km layer products) 

Column_Optical_Depth_Stratospheric_Aerosols_Uncertainty_1064 (all 5 km layer products) 

Units:  NoUnits   

Format:  Float_32   

Dimensions:  number of profiles × 1 

Fill value: -9999 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
 ς333.0 failed extinction retrieval within a column 
 ς444.0 suspicious/incomplete single-shot cloud clearing within a column 

Description:  Estimated uncertainty in, respectively the Column Optical Depth Stratospheric Aerosol 532 and 
Column Optical Depth Stratospheric Aerosol 1064 parameters, calculated according to equations 1 through 
5 above.   

Column_Particulate_Optical_Depth_Above_Opaque_Water_Cloud_532 (all layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 3.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
 ς33.33 failed retrieval 

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

Column_Particulate_Optical_Depth_Above_Opaque_Water_Cloud_Uncertainty_532 (all layer products) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
 ς33.33 failed retrieval 

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

Column_Feature_Fraction (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 1.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The fraction of the 5-km horizontally averaged profile, between 30 km and the DEM surface elevation, 
which has been identified as containing a feature (i.e., either a cloud, an aerosol, or a stratospheric layer) 
at 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 surface in columns with total particulate optical 
depths less than Ḑ5. (Note that this value considers the contribution of multiple scattering.)  In opaque columns 
(i.e., when the column backscatter signal is totally attenuated before the 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ Ŏŀƴ be detected), the 
reported άcolumnέ optical depths do not characterize the full vertical column, but instead report the integral of 
the particulate extinction coefficients from Ḑ30 km down to the apparent base of the lowest feature observed. In 
the layer products, the opacity of any column can be determined by inspecting the opacity flag of the lowest 
detected layer.  Values of 1 indicate that the lowest detected layer in the column is classified as opaque. 

Extinction QC: The extinction QC values in the column should be examined to determine if any of the cloud or 
aerosol extinction retrievals either failed or converged under suspicious circumstances.  Low quality extinction 
retrievals in overlying layers can degrade the reliability of all extinction retrievals in the layers below (Young & 
Vaughan, 2009).  For transparent layers, constrained retrievals (extinction QC = 1) yield the highest quality 
solutions.  Solutions for which the final lidar ratio is unchanged from the initial estimate (extinction QC = 0) also 
generate physically plausible solutions.  On 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 Subtypes: Irrespective of the extinction QC flag, extinction solutions for features with low 
magnitude cloud-aerosol discrimination (CAD) scores (e.g., μ/!5μ Җ нлύ or άǎǇŜŎƛŀƭέ /!5 scores should be regarded 
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.  Similarly, uncertain aerosol 
type classifications lead to increased uncertainties in the lidar ratios and hence lower confidence in the extinction 
retrievals. 

Cloud phase: The extinction solutions in columns containing clouds predominately composed of horizontal oriented 
ice (HOI) crystals are likely to be highly unreliable.  The anomalously high backscatter generated by HOI clouds, 
coupled with very low skill in selecting an appropriate lidar ratio for these clouds, frequently yields very large 
overestimates of cloud extinction coefficients and optical depths (e.g., Mioche et al., 2010). 

Scientific Data Sets: Column QA Information 

Calibration_Altitude_532 (all 5 km layer products) 

Units: km 

Format: Float_32 

Valid Range: 0.0, 40.0 

Fill Value: -9999.0 
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Description: Top and base altitudes, above mean sea level, of the region of the atmosphere used for calibrating the 
532 nm parallel channel.  Note that while the nighttime values in this SDS are both constant (top = 39 km, 
base = 36 km) and correct, daytime values are erroneous, as they simply replicate the nighttime values. 

FeatureFinderQC (all 5 km layer products) 

Units: NoUnits 

Format: UInt_16 

Valid Range: 0, 32767 

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

Normalization_Constant_Uncertainty (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 1.0 

Fill Value: -9999.0 

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

Scientific Data Sets: Layer Spatial Properties 

Layer_Top_Altitude (all layer products) 

Layer_Base_Altitude (all layer products) 

Units: km 

Format: Float_32 

Valid Range: -0.5, 8.2 (333mMLay); -0.5, 20.1 (1kmCLay); -0.5, 30.1 (5kmALay, 5kmCLay, 5kmMLay) 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:    Fundamentals of the CALIOP layer detection algorithm are explained in detail in Vaughan et al., 2009, 
with subsequent enhancements described in Vaughan et al., 2010 (aerosol base extension), Tackett et al., 
2021 (smoke base refinements), and Tackett et al., 2022 (boundary layer cloud clearing). 

The layer top and base altitudes detected by this scheme are reported in units of kilometers above mean 
sea level. Because CALIOP does onboard data averaging to reduce downlink data volume, and because the 
amount of averaging varies with altitude (Hunt et al., 2009), the precision of the layer boundaries 
determination is itself a function of altitude.  In the lower troposphere, between -0.5 km and Ḑ8.2 km, the 
vertical resolution of the lidar is 30 m. In the upper troposphere, between Ḑ8.2 km to Ḑ20.2 km, the vertical 
resolution is 60 m.  In the lower stratosphere, between Ḑ20.2 km to Ḑ30.1 km the vertical resolution is 
180-meters.  Above Ḑ30.1 km and below ς0.5 km, the vertical resolution is 300 m. 

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

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

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

c. Features become increasingly difficult to detect with increasing optical depth above feature top. Put 
another way, detection of the lower layers in a multi-layer scene is made more difficult by the signal 
losses that occur as the laser light passes through the upper layers. (In a sense, this is a restatement of 
(a), since the backscatter intensity of secondary features is reduced from what it otherwise might be 
by the signal attenuation caused by the overlying features.)  In the 5 km layer products, the signal 
attenuation can be calculated directly using the ΨOverlying Particulate Optical Depth 532Ω {5{; e.g., for 
an overlying optical depth of ̱ Ґ 1 ƛƴ ŀ ŦŜŀǘǳǊŜ ƘŀǾƛƴƎ ŀ ƳǳƭǘƛǇƭŜ ǎŎŀǘǘŜǊƛƴƎ ŦŀŎǘƻǊ ƻŦ ʹ Ґ мΣ the signal is 
attenuated by a factor of exp(-2ẗ́ṯ̈) = 0.135.  In the 333 m and 1 km products, the ΨOverlying Integrated 
Attenuated BackscatterΩ and ΨLayer Integrated Attenuated Backscatter QA FactorΩ {5{ǎ serve as optical 
depth proxies, and thus allow qualitative assessments of the confidence that users should assign to the 
reported layer properties. 

d. In general, our confidence in the location of the top of a layer is somewhat greater than our confidence 
in the location of the base of the same layer. For transparent features, one reason for this is that the 
backscatter signal is attenuated by traversing the feature, thus degrading the potential contrast 
between feature and "non-feature" at the base. Additionally, in strongly scattering layers, multiple 
scattering effects and signal perturbations introduced by the non-ideal transient response of the 532 
nm detectors (Hunt et al., 2009) can also make base determination less certain. 

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

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

g. Stratospheric features reported during daylight ς especially those reported above 20 km between 60°N 
and 60°S ς are often noise artifacts and should be treated with suspicion. These false-positive feature 
detections typically have no confidence CAD scores (|CAD| < 20) and are often misclassified as volcanic 
ash (Tackett et al., 2023). 

Horizontal_Averaging (all 5 km layer products) 

Units: km 

Format: Int_8 

Valid Range: 5, 80 

Fill Value: 0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The amount of horizontal averaging required for a feature to be detected. The values in this field will 
be either 0, 5, 20, or 80, with 0 being a fill value.  The remaining values indicate features detected at, 
respectively, 5 km, 20 km, and 80 km horizontal averaging intervals. 
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Number_Layers_Found (all layer products) 

Units: NoUnits 

Format: Int_32 

Valid Range:  333mMLay = 0ς5 

  5kmALay = 0ς8 

  1kmCLay, 5kmCLay = 0ς10 

  5kmMLay, 5kmDiag = 0ς15 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The number of layers found in a column; cloud layer products report (only) the number of cloud 
layers found, aerosol layer products report (only) the number of aerosol layers found, and the merged layer 
products report the numbers of cloud and aerosol layers found. Interpretation of the number of layers 
found parameter is straightforward for the 1 km and 333 m layer products: individual layers are always 
separated by regions of "clear air", and layer boundaries never overlap in the vertical dimension. However, 
this simplicity of interpretation does not always carry over into the 5 km cloud and aerosol layer products. 
CALIPSO uses a nested multi-grid feature finding algorithm (Vaughan et al., 2009), and thus the search for 
layer boundaries is conducted independently at multiple horizontal averaging resolutions. While the 1 km 
and 333 m layer products report only those features detected at, respectively, averaging resolutions of 1 
km and 1/3 km, the 5 km products report layers detected at multiple averaging resolutions (5 km, 20 km, 
and 80 km). Because the reporting resolution (5 km) is not always identical to the detection resolution, 
layers may appear to overlap in the vertical dimension.  

Figure 2 shows a wholly fictitious but heuristically useful schematic of layer detection results for a data 
segment extending 80-km horizontally and 465-m vertically. Yellow/orange/brown colors indicate an 
aerosol layer detected at horizontal averaging resolutions of, respectively, 80, 20 or 5 km. Shades of blue 
likewise represent clouds detected at 80, 20, and 5 km resolutions. The white regions are (presumably) 
clear air, where no features were found. The labeled rows at the bottom indicate the 'number of layers 
found' that will be reported in the cloud and aerosol layer products for each 5 km column. In column 16, 
the layer labeled F5 (top altitude = 0.285 km, base altitude = 0.165 km) appears to vertically overlap F6 
(top altitude = 0.255 km, base altitude = 0.135 km), which in turn appears overlap F7 (top altitude = 0.225 
km). However, F5 was detected at an averaging resolution of 5-km, and hence the backscatter data that 
comprises F5 is removed from consideration before construction the 20-km horizontally averaged profile 
in which F6 was detected. Similarly, the backscatter data from both F5 and F6 were removed from 
consideration before constructing the 80-km averaged profile in which F7 was detected. Layers detected 
at higher spatial resolutions are thus seen to overwrite, rather than overlap apparently collocated layers 
detected at coarser spatial resolutions. One strategy for accommodating these vertically adjacent features 
is described in Thorsen et al., 2013. 
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Figure 2: Diagram illustrating the interpretation of the Ψnumber of layersΩ parameter.  Detected features are 
enumerated (F1 through F8) and color coded according to feature type and averaging required for detection Note 
that layers detected at different horizontal averaging resolutions can be vertically adjacent to one another (e.g., 
F5, F6, and F7).  If these layers are classified as the same type (e.g., all three are classified as dust), it may be 
appropriate to consider each feature as a fragment of a larger structure rather than as discrete layers. 

High_Resolution_Layers_Cleared (all 5 km layer products) 

Units: NoUnits 

Format: UInt_16 

Valid Range: 0, 32767 

Description:   Bit-mapped integer identifying which single-shot resolution columns in a 5-km average contain clouds 
detected and removed by the single-shot boundary layer cloud-clearing algorithm (Vaughan et al., 2009; 
Tackett et al., 2022). The flags are implemented as 16-bit integers, with the most significant bit unused. 

For example, if clouds are removed in the 1st, 2nd, and 3rd columns (ordered chronologically) but not in any 
of the other columns, the high resolution layers cleared would be ΨлллллллллллллмммΩ όƛΦŜΦΣ 7 in decimal 
notation).  

Single_Shot_Cloud_Cleared_Fraction (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 1.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Layers detected in the planetary boundary layer (PBL) are subjected to an additional cloud clearing 
procedure to separate small-scale boundary layer clouds from any surrounding PBL aerosols at the highest 
possible spatial resolution (i.e., single shot data; see Vaughan et al., 2009 and Tackett et al., 2022). The 
single shot cloud cleared fraction reports the fraction of the nominal layer area (i.e., horizontal averaging 
distance times layer height) that was removed by the cloud clearing process. 
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Was_Cleared (333mMLay) 

Units: NoUnits 

Format: Int_8 

Valid Range: 0, 1 

Fill Value: -127 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Single shot layers that were cleared (i.e., removed) by the boundary layer cloud-clearing algorithm 
(Vaughan et al., 2009; Tackett et al., 2022) prior to reaveraging the surrounding data for further feature 
searches; 0 = not cleared, 1 = cleared. 

Decoupled_Layer_Type (333mMLay, 5kmALay, 5kmCLay, 5kmMLay, 5kmDiag) 

Decoupled_Layer_Status (5kmALay, 5kmCLay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Int_8 

Valid Range: -1, 9 (Type); -1, 10 (Status) 

Fill Value: -127 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Quality assurance parameters used to document the outcome of the revised boundary layer cloud 
clearing (BLaCC) algorithm (see Figure 5) first implemented in the V4.51 release (Tackett et al., 2022).  The 
Ψ5ŜŎƻǳǇƭŜŘ [ŀȅŜǊ ¢ȅǇŜΩ (see Table 2) identifies the specific path within the BLaCC algorithm that 
determines the mechanism for partitioning clouds and aerosols within boundary layer features.  The 
Ψ5ŜŎƻǳǇƭŜŘ [ŀȅŜǊ {ǘŀǘǳǎΩ (see Table 3) assigns a BLaCC classification to each layer. 

 ²ƛǘƘƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ /![LhtΩǎ ƭŀȅŜǊ ŘŜǘŜŎǘƛƻƴ ǎŎƘŜƳŜΣ άCŜŀǘǳǊŜǎ ŀǊŜ ŎƻƳǇƻǎŜŘ ƻŦ ŀ ƎŜƴŜǊƛŎ ǎǳōǎǘŀƴŎŜ 
called particulates and are defined as any extended, vertically contiguous region of enhanced backscatter 
that rises significantly above the signal magnituŘŜ ŜȄǇŜŎǘŜŘ ŦǊƻƳ ŀ ǇǳǊŜƭȅ ƳƻƭŜŎǳƭŀǊ ŀǘƳƻǎǇƘŜǊŜΦέ 
(Vaughan et al., 2009) An unspoken assumption in this definition is that the features being identified are 
vertically homogeneous, irrespective of whether they are subsequently classified as clouds or aerosols.  
Recognizing the fallacy of this assumption, the boundary layer cloud clearing algorithm was designed 
specifically to identify and decompose heterogeneous features with layer tops below a somewhat arbitrary 
upper bound of 4 km AMSL.  The conceptual model used in designing the initial iteration of this algorithm 
was the presence of small-scale fair weather cumulus embedded within ubiquitous boundary layer 
aerosols.  After making corrections to adapt the prelaunch implementation to on-orbit measurements 
(Vaughan et al., 2010), the original algorithm performed as expected in the vast majority of cases.  But it 
consistently failed in cases where dense aerosol plumes lay immediately above extended stratus decks.  
Figure 3 illustrates this phenomenon with an example of dust lofted above opaque stratus measured in the 
middle of the Atlantic Ocean on 15 June 2013.  The left panel shows a time history of 532 nm attenuated 
backscatter coefficients.  The right panel shows a 5 km averaged profile extracted at the vertical line shown 
in the left panel.  From the top of the dust layer, just above 4 km, to the apparent base of the stratus cloud, 
just below 1 km, the measured backscatter signal never falls below the detection threshold, hence this 
dust-over-stratus combination is considered to be a single feature.  Because the stratus deck is detected in 
all 15 single shot profiles used to construct the 5 km average, earlier versions of the BLaCC algorithm 
assumed the feature is a cloud and hence did not attempt to separate the cloud from the aerosol.  
However, further along in the processing chain, the CAD algorithm will frequently identify these 
heterogenous features as aerosol. The malign consequence of this miscommunication between the two 
algorithms is that cloud contamination causes the resulting aerosol extinction retrievals to be biased 
unacceptably high. While the occurrence frequency of these heterogenous features is low, affecting Ḑ2.7% 
of all boundary layer features detected at 5 km resolution, the subsequent perturbation to the high end of 
the aerosol extinction distribution is enormous. 
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Figure 3: left panel shows a time history of dust lofted above opaque stratus measured 15 June 2013.  The vertical 
line in the left panel marks the location of the 5 km (15 shot) averaged profile shown in the right panel.  The right 
panel shows the averaged data in green and the layer detection threshold in orange.  The magnitude of the data 
first rises continuously above the threshold at the top of the dust layer and remains above the threshold until the 
signal becomes totally attenuated at the base of the stratus layer.  Consequently, two distinct, vertically adjacent 
layer types are identified as being a single feature. 

To remedy the clash of feature classifications between the BLaCC and CAD algorithms, the CALIPSO lidar 
science working group (LSWG) substantially redesigned the BLaCC for the V4.51 release (Tackett et al., 
2022).  In doing so, the LSWG introduced the following new descriptive terminology. 

¶ ! άMother Layerέ is a boundary layer feature originally detected at 5-km resolution and in which clouds 
are subsequently detected by the BLaCC in all 15 single shot profiles.  The heterogenous feature shown 
in the right panel of Figure 3 is an example of a mother layer. 

¶ .ŜŎŀǳǎŜ ƳǳƭǘƛǇƭŜ ŎƭƻǳŘǎ Ŏŀƴ ōŜ ŘŜǘŜŎǘŜŘ ƛƴ ŀƴȅ ǎƛƴƎƭŜ ǎƘƻǘ ǇǊƻŦƛƭŜ ǿƛǘƘ ŀ ƳƻǘƘŜǊ ƭŀȅŜǊΣ ŀ άCǳǎŜŘ [ŀȅŜǊέ 
is created by first identifying the highest CAD score among all clouds detected in each single shot 
profile.  The top altitude of the fused layer is then set equal to the highest top altitude found within 
this subset of 15 clouds.  The fused layer base altitude is set equal to the base of the mother layer.  
Finally, the backscatter data in the 15-shot horizontal extent bounded vertically by the fused layer top 
and base are then άŦǳǎŜŘέ ƛƴǘƻ ŀ ƴŜǿ 5 km layer that, by definition, is classified as a cloud.  The stratus 
portion of the heterogenous feature shown in the right panel of Figure 3 is an example of a fused layer. 

¶ ! άSevered Layerέ is created by separating the fused layer from the mother layer so that the original 
heterogenous feature detected at 5-km resolution is partitioned into a fused layer and an overlying, 
vertically adjacent severed layer.  In the right panel of Figure 3, the severed layer would extend from 
the top of the overlying dust layer to one range bin above the top of the stratus cloud below. 

Figure 4 shows a more complex conceptual diagram of a heterogenous feature in which annotations 
identify the mother layer, the fused layer, the severed layer, and all clouds and aerosols detected at single 
shot resolution.  Note that even though a fused layer is created, the severed layer can also contain single 
shot clouds.  While the BLaCC automatically and irrevocably classifies fused layers as clouds, it relies on an 
invocation of the CAD algorithm to classify the severed layer as either cloud or aerosol. 

Figure 5 illustrates the full complexity of this new addition to the BLaCC.  ¢ƘŜ Ψ5ŜŎƻǳǇƭŜŘ [ŀȅŜǊ ¢ȅǇŜΩ ŀƴŘ 
Ψ5ŜŎƻǳǇƭŜŘ [ŀȅŜǊ {ǘŀǘǳǎΩ ǇŀǊŀƳŜǘŜǊǎ identify the specific algorithm path that was followed and how the 
classification of the severed layer was determined. 

The modified algorithm successfully decouples layers containing single shot resolution clouds in every 
profile for the vast majority of those cases for which decoupling is appropriate. On rare occasions, layers 
can be classified as aerosol even though they 15 single-shot resolution clouds.  Although the occurrence 
frequency of these errors is very low (a per profile error rate less than 2.2 × 10 ς5 %), to further reduce cloud 
contamination of the aerosol retrievals, the LSWG implemented an extinction post-processor to identify 
these anomalous cases.  When an error is found, the optical depth and all extinction coefficients for the 
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erroneous layer are assigned a flag value of -444, as are all extinction coefficients in the 5 km column below 
the erroneous layer. 

 

Figure 4: Schematic of a 5 km scene illustrating fused layer determination by identifying the maximum CAD score 
assigned to layers detected within each single shot profile. CAD scores for the features selected to define the upper 
boundary of the fused layer are shown in white. 

 

Figure 5: Flow chart detailing the updates to the boundary layer cloud clearing algorithm. Assignments of 
decoupled layer status are indicated by circled numbers (0ς8).  Decoupled layer type definitions are given in bold 
red type. 

Table 2: Interpretation for the integers reported in the Decoupled Layer Type SDS 

Type  Decoupled Layer Type Definition 

-1  Not applicable (fill value) 

0 Layer is not in the boundary layer (not used in V5.00) 
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Type  Decoupled Layer Type Definition 

1 Is mother layer; not partitioned 

2  Is truncated mother layer; top altitude revised downward (lower) 

3  
Fused cloud separated from a mother layer; layer type determined 
by the BLaCC criteria 

4  
Severed cloud separated from a mother layer; layer type 
determined by the BLaCC criteria 

5  
Severed aerosol separated from a mother layer; layer type 
determined by the BLaCC criteria 

6 
Severed layer separated from a mother layer; layer type determined 
by the CALIOP CAD algorithm 

7 Severed layer: clouds detected in all single shot profiles 

8 Unused 

9 BLaCC algorithm error 

Table 3: Interpretation for the integers reported in the Decoupled Layer Status SDS 

Status  Decoupled Layer Status Definition 

-1  Not applicable (fill value) 

0 Detected mother layer is not in the boundary layer 

1 
Fused layer top too close to mother layer top; delete fused layer, retain original 
mother layer 

2  
Severed layer is not recognized as a legitimate feature; retain fused layer, 
delete mother layer and severed layer 

3  
Severed layer is base is above PBL; retain fused and severed layers, delete 
mother layer 

4  
No clouds detected at single shot resolution with a severed layer; retain fused 
and severed layers, delete mother layer 

5  
Severed layer classified as cloud after removing clouds detected at single shot 
resolution; retain fused and severed layers, delete mother layer 

6 
Severed layer classified as aerosol; single shot detections within severed 
aerosol layer are not confidently classified as clouds; redefine all single shot 
detections as aerosols; retain fused and severed layers, delete mother layer 

7 
Severed layer classified as aerosol; single shot detections within severed 
aerosol layer are confidently classified as clouds; delete fused and severed 
layers, retain mother layer 

8 
Detected mother layer is not the uppermost mother layer in the boundary 
layer 

9 BLaCC algorithm completed with errors 

10 BLaCC algorithm failed 

 

Unique_Layer_ID (all 5 km layer products) 

Units: NoUnits 
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Format: Int_32 

Valid Range: 1, 83475 

Fill Value: -9999 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Unique integer assigned for each layer detected within a granule at 5-km or coarser resolution (i.e., 
at all resolutions for which layer optical properties are retrieved). Numbering begins at 1 in each granule.  
Values are replicated as necessary, so that in the 5 km layer products, the unique layer ID for a layer 
detected at 80 km resolution could appear as many as 16 times.  Unique layer IDs are also reported in the 
CALIOP profile products, thus allowing direct two-way mapping between the altitude-resolved data 
reported in the profile products and the integrated feature statistics reported in the layer products.  The 
numbering of unique layers restarts anew at 0 for each granule. 

Number_Bins_Shift (333mMLay, 01kmCLay) 

Units: NoUnits 

Format: Int_32 

Valid Range: -8, 8 

Description: Number of 30-meter altitude bins shifted by the altitude registration algorithm to achieve the best 
ƳŀǘŎƘ ōŜǘǿŜŜƴ ŀǇǇŀǊŜƴǘ a{[ ƛƴ ǘƘŜ ƳŜŀǎǳǊŜŘ ǇǊƻŦƛƭŜ ŀƴŘ a{[ ƛƴ /![LhtΩǎ ŦƛȄŜŘ ŀƭǘƛǘǳŘŜ ŀǊǊŀȅΦ  In the 
altitude registration process, ǘƘŜ ōƛƴ ǎƘƛŦǘ ǊŜǉǳƛǊŜŘ ǘƻ ǊŜƎƛǎǘŜǊ ǘƘŜ ƳŜŀǎǳǊŜŘ Řŀǘŀ ǘƻ /![LhtΩǎ ŦƛȄŜŘ ŀƭǘƛǘǳŘŜ 
grid is designated as positive whenever MSL in the measured data is higher than MSL in the fixed altitude 
grid.  Similarly, whenever MSL in the measured data is lower, the bin shift is designated negative.  A 
schematic of the bin shifting geometry is shown in Figure 6. For measured off-nadir angles very near the 
commanded CALIOP off-nadir angle, the Number of Bins Shifted is approximately equal to round(Surface 
Altitude Shift / (0.029979 × cos(off-nadir angle))) (units = km). 

 

Figure 6: schematic view of the bin shifting that occurs in the CALIOP altitude registration process. 

Scene_Flag (all layer products) 

Units: NoUnits 

Format: Int_32 

Fill Value: -9999 
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Description: Bit mapped 32-bit integer in which individual bits are toggled to indicate the detection, at any 
averaging resolution, of specific atmospheric feature types within each 5 km column.  The interpretations 
of the scene flag bits are given in Table 4. 

Table 4: bit interpretation for the integers reported in the Scene Flag SDS. Bit 0 is the least significant bit. 

Bit  Interpretation 

0 Tropospheric aerosol, subtype = marine 

1 Tropospheric aerosol, subtype = dust 

2 Tropospheric aerosol, subtype = polluted continental/smoke 

3 Tropospheric aerosol, subtype = clean continental 

4 Tropospheric aerosol, subtype = polluted dust 

5 Tropospheric aerosol, subtype = elevated smoke 

6 Tropospheric aerosol, subtype = dusty marine 

7 Stratospheric aerosol, subtype = polar stratospheric aerosol 

8 Stratospheric aerosol, subtype = volcanic ash 

9 Stratospheric aerosol, subtype = sulfate 

10 Stratospheric aerosol, subtype = elevated smoke 

11 Stratospheric aerosol, subtype = unclassified 

12 Column has ROI phase clouds at any resolution 

13 Column has HOI phase clouds at any resolution 

14 Column has water phase clouds at any resolution 

15 Column has unknown phase clouds at any resolution 

Scientific Data Sets: Layer Meteorological Parameters 

Layer_Top_Pressure (all layer products) 

Midlayer_Pressure (all layer products) 

Layer_Base_Pressure (all layer products) 

Units: hPa 

Format: Float_32 

Valid Range: 1.0, 1086.0 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Atmospheric pressures at, respectively, the top, geometric midpoint, and base of the layer in the 
vertical dimension; derived from the MERRA-2 meteorological reanalysis products. 

Layer_Top_Temperature (all layer products) 

Layer_Centroid_Temperature (333mMLay, 1kmCLay, 5kmCLay, 5kmMLay, 5kmDiag) 

Midlayer_Temperature (all layer products) 

Layer_Base_Temperature (all layer products) 

Units: °C 

Format: Float_32 

Valid Range: -110.0, 60.0 
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Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Temperature at, respectively, the top, the 532 nm total attenuated backscatter centroid altitude, the 
geometric midpoint, and the base of the layer in the vertical dimension; derived from the MERRA-2 
meteorological reanalysis products. The 532 nm total attenuated backscatter centroid altitude is reported 
in the Attenuated_Backscatter_Statistics_532 SDS. 

Relative_Humidity (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 1.5 

Fill Value: -9999.0  

Description: Relative humidity at the geometric midpoint of the layer in the vertical dimension; derived from the 
MERRA-2 meteorological reanalysis products. 

Scientific Data Sets: Layer Measured Optical Properties 

Integrated_Attenuated_Backscatter_532 (all layer products) 

Integrated_Attenuated_Backscatter_1064 (all layer products) 

Units: 1/sr 

Format: Float_32 

Valid Range: 0.0, 1.8 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The 532 nm and млсп ƴƳ ƛƴǘŜƎǊŀǘŜŘ ŀǘǘŜƴǳŀǘŜŘ ōŀŎƪǎŎŀǘǘŜǊǎ όʴ532 ŀƴŘ ʴ1064) are calculated for each 
layer by integrating the profiles of total attenuated backscatter coefficients from layer top to layer base.  
Prior to integration, the backscatter data are corrected for wavelength-specific signal attenuation by any 
overlying layers.  At 532 nm, the contribution to the integral made by molecular scattering from within a 
ƭŀȅŜǊ ƛǎ ŜǎǘƛƳŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ΨŎƭŜŀǊ ŀƛǊ ǘǊŀǇŜȊƻƛŘΩ ǘŜŎƘƴƛǉǳŜ ŘŜǎŎǊƛōŜŘ ƛƴ Vaughan et al., 2010.  Since 
molecular backscatter is a factor of Ḑ17 time weaker at 1064 nm than at 532 nm, and because the SNR in 
the 1064 nm channel is notably lower than at 532 nm (Pauley et al., 2019), clear air trapezoid corrections 
are not deemed useful or necessary when calculating ɹ1064. 

!ǘ рон ƴƳΣ ǘƘŜ ǉǳŀƭƛǘȅ ƻŦ ǘƘŜ ʴ532 estimate in the uppermost layer in any column is a function of the 
accuracy of the top and base identification, uncertainties in the backscatter coefficients at the top and the 
base, the reliability of the 532 nm channel calibrations, and the signal-to-noise ratio (SNR) of the 
ōŀŎƪǎŎŀǘǘŜǊ Řŀǘŀ ǿƛǘƘƛƴ ǘƘŜ ƭŀȅŜǊΦ CƻǊ ƭŀȅŜǊǎ ōŜƴŜŀǘƘ ǘƘŜ ǳǇǇŜǊƳƻǎǘΣ ǘƘŜ ǎƛƎƴŀƭǎ Ƴǳǎǘ ōŜ άǊŜƴƻǊƳŀƭƛȊŜŘέ 
to account for attenuation caused by the overlying layers (Young & Vaughan, 2009).  In practice this means 
that once an extinction solution has been obtained for a layer, all attenuated backscatter coefficients below 
the layer base are divided by the two-way particulate transmittance, T2

p,532, computed for the layer.  As a 
result, the quality of the ɹ 532 calculation for lower layers also depends on the accuracy T2

p,532 for all 
overlying layers. The most reliable T2

p,532 estimates come from constrained solutions to the lidar equation 
(Young & Vaughan, 2009).  Uncertainties in estimates of overlying T2

p,532 derived from unconstrained 
solutions will be further amplified by uncertainties in the choice of the lidar ratio(s) and multiple scattering 
factor(s) used in the extinction solutions for the overlying layer(s) (Young et al., 2013). 

The effects of errors caused by misestimating T2 can increase sharply as the optical thickness above a layer 
increases: small errors in large optical depths can yield substantial errors in the renormalization of the 
underlying features.  For the 5 km layer products, the CALIOP processing scheme always attempts to 
correct estimates of ɹ 532 for the attenuation imparted by previously identified overlying features. As a 
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consequence, we will occasionally report unrealistically large values for ɹ 532 in the 5 km layer products.  
These cases are flagged with a special CAD score of 103. However, because extinction solutions are only 
derived for data averaged to a 5-km (or greater) resolution, the ɹ 532 values reported in the 1 km and 333 
m layer products are not corrected for the signal attenuation effects imparted by overlying layers.  

The values reported for ɹ 532 should always be positive, and for the results derived directly from the layer 
detection algorithm (i.e., as reported in the 1 km and 333 m layer products) this is always true.  However, 
in the 5 km products there are two exceptions.  First, for layers detected at 5 km resolution only, there are 
some anomalous cases where negative values occur due to unresolved cloud clearing artifacts.  These cases 
are flagged with a special CAD score of ς101 and are extremely rare; there are 238 instances among all 
732,601,646 unique layers reported in 5 km merged layer products for the whole mission.  Layers with CAD 
scores of ς101 should be excluded from all science investigations. 

The second exception is for layers detected after averaging to 20 km or 80 km horizontally, where negative 

5ɹ32 values can arise when overlying layers detected at finer spatial resolutions have vastly different optical 
depths.  Negatives can occur because this situation leads to very different weightings (i.e., different 
renormalization factors) of the reaveraged data originally included in the 20 km or 80 km horizontal extent.  
These layers are assigned a special CAD score of 105 and occur slightly more often than layers with CAD 
scores ς101 (14,477 instances among all 732,601,646 unique layers).  While the spatial properties of CAD 
= 105 layers may be trustworthy, all measured and derived optical properties for these layers are unreliable 
and should be ignored. In evaluating the reliability of the spatial properties of these layers, users should 
carefully consider the layer IAB QA factor.  

CƻǊ ʴ1064, measurement quality in the uppermost layer is governed by many of ǘƘŜ ǎŀƳŜ ŦŀŎǘƻǊǎ ŀǎ ʴ532; 
i.e., the accuracy of the top and base identification, the reliability of the 1064 nm calibration constant, and 
by the signal-to-noise ratio (SNR) of the backscatter data within the layer. However, unlike at 532 nm, 
because the molecular backscatter signal is so faint, reliable estimates of T2

p,1064 cannot be derived from an 
analysis of the 1064 nm backscatter signal in (assumed to be) clear air regions, and thus the 
T2

p,1064 corrections for the attenuation from overlying layers are always obtained from extinction solutions 
that use prescribed values of lidar ratio and multiple scattering factor. Once again similar to 532 nm, no 
T2

p,1064 corrections are applied to the ɹ 1064 values reported in the 1 km and 333 m layer products. 
Furthermore, because the CALIOP layer detection algorithm examines only the 532 nm backscatter signals 
at all resolutions other than single shot (Vaughan et al., 2009), negative (i.e., non-physical) values may 
occasionally be reported for ɹ 1064 in the 1 km and 5km resolutions of the layer products. Unlike the layers 
for which ɹ 532 is negative, layers with negative ɹ 1064 are not indicated by a special CAD score. Negative 
values of 1ɹ064 occur most often for very weakly scattering layers (e.g., faint aerosols) and in those layers 
for which the backscatter signal has been highly attenuated by other, overlying layers. 

Integrated_Attenuated_Backscatter_Uncertainty_532 (all layer products) 

Integrated_Attenuated_Backscatter_Uncertainty_1064 (all layer products) 

Units: 1/sr 

Format: Float_32 

Valid Range: 0.0, 0.5 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Estimated uncertainties for the 532 nm and 1064 nm integrated attenuated backscatter values. These 
uncertainties quantify the random error in the integral of the attenuation-corrected backscatter signal. The 
general procedure used for calculating uncertainties for integrated quantities is described in section 6 of 
the CALIPSO Feature Detection ATBD. 
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Initial_Integrated_Attenuated_Backscatter_532 (5kmDiag) 

Initial_Integrated_Attenuated_Backscatter_1064 (5kmDiag) 

Units: 1/sr 

Format: Float_32 

Valid Range: 0.0, 1.8 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The 532 nm and 1064 nm integrated attenuated backscatter (IAB) computed for each layer with no 
corrections applied for signal attenuation by overlying layers.  At 532 nm, these values are required for 
computing the άColumn Particulate Optical Depth Above Opaque Water Cloud 532έ parameter (Hu et al., 
2007).  The 1064 nm value is essential for retrieving estimates of 1064 nm above-cloud optical depths using 
the method outlined in Chand et al., 2008. 

Initial_Integrated_Attenuated_Backscatter_Uncertainty_532 (5kmDiag) 

Initial_Integrated_Attenuated_Backscatter_Uncertainty_1064 (5kmDiag) 

Units: 1/sr 

Format: Float_32 

Valid Range: 0.0, 0.5 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Estimated uncertainties of the initial 532 nm and 1064 nm integrated attenuated backscatter values.  
These uncertainties quantify the random error in the integral of the 532 nm and 1064 nm backscatter 
signals. 

Attenuated_Scattering_Ratio_Statistics_532 (all layer products) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Attenuated scattering ratios are calculated by dividing a profile of measured attenuated backscatter 
coefficients by a profile of the molecular only attenuated backscatter coefficients derived from collocated 
atmospheric model data (e.g., MERRA-2).  The 532 nm attenuated scattering ratios are used extensively in 
the CALIOP layer detection algorithm.  This SDS reports the minimum, maximum, mean, standard 
deviation, centroid, and skewness coefficient of the 532 nm attenuated scattering ratio coefficients for 
each layer detected. Formulas used for each of the statistical calculations are given in section 6 of 
the CALIPSO Feature Detection ATBD. 

Attenuated_Backscatter_Statistics_532 (all layer products) 

Attenuated_Backscatter_Statistics_1064 (all layer products) 

Units: 1/(km · sr) 

Format: Float_32 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Reports the minimum, maximum, mean, standard deviation, centroid, and skewness coefficient of 
the 532 nm and 1064 nm total attenuated backscatter coefficients for each layer.  
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Integrated_Volume_Depolarization_Ratio (all layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 1.0 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:  The 532 nm layer integrated volume depolarization ratio (IVDR), calculated as the sum of the 
perpendicular channel attenuated backscatter coefficients divided by the sum of the parallel channel 
attenuated backscatter coefficients. The quality of the IVDR estimate is determined by the accuracy of the 
top and base identification, the reliability of the polarization gain ratio calibration, and by the signal-to-
noise ratios (SNR) of the two channels of backscatter data within the layer.  In general, IVDR estimates are 
highly reliable. Validation studies show that the CALIOP depolarization ratios agree well with coincident 
measurements by ground-based lidars (Tesche et al., 2013; Kim et al., 2014; Dai et al., 2018).  The 
integrated volume depolarization ratio is a key parameter used ǘƘǊƻǳƎƘƻǳǘ /![LhtΩǎ ƭŜǾŜƭ н ǎŎŜƴŜ 
classification algorithms (e.g., CAD, aerosol subtyping, and cloud thermodynamic phase). 

Integrated_Volume_Depolarization_Ratio_Uncertainty (all layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 2.0 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The uncertainties reported for the 532 nm layer-integrated volume depolarization ratios provide an 
estimate of the total random error in the combined backscatter signals (i.e., the 532 nm parallel and 
perpendicular signals within the feature). The specific formula used to generate this parameter is given by 
equation 6.11 in the CALIPSO Feature Detection ATBD. 

Volume_Depolarization_Ratio_Statistics (all layer products) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Reports the minimum, maximum, mean, standard deviation, centroid, and skewness coefficient of 
the altitude-resolved 532 nm volume depolarization ratios for each layer. The mean value reported here is 
the mean of the ratios, whereas the layer integrated value discussed previously is the ratio of the means. 

In regions with sufficient SNR, depolarization ratio accuracy will depend almost entirely on the accuracy of 
the polarization gain ratio calibration. Unfortunately, in other regions the physical interpretation of the 
volume depolarization ratios can be somewhat obscure. This is because each of the range resolved 
depolarization ratios within any layer is the ratio of two noisy measurements. Especially where feature 
backscattering is relatively weak, and in regions of low SNR, the measured values in both the numerator 
(the 532 nm perpendicular channel) and the denominator (the 532 nm parallel channel) can randomly and 
independently approach zero, which in turn can generate extremely large or extremely small (and even 
non-physical) depolarization ratios. When computing layer means, standard deviations, and centroids, 
these values can dominate the calculation and thus return entirely unrealistic estimates. Consequently, 
when using volume depolarization ratios to characterize cloud and/or aerosol layers, the layer median and 
(especially) the layer integrated value are both more reliable metrics than the mean. 
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Integrated_Attenuated_Total_Color_Ratio (all layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 2.0 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The integrated attenuated total color ratio is the quotient of the integrals of the total attenuated 
backscatter coefficients at the two wavelengths (1064 nm / 532 nm) computed from layer top to layer 
base.  The 1064 nm term is identical to the 1064 nm integrated attenuated backscatter.  However, in the 
color ratio calculation the 532 nm term is not corrected for in-layer molecular backscatter contributions.  
The quality of the estimate is wholly determined by the quality of the two integrated backscatter terms. 
For the 5 km layer products, the attenuated backscatter coefficients used in the color ratio calculation are 
corrected for the estimated overlying two-way transmittance. No such correction is attempted for the 1 
km and 1/3 km values, as no extinction solution is computed at these resolutions. The integrated 
attenuated total color ratio is a key parameter used in the cloud-aerosol discrimination algorithm. 

Integrated_Attenuated_Total_Color_Ratio_Uncertainty (all layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 3.0 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The uncertainties reported for the layer-integrated attenuated total color ratios, which provides an 
estimate of the total random error in the combined backscatter signals (i.e., at 532 nm and 1064 nm). The 
specific formula to derive this parameter is given by equation 6.14 in the CALIPSO Feature Detection ATBD.  

Attenuated_Total_Color_Ratio_Statistics (all layer products) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Profiles of total attenuated backscatter color ratios are calculated by dividing the 1064 nm total 
attenuated backscatter coefficient by the 532 nm total attenuated backscatter coefficient at each CALIOP 
altitude bin.  This SDS reports the minimum, maximum, mean, standard deviation, centroid, and skewness 
coefficient of the total attenuated backscatter color ratios within each layer.  As with the 532 nm 
depolarization ratio statistics, the meaning of the various color ratio quantities can be somewhat 
misleading. Like the depolarization ratios, the attenuated total color ratios are produced by dividing one 
noisy measurement by a second noisy measurement that, in turn, is the sum of two noisy measurements.  
Depending on the noise in any pair of samples, the resulting ratios can range from large negative values to 
extremely large positive values. When computing layer means, standard deviations, and centroids, these 
outliers can dominate the calculation, and thus return entirely unrealistic estimates.  As with the volume 
depolarization ratios, if/when total attenuated backscatter color ratios are used to characterize cloud 
and/or aerosol layers, the layer median and (especially) the layer integrated value are both more reliable 
metrics than the mean. 

Overlying_Integrated_Attenuated_Backscatter_532 (all layer products) 

Units: 1/sr 

Format: Float_32 
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Valid Range: 0.0, 2.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   For any layer, ƻǾŜǊƭȅƛƴƎ ƛƴǘŜƎǊŀǘŜŘ ŀǘǘŜƴǳŀǘŜŘ ōŀŎƪǎŎŀǘǘŜǊΣ ʴabove, is the integral with respect to 
altitude of the 532 nm total attenuated backscatter coefficients between the top of the atmosphere (TOA; 
i.e., the first range bin in any L1B profile) down to the range bin immediately above the layer top altitude.  

aɹbove provides a qualitative assessment of the layer boundary detection confidence that users can apply 
ǘƻ ŜŀŎƘ ƭŀȅŜǊ ǊŜǇƻǊǘŜŘΦ  Lƴ ƎŜƴŜǊŀƭΣ ŘŜǘŜŎǘƛƻƴ ŎƻƴŦƛŘŜƴŎŜ ŘƛƳƛƴƛǎƘŜǎ ŀǎ ʴabove ƛƴŎǊŜŀǎŜǎΦ  ʴabove is obtained 
directly from the calibrated backscatter signal, and hence can also provide a crude proxy for the optical 
depth above each layer, irrespective of the averaging required for feature detection.  As noted earlier (see 
the discussion for layer base and top heights), layer detection, and the assessment of the associated layer 
descriptors, becomes increasingly uncertain as the overlying optical depth increases. This uncertainty 
cannot be easily or immediately quantified, because backscatter lidars such as CALIOP cannot measure 
optical depth directly and must instead derive optical depth estimates in subsequent data processing. 
However, ɹ above can be obtained directly from the calibrated backscatter signal, and hence can provide a 
qualitative proxy for the optical depth above each layer detected. 

Measured_Two_Way_Transmittance_532 (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 1.0 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Provides the measured value of the layer two-way transmittance, derived by computing the ratio of 
the mean attenuated scattering ratios in the "clear air" regions immediately below and above the layer. 
This calculation can only be accomplished for transparent layers that are not vertically adjacent to other 
layer types. See the discussion of constrained retrievals in Young & Vaughan, 2009. Two-way 
transmittances are reported only for the 532 nm data, as the CALIOP 1064 nm channel is essentially 
insensitive to molecular backscatter. Physically meaningful measurements of two-way transmittance lie 
between 0 and 1.  However, due to noise in the backscatter signal, and perhaps to undetected aerosol 
contamination of one or both of the "clear air" regions, the values reported in the CALIOP data products 
will sometimes exceed these bounds. 

Measured_Two_Way_Transmittance_Uncertainty_532 (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description: The relative error in the two-way transmittance measurement, calculated using standard techniques 
for error propagation in ratioed quantities. 

Two_Way_Transmittance_Measurement_Region (all 5 km layer products) 

Units: km 

Format: Float_32 

Valid Range: 0.0, 30.0 

Fill Value: -9999.0  

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 
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Description:   Provides the top and base altitudes of the clear air region used to measure the two-way transmittance 
below a transparent layer. 

Opacity_Flag (all layer products) 

Units: NoUnits 

Format: Int_8 

Valid Range: 0, 1 

Fill Value: 99 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Flag that identifies a layer in which the backscatter signal becomes completely attenuated. An opacity 
flag of 0 indicates a transparent layer, while a value of 1 indicates an opaque layer. A layer is considered 
opaque if (a) it is the lowest feature detected in a column, and (b) it is not subsequently classified as a 
surface return. For those layers identified as opaque, the reported base altitude must be considered as an 
apparent base, rather than a true base. 

Scientific Data Sets: Layer Derived Optical Properties 

Feature_Optical_Depth_532 (all 5 km layer products) 

Feature_Optical_Depth_1064 (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 5.0 

Fill Value: -9999.0  

Flag Values:  ς7.777 invalid feature 

  ς33.333 failed retrieval 

  ς111.0 data quality degraded due to low laser energy and rejected by LEM 

  ς444.0 improper single-shot cloud clearing 

Description:   Reports estimates of layer optical depths at 532 nm and 1064 nm. Estimates for aerosol optical depths 
are provided at both wavelengths. Because the extinction coefficients for clouds are largely independent 
of wavelength in the spectral region sampled by CALIOP, the 5 km cloud and merged layer products report 
cloud optical depths only for the 532 nm retrievals.  CALIOP extinction retrievals for clouds and aerosols 
use exactly the same retrieval framework.  These algorithms are documented in detail in Young & Vaughan, 
2009 and Young et al., 2018. 

When using any of the CALIOP optical depths in scientific studies, users are cautioned to take note of 
several important caveats: 

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

¶ Retrievals of optical depth from space-based lidar measurements must account for contributions from 
multiple scattering that are generally considered negligible in ground-based, and aircraft-based 
measurements (Hu et al., 2007;  Garnier et al., 2015). 

¶ Similar to the layer detection problem, estimates of layer optical depth become increasingly fraught 
with error in multi-layer scenes, as errors incurred in overlying layers are propagated into the solutions 
derived for underlying features (Young et al., 2013). 
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¶ The optical depths reported for layers flagged as opaque are not accurate representations of the true 
optical depths.  Instead, they report the optical depth that can be retrieved before the CALIOP 
backscatter signal becomes totally extinguished.  In general, the extinction profiles in opaque layers 
are reliable up to optical depths of Ḑ5 in ice clouds and 3 in aerosols.  However, users should be 
especially cautious about retrievals in opaque water clouds, where multiple scattering rapidly becomes 
so pervasive that άǇǳƭǎŜ ǎǘǊŜǘŎƘƛƴƎέ eliminates the possibility of accurate ranging into the cloud (Miller 
and Stephens, 1999; Winker, 2003).    

Unlike the 5 km cloud and merged layer products, the V5.00 5 km merged diagnostic beta products report 
cloud optical depths at both 532 nm and 1064 nm.  Though yet to be validated, the 1064 nm optical depths 
for ice clouds are likely to be reliable (Haarig et al., 2016).  However, the 1064 nm optical depth retrievals 
for water clouds are highly suspicious for several reasons.  First, the same lidar ratio is used for retrievals 
at both wavelengths, even though the lidar ratios are known to be slightly lower at 1064 nm than at 532 
nm (e.g., Sc,1064 Ḑ18.2 sr and Sc,532 Ḑ18.6 sr; see hΩ/ƻƴƴƻǊ Ŝǘ ŀƭΦΣ нллп).  Second, the integrated attenuated 
backscatters are notably higher at 1064 nm.  Consider all water clouds detected at 5 km resolution during 
daytime operations between December 2007 and December 2016 for which (a) the layers are totally 
opaque (i.e., the surface is not detected in any of the 15 single shot profiles) and (b) the retrieved multiple 
scattering factors (Hu et al., 2007) lie between the physically meaningful limits of 0 and 1. Applying these 
filtering criteria to the global CALIOP data set yields 19,507,473 samples for which the median integrated 
attenuated backscatter is Ḑςπ҈ ƘƛƎƘŜǊ ŀǘ млсп ƴƳ ǘƘŀƴ ŀǘ рон ƴƳΤ ƛΦŜΦΣ ʴ1064 = 0.0818 sr ς1 ŀƴŘ ʴ532 = 
0.0682 sr ς1.  If we assume the lidar ratios given by hΩ/ƻƴƴƻǊ Ŝǘ ŀƭΦΣ нллп, the multiple scattering factor at 
рон ƴƳ ƛǎ ʹc,532 = 1 /  (2 × 18.6 × 0.0682) = 0.394 (versus a retrieved median value of 0.395) while the multiple 
ǎŎŀǘǘŜǊƛƴƎ ŦŀŎǘƻǊ ŀǘ млсп ƴƳ ƛǎ ʹc,1064 = 1 /  (2 × 18.2 × 0.0818) = 0.336.  These differences notwithstanding, 
the CALIOP water cloud retrievals use the same lidar ratios and multiple scattering factors at both 
wavelengths. 

Feature_Optical_Depth_Uncertainty_532 (all 5 km layer products) 

Feature_Optical_Depth_Uncertainty_1064 (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0  

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 
  ς33.333 failed retrieval 
  ς29.0 opaque water cloud 
  ς444.0 improper single-shot cloud clearing 
    99.99 uncertainty calculation failed 

Description: Estimated absolute uncertainty in /![LhtΩǎ 532 nm and 1064 nm layer optical depths. Young et al., 
2013 provides an in-depth assessment of the uncertainties that propagate nonlinearly through the CALIOP 
extinction retrieval.  The numerical recipe used to estimate extinction and optical depth uncertainties in 
the CALIOP data products is given in the supplementary material accompanying Young et al., 2018. 

Errors in layer optical depth calculations typically arise from three main sources: signal-to-noise ratio (SNR) 
within a layer, calibration accuracy, and the accuracy of the effective lidar ratio specified for use in the 
solution.  The effective lidar ratio is the product of the lidar ratio and multiple scattering factor (e.g., see 
Young, 1995).  Effective lidar ratio uncertainties are almost always the dominant contributor to optical 
depth uncertainties.  The relative error in the layer extinction profile will always be at least as large as the 
relative error in the effective lidar ratio and will increase nonlinearly as the solution propagates through 
the layer and the layer two-way particulate transmittance decreases.  C![LhtΩǎ ŎŀƭŎǳƭŀǘƛƻƴ of the layer 
optical depth uncertainty is an iterative process. On some occasions when the SNR is poor, or an 
inappropriate effective lidar ratio is being used, the iteration will attempt to converge asymptotically to 
positive infinity. When this situation detected, the iteration is terminated, and the layer optical depth 
uncertainty is assigned a fixed value of 99.99. Any time an uncertainty of 99.99 is reported, the extinction 
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calculation should be considered to have failed. The associated optical depths are not reliable and should 
therefore be excluded from all science studies. 

Overlying_Particulate_Optical_Depth_532 (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 3.0 

Fill Value: -9999.0  

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 
  ς333.0 failed retrieval 
  ς444.0 improper single-shot cloud clearing 

Description: For each feature reported in the 5 km layer products, this SDS provides the particulate optical depth 
above the feature calculated from the CALIOP 532 nm extinction retrievals.  If no features are detected 
above the value will be zero.  These data are reported at 5 km along-track resolution, hence multiple values 
can be associated with a single unique feature.  For example, consider a weak boundary layer aerosol lying 
beneath a continuous cirrus shield.  If the cirrus layer is detected at 5 km resolution and the aerosol can 
only be detected using 80 km horizontal averaging, it is entirely conceivable that there will be 16 different 
estimates of cirrus optical depth above the single aerosol detection. 

Overlying_Particulate_Optical_Depth_Uncertainty_532 (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 3.0 

Fill Value: -9999.0  

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 
  ς333.0 failed retrieval 
  ς444.0 improper single-shot cloud clearing 

Description: Estimated uncertainty in the overlying 532 nm particulate optical depths, calculated according to the 
method describe in Young et al., 2018 and reported at 5 km resolution in all of the CALIOP layer products. 

Initial_532_Lidar_Ratio (all 5 km layer products) 

Initial_1064_Lidar_Ratio (5kmALay, 5kmMLay, 5kmDiag) 

Units: sr 

Format: Float_32 

Fill Value: -9999.0  

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   Retrieving optical depth and profiles of particulate extinction and backscatter coefficients from the 
532 nm and 1064 nm CALIOP measurements requires an a priori estimate of the particulate extinction-to-
backscatter ratio, commonly known as the "lidar ratio".  Table 5 lists /![LhtΩǎ different feature types and 
subtypes, the initial estimates used for each subtype, and a literature source that explains the rationale for 
each choice. The initial lidar ratios and uncertainties reflect the current state of knowledge based on 
observations by the NASA Langley Airborne High Spectral Resolution Lidar (HSRL), EARLINET, AERONET, 
CALIPSO and synergistic multi-sensor retrievals. 

 Table 5: values and selection methods for the Initial Lidar Ratios 

Type  Subtype 532 nm 1064 nm Reference 

cloud water 
Night: Swater = 17.7 ± 2.7 sr 
Day: Swater = 18.8 ± 2.8 sr 

same as at 
532 nm 

14 
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Type  Subtype 532 nm 1064 nm Reference 

cloud ice 
Sice = sigmoid function of 

cloud centroid 
temperature ± 25% 

same as at 
532 nm 

1, 2 

cloud unknown phase 
0.5 x (Swater + Sice(T)) ± 
ƳŀȄόɲ{waterΣ ɲ{ice(T)) 

same as at 
532 nm 

 

tropospheric aerosol unknown aerosol 35 ± 14 sr 35 ± 14 sr  

tropospheric aerosol marine variable 23 ± 5 sr 15, 3 

tropospheric aerosol desert dust 44 ± 9 sr 44 ± 13 sr 4, 5 

tropospheric aerosol 
polluted 

continental/smoke 
70 ± 25 sr 30 ± 14 sr 6 

tropospheric aerosol clean continental 53 ± 24 sr 45 ± 24 sr 7, 16 

tropospheric aerosol polluted dust 55 ± 22 sr 48 ± 24 sr 8 

tropospheric aerosol elevated smoke 70 ± 16 sr 30 ± 18 sr 4 

tropospheric aerosol dusty marine variable 37 ± 15 sr 15, 9 

stratospheric aerosol undetermined 50 ± 20 sr 50 ± 20 sr  

stratospheric aerosol 
polar stratospheric 

aerosol 
50 ± 20 sr 25 ± 10 sr 10 

stratospheric aerosol volcanic ash 61 ± 17 sr 44 ± 13 sr 11 

stratospheric aerosol sulfate 50 ± 18 sr 30 ± 14 sr 12 

stratospheric aerosol elevated smoke 70 ± 16 sr 30 ± 18 sr 4 

stratospheric aerosol unclassified 50 ± 18 sr 30 ± 14 sr 13 

1. Extinction and Optical Depth Retrievals for /![Lt{hΩǎ ±ŜǊǎƛƻƴ п 5ŀǘŀ wŜƭŜŀǎŜ όYoung et al., 2018). 
2. Constrained CALIPSO retrievals of high-confidence randomly oriented ice clouds (Garnier et al., 2015). 
3. HSRL measurements in multiple field campaigns, Müller et al., 2007. No wavelength dependence based on Sayer et 

al., 2012, Josset et al., 2012, and Papagiannopoulos et al., 2016. 
4. CALIPSO constrained retrievals by Liu et al., 2015. 
5. HRSL measurements of transported Saharan dust. No wavelength dependence based on Tesche et al., 2009. 
6. Microphysical measurements made during NAMMA by Omar et al., 2010 and AERONET cluster analysis by Omar et 

al., 2005. 
7. HSRL measurements for layers classified as clean continental by CALIPSO (Rogers et al., 2014). 
8. Microphysical measurements made during NAMMA. Lidar ratio values in agreement with Papagiannopoulos et al., 

2016 and Müller et al., 2007. 
9. Modeled mixture of dust and marine aerosol, 65/35 by surface area (Kim et al., 2018). Uncertainty larger than dust 

or marine alone. 
10. Theoretical model of supercooled ternary solution at stratospheric pressures, Kim et al., 2018. 
11. CALIPSO-constrained retrievals of volcanic ash lidar ratio at 532 nm, Tackett et al., 2023. 
12. Independent lidar retrievals of multiple sulfate-dominated volcanic plumes and CALIPSO-constrained lidar ratio 

retrievals, Kim et al., 2018. 
13. Identical to the sulfate initial lidar ratio because this is the smallest lidar ratio expected for stratospheric aerosol 

layers, thereby minimizing propagated extinction retrieval errors, Tackett et al., 2023. 
14. Diurnal Differences in Lidar Ratios for Opaque Water Clouds, Vaughan et al., 2022. 
15. Mapping CALIPSO Marine and Dusty Marine Aerosol Lidar Ratios using MODIS AOD Constrained Retrievals and 

GOCART Model Simulations, Toth et al., 2025. 
16. Discussion of the spectral slope of the lidar ratio between 355 nm and 1064 nm from multiwavelength Raman lidar 

observations, Haarig et al., 2025. 
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The aerosol lidar ratios used for the CALIOP analyses represent well established mean values that are 
characteristic of the natural variability exhibited for each aerosol species (e.g., see Omar et al., 2009; Kim et 
al., 2018; Tackett et al., 2023). The clear implication of this natural variability is that even for those cases where 
the aerosol type is correctly identified, the initial lidar ratio represents an imperfect estimate for any specific 
aerosol layer. These same caveats apply equally to the mean values used for the initial cloud lidar ratios. For 
all layer types, cloud-aerosol discrimination errors can exacerbate the error associated with the specification 
of the initial lidar ratio. Uncertainty can also be introduced by the cloud ice-water phase classification (Avery 
et al., 2020) and the aerosol subtype identification procedures (Kim et al., 2018 and Tackett et al., 2023). 
However, the CALIOP extinction algorithm incorporates some error-correcting mechanisms that, in many cases, 
will adjust the initial estimate of lidar ratio so that a more suitable value is ultimately used in the retrieval. 
Details of the lidar ratio adjustment scheme are provided in Young et al., 2018.  

The initial lidar ratio for ice clouds is a sigmoid approximation function of the temperature at the layer 532 nm 
attenuated backscatter centroid (Young et al., 2018).  Values decrease from Ḑ35 sr to Ḑ20 sr as the centroid 
temperature decreases. Initial default lidar ratios are derived from the statistical analysis of several years of 
constrained retrievals, using only those clouds identified as high-confidence randomly oriented ice. The 
individual ice cloud lidar ratios are retrieved from the layer apparent two-way transmittance, the layer-
integrated attenuated backscatter, and the temperature-dependent multiple scattering factor. 

For opaque water clouds, 532 nm lidar ratio estimates are retrieved using the opaque layer form of tƭŀǘǘΩǎ 
equation (Platt, 1973) together with the measured integrated attenuated backscatter and a multiple scattering 
factor derived from layer integrated volume depolarization ratios (Hu et al., 2007). 

!ƭƎƻǊƛǘƘƳ ŀǊŎƘƛǘŜŎǘǳǊŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ŀƴŘ ƎŜƴŜǊŀƭƛȊŜŘ ŜǊǊƻǊ ŀƴŀƭȅǎŜǎ ŦƻǊ /![Lt{hΩǎ ŎƭƻǳŘ-aerosol discrimination 
algorithms, cloud ice-water phase algorithms, and aerosol subtyping algorithms can be found in the CALIPSO 
Scene Classification ATBD. 

Final_532_Lidar_Ratio (all 5 km layer products) 

Final_1064_Lidar_Ratio (5kmALay, 5kmMLay) 

Units: sr 

Format: Float_32 

Valid Range: 0.0, 250.0 

Fill Value: -9999.0  

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

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

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

2) the result of incremental reductions to the initial lidar ratio to avoid a non-physical solution, 

3) iteratively adjusted to yield a calculated optical depth consistent with a measured layer two-way 
transmittance (i.e., a constrained retrieval), or 

4) for opaque layers only, derived from the measured integrated attenuated backscatter and a measured 
or modeled multiple scattering factor (Young et al., 2018).   

Solution paths (3) and (4) yield the most accurate and precise lidar ratios. Users can determine the status 
of the final lidar ratio by examining the extinction QC flags.  

For weakly scattering features, the lidar ratio is most often left unchanged by the extinction solver, as a 
physical solution is usually obtained on the first iteration. In these cases, the uncertainties in the final lidar 
ratio are the same as the uncertainties in the initial lidar ratio. The exception to this statement would be if 
either the cloud-aerosol discrimination or the layer sub-typing procedures have misclassified the layer. 
However, for weak layers, the relative error in the lidar ratio is (approximately) linearly related to the 
resulting error in the derived optical depth estimate. 
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The optical depths and extinction profiles derived in those cases where the layer lidar ratio must be 
reduced (option 2 above) are, in all likelihood, biased high. The lidar ratio reduction scheme terminates 
after identifying the largest lidar ratio for which a physically meaningful solution can be generated from 
the backscatter measured in the layer. Consequently, the optical depths and extinction profiles reported 
in these cases can only be considered as upper bounds; the true values are somewhat, or perhaps even 
significantly, lower.  Similarly, the uncertainties reported for these layers captures only the random 
component; the unknown bias error cannot be estimated and hence is not included.  Using these data in 
statistical analyses of layer optical properties can be problematic and users are advised to treat these cases 
with all due caution. 

Final_532_Lidar_Ratio_Uncertainty (all 5 km layer products) 

Final_1064_Lidar_Ratio_Uncertainty (5kmALay, 5kmMLay) 

Units: sr 

Format: Float_32 

Fill Value: -9999.0  

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   Reports the lidar ratio uncertainty at the conclusion of the extinction processing for each layer.  The 
final lidar ratio uncertainty is different from the lidar ratio uncertainty initially assigned based on feature 
type (see Table 5) only in those cases where the lidar ratio is optimized based on the value of some external 
constraint (i.e., constrained solutions and solutions in opaque layers). 

Lidar_Ratio_532_Selection_Method (all 5 km layer products) 

Lidar_Ratio_1064_Selection_Method (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Int_8 

Valid Range: 0, 7 

Fill Value: 99  

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   Specifies the internal procedure used to select the initial lidar ratio for each layer.  These selection 
procedures are described briefly in Table 6. 

Table 6: Lidar Ratio Selection Method 

Value Selection Method 

0 Not Determined 

1 

Transmittance Method, constrained retrieval; selected only for those layers with a 
measurable two-way transmittance lying between 0 and 1; also known as a 
constrained retrieval 

2 Opaque Layer Method; selected for all opaque layers 

3 

Cirrus Temperature Method; selected for transparent ice clouds that are not 
suitable for solution via constrained retrieval; i.e., clouds for which the two-way 
transmittance either cannot be measured or falls outside the bounds of 0 to 1 

4 

Unknown Cloud Phase; selected for unknown phase transparent clouds having 
centroid temperatures between -37.0 and 0.0 °C that are not suitable for solution 
via constrained retrieval 

5 
Fixed Layer Method; selected for transparent water clouds and aerosols that are 
not suitable for solution via constrained retrieval (e.g., surface-attached aerosols) 
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Value Selection Method 

6 

Solution at 532 nm Method; selected for 1064 nm solutions in transparent clouds. 
Because spectral independence is assumed for clouds, the 1064 nm solution is 
initiated using the 532 nm multiple scattering factor and the 532 nm final lidar 
ratio. 

7 

MAC Table Interpolation; lidar ratio assigned via interpolation of the ΨMaps of 
Aerosol lidar ratios for CALIPSOΩ(MAC) lookup table; applies only to transparent 
marine and dusty marine aerosol types that are not suitable for solution via 
constrained retrieval 

Layer_Effective_532_Multiple_Scattering_Factor (all 5 km layer products) 

Layer_Effective_1064_Multiple_Scattering_Factor (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Float_32 

Valid Range: 1.0 (aerosols); 0.01, 1.0 (clouds) 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   The CALIPSO 532 nm and 1064 nm multiple scattering factors range between Ḑ0.2 (for opaque water 
clouds) and 1.0 (for aerosols), where 1.0 corresponds to the single scattering only limit (i.e., no multiple 
scattering present) and smaller values indicate increasing contributions to the backscatter signal from 
multiple scattering.  

Multiple scattering effects are different in aerosols, ice clouds, and water clouds. An overview of multiple 
scattering factors for ice clouds and several aerosol types can be found in Winker, 2003.  Garnier et al., 
2015 derive /![LhtΩǎ temperature-dependent multiple scattering factor model for ice clouds using 
collocated measurements of transparent layers made by CALIOP and CALIPSOΩǎ о-channel Infrared Imaging 
Radiometer (IIR; Garnier et al., 2021). Hu et al., 2007 develops the theoretical relationship that enables 
multiple scattering factors to be directly calculated from the integrated volume depolarization ratios 
measured in opaque liquid water clouds. While the multiple scattering factor for opaque water clouds will 
vary, transparent water clouds are assigned a constant multiple scattering factor of 0.6. Based on Monte 
Carlo simulations of multiple scattering, this value appears to be appropriate for semitransparent water 
clouds with optical depths less than Ḑ1. 

Multiple scattering factors for all aerosol subtypes at both wavelengths are set to unity. Simulations of 
multiple scattering effects on retrievals of aerosol layer optical depths indicate the effects are small in most 
cases. There is uncertainty in these estimates, however, due to poor knowledge of aerosol scattering phase 
functions.  For example, based on Monte Carlo studies, Kahnert and Scheirer, 2019 suggest that, for low 
optical depths or when the aerosol effective radius is not too large, a constant 532 nm multiple scattering 
factor of ḐлΦфо ŎƻǳƭŘ ōŜ ŀǇǇǊƻǇǊƛŀǘŜΦ bƻǘŜΣ ƘƻǿŜǾŜǊΣ ǘƘŀǘ ǘƘŜ т҈ ōƛŀǎ ƛƴ ǘƘƛǎ ǾŀƭǳŜ ǊŜƭŀǘƛǾŜ ǘƻ /![LhtΩǎ 
ŘŜŦŀǳƭǘ ǎǇŜŎƛŦƛŎŀǘƛƻƴ ƛǎ ŘǿŀǊŦŜŘ ōȅ ǘƘŜ ǊŜƭŀǘƛǾŜ ǳƴŎŜǊǘŀƛƴǘƛŜǎ ƛƴ ǘƘŜ /![LhtΩǎ ŀŜǊƻǎƻƭ ƭƛŘŀǊ Ǌŀǘƛƻ ƳƻŘŜƭǎΣ 
which range from 20% to 45% at 532 nm and from 22% to 60% at 1064 nm.  Analyses of CALIOP particulate 
depolarization ratios suggest that, even in dust plumes with a significant coarse mode fraction, multiple 
scattering effects are largely negligible for aerosol extinction retrievals in layers with optical depths less 
than Ḑ1 (Liu et al., 2011).  At larger optical depths and layer penetration depths, and especially for opaque 
dust layers, neglecting to account for multiple scattering effects can result in significant underestimates of 
AOD (Liu et al., 2011; Shcherbakov et al., 2022).  However, in these high AOD cases uncertainties in the 
calibration coefficients and lidar ratios can also produce large retrieval errors. 

Integrated_Particulate_Depolarization_Ratio (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 
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Valid Range: 0.0, 1.0 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   Layer-integrated particulate depolarization ratio, which represents the contribution to the volume 
depolarization ratio that is due only to the cloud and/or aerosol particles within the layer. For non-spherical 
particles (e.g., ice and dust), the particulate depolarization ratio will normally be higher than the volume 
depolarization ratio, though how much higher depends on the particulate concentration within the 
volume. For layers consisting of spherical particles, the particulate depolarization ratio would normally be 
equal to or even slightly lower than the volume depolarization ratios. However, if the layer optical depth 
is high (e.g., opaque water clouds), multiple scattering can cause the integrated particulate depolarization 
ratio to be substantially higher than would otherwise be expected. While the integrated volume 
depolarization ratioΣ ʵv, is a direct measurement, the integrated 532 nm particulate depolarization ratio, ɻ p, 
is a post-extinction quantity, calculated from ratio of the layer integrated perpendicular and parallel 
polarization components of the particulate backscatter coefficients within the layer; i.e., 
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where ̡ P,Ṷ and ̡ P,  ᷆are, respectively, the perpendicular and parallel components of the 532 nm particulate 
backscatter coefficient. 

The quality of the estimate for ɻ p is determined not only by the SNR of the backscatter measurements in 
parallel and perpendicular channels, but also the accuracy of the range-resolved two-way transmittance 
estimates within the layer. The two-way transmittances due to molecules and ozone can be well 
characterized via the model data obtained from the GMAO. The two-way transmittances due particulates, 
however, are only as accurate as the CALIOP extinction retrieval. Opaque layers can be particularly prone 
to errors in the layer-integrated particulate depolarization ratio, as very large attenuation corrections are 
applied to the weak signals at the base of the layers, and on those occasions where one channel or the 
other becomes totally attenuated, very large, negative particulate depolarization ratio estimates can result. 
For layers that are not opaque, ɻ p is generally reliable. However, in transparent layers, relative 
uncertainties in the daytime estimates typically increase by a factor of Ḑ2 due to the larger background 
noise compared with the nighttime estimates. 

Integrated_Particulate_Depolarization_Ratio_Uncertainty (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:  Absolute uncertainties associated with the estimates of the layer-integrated particulate 
depolarization ratio, calculated by integrating the uncertainties for the particulate backscatter coefficients 
measured in the 532 nm parallel and perpendicular channels, and then applying standard techniques for 
error propagation in ratioed quantities. The uncertainties for the parallel and perpendicular channel 
particulate backscatter coefficients are derived from previously computed estimates of the extinction 
uncertainty. There are occasions when the extinction uncertainty calculation can become unstable and 
excessively large. Whenever this situation is detected, a default uncertainty of 99.99 is assigned to all 
remaining extinction and backscatter coefficients within a layer. If the extinction calculation anywhere 
within a layer found to be totally unreliable ς i.e., if the extinction uncertainty is 99.99 ς then the integrated 
particulate depolarization ratio is equally unreliable and hence the integrated particulate depolarization 
ratio uncertainty will also be set to 99.99. 
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 Figure 7 shows ǘƘŜ ǊŜƭŀǘƛǾŜ ǇŀǊǘƛŎǳƭŀǘŜ ŘŜǇƻƭŀǊƛȊŀǘƛƻƴ ǳƴŎŜǊǘŀƛƴǘȅΣ ɲʵp κ ʵp, as a function of cirrus optical 
depth for all transparent cirrus measured between December 2007 and December 2016. When compiling 
the statistics, cirrus were limited to the uppermost layer detected in a 5 km column and required to have 
centroid temperatures less than ς40 °C.  Each point in the figure ǎƘƻǿǎ ǘƘŜ ƳŜŘƛŀƴ ɲʵp κ ʵp for an optical 
depth increment of 0.03.  Error bars are the median absolute distance (MAD) relative to the median. 
Daytime data are shown in yellow, nighttime data are shown in blue.  ɲ pɻ κ ʵp statistics for opaque layers 
are shown in Table 7Φ  !ǎ ŜȄǇƭŀƛƴŜŘ ŜŀǊƭƛŜǊΣ ǘƘŜ ɲʵp κ ʵp relative uncertainties are higher for opaque layers 
than for transparent layers, but do not show an appreciable dayςnight difference. 

 

Figure 7: Relative particulate depolarization ratio uncertainty, ɲ pɻ κ ʵp, for all transparent cirrus that are the upper-
most layer detected in a 5 km column and have centroid temperatures less than ς40 °C.  The data are filtered to 
exclude data points with relative uncertainties greater than 2 in either the volume depolarization ratios or the 
particulate depolarization ratios. 

Table 7: Descriptive statistics for the relative particulate depolarization ratio uncertainties for opaque cirrus that 
are the only layer detected in a 5 km column and have centroid temperatures less than ς40 °C.  The data are filtered 
to exclude data points with relative uncertainties greater than 2 in either the volume depolarization ratios or the 
particulate depolarization ratios.  The mean optical depth is substantially smaller during the day because daytime 
solar background noise obscures faint, highly attenuated signals approaching the apparent cloud base. 

 c̱irrus day ɲ pɻκpɻ day c̱irrus night ɲ pɻκpɻ night 

min 0.0082 0.0455 0.0059 0.0404 

max 9.8029 2.0000 11.2573 2.0000 

median 4.1081 0.5283 6.6021 0.5188 

MAD 0.8028 0.2418 0.6996 0.2013 

mean 4.1831 0.6133 6.4232 0.5310 

stdev 1.0133 0.3170 0.9595 0.2718 

samples 9,587,077 9,587,077 7,772,986 7,772,986 

Particulate_Depolarization_Ratio_Statistics (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

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


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5 Page 46 of 123 

Description:   Reports the minimum, maximum, mean, standard deviation, centroid, and skewness coefficient of 
the array of particulate depolarization ratios computed for each layer. Formulas used for each of the 
statistical calculations can be found in section 6 of the CALIPSO Feature Detection ATBD. 

As for the volume depolarization ratios, each of the range resolved particulate depolarization ratios within 
any layer is the ratio of two noisy retrievals. Especially where feature backscattering is relatively weak, and 
in regions of low SNR, the retrieved values in both the numerator (the 532 nm perpendicular channel) and 
the denominator (the 532 nm parallel channel) can randomly and independently approach zero, which in 
turn can generate extremely large or extremely small (and even non-physical) depolarization ratios. When 
computing layer means, standard deviations, and centroids, these values can dominate the calculation and 
thus return entirely unrealistic estimates. Consequently, when using particulate depolarization ratios to 
characterize cloud and/or aerosol layers, the layer median and (especially) the layer integrated value are 
both more reliable metrics than the mean. 

Integrated_Particulate_Color_Ratio (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 4.0 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:    The integrated particulate color ratio is derived from ratio of the particulate backscatter coefficients 
at 532 nm and 1064 nm, each summed over the vertical extent of the layer:  
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Much like the integrated attenuated total color ratio, the quality of ̝ p is governed by the accuracy to which 
layer top and base altitudes are determined and by the signal-to-noise ratios of the backscatter data within 
the layer. Additionally, since all of the ̡ tΣ˂(z) values are derived by /![LhtΩǎ Hybrid Extinction Retrieval 
Algorithm (HERA; Young & Vaughan, 2009), the quality of ̝ p also depends on the success of the HERA 
profile solver in deriving accurate solutions for ̡ tΣ˂(z). As such, the quality of ̝ p can be partially assessed 
via the extinction QC flags which report the final state of the HERA solution attempt. In general, solutions 
where the final lidar ratio is unchanged (extinction QC = 0) or the extinction solution is constrained 
(extinction QC = 1) yield physically plausible solutions more often. Conversely, solutions tend to be more 
uncertain in those cases where the lidar ratio for either wavelength must be reduced. 

Integrated_Particulate_Color_Ratio_Uncertainty (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 1.0 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   Absolute uncertainty associated with the estimate of the layer-integrated particulate backscatter 
color ratio, calculated by first integrating the uncertainties for the particulate backscatter coefficients 
measured at each wavelength, and then applying standard techniques for error propagation in ratioed 
quantities. The error estimates in the particulate backscatter coefficients at both wavelengths are 
computed by the extinction retrieval algorithm. There are occasions when the extinction uncertainty 
calculation can become unstable and excessively large. Whenever this situation is detected, a default 
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uncertainty of 99.99 is assigned to all remaining extinction and backscatter coefficients within a layer. If 
the backscatter uncertainty calculation fails anywhere within a layer ς that is, if the uncertainty in any of 
the backscatter coefficients used to compute the particulate color ratio uncertainty is set to 99.99 ς then 
the particulate color ratio uncertainty for the entire layer will also be reported as 99.99. 

Particulate_Color_Ratio_Statistics (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

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

Ice_Water_Path (5kmCLay, 5kmMLay, 5kmDiag) 

Units: g/(m^2) 

Format: Float_32 

Valid Range: 0.0, 200.0 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   The integral, from layer top to layer base, of the ice-water content profile within any ice cloud layer. 
Ice water content is derived from the cloud particulate 532 nm extinction coefficient using a temperature-
dependent parameterization derived from in-situ measurements (Heymsfield et al., 2014; Winker et al., 
2024).  

Ice_Water_Path_Uncertainty (5kmCLay, 5kmMLay, 5kmDiag) 

Units: g/(m^2) 

Format: Float_32 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

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

Scientific Data Sets: Layer QA Information 

Feature_Classification_Flags (all layer products) 

Units: NoUnits 

Format: UInt_16 

Valid Range: 1, 49146 

Description: A set of feature classification flags is derived for each layer detected in the CALIPSO backscatter data.  
These flags are 16-bit integers with bit interpretations given in Table 8. The first three bits of the feature 
classification flags (bits 0ς2) identify the feature type. Bits 9ς11 identify the feature subtype for clouds, 

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
https://ntrs.nasa.gov/citations/20250006627
https://doi.org/10.1175/JAMC-D-13-087.1
https://doi.org/10.5194/essd-16-2831-2024
https://doi.org/10.5194/essd-16-2831-2024


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5 Page 48 of 123 

tropospheric aerosols, and stratospheric aerosols. For regions ƛŘŜƴǘƛŦƛŜŘ ŀǎ άŎƭŜŀǊ ŀƛǊέΣ ƛƴ ǿƘƛŎƘ ƴƻ 
atmospheric features were detected, bits 9ς11 report additional LEM analyses of the signal within the 
range bin (Tackett et al., 2025).  Note that clear air range bins are only reported in the vertical feature mask 
product and will not appear in the layer products.  Bits 13ς15 identify the amount of horizontal averaging 
required for feature detection. 

Correct interpretation of the feature subtype bits depends entirely on the feature type identified in bits 0ς
2, and the interpretations are different for clouds and aerosols. Distinguishing between features and clear 
air is accomplished by the CALIOP layer detection algorithms (Vaughan et al., 2009).  Cloud-aerosol 
discrimination (CAD) is accomplished using 5-dimensional probability distribution functions (PDFs) that 
determine layer type and assign a classification confidence score nominally between 0 (no confidence) and 
100 (highest confidence) (Liu et al., 2019). The separation between tropospheric aerosols and stratospheric 
aerosols is based on the height of the layer attenuated backscatter centroid relative to the MERRA-2 
specified tropopause latitude. Tropospheric aerosols are further partitioned into eight subtypes: 
undetermined, marine, dust, polluted continental/ smoke, clean continental, polluted dust, elevated 
smoke, and dusty marine. Six subtypes of stratospheric aerosols are identified: invalid, polar stratospheric 
aerosol, volcanic ash, sulfate, elevated smoke, and unclassified. Comprehensive descriptions of the 
tropospheric and stratospheric aerosol subtyping algorithms are given in, respectively, Kim et al., 2018 and 
Tackett et al., 2023.  Cloud subtypes are assigned by the CALIOP cloud subtyping algorithm illustrated in 
Figure 8.  High, middle, and low clouds are defined according to the International Satellite Cloud 
Climatology Project (ISCCP) cloud top pressure (P(top)) boundaries at 680 mb and 440 mb.  Further 

discrimination is done using along track cloud fraction (cf  ) and cloud opacity.  Additional information 

about the Feature_Classification_Flags is provided in the CALIPSO Vertical Feature Mask Data Description 
Document. 

 

 

Cloud Type 0 = Low, overcast, thin (transparent stratus, stratocumulus, and fog) 

Cloud Type 1 = Low, overcast, thick (opaque stratus, stratocumulus, and fog) 

Cloud Type 2 = Transition stratocumulus 

Cloud Type 3 = Low, broken (trade cumulus and shallow cumulus) 

Cloud Type 4 = Altocumulus (transparent) 

Cloud Type 5 = Altostratus (opaque, altostratus, nimbostratus, altocumulus) 

Cloud Type 6 = Cirrus (transparent) 

Cloud Type 7 = Deep convective (opaque altostratus, cumulonimbus, nimbostratus) 
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Figure 8: Diagram of the CALIOP cloud subtyping algorithm, adapted from the CALIOP scene classification ATBD.  

P(top) represents cloud top pressure and cf   represents along track cloud fraction. 

Table 8: interpretation of the bits in the Feature Classification Flags. Bit 0 is the least significant bit. 

Bits Field Description Bit Interpretation 

0ς2 Feature Type 

0 = rejected by LEM * 
1 = "clear air" 
2 = cloud 
3 = tropospheric aerosol 
4 = stratospheric aerosol 
5 = surface 
6 = subsurface 
7 = no signal (totally attenuated)  

3ς4 Feature Type QA 

0 = none (  0 Җ μ/!5μ ғ нлύ 
1 = low  όнл Җ μ/!5μ ғ 50) 
2 = medium  όрл Җ μ/!5μ ғ тлύ 
3 = high   (7л Җ μ/!5μ Җ 100) 

5ς6 Ice/Water Phase 

0 = unknown / not determined 
1 = ice 
2 = water 
3 = oriented ice crystals  

7ς8 Ice/Water Phase QA 

0 = none 
1 = low 
2 = medium 
3 = high  

9ς11 Feature Sub-type   

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

0 = not determined 
1 = marine 
2 = dust 
3 = polluted continental/smoke 
4 = clean continental 
5 = polluted dust 
6 = elevated smoke 
7 = dusty marine  

 
If feature type = cloud, bits 10-12 will 
specify the cloud type. 

0 = low overcast, transparent 
1 = low overcast, opaque 
2 = transition stratocumulus 
3 = low, broken cumulus 
4 = altocumulus (transparent) 
5 = altostratus (opaque) 
6 = cirrus (transparent) 
7 = deep convective (opaque)  
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Bits Field Description Bit Interpretation 

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

0 = invalid 
1 = polar stratospheric aerosol 
2 = volcanic ash 
3 = sulfate 
4 = elevated smoke 
5 = unclassified 
6 = spare 
7 = spare  

 

If feature type = clear-air, bits 10-12 
will specify horizontal averages not 
searched for features due to low 
energy mitigation 

0 = n/a 
1 = not searched at 80 km 
2 = not searched at 20 and 80 km 

12 Feature Subtype QA 
0 = not confident 
1 = confident 

13-15 
Horizontal Averaging Required for 
Detection 

0 = not applicable 
1 = 1/3 km 
2 = 1 km 
3 = 5 km 
4 = 20 km 
5 = 80 km 

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

CAD_Score (all layer products) 

Units: NoUnits 

Format: Int_8 

Valid Range: -101, 110 

Fill Value: -127 

Flag Values:  ς111 column data quality degraded due to low laser energy and rejected by LEM 

ς101 negative mean attenuated backscatter encountered 

  103 layer integrated attenuated backscatter at 532 nm is suspiciously high 

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

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

  106 suspected άŎƛǊǊǳǎ fringeέ (Liu et al., 2019); layer initially classified as aerosol by the CAD 
algorithm and subsequently reclassified as a no-confidence randomly oriented ice cloud  

  107  correction to single-shot cloud clearing; fused/mother 5-km layer is a cloud by definition 

  108  correction to single-shot cloud clearing; severed 5-km layer is an aerosol by definition 

  109  correction to single-shot cloud clearing; single shot cloud is reclassified as an aerosol 

  110 correction to single-shot cloud clearing; layer is a cloud based on the scene classification 
algorithm 

Description: The cloud-aerosol discrimination (CAD) score provides a numerical confidence level for the 
classification of layers by the CALIOP cloud-aerosol discrimination algorithm. The standard CAD scores 
reported in the CALIPSO layer products range between -100 and 100. The sign of the CAD score indicates 
the feature type: positive values signify clouds, whereas negative values signify aerosols. The absolute 
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value of the CAD score provides a confidence level for the classification. The larger the magnitude of the 
CAD score, the higher our confidence that the classification is correct. A value of 0 indicates that a feature 
has an equal likelihood of being a cloud and an aerosol. Additional special CAD scores are also defined 
based on additional information beyond that normally considered in the standard CAD algorithm. Full 
explanations of special scores 103 to 106 and the circumstances under which they are assigned are given 
in Liu et al., 2019. Special scores 107 to 110 are related to the revised boundary layer cloud clearing (BLaCC) 
algorithm first implemented in the V4.51 release (Tackett et al., 2022) 

The standard CAD algorithm uses five-dimensional (5D) PDFs consisting of layer midpoint altitude, footprint 
center latitude, 532 nm layer mean attenuated backscatter, layer mean  total attenuated backscatter color 
ratio, and layer mean  volume depolarization ratio. Detailed descriptions of the original CAD algorithm can 
be found in Sections 4 and 5 of the CALIPSO Scene Classification ATBD. As detailed in the V4 data quality 
summary, major changes to the CAD algorithm were made in the transition from V3 to V4.  Further 
information on the V5 CAD algorithm architecture can be found in Liu et al., 2019 and references cited 
therein. 

The same CAD algorithm is applied to all features detected, including those the stratosphere and those 
detected at single shot resolution (333 m). However, the users should note that the optical properties of 
these single shot layers were not used for building the CAD PDFs, which may affect the overall CAD 
performance including the CAD scores for these single shot layers. For scientific analysis of Polar 
Stratospheric Clouds (PSCs), users are urged to use /![Lt{hΩǎ dedicated PSC product. 

Initial_CAD_Score (333MLay, 01kmCLay, 5kmCLay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Int_8 

Valid Range: -101, 119 

Fill Value: -127 

Flag Values: ς111 data quality degraded due to low laser energy and rejected by LEM 
    119 feature initially identified as cloud has been reclassified 

Description: The initial CAD score field contains the CAD score assigned in the initial classification of layer type, 
prior to attenuation corrections made for overlying layers. Because dense smoke and pollution plumes can 
attenuate the backscattered signal much more strongly at 532 nm than at 1064 nm, the color ratios in 
underlying clouds can grow to magnitudes far beyond the characteristic values recognized by the CAD 
algorithm. Consequently, where excessively large color ratios are detected, a CAD postprocessor will 
attempt to reclassify suspicious layers by using a default color ratio (see section 3.2.2 in Liu et al., 2019). 
When this occurs, the original layer CAD score is stored in the Initial_CAD_score field. 

Extinction_QC_Flag_532 (all 5km layer products) 

Extinction_QC_Flag_1064 (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: UInt_16 

Valid Range: 0, 32768 

Fill Value: 32768 

Description: The 532 and 1064 nm extinction quality control flags are bit-mapped 16-bit integers, reported for each 
layer for which an extinction retrieval was attempted. Aerosol extinction is computed and reported for 
both wavelengths; cloud extinction is only reported at 532 nm.  The bit assignments are additive, so that 
(for example) an extinction QC value of 18 represents an unconstrained retrieval (bit 1 is NOT set) for which 
the lidar ratio was reduced to prevent divergence (+2; bit 2 is set), and for which the feature finder has 
indicated that the layer is opaque (+16; bit 5 is set). Complete information about the conditions under 
which each extinction QC bit is toggled can be found in  Young et al., 2018. Bit 13 was introduced after 
V4.51. 
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Table 9: interpretation of 532nm and 1064nm Extinction QC flags. Bit 0 is the least significant bit. 

Bit  Value Interpretation 

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

1 constrained retrieval 

1 2 Initial lidar ratio reduced to achieve successful full-column solutions 

2 4 
Suspicious retrieval due to layer or overlying integrated attenuated backscatter being 
too high or excessive lidar ratio reductions 

3 8 
Initial lidar ratio has been reduced and has converged, but backscatter uncertainty 
solution does not exist 

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

5 32 Estimated optical depth error exceeds the maximum allowable value 

6 64 Negative signal anomaly detected 

7 128 Retrieval terminated at maximum iterations for a constrained retrieval 

8 256 No solution possible within allowable lidar ratio bounds 

9 512 
Two-way particulate transmittance has converged but constrained retrieval still not 
achieved 

10 1024 
Backscatter coefficients not converging and maximum lidar ratio correction iterations 
reached 

11 2048 Uncertainties not converging and maximum lidar ratio correction iterations achieved 

12 4096 Lidar ratio converged but retrieval still not converging 

13 8192 Range bin contains two different feature types that may have different lidar ratios 

14 16384 Complex retrieval failure 

15 32768 Fill value or no solution attempted 

Layer_Type (5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: Int_8 

Valid Range: 2, 4 

Fill Value: -127 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Feature type deciphered from bits 1-3 of the Feature Classification Flag; 2 = Cloud, 3 = Tropospheric 
Aerosol, 4 = Stratospheric Aerosol. 

Layer_Base_Extended (all 5 km layer products) 

Units: NoUnits 

Format: UInt_16 

Valid Range: 0, 49146 

Description: A non-zero value indicates that the base of an aerosol layer has been extended from the initial altitude 
assigned by the layer detection algorithm to a new, lower altitude lying three range bins (90 m) above the 
Earth's surface (Vaughan et al., 2010). Non-zero values represent the layer's feature classification flags 
prior to the base being extended.  Layer base extension is not applied to clouds. 

Smoke_Layer_Base_Extended_QC_Flag (5kmALay, 5kmMLay, 5kmDiag) 

Units: NoUnits 

Format: UInt_16 
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Valid Range: 0, 127 

Fill Value: 9999 

Description: Flag used to identify aerosol layers which are candidates for smoke layer base extension, and, if 
selected, when the extension was successful. The CALIOP feature detection algorithm can at times have 
difficulty determining the base of optically thick smoke layers. Rajapakshe et al., 2017 documented one 
such case where a dense smoke layer was in contact with an underlying marine stratocumulus cloud deck, 
as evidenced by the CALIOP 1064nm attenuated backscatter signal. However, the smoke layer base altitude 
was detected well above the cloud ǘƻǇΣ ƭŜŀǾƛƴƎ ŀƴ ŀǇǇŀǊŜƴǘ ǊŜƎƛƻƴ ƻŦ ΨŎƭŜŀǊ ŀƛǊΩ ōŜǘǿŜŜƴ ǘƘŜ ǎƳƻƪŜ ŀƴŘ 
the cloud. This occurred because CALIOP feature detection operates on the 532 nm attenuated backscatter 
signal, and smoke layers are strongly attenuating at that wavelength. The attenuation of the 532nm signal 
through the dense smoke layer lowered the attenuated backscatter magnitude rapidly enough to fall below 
the feature detection threshold prematurely. The resulting base altitude for the smoke layer was set 
artificially high, leaving the region of clear air between the two layers. In order to improve the ability to 
detect the full vertical extent of smoke layers overlying clouds, a technique was developed to close this 
ŀǇǇŀǊŜƴǘ ŎƭŜŀǊ ŀƛǊ ΨƎŀǇΩΦ Relying on a similar approach to the CALIOP layer base extension algorithm, the 
base of the dense smoke layers above clouds are extended downward to 60 m above the cloud top if the 
following criteria are met, based on empirical analysis of CALIOP smoke observations: 

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

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

¶ The 1064 ƴƳ ǎŎŀǘǘŜǊƛƴƎ Ǌŀǘƛƻ ƻŦ ǘƘŜ ŀǇǇŀǊŜƴǘ ŎƭŜŀǊ ŀƛǊ ΨƎŀǇΩ ōŜǘǿŜŜƴ ǘƘŜ ǎƳƻƪŜ ŀƴŘ ŎƭƻǳŘ ƭŀȅŜǊ ƛǎ 
greater than 2.0, indicating aerosol exists within the gap. 

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

Tackett et al., 2021 provide additional details. 

Table 10: interpretation of the Smoke Layer Base Extended QC Flag. Bit 0 is the least significant bit. 

Bit  Interpretation 

0 Candidate for smoke layer extension 

1 Success, smoke layer extended 

2 Failed, smoke layer base already in contact with a cloud layer 

3 Failed, no cloud layer is found below the smoke layer 

4 Failed, gap distance between smoke ad cloud layer exceeds limit 

5 Failed, 1064 nm scattering ratio test is below threshold 

6 Failed, cloud color ratio test is below threshold 

Layer_IAB_QA_Factor (all layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 1.0 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:    Single layer analog of the Column Integrated Attenuated Backscatter Cumulative Probability SDS; the 
layer IAB QA factor is defined as 1 - CόʴaboveLayer), where aɹboveLayer is calculated between the uppermost 
range bin and the range bin immediately above layer top and CόʴaboveLayer) is the cumulative probability of 
measuring a total column integrated attenuated backscatter equal to ɹ aboveLayer.  Values range between 0 
and 1, with lower values indicating more turbid skies above and hence reduced confidence in layer 
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detection boundaries and optical property retrievals.  For layers detected at single shot and 1 km 
resolutions, the layer IAB QA factor offers qualitative insight into the overlying particulate optical depth. 

Low_Energy_Mitigation_Column_QC_Flag (all layer products) 

Units: NoUnits 

Format: UInt_16 

Valid Range: single shot = 0ς1983 

  1 km and 5 km average = 0ς63 

Description: In mid-2016, 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 
Řŀǘŀ ǊŜƭŜŀǎŜΣ /![LhtΩǎ ƭƻǿ ŜƴŜǊƎȅ ƳƛǘƛƎŀǘƛƻƴ ŀƭƎƻǊƛǘƘƳ (LEM; Tackett et al., 2025) was enhanced for use in 
the level 2 data processing.  The LEM algorithm identifies level 1 backscatter data resulting from low energy 
pulses and, when appropriate, excludes it from the level 2 analyses. The low energy mitigation column 
quality control (QC) flags are N × 1 arrays of bit-mapped 16-bit integers, where N is the number of columns 
reported in the layer product file.  Bit interpretation for the LEM column QC flags is given in Table 11.  Bits 
0ς5 summarize the operation of the LEM algorithm within each 5 km vertical column (i.e., each frame) in 
the CALIOP profile products and report potential data averaging biases over an 80 km chunk. Bits 7ς10 
report information specific to single shot retrievals and thus will be toggled on only in the 333 m layer 
products and Vgroups. 

Table 11: interpretation of the bits in the LEM column QC flags reported in the 1 km and 5 km layer products.  Bit 
0 is the least significant bit.  These flags are intended to characterize the influence of individual low energy pulses 
on profile data that has been averaged horizontally aboard the spacecraft prior to being transmitted to Earth. 

bit Interpretation 

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

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

2 Column belongs to a 5 km resolution frame that has been rejected due to too 
many rejected subregions in altitude region 3 (8.2 ς 20.2 km) 

3 Column belongs to a 5 km resolution frame that has been rejected due to too 
many rejected subregions in altitude region 4 (20.2 ς 30.1 km) 

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

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

6 unused  

7 Column has data rejected in altitude regions 1 & 2 (-0.2 ς 8.2 km) (333 m only) 

8 Column has data rejected in altitude region 3 (8.2 ς 20.2 km) (333 m only) 

9 Column has data rejected in altitude region 4 (20.2 ς 30.1 km) (333 m only) 

10 Column does not have low energy, but data is rejected in altitude regions 1 & 2 
due to rejected data in altitude region 3 (333 m only) 

11-15 Unused 

Low_Energy_Mitigation_Feature_QC_Flag (01kmCLay, 5kmALay, 5kmCLay, 5kmMLay) 

Units: NoUnits 

Format: Int_8 
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Valid Range: 0, 1 

Fill Value: -127 

Description: Low energy mitigation (LEM) quality control flag reported for each layer detected.  

Table 12: interpretation of the Low Energy Mitigation Feature QC flag 

value  interpretation  

0  No low energy shots affecting the layer 

1 
Some portion of the layer contains low energy shots and/or data 
rejected by the LEM algorithm 

Low_Energy_Mitigation_Internal_Column_QC_Flag (5kmDiag) 

Units: NoUnits 

Format: UInt_16 

Valid Range: 0, 768 

Fill Value: -127 

Description: Internal low energy mitigation quality control flag set during LEM algorithm operations. 

Table 13: interpretation of the Low Energy Mitigation Internal Column QC flag 

bit Interpretation 

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

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

2 Column has data rejected in region 4 but the 5 km resolution column was not 
rejected by LEM 

3 Full column is rejected by LEM 

4 Column rejected due to region 3 

5 Frame rejected due to too many low energy shots 

6 Frame rejected due to too many rejected subregions in region 3 

7 Frame rejected due to too many rejected subregions in region 4 

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

9 Feature detection was not attempted at 80 km resolution due to too many 
LEM-rejected columns 

10 Feature detection was not attempted at resolution 6 due to too many LEM-
rejected columns 

11 Column contains LEM affected data in region 3 

12 Column contains LEM affected data in region 4 

13-15 unused 

Minimum_Laser_Energy_532 (1kmCLay, all 5 km layer products) 

Units: J 

Format: Float_32 

Typical Range: лΦллоΧлΦмор 

Fill Value: -9999.0 
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Description: A quality assurance parameter introduced in V4.20 that reports the minimum 532 nm laser energy 
measured within each consecutive 80 km along-track data segment (80 km = 240 single-shot laser pulses). 
CALIOP's standard level 2 data analyses ǎŜǉǳŜƴǘƛŀƭƭȅ ǇǊƻŎŜǎǎ ƭŜǾŜƭ мō Řŀǘŀ ƛƴ ул ƪƳ άŎƘǳƴƪǎέ. Within these 
chunks, layers can be detected at horizontal resolutions as large as 80 km, and anomalously low laser 
energies contaminating coarse resolution upper layers can introduce biases in the spatial and optical 
property retrievals of underlying layers detected at finer spatial resolutions. In V5.00, the Ψ[9a Column QC 
FlagΩ SDS largely obviates the need for the minimum laser energy parameter. 

Scientific Data Sets: Reflectance 

Parallel_Column_Reflectance_532 (all layer products) 

Perpendicular_Column_Reflectance_532 (all layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 2.0 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   Bi-directional column reflectances derived from the depolarization gain ratio and, respectively, the 
parallel and perpendicular root mean square (RMS) baseline measurements at 532 nm.  As explained in 
the data quality summary, the calculation of column reflectances was substantially revised in the V5.00 
release. 

Parallel_Column_Reflectance_Uncertainty_532 (all layer products) 

Perpendicular_Column_Reflectance_Uncertainty_532 (all layer products) 

Units: NoUnits 

Format: Float_32 

Valid Range: 0.0, 0.45 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   Column reflectance uncertainties derived for, respectively, the 532 nm parallel channel and the 532 
nm perpendicular channel. As explained in the data quality summary, the calculation of column reflectance 
uncertainties was substantially revised in the V5.00 release. 

Parallel_Column_Reflectance_RMS_Variation_532 (all 5 km layer products) 

Perpendicular_Column_Reflectance_RMS_Variation_532 (all 5 km layer products) 

Units: NoUnits 

Format: Float_32 

Fill Value: -9999.0 

Flag Values: ς111.0 data quality degraded due to low laser energy and rejected by LEM 

Description:   The RMS variation of the parallel and perpendicular channel reflectance values computed using the 
15 samples that comprise a nominal 5-km horizontal swath of CALIOP lidar measurements. 

Scientific Data Sets: Ancillary Meteorological Data 

Tropopause_Height (all layer products) 

Units: km 
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Format: Float_32 

Valid Range: 4.0, 22.0 

Fill Value: -9999.0 

Description: Tropopause heights AMSL obtained from the MERRA-2 ancillary meteorological data. 

Tropopause_Temperature (all layer products) 

Units: °C 

Format: Float_32 

Valid Range: -95.0, -20.0 

Description: Tropopause temperatures, obtained from the MERRA-2 ancillary meteorological data. 

Surface_Wind_Speeds_02m (5kmALay, 5kmMLay, 5kmDiag) 

Units: m/s 

Format: Float_32 

Valid Range: -80.0, 80.0 

Fill Value: -9999.0 

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

Scientific Data Sets: Surface Information 

IGBP_Surface_Type (all layer products) 

Units: NoUnits 

Format: Int_8 

Valid Range: 1, 18 

Fill Value: -9 

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

Table 14: interpretation of the IGBP surface type values. 

Value Surface Type  Value Surface Type 

1 Evergreen-Needleleaf-Forest  10 Grassland 

2 Evergreen-Broadleaf-Forest  11 Wetland 

3 Deciduous-Needleleaf-Forest  12 Cropland 

4 Deciduous-Broadleaf-Forest  13 Urban 

5 Mixed-Forest  14 Crop-Mosaic 

6 Closed-Shrubland  15 Permanent-Snow 

7 Open-Shrubland (Desert)  16 Barren/Desert 

8 Woody-Savanna  17 Water 

9 Savanna  18 Tundra 

Snow_Ice_Surface_Type (all layer products) 

Units: NoUnits 
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Format: UInt_8 

Valid Range: 0, 255 

Fill Value: -9 

Description: Snow and ice coverage for the surface at the laser footprint provided by the U.S. Air Force Weather 
Agency (AFWA). Values between 0 and 100 represent the percentage of ice within a pixel having a nominal 
resolution of 25 km2. Pixels with permanent ice are assigned a value of 101. A value of 103 indicates pixels 
containing snow. 255 indicates mixed type/uncertain type pixels at coastlines. 

DEM_Surface_Elevation (all layer products) 

Units: km 

Format: Float_32 

Valid Range: -1.0, 9.0 

Fill Value: -9999.0 

Description: Reports the minimum, maximum, mean, and standard deviation of the surface elevation at the laser 
footprint, computed for all 15 laser pulses in a 5 km along-track averages.  Surface elevations are expressed 
ŀǎ άŀōƻǾŜ ƭƻŎŀƭ ƳŜŀƴ ǎŜŀ ƭŜǾŜƭέ ό!a{[ύ ŀƴŘ ŀǊŜ ƻōtained from the CloudSat science team digital elevation 
model (DEM).    

Scientific Data Sets: Lidar Operating Mode 

Laser_Energy_532 (333mMLay, all 5 km layer products) 

Units: J 

Format: Float_32 

Typical Range: 0.003...0.135 

Description: 532 nm laser energy measured for each laser pulse by a dedicated onboard laser energy monitor.  In 
ǘƘŜ р ƪƳ ƭŀȅŜǊ ǇǊƻŘǳŎǘǎΣ ǇŜǊ ǇǳƭǎŜ ƭŀǎŜǊ ŜƴŜǊƎƛŜǎ ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ Ψ{ƛƴƎƭŜ {Ƙƻǘ 5ŜǘŜŎǘƛƻƴΩ Vgroups. 

Off_Nadir_Angle (all layer products) 

Units: degrees 

Format: Float_32 

Valid Range: 0.0, 10.0 

Fill Value: -9999.0  

Description: Angle of the lidar viewing vector relative to nadir pointing; the off-nadir angle was fixed at 0.3 degrees 
at launch/first-light and permanently changed to 3.0 degrees after November 28, 2007. The 333 m layer 
products report the off-nadir angles at single shot resolution.  The 1 km and 5 km products report values 
averaged over, respectively, 3 and 15 consecutive laser pulses. 

There is some jitter in the off-nadir angle. The mean value for the 51,719,250 good laser profiles acquired 
during October 2014 is 2.9827° ± 0.0128°, with minimum and maximum values of, respectively, 2.9348° 
and 3.0274°.  There is also a very small number of granules in which pointing angle experiments are 
conducted, and during these events the off-nadir angles can be as large as 30° or more (see Appendix 1 of 
the CALIPSO lidar level 1 data description document).  These granules with large off-nadir angles are 
excluded from all level 2 analyses. On the other hand, data with off-nadir angles of 1.0°, 1.5°, and 2.0°, 
acquired during February and June of 2017, are included in the level 2 analyses.  The time periods for these 
small off-nadir angle experiments are reported in Table 1 of Avery et al., 2020. 
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Scientific Data Sets: Orbital Environment 

Solar_Zenith_Angle (all layer products) 

Units: degrees 

Format: Float_32 

Valid Range: 0.0, 180.0 

Fill Value: -9999.0  

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

Solar_Azimuth_Angle (all layer products) 

Units: degrees 

Format: Float_32 

Valid Range: -180.0, 180.0  

Fill Value: -9999.0  

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

Scattering_Angle (all layer products) 

Units: degrees 

Format: degrees 

Valid Range: 0.0, 180.0 

Fill Value: -9999.0  

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

Scientific Data Sets: Spacecraft Position 

Spacecraft_Position (all layer products) 

Units: km 

Format: Float_64 

Valid Range: -8000.0, 8000.0 

Fill Value: -9999.0 

Description: Position of the CALIPSO satellite expressed in Earth Centered Rotating (ECR) coordinates (also known 
as Earth-centered, Earth-fixed (ECEF) coordinates). 

Vgroups : Single Shot Lidar Surface Detection (333mLay, all 5 km layer products) 

The Lidar_Surface_Detection Vgroups ǊŜǇƻǊǘ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ /![Lt{hΩǎ ŘŜŘƛŎŀǘŜŘ ǎŜŀǊŎƘ ŦƻǊ ōŀŎƪǎŎŀǘǘŜǊ ǎƛƎƴŀƭǎ ŦǊƻƳ 
ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΦ  ¢ƘŜǎŜ άǎǳǊŦŀŎŜ ǊŜǘǳǊƴǎέ ƘŀǾŜ ōƻǘƘ ŀ ǘƻǇ ŀƭǘƛǘǳŘŜΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ƻƴǎŜǘ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ ǎƛƎƴŀƭΣ 
and a base altitude, indicating that the signal has been completely attenuated.  Both altitudes are reported in 
kilometers above local mean sea level (AMSL).  The apparent depth of the surface return is due to low-pass Bessel 
filters in the CALIOP receiver and, at 532 nm, the non-ideal response of the photomultipliers.  The surface top and 
base altitudes can be different at the two wavelengths, since the 532 nm signals are downlinked at 30 m vertical 
resolution whereas the 1064 nm signals are downlinked at 60 m resolution.  When no surface is detected for a 
given wavelength, all surface detection data fields report fill values. 

Search results for lidar surfaces detected at single shot resolution are reported in the following layer products. 

o In the Lidar_Surface_Detection Vgroup in the 333 m merged layer product 

o In the Lidar_Surface_Detection Vgroup contained within the Single_Shot_Detection Vgroup in  
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Á the 5 km aerosol layer products; 

Á the 5 km cloud layer products; 

Á the 5 km standard merged layer products; and 

Á the 5 km beta merged layer products. 

Names and descriptions for all SDSs in the Lidar_Surface_Detection Vgroup reported in the 333 m merged layer 
product are listed below.  In the Single_Shot_Detection Vgroups reported in the 5 km layer products, these same 
SDS names ŀǊŜ ǇǊŜŦƛȄŜŘ ǿƛǘƘ ΨǎǎΩ to signify retrievals at single shot resolution.  As an example, the Surface_Top_ 
Altitude_532 SDS reported in the 333 m merged layer product is reported as the ssSurface_Top_Altitude_532 SDS 
in the Single_Shot_Detection Vgroups contained in all 5 km layer products. 

Surface_Top_Altitude_532 

Surface_Top_Altitude_1064 

Units:  km   

Format:  Float_32   

Valid range:  -0.5, 8.2 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

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

Surface_Base_Altitude_532 

Surface_Base_Altitude_1064 

Units:  km   

Format:  Float_32   

Valid range:  -0.5, 8.2 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:    !ǇǇŀǊŜƴǘ άōŀǎŜέ ŀƭǘƛǘǳŘŜ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ ǊŜǘǳǊƴ ŀǘ ǘƘŜ ƭƛŘŀǊ ŦƻƻǘǇǊƛƴǘ ŘŜǘŜŎǘŜŘ ŀǘΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ рон 
nm and 1064 nm. 

Surface_Integrated_Attenuated_Backscatter_532 

Surface_Integrated_Attenuated_Backscatter_1064 

Units:  1/sr   

Format:  Float_32   

Valid range:  0.0, 2.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

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

Surface_532_Integrated_Depolarization_Ratio 

Surface_1064_Integrated_Depolarization_Ratio 

Units:  NoUnits   

Format:  Float_32   

Valid range:  0.0, 1.0 
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Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   The depolarization ratio of surface return at 532 nm, computed as the ratio of the vertically integrated 
532 nm perpendicular channel attenuated backscatter to the vertically integrated 532 nm parallel channel 
attenuated backscatter. Integration limits for the 532 nm integrated depolarization ratio are from the 532 
nm surface top altitude to the 532 nm surface base altitude.  For the 1064 nm integrated depolarization 
ratio, integration limits are from the 1064 nm surface top altitude to 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 on vegetation and soil conditions (see Lu et al., 2017). 

Surface_532_Integrated_Attenuated_Color_Ratio 

Surface_1064_Integrated_Attenuated_Color_Ratio 

Units:  NoUnits   

Format:  Float_32   

Valid range:  0.0, 2.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

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

Surface_Detection_Flags_532 

Surface_Detection_Flags_1064 

Units:  NoUnits   

Format:  UInt_16   

Valid range:  0, 8192 

Description:  Surface detection quality assurance flags that describe the wavelength-specific outcomes of the 
respective surface searches.  Surface detection flags are stored as 16-bit integers with bit 0 being the least 
significant bit.   Bit interpretations are given in Table 15. 

Table 15: Bit interpretations for the surface detection flags reported for each wavelength for all 532 nm and 1064 
nm surface detection attempts. Bit 0 is the least significant bit. 

Bit(s) Interpretation 

0 
Surface detected? 
0 = no 
1 = yes 

1-2 

Surface detection method 
0 = derivative test 
1 = multi-shot averaged data test 
2 = single shot surface detection fraction test 
3 = unused 

3 532 nm parallel channel saturated 

4 532 nm perpendicular channel saturated 

5 1064 nm channel saturated 

6 532 nm parallel channel negative signal anomaly 
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Bit(s) Interpretation 

7 532 nm perpendicular channel negative signal anomaly 

8 1064 nm channel negative signal anomaly 

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

10 Derivative method failure: vertical extent exceeds limit 

11 Derivative method failure: peak signal below threshold 

12 
Failure: vertical separation between 532 and 1064 surface top altitudes exceeds 
allowable limit 

13 
Failure: surface detected at 1064 nm only, but overlying atmospheric total 
attenuated backscatter color ratio is below a threshold value.  This test is disabled 
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:  0.0, 2.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Wavelength-specific vertically integrated total attenuated atmospheric backscatter from the top of 
the profile measurement (40 km at 532 nm, 30 km at 1064 nm) to one range bin above the detected surface 
top altitude.   

Surface_Scaled_RMS_Background_532 

Surface_Scaled_RMS_Background_1064 

Units:  1/(km * sr)   

Format:  Float_32   

Valid range:  0.0, 0.05 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Background noise estimate computed from RMS baseline noise measurements between 65 and 80 
km above mean sea level, rescaled to create pseudo-attenuated backscatter coefficients at, respectively, 
532 nm and 1064 nm.  These pseudo-attenuated backscatter coefficients are used to determine surface 
detection thresholds (Vaughan et al., 2016). 

Surface_Peak_Signal_532 

Surface_Peak_Signal_1064 

Units:  1/(km * sr)   

Format:  Float_32   

Valid range:  0.0, 3.5 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:    Maximum attenuated backscatter coefficient in the surface signals detected at, respectively, 532 nm 
and 1064 nm.   
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Vgroups : 1 km Lidar Surface Detection (1kmLay, 5kmDiag) 

In the 1 km cloud layer product, the Lidar_Surface_Detection Vgroup reports surfaces detected in attenuated 
backscatter profiles averaged to 1 km (3 shot) along-track resolution.  The same layer detection algorithm is used 
for both single shot and 1 km resolutions.  The SDS names and descriptions in the Lidar_Surface_Detection Vgroup 
reported in the 1 km cloud product are identical to those given previously for the single shot lidar detection Vgroup.  
However, the 1 km resolution Lidar_Surface_Detection Vgroup contains two SDSs, listed below, that are not 
reported in the single shot product. 

Surface_Detections_1km_532 

Surface_Detections_1km_1064 

Units:  NoUnits   

Format:  Int_16   

Valid range:  0, 5 

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

Description:  These fields report the number of 1 km resolution surface detections within each 5 km resolution 
profile.  Detection results are reported separately for the 532 nm and 1064 nm channels. 

Surface detection results retrieved at 1 km along-track resolution are also reported in the Lidar_Surface_Detection 
Vgroup nested in the 01km_Detection Vgroup in the 5 km beta merged layer product.  The parameters reported in 
the 01km_Detection Vgroup are identical to those reported in the stand-alone 1 km cloud layer product.  To 
distinguish 1 km results from the single shot and 5 km results reported in the 5 km beta merged layer product, the 
names of SDSs reporting parameters retrieved at 1 km ŀǊŜ ǇǊŜŦƛȄŜŘ ǿƛǘƘ ΨлмƪƳΩΦ  As an example, the Surface_Top_ 
Altitude_532 SDS reported in the 1 km cloud layer product is reported as the 01kmSurface_Top_Altitude_532 SDS 
in the 01km_Detection Vgroup contained in all 5 km layer products. 

Vgroups : 5 km Lidar Surface Detection (all 5 km layer products) 

In the 5 km standard layer products, the Lidar_Surface_Detection Vgroup reports surfaces detected in attenuated 
backscatter profiles averaged to 5 km (15 shot) along-track resolution.  The same layer detection algorithm is used 
for both single shot, 1 km, and 5 km resolutions.  The SDS names and descriptions in the Lidar_Surface_Detection 
Vgroup reported in the 5 km cloud product are identical to those given previously for the single shot lidar detection 
Vgroup.  However, the 5 km resolution Lidar_Surface_Detection Vgroup contains two SDSs, listed below, that are 
not reported in the single shot product. 

Surface_Detections_333m_532 

Surface_Detections_333m_1064 

Units:  NoUnits   

Format:  Int_16   

Valid range:  0, 15 

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

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

Vgroups : Ocean-Derived Column Optical Depths, Standard (all layer products) 

ODCOD_Effective_Optical_Depth_532 

Units:  NoUnits   

Format:  Float_32   
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Valid range:  0.0, 25.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:    Ocean Derived Column Optical Depth (ODCOD) estimates of total column effective particulate optical 
depth derived from the magnitude of the integrated ocean surface backscatter measured at 532 nm (Ryan 
et al., 2024).  These are effective (i.e., apparent) optical depths rather than true optical depths because no 
corrections are made for multiple scattering effects arising from cloud and aerosol layers that may be 
present within any column.   

ODCOD_Effective_Optical_Depth_532_Uncertainty 

Units:  NoUnits   

Format:  Float_32   

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Estimated absolute uncertainties in the ODCOD effective optical depths at 532 nm; see equation 12 
in Ryan et al., 2024.   

ODCOD_QC_Flag_532 

Units:  NoUnits   

Format:  UInt_32   

Valid range:  0, 4294967295 

Description:  The ODCOD quality control flags are bit-mapped 32-bit integers describing outcome of ODCOD 
retrievals at 532 nm.  Bit interpretation is given in Table 16. 

Table 16: Interpretation of the bits in the ODCOD quality control flags. The least significant bit is bit 0. 

Bit(s) Interpretation 

0 The fundamental time delay was shifted from the first point 

1 Lidar surface data too many data points for a valid surface spike 

2 Range bin above recorded lidar surface data added 

3 Range bin below recorded lidar surface data added 

4 The surface point ratio indicated that the first point of the surface spike is missing 

5 To find the time delay, the surface spike index range had to be shifted down 

6 The retrieval inputs fall outside of confidence ranges indicating a confident retrieval 

7-9 Unused 

10 No Lidar surface was found 

11 The surface is not ocean 

12 The surface is ice 

13 The wind speed is outside the valid range (0.025 to 43 m/s) 

14 The fundamental time delay found was too low; insufficient data samples to conduct a 
second search 

15 Too few data points to solve 

16 The CALIOP response model curve area was too large 

17 The CALIOP 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 was detected via derivative method at greater than single shot resolutions 

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


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5 Page 65 of 123 

Bit(s) Interpretation 

23-31 Unused  

ODCOD_Surface_Wind_Speeds_10m 

Units:  m/s   

Format:  Float_32   

Valid range:  -43.0, 43.0 

5ŜǎŎǊƛǇǘƛƻƴΥ  aŜŀƴ Ȋƻƴŀƭ ŀƴŘ ƳŜǊƛŘƛƻƴŀƭ ŎƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ǿƛƴŘ ǎǇŜŜŘǎ мл ƳŜǘŜǊǎ ŀōƻǾŜ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ 
reported in the lidar level 1b file. Lidar L1b wind speeds are interpolated from the MERRA-2 ancillary 
meteorological data and reported for each laser pulse as N × 2 arrays, where the first column gives the 
magnitude of the eastward, zonal, u component and the second column reports the northward, meridional, 
v component. 

ODCOD_Surface_Wind_Speed_Correction 

Units:  m/s   

Format:  Float_32   

Valid range:  -43.0, 43.0 

Description:  An additive correction derived from global analysis of AMSR wind speeds and applied during the 
ODCOD retrievals to the MERRA-2 wind speed magnitudes. 

Vgroups : Ocean-Derived Column Optical Depths, 5 km Merged Diagnostic Beta Only 

The Ocean-Derived Column Optical Depths Vgroup reported in the 5 km Merged Layer Diagnostic Beta products 
provides diagnostic information about the 532 nm ODCOD retrievals.  It also offers preliminary estimates of the 
1064 nm effective optical depths derived using exactly the same technique that is implemented at 532 nm.  Because 
the extensive laboratory characterization of the 532 nm detector response was not replicated for the 1064 nm 
channel, the 1064 nm instrument response function (IRF) is approximated using the 532 nm IRF.  This choice, 
together with the different vertical averaging done for the two channels, inevitably introduces some increased 
uncertainties and the possibility of unquantified biases in the 1064 nm results.  Studies conducted thus far suggest 
that the 1064 nm effective optical depth retrievals could be biased low by Ḑ0.07, though the underlying cause for 
this offset has not been determined.  Furthermore, the ODCOD 1064 nm effective optical depths have not been 
validated and hence should be used with utmost caution. 

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

ODCOD_Effective_Optical_Depth_1064 

Units:  NoUnits   

Format:  Float_32   

Valid range:  0.0, 25.0 

Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Estimates of total column effective particulate optical depth derived from the magnitude of the 
integrated ocean surface backscatter measured at 1064 nm.  These are effective (i.e., apparent) optical 
depths rather than true optical depths because no corrections are made for multiple scattering effects 
arising from cloud and aerosol layers that may be present within any column.   

ODCOD_Effective_Optical_Depth_1064_Uncertainty 

Units:  NoUnits   

Format:  Float_32   
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Fill Value: -9999.0 

Flag Values: ς111.0 column data quality degraded due to low laser energy and rejected by LEM 

Description:   Estimated absolute uncertainties in the ODCOD effective optical depths at 1064 nm.   

ODCOD_QC_Flag_1064 

Units:  NoUnits   

Format:  UInt_32   

Valid range:  0, 4294967295 

Description:  The ODCOD quality control flags are bit-mapped 32-bit integers describing outcome of ODCOD 
retrievals at 1064 nm.  Bit interpretation is given in Table 16. 

ODCOD_Two_Way_Transmittance_532 

ODCOD_Two_Way_Transmittance_1064 

Units:  NoUnits   

Format:  Float_32   

Valid range:  0, 1 

Fill Value: -9999.0 

Description:  see equation 6 in Ryan et al., 2024.  The ODCOD algorithm first estimates the effective particulate 
two-way transmittances in each column before converting them to the corresponding optical depths.  532 
nm optical depths are reported in the standard layer products.  1064 nm optical depths and the two-way 
transmittances at both wavelengths are only reported in the 5 km merge beta product. 

ODCOD_Two_Way_Transmittance_532_Unc 

ODCOD_Two_Way_Transmittance_1064_Unc 

Units:  NoUnits  

Format:  Float_32   

Fill Value: -9999.0 

Description:  total estimated absolute uncertainty in the effective particulate two-way transmittance calculations 
at both wavelengths; as seen equation 11 in Ryan et al., 2024, there are multiple components that combine 
to yield the total uncertainty estimate. 

ODCOD_Two_Way_Transmittance_532_Unc_Wind 

ODCOD_Two_Way_Transmittance_1064_Unc_Wind 

Units:  NoUnits 

Format:  Float_32   

Fill Value: -9999.0 

Description:  the wind speed component of the total two-way transmittance uncertainty calculations; see equation 
17 in Ryan et al., 2024. 

ODCOD_Two_Way_Transmittance_532_Unc_Area 

ODCOD_Two_Way_Transmittance_1064_Unc_Area 

Units:  NoUnits 

Format:  Float_32   

Fill Value: -9999.0 
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Description:  portion of the total two-way transmittance uncertainty calculations ascribed to uncertainties in the 
CALIOP response model (CRM), that approximates the underlying CALIOP instrument response function 
(IRF); see equation 18 in Ryan et al., 2024. 

ODCOD_T2_Product_Molecular_O3_532 

ODCOD_T2_Product_Molecular_O3_1064 

Units:  NoUnits 

Format:  Float_32   

Valid range:  0, 1 

Fill Value: -9999.0 

Description:  magnitude of the combined molecular and ozone two-way transmittance between the lidar and the 
surface at each wavelength; obtained from MERRA-2 model data. 

ODCOD_Two_Way_Transmittance_532_Unc_T2MolO3 

ODCOD_Two_Way_Transmittance_1064_Unc_T2MolO3 

Units:  NoUnits 

Format:  Float_32   

Fill Value: -9999.0 

Description: portion of the total two-way transmittance uncertainty calculations that would be ascribed to 
uncertainties in the molecular and ozone two-way transmittances between the lidar and the surface.  
Although calculated values are given in the respective SDSs, Ryan et al., 2024 state that the contributions 
made by this term άto the overall uncertainty should be less than 0.02%. As these uncertainties are small 
compared to that of wind speed and area fit, they are not included in the ODCOD (total) uncertainty 
estimatesέΦ 

ODCOD_Ocean_Surface_Retro_Reflectance_532 

ODCOD_Ocean_Surface_Retro_Reflectance_1064 

Units:  NoUnits 

Format:  Float_32   

Valid range:  0, 1 

Fill Value: -9999.0 

Description:  The modeled reflectance of the ocean surface as a function of wind speed at the lidar off-nadir angle 
at both wavelengths; see equation 7 in Ryan et al., 2024. 

ODCOD_Fundamental_Time_Delay_532 

ODCOD_Fundamental_Time_Delay_1064 

Units:  ˃ ǎ 

Format:  Float_32   

Valid range:  -0.05, 0.15 

Description:  Elapsed time, at both 532 nm and 1064 nm, from the surface range bin midpoint to the onset of the 
CRM within the bin; for details, see Section 2.1 and Figure 2 in Ryan et al., 2024. 

ODCOD_Scale_Factor_532 

ODCOD_Scale_Factor_1064 

Units:  NoUnits 

Format:  Float_32   

Valid range:  0, 5 
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Fill Value: -9999.0 

Description:  Scale factor to achieve the best fit between the measurements and the CRM; see ǘƘŜ ʰ ǇŀǊŀƳŜǘŜǊ ƛƴ 
Table 1 in Ryan et al., 2024. 

ODCOD_First_Point_Index_532 

ODCOD_First_Point_Index_1064 

Units:  NoUnits 

Format:  Float_32   

Valid range:  0, 582 

Fill Value: -1 

Description:  The index into the 583-element CALIOP altitude array designating the location of the onset of the 
ocean surface signal.  5ǳŜ ǘƻ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ /![LhtΩǎ ǾŜǊǘƛŎŀƭ ŀǾŜǊŀƎƛƴƎ ƻŦ ǘƘŜ рон ƴƳ ŀƴŘ млсп ƴƳ 
backscatter profiles, these indexes may not be identical for the two wavelengths. 

ODCOD_Surface_Points_532 

ODCOD_Surface_Points_1064 

Units:  km ς1 sr ς1  

Format:  Float_32   

Typical range:   -0.1...3.3 

Fill Value: -9999.0 

Description:  The attenuated backscatter coefficients used for the ODCOD retrieval at each wavelength. Level 1 
data array indexes for these values extend from the ODCOD_First_Point_Index_532 downward for 1 to 3 
range bins (i.e., the ODCOD ocean surface return will contain at least 2 points and no more than 4 points). 

ODCOD_IRF_Area_532 

ODCOD_IRF_Area_1064 

Units:  NoUnits 

Format:  Float_32   

Valid range:  0.0, 0.962 

Fill Value: -9999.0 

Description:  The ODCOD algorithm approximates the CALIOP impulse response function (IRF) using the 
mathematically tractable CRM. The IRF area parameters are the areas calculated under the CRM and 
subsequently used to determine the ODCOD scale factors at both wavelengths; see equation 5 in Ryan et 
al., 2024.   

ODCOD_IRF_Area_532_Uncertainty 

ODCOD_IRF_Area_1064_Uncertainty 

Units:  NoUnits 

Format:  Float_32   

Fill Value: -9999.0 

Description:  Estimated uncertainty in the integral of the shifted and scaled CRM (i.e., after the time delay and scale 
factor have been found and applied).  These parameters are intermediate values used in calculating the 
Ψh5/h5 ¢ǿƻ ²ŀȅ ¢ǊŀƴǎƳƛǘǘŀƴŎŜ ώрон ƻǊ млспϐ ¦ƴŎ !ǊŜŀέ ŀƴŘ are reported for diagnostic purposes only.  

ODCOD_Curve_Fit_Error_532 

ODCOD_Curve_Fit_Error_1064 

Units:  NoUnits 
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Format:  Float_32  

Fill Value: -9999.0  

Description:  Estimated uncertainty of the ocean return model fit, calculated as the root mean squared difference 
between the surface measurements and the best fit  to the downlinked CALIOP response model (DCRM); 
see equation 4 in Ryan et al., 2024.  The curve fit error quantifies the contributions that uncertainties in 
the integrated surface backscatter signals make to the total effective optical uncertainty.  

Vgroups : Single Shot Detection (all 5 km layer products) 

All CALIOP 5 km layer products include a Single Shot Detection (SSD) Vgroup that reports a comprehensive subset 
of the parameters reported in the 333 m Merged Layer Product.  These results are included specifically to give 
users the ability to identify and characterize boundary layer clouds detected at single shot resolution. The 
attenuated backscatter coefficients in these boundary layer clouds are excluded when creating the increasingly 
coarse horizontal averages used for layer detections at 5 km, 20 km, and 80 km (Vaughan et al., 2009; Tackett et 
al., 2022).  By design, the SDS names in the SSD Vgroup are very nearly identical to the SDS names in the root HDF 
directory.  The difference is that the SSD Vgroup names ŀǊŜΣ ƛƴ ŀƭƭ ŎŀǎŜǎΣ ǇǊŜŦƛȄŜŘ ǿƛǘƘ ΨǎǎΩΣ ǿƘŜǊŜ ΨǎǎΩ represents 
ΨǎƛƴƎƭŜ ǎƘƻǘΩΦ  Doing this eliminates any potential ambiguity in specifying parameter names when using the 5 km 
layer products.  For example, in the 5 km Cloud Layer Product, cloud top altitudes for layers detected at 5 km, 20 
km, and 80 km are reported in the Layer_Top_Altitude SDS stored in the HDF root directory.  Similarly, cloud top 
altitudes for layers detected at single shot resolution are reported in the ssLayer_Top_Altitude SDS stored in the 
SSD Vgroup.  Because the spatial resolution of the ancillary meteorological data present is not better than 5 km, 
these parameters are not copied from the 333 m Merged Layer Product into the SSD Vgroup.  Sun angles and 
spacecraft position are also excluded from the SSD Vgroup. 

Table 17 lists all SDSs contained in the SSD Vgroup and includes links to the parameter descriptions in the left 
column.  Because the spatial resolution of the ancillary meteorological data present is not better than 5 km, these 
parameters are not copied from the 333 m Merged Layer Product into the SSD Vgroup.  Sun angles and spacecraft 
position are also excluded from the SSD Vgroup. 

Table 17: correspondence between SDS names in the 333 m Merged layer product and the Single Shot Detection 
Vgroups reported in all 5 km layer products. 

333 m Merged Layer Product Single Shot Detection Vgroup 

Lidar_Data_Altitudes  

Profile_ID (all layer products) ssProfile_ID 

Latitude (all layer products)Latitude (all layer 
products) 

ssLatitude 

Longitude (all layer products) ssLongitude 

Profile_Time (all layer products)Profile_Time (all 
layer products) 

ssProfile_Time 

Profile_UTC_Time (all layer products) ssProfile_UTC_Time 

Day_Night_Flag (all layer products) ssDay_Night_Flag 

Off_Nadir_Angle (all layer products) ssOff_Nadir_Angle 

Solar_Zenith_Angle  

Solar_Azimuth_Angle  

Scattering_Angle  

Spacecraft_Position  

Laser_Energy_532 (333mMLay, all 5 km layer 
products) 

ssLaser_Energy_532 
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333 m Merged Layer Product Single Shot Detection Vgroup 

Low_Energy_Mitigation_Column_QC_Flag (all layer 
products) 

ssLow_Energy_Mitigation_Column_QC_Flag 

Parallel_Column_Reflectance_532 (all layer products) ssParallel_Column_Reflectance_532 

Parallel_Column_Reflectance_Uncertainty_532 (all layer 
products) 

ssParallel_Column_Reflectance_Uncertainty_532 

Perpendicular_Column_Reflectance_532 (all layer 
products) 

ssPerpendicular_Column_Reflectance_532 

Perpendicular_Column_Reflectance_Uncertainty_532 
(all layer products) 

ssPerpendicular_Column_Reflectance_Uncertainty_532 

Column_Integrated_Attenuated_Backscatter_532 (all 
layer products) 

ssColumn_Integrated_Attenuated_Backscatter_532 

Column_IAB_Cumulative_Probability (all layer 
products) 

ssDEM_Surface_Elevation 

Column_Particulate_Optical_Depth_Above_Opaque_Wa

ter_Cloud_532 (all layer products) 
ssColumn_Particulate_Optical_Depth_Above_Opaque_ 
Water_Cloud_532 

Column_Particulate_Optical_Depth_Above_Opaque_Wa

ter_Cloud_Uncertainty_532 (all layer products) 
ssColumn_Particulate_Optical_Depth_Above_Opaque_ 
Water_Cloud_Uncertainty_532 

Tropopause_Height  

Tropopause_Temperature  

IGBP_Surface_Type  

Snow_Ice_Surface_Type  

DEM_Surface_Elevation  

Number_Layers_Found (all layer products) ssNumber_Layers_Found 

Scene_Flag (all layer products) ssScene_Flag 

Number_Bins_Shift (333mMLay, 01kmCLay) ssNumber_Bins_Shift 

Layer_Top_Altitude (all layer products) ssLayer_Top_Altitude 

Layer_Base_Altitude (all layer products) ssLayer_Base_Altitude 

Layer_Top_Pressure (all layer products) ssLayer_Top_Pressure 

Midlayer_Pressure (all layer products) ssMidlayer_Pressure 

Layer_Base_Pressure (all layer products) ssLayer_Base_Pressure 

Layer_Top_Temperature (all layer products) ssLayer_Top_Temperature 

Layer_Centroid_Temperature (333mMLay, 1kmCLay, 
5kmCLay, 5kmMLay, 5kmDiag) 

ssLayer_Centroid_Temperature 

Midlayer_Temperature (all layer products) ssMidlayer_Temperature 

Layer_Base_Temperature (all layer products) ssLayer_Base_Temperature 

Opacity_Flag (all layer products) ssOpacity_Flag 

Attenuated_Scattering_Ratio_Statistics_532 (all layer 
products) 

ssAttenuated_Scattering_Ratio_Statistics_532 

Attenuated_Backscatter_Statistics_532 (all layer 
products) 

ssAttenuated_Backscatter_Statistics_532 

Integrated_Attenuated_Backscatter_532 (all layer 
products) 

ssIntegrated_Attenuated_Backscatter_532 
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333 m Merged Layer Product Single Shot Detection Vgroup 

Integrated_Attenuated_Backscatter_Uncertainty_532 
(all layer products) 

ssIntegrated_Attenuated_Backscatter_Uncertainty_532 

Attenuated_Backscatter_Statistics_1064 (all layer 
products) 

ssAttenuated_Backscatter_Statistics_1064 

Integrated_Attenuated_Backscatter_1064 (all layer 
products) 

ssIntegrated_Attenuated_Backscatter_1064 

Integrated_Attenuated_Backscatter_Uncertainty_1064 
(all layer products) 

ssIntegrated_Attenuated_Backscatter_Uncertainty_1064 

Volume_Depolarization_Ratio_Statistics (all layer 
products) 

ssVolume_Depolarization_Ratio_Statistics 

Integrated_Volume_Depolarization_Ratio (all layer 
products) 

ssIntegrated_Volume_Depolarization_Ratio 

Integrated_Volume_Depolarization_Ratio_Uncertainty 
(all layer products) 

ssIntegrated_Volume_Depolarization_Ratio_Uncertainty 

Attenuated_Total_Color_Ratio_Statistics (all layer 
products) 

ssAttenuated_Total_Color_Ratio_Statistics 

Integrated_Attenuated_Total_Color_Ratio (all layer 
products) 

ssIntegrated_Attenuated_Total_Color_Ratio 

Integrated_Attenuated_Total_Color_Ratio_Uncertainty 
(all layer products) 

ssIntegrated_Attenuated_Total_Color_Ratio_Uncertainty 

Overlying_Integrated_Attenuated_Backscatter_532 (all 
layer products) 

ssOverlying_Integrated_Attenuated_Backscatter_532 

Layer_IAB_QA_Factor (all layer products) ssLayer_IAB_QA_Factor 

Feature_Classification_Flags (all layer products) ssFeature_Classification_Flags 

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

ssCAD_Score 

Initial_CAD_Score (333MLay, 01kmCLay, 5kmCLay, 
5kmMLay, 5kmDiag) 

ssInitial_CAD_Score 

Was_Cleared (333mMLay) ssWas_Cleared 

Decoupled_Layer_Type (333mMLay, 5kmALay, 
5kmCLay, 5kmMLay, 5kmDiag) 

ssDecoupled_Layer_Type 

Metadata Parameters 

Product_ID 

A character string (80-byte maximum) specifying the data product name. For all CALIPSO Level 2 lidar data products, 
the value of this string is άL2_LIDARέ. 

Date_Time_at_Granule_Start 

A 27-byte character string that specifies the granule UTC start date and time. The format is yyyy-mm-
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 
the second, and ffffff is the fractional second.  Date and time are separated by the charactŜǊ Ψ¢ΩΦ  ¢ƘŜ Ψ½Ω ƛƴŘƛŎŀǘŜǎ 
that time is given in UTC. 
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Date_Time_at_Granule_End 

A 27-byte character string that specifies the granule UTC end date and time. The format is yyyy-mm-
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 
ǘƘŜ ǎŜŎƻƴŘΣ ŀƴŘ ŦŦŦŦŦŦ ƛǎ ǘƘŜ ŦǊŀŎǘƛƻƴŀƭ ǎŜŎƻƴŘΦ  5ŀǘŜ ŀƴŘ ǘƛƳŜ ŀǊŜ ǎŜǇŀǊŀǘŜŘ ōȅ ǘƘŜ ŎƘŀǊŀŎǘŜǊ Ψ¢ΩΦ  ¢ƘŜ Ψ½Ω ƛƴŘƛŎŀǘŜǎ 
that time is given in UTC. 

Date_Time_of_Production 

A 27-byte character string that specifies the UTC date and time at which the data was generated. The format is 
yyyy-mm-ddThh:nn:ss.ffffffZ, where yyyy is the year, mm is the month, dd is the day, hh is the hour, nn is the 
ƳƛƴǳǘŜΣ ǎǎ ƛǎ ǘƘŜ ǎŜŎƻƴŘΣ ŀƴŘ ŦŦŦŦŦŦ ƛǎ ǘƘŜ ŦǊŀŎǘƛƻƴŀƭ ǎŜŎƻƴŘΦ  5ŀǘŜ ŀƴŘ ǘƛƳŜ ŀǊŜ ǎŜǇŀǊŀǘŜŘ ōȅ ǘƘŜ ŎƘŀǊŀŎǘŜǊ Ψ¢ΩΦ  ¢ƘŜ 
Ψ½Ω ƛƴŘƛŎŀǘes that time is given in UTC. 

Number_of_Bad_Profiles 

A 32-bit integer specifying the number of bad attenuated backscatter profiles contained the level 1b file used to 
generate the level 2 analyses.  Profiles are considered bad if (a) any of the three measurement channels are missing 
(see bits 0, 1, and 2 in the QC Flags SDS); (b) the measurement data could not be geolocated (see bit 3 in the QC 
flags SDS); or (c) the energy in either the 532 nm or 1064 nm channel falls below the low energy threshold (see bits 
5 and 6 in the QC Flags SDS). 

Number_of_Good_Profiles 

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

Initial_Subsatellite_Latitude 

¢Ƙƛǎ ŦƛŜƭŘ ǊŜǇƻǊǘǎ ǘƘŜ ŦƛǊǎǘ ǎǳōǎŀǘŜƭƭƛǘŜ ƭŀǘƛǘǳŘŜ contained in the granule.  

Initial_Subsatellite_Longitude 

¢Ƙƛǎ ŦƛŜƭŘ ǊŜǇƻǊǘǎ ǘƘŜ ŦƛǊǎǘ ǎǳōǎŀǘŜƭƭƛǘŜ ƭƻƴƎƛǘǳŘŜ contained in the granule.  

Final_Subsatellite_Latitude 

¢Ƙƛǎ ŦƛŜƭŘ ǊŜǇƻǊǘǎ ǘƘŜ ƭŀǎǘ ǎǳōǎŀǘŜƭƭƛǘŜ ƭŀǘƛǘǳŘŜcontained in the granule.  

Final_Subsatellite_Longitude 

¢Ƙƛǎ ŦƛŜƭŘ ǊŜǇƻǊǘǎ ǘƘŜ ƭŀǎǘ ǎǳōǎŀǘŜƭƭƛǘŜ ƭƻƴƎƛǘǳŘŜ contained in the granule.  

Orbit_Number_at_Granule_Start 

Orbit_Number_at_Granule_Stop 

Orbit_Number_Change_Time 

Orbit Number consists of three fields that define the number of revolutions by the CALIPSO spacecraft around the 
Earth. This number is incremented each time the spacecraft passes the equator on the ascending node. To maintain 
consistency between the CALIPSO and CloudSat orbit parameters, the Orbit Number is keyed to the CloudSat orbit 
2121 at 23:00:47 on 2006/09/20. Because the CALIPSO data granules are organized according to satellite lighting 
conditions, based on fixed Sun-Earth-Satellite angles, day/night 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: 

¶ Orbit Number at Granule Start:ƻǊōƛǘ ƴǳƳōŜǊ ŀǘ ǘƘŜ ƎǊŀƴǳƭŜ ǎǘŀǊǘ ǘƛƳŜΦ  

¶ Orbit Number at Granule End:ƻǊōƛǘ ƴǳƳōŜǊ ŀǘ ǘƘŜ ƎǊŀƴǳƭŜ ǎǘƻǇ ǘƛƳŜΦ  

¶ Orbit Number Change Time:ǘƛƳŜ ŀǘ ǿƘƛŎƘ ǘƘŜ ƻǊōƛǘ ƴǳƳōŜǊ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ granule.  
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Path_Number_at_Granule_Start 

Path_Number_at_Granule_Stop 

Path_Number_Change_Time 

Path Number consists of three fields that define an index ranging from 1-233 that references orbits to the 
Worldwide Reference System (WRS). This global grid system was developed to support scene identification for 
LandSat imagery. Since the A-Train is maintained to the WRS grid within ±10 km, the Path Number provides a 
convenient index to support data searches, instead of having to define complex latitude and longitude regions 
along the orbit track. The Path Number is incremented after the maximum latitude in the orbit is realized and 
changes by a value of 16 between successive orbits. Because the CALIPSO data granules are organized according 
to satellite lighting conditions, day/night boundaries do not coincide with transition points for defining path 
number. As such, three parameters are needed to describe the path number for each granule as: 

¶ Path Number at Granule Start:ǇŀǘƘ ƴǳƳōŜǊ ŀǘ ǘƘŜ ƎǊŀƴǳƭŜ ǎǘŀǊǘ ǘƛƳŜΦ  

¶ Path Number at Granule End:ǇŀǘƘ ƴǳƳōŜǊ ŀǘ ǘƘŜ ƎǊŀƴǳƭŜ ǎǘƻǇ ǘƛƳŜΦ  

¶ Path Number Change Time:ǘƛƳŜ ŀǘ ǿƘƛŎƘ ǘƘŜ ǇŀǘƘ ƴǳƳōŜǊ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ƎǊŀƴǳƭŜΦ  

While CALIPSO was formation flying in the A-Train all path numbers in the metadata are exact. Beginning in 
September 2018, when CALIPSO lowered its orbit into the C-Train, path numbers are no longer exact, but instead 
indicate the closest WRS reference orbit. 

Lidar_L1_Production_Date_Time 

For each CALIOP Lidar Level 2 data product, the Lidar 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. 

Number_of_Single_Shot_Records_in_Files 

QA parameter for internal use only 

Number_of_Average_Records_in_File 

QA parameter for internal use only 

Number_of_Features_Found 

QA parameter for internal use only 

Number_of_Cloud_Features_Found 

QA parameter for internal use only 

Number_of_Aerosol_Features_Found 

QA parameter for internal use only 

Number_of_Indeterminate_Features_Found 

QA parameter for internal use only 

Ocean_Fresnel_Reflection_Coefficient_532 

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

Ocean_Fresnel_Reflection_Coefficient_1064 (5kmDiag) 

Estimated reflectance coefficient of the 1064 nm signal by seawater. The value of this parameter is 0.0202, based 
on work documented in Vaughan et. al., 2019.  
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MERRA2_Wind_Uncertainty 

Estimated global relative uncertainty of the 10 m wind speed reported in the MERRA2 meteorological model data 
product. The value of this parameter is 0.1506, based on work documented in Ryan et al., 2024 

AMSR_Wind_Correction_Uncertainty 

Estimated global correction uncertainty between the AMSR and MERRA-2 winds. As documented in Ryan et al., 
2024, the value of this parameter is 0.2537. 

Lidar_Data_Altitudes 

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

GEOS_Version 

Specifies the version of the meteorological data used in the level 2 analyses.  For the version 5.0 data release, this 
ŦƛŜƭŘ ƛǎ ŀƭǿŀȅǎ άa9ww!нέΦ 

GMAO_Files_Used 

Lists the four MERRA-2 meteorological data files used to create the level 2 data files for this granule. 

Classifier_Coefficients_Version_Number 

Version number of the classifier coefficients file that stores the five-dimensional probability distribution functions 
used by the cloud-aerosol discrimination (CAD) algorithm.  

Classifier_Coefficients_Version_Date 

Creation date of the classifier coefficients file that stores the five-dimensional probability distribution functions 
used by the cloud-aerosol discrimination (CAD) algorithm.  

Production_Script 

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

 

CALIPSO Data Quality Information 

Relevant External Documentation 

This section lists CALIPSO Algorithm Theoretical Basis Documents (ATBDs) and peer-reviewed journal articles that 
provide detailed descriptions of the algorithms used to calibrate the lidar and retrieve the CALIOP level 2 science 
data products. 

ATBDs and Project Documentation 

¶ CALIPSO Data Management Team: CALIPSO Data Products Catalog, PC-SCI-503, Release 5.00.  

¶ Vaughan, M. A., D. M. Winker, and K. A. Powell, 2005: CALIOP Algorithm Theoretical Basis Document, Part 2: 
Feature Detection and Layer Properties Algorithm, PC-SCI-202.02, 
https://ntrs.nasa.gov/citations/20250006627. 
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¶ 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, PC-SCI-202.03, 
https://ntrs.nasa.gov/citations/20250006628. 

¶ Winker, D. M., C. A. Hostetler, M. A. Vaughan,  and A. H. Omar, 2006: CALIOP Algorithm Theoretical Basis 
Document, Part 1: CALIOP Instrument and Algorithms Overview, PC-SCI-202.01, 
https://ntrs.nasa.gov/citations/20250006626. 

Peer-Reviewed Journal Papers 

¶ [ƛǳΣ ½ΦΣ aΦ WΦ aŎDƛƭƭΣ ¸Φ IǳΣ /Φ !Φ IƻǎǘŜǘƭŜǊΣ aΦ ±ŀǳƎƘŀƴΣ ŀƴŘ 5Φ ²ƛƴƪŜǊΣ нллпΥ ά±ŀƭƛŘŀǘƛƴƎ ƭƛŘŀǊ ŘŜǇƻƭŀǊƛȊŀǘƛƻƴ 
ŎŀƭƛōǊŀǘƛƻƴ ǳǎƛƴƎ ǎƻƭŀǊ ǊŀŘƛŀǘƛƻƴ ǎŎŀǘǘŜǊŜŘ ōȅ ƛŎŜ ŎƭƻǳŘǎέΣ IEEE Geosci. Remote Sens. Lett., 1, 157ς161, 
https://doi.org/10.1109/LGRS.2004.829613. 

¶ Liu, Z., M. Vaughan, D. Winker, C. A. Hostetler, L. R. Poole, D. L. Hlavka, W. D. Hart, and M. J. McGill, 2004: Use 
of probability distribution functions for discriminating between cloud and aerosol in lidar backscatter data, J. 
Geophys. Res., 109, D15202, https://doi.org/10.1029/2004JD004732. 

¶ 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 Observations, Appl. Opt., 45, 4437ς4447, 
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 Measurements, IEEE Geosci. Remote 
Sens. Lett., 4, 523ς526, 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. Young, 
K. Stamnes, J. Huang, R. Kuehn, B. Baum, and R. Holz, 2009: CALIPSO/CALIOP Cloud Phase Discrimination 
Algorithm, J. Atmos. Oceanic Technol., 26, 2293ς2309, https://doi.org/10.1175/2009JTECHA1280.1. 

¶ Hunt, W. H, D. M. Winker, M. A. Vaughan, K. A. Powell, P. L. Lucker, and C. Weimer, 2009: CALIPSO Lidar 
Description and Performance Assessment, J. Atmos. Oceanic Technol., 26, 1214ς1228, 
https://doi.org/10.1175/2009JTECHA1223.1. 

¶ Liu, Z., M. A. Vaughan, D. M. Winker, C. Kittaka, R. E. Kuehn, B. J. Getzewich, C. R. Trepte, and C. A. Hostetler, 
2009: The CALIPSO Lidar Cloud and Aerosol Discrimination: Version 2 Algorithm and Initial Assessment of 
Performance, J. Atmos. Oceanic Technol., 26, 1198ς1213, https://doi.org/10.1175/2009JTECHA1229.1. 

¶ Omar, A., D. Winker, C. Kittaka, M. Vaughan, Z. Liu, Y. Hu, C. Trepte, R. Rogers, R. Ferrare, R. Kuehn, and C. 
Hostetler, 2009: The CALIPSO Automated Aerosol Classification and Lidar Ratio Selection Algorithm, J. Atmos. 
Oceanic Technol., 26, 1994ς2014, 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, C. R. Trepte, R. R. Rogers, 
S. A. Young, and D. M. Winker, 2009: CALIPSO Lidar Calibration Algorithms: Part I - Nighttime 532 nm Parallel 
Channel and 532 nm Perpendicular Channel, J. Atmos. Oceanic Technol., 26, 2015ς2033, 
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 Technol., 26, 2034ς2050, 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. Young, 2009: 
Overview of the CALIPSO Mission and CALIOP Data Processing Algorithms, J. Atmos. Oceanic Technol., 26, 
2310ς2323, 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 description, J. Atmos. Oceanic 
Technol., 26, 1105ς1119, https://doi.org/10.1175/2008JTECHA1221.1. 

¶ Garnier, A., J. Pelon, M. A. Vaughan, D. M. Winker, C. R. Trepte, and P. Dubuisson, 2015: Lidar multiple 
scattering factors inferred from CALIPSO lidar and IIR retrievals of semi-transparent cirrus cloud optical depths 
over oceans, Atmos. Meas. Tech., 8, 2759ς2774, https://doi.org/10.5194/amt-8-2759-2015. 
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¶ Getzewich, B. J., M. A. Vaughan, W. H. Hunt, M. A. Avery, K. A. Powell, J. L. Tackett, D. M. Winker, J. Kar, K.-P. 
Lee, and T. Toth, 2018: CALIPSO Lidar Calibration at 532-nm: Version 4 Daytime Algorithm, Atmos. Meas. Tech., 
11, 6309ς6326, https://doi.org/10.5194/amt-11-6309-2018. 

¶ Kar, J., M. A. Vaughan, K. P. Lee, J. Tackett, M. Avery, A. Garnier, B. Getzewich, W. Hunt, D. Josset, Z. Liu, P. 
Lucker, B. Magill, A. Omar, J. Pelon, R. Rogers, T.  D. Toth, C. Trepte, J-P. Vernier, D. Winker, and S. Young, 2018: 
CALIPSO Lidar Calibration at 532 nm: Version 4 Nighttime Algorithm, Atmos. Meas. Tech., 11, 1459ς1479, 
https://doi.org/10.5194/amt-11-1459-2018. 

¶ 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. C. 
Pitts, J. Kar, and B. E. Magill, 2018: The CALIPSO Version 4 Automated Aerosol Classification and Lidar Ratio 
Selection Algorithm, Atmos. Meas. Tech., 11, 6107-6135, https://doi.org/10.5194/amt-11-6107-2018. 

¶ Lu, X., Y. Hu, Y. Yang, M. Vaughan, Z. Liu, S. Rodier, W. Hunt, K. Powell, P. Lucker, and C. Trepte, 2018: Laser 
pulse bidirectional reflectance from CALIPSO mission, Atmos. Meas. Tech., 11, 3281ς3296, 
https://doi.org/10.5194/amt-11-3281-2018. 

¶ Young, S. A., M. A. Vaughan, J. L. Tackett, A. Garnier, J. B. Lambeth, and K. A. Powell, 2018: Extinction and 
Optical Depth wŜǘǊƛŜǾŀƭǎ ŦƻǊ /![Lt{hΩs Version 4 Data Release, Atmos. Meas. Tech., 11, 5701ς5727, 
https://doi.org/10.5194/amt-11-5701-2018. 

Supplement: https://doi.org/10.5194/amt-11-5701-2018-supplement 

¶ Liu, Z., J. Kar, S. Zeng, J. Tackett, M. Vaughan, M. Avery, J. Pelon, B. Getzewich, K.-P. Lee, B. Magill, A. Omar, P. 
Lucker, C. Trepte, and D. Winker, 2019: Discriminating Between Clouds and Aerosols in the CALIOP Version 4.1 
Data Products, Atmos. Meas. Tech., 12, 703ς734, https://doi.org/10.5194/amt-12-703-2019. 

¶ Vaughan, M., A. Garnier, D. Josset, M. Avery, K.-P. Lee, Z. Liu, W. Hunt, J. Pelon, Y. Hu, S. Burton, J. Hair, J. 
Tackett, B. Getzewich, J. Kar, and S. Rodier, 2019: CALIPSO Lidar Calibration at 1064 nm: Version 4 Algorithm, 
Atmos. Meas. Tech., 12, 51ς82, https://doi.org/10.5194/amt-12-51-2019. 

¶ Avery, M. A., R. A. Ryan, B. J. Getzewich, M. A. Vaughan, D. M. Winker, Y. Hu, A. Garnier, J. Pelon, and C. A. 
Verhappen, 2020: άCALIOP V4 Cloud Thermodynamic Phase Assignment and the Impact of Near-Nadir Viewing 
Anglesέ, Atmos. Meas. Tech., 13, 4539ς4563, https://doi.org/10.5194/amt-13-4539-2020. 

¶ Ryan, R. A., M. A. Vaughan, S. D. Rodier, J. L. Tackett, J. A. Reagan, R. A. Ferrare, J. W. Hair, and B. J. Getzewich, 
нлнпΥ ά¢ƻǘŀƭ /ƻƭǳƳƴ hǇǘƛŎŀƭ 5ŜǇǘƘǎ wŜǘǊƛŜǾŜŘ ŦǊƻƳ /![Lt{h [ƛŘŀǊ hŎŜŀƴ {ǳǊŦŀŎŜ .ŀŎƪǎŎŀǘǘŜǊέΣ Atmos. Meas. 
Tech., 17, 6517ς6545, https://doi.org/10.5194/amt-17-6517-2024. 

¶ Tackett, J. L., J. Kar, M. A. Vaughan, B. Getzewich, M.-H. Kim, J.-P. Vernier, A. H. Omar, B. Magill, M. C. Pitts, 
ŀƴŘ 5Φ ²ƛƴƪŜǊΣ нлноΥ άThe CALIPSO version 4.5 stratospheric aerosol subtyping algorithmέΣ Atmos. Meas. Tech., 
16, 745ς768, https://doi.org/10.5194/amt-16-745-2023. 

¶ Tackett, J. L., R. A. Ryan, A. E. Garnier, J. Kar, B. Getzewich, X. Cai, M. A. Vaughan, C. R. Trepte, R. Verhappen, 
D. M. Winker and K.-P. A. Lee, 2025: Mitigating Impacts of Low Energy Laser Pulses on CALIOP Data Products, 
EGUsphere [preprint], https://doi.org/10.5194/egusphere-2025-2376. 

¶ Toth, T. D., G. Schuster, M. Clayton, Z. Li, D. Painemal, S. Rodier, J. Kar, T. Thorsen, R. Ferrare, M. Vaughan, J. 
Tackett, H. Bian, M. Chin, A. Garnier, E. Welton, R. Ryan, C. Trepte and D. WinkerΣ нлнрΥ άMapping CALIPSO 
Marine and Dusty Marine Aerosol Lidar Ratios using MODIS AOD Constrained Retrievals and GOCART Model 
Simulationsέ EGUsphere [AMTD], https://doi.org/10.5194/egusphere-2025-2832. 

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 updates.  Table 18 lists all major and minor releases. 

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
https://doi.org/10.5194/amt-11-6309-2018
https://doi.org/10.5194/amt-11-1459-2018
https://doi.org/10.5194/amt-11-6107-2018
https://doi.org/10.5194/amt-11-3281-2018
https://doi.org/10.5194/amt-11-5701-2018
https://doi.org/10.5194/amt-11-5701-2018-supplement
https://doi.org/10.5194/amt-12-703-2019
https://doi.org/10.5194/amt-12-51-2019
https://doi.org/10.5194/amt-13-4539-2020
https://doi.org/10.5194/amt-17-6517-2024
https://doi.org/10.5194/amt-16-745-2023
https://doi.org/10.5194/egusphere-2025-2376
https://doi.org/10.5194/egusphere-2025-2832


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5 Page 77 of 123 

Table 18: release date, version number, data date range, and production strategy for all CALIPSO lidar level 2 data 
products 

Lidar Level 2: Half 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  4.51 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 

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 to November 11, 2007  Provisional / Beta 

 

Data Quality Summaries 

5ŀǘŀ vǳŀƭƛǘȅ {ǘŀǘŜƳŜƴǘ ŦƻǊ /![Lt{hΩǎ ±ŜǊǎƛƻƴ 5.00 Lidar Level 2 Data Product Release 

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 most significant 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 canister (Hunt et al., 2009) reduced the 
internal pressure below the voltage breakdown limit described by tŀŎƘŜƴΩǎ ƭŀǿ. Once this occurred, intermittent 
coronal arcing across the Q switch caused the CALIOP laser to begin emitting an increasing number of low-to-no 
energy laser pulses.  As seen in Figure 9, early on this behavior was confined almost exclusively to the South Atlantic 
Anomaly (SAA; Rodriguez et al., 2022) but toward the end of the mission the phenomenon occurred worldwide. 

Because CALIOP profiles are time-averaged onboard the satellite prior to downlink (Hunt et al., 2009), 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) algorithms (Tackett et al., 2025) 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 low daytime calibration bias (3% to 4%) and reduces daytime calibration uncertainties by 20% to 40% in 
the SAA latitude 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 satellite. As demonstrated by Figure 10, this 
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level 1 modification, 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 
н ŀƴŀƭȅǎŜǎΦ  IƻǊƛȊƻƴǘŀƭƭȅ ŀǾŜǊŀƎŜŘ Řŀǘŀ ǎŜƎƳŜƴǘǎ ǘƘŀǘ ŀǊŜ ά[9a-ŀŦŦŜŎǘŜŘέ όƛΦŜΦΣ ǎƻƳŜ ƭƻǿ ŜƴŜǊƎȅ ǎƘƻǘǎ ŀǊŜ ǇǊŜǎŜƴǘΣ 
but the filtered profile is still deemed acceptable for science retrievals) experience a signal-to-noise ratio reduction 
of 6ς9 % which slightly increases the probability of false detections relative to unaffected data.  However, as 
illustrated by Figure 11, the median measured optical properties of the LEM-affected layers typically differ from 
the properties of unaffected layers by Ḑ1.0% or less. 

 

Figure 9: Global frequencies of laser pulses having 532 nm energies less than 10 mJ during 2017, 2019, 2021, and 
the first six months of 2023.  The vertical bands of high frequencies seen in 2023 are caused by daytime granules 
having nearly continuous low energy pulses during May and June; e.g., see 2023-06-12T05-54-23ZD (Tackett et al., 
2025 © Authors 2025, CC BY 4.0). 

 

Figure 10Υ ¢ƻǇ Ǌƻǿ ǎƘƻǿǎ ǘƘŜ ƭŜǾŜƭ м рон ƴƳ ǘƻǘŀƭ ŀǘǘŜƴǳŀǘŜŘ ōŀŎƪǎŎŀǘǘŜǊ όʲ όȊύΣ ƭŜŦǘύ ŀƴŘ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƭŜǾŜƭ 
2 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. Similarly, the bottom row shows the same quantities for the V5.00 release.  Relative to V4.51, 
the SNR above 8.2 km is noticeably higher in the LEM-ŦƛƭǘŜǊŜŘ ±рΦлл рон ƴƳ ʲ όȊύ ŜȄŀƳǇƭŜΦ  {ƛƳƛƭŀǊƭȅΣ ǘƘŜ ±5.00 
VFM arguably eliminates all of the false positive feature detections seen in V4.51 (Figure adapted from Tackett et 
al., 2025 © Authors 2025, CC BY 4.0). 
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Figure 11: Frequency distributions of layer-ƛƴǘŜƎǊŀǘŜŘ рон ƴƳ ŀǘǘŜƴǳŀǘŜŘ ōŀŎƪǎŎŀǘǘŜǊ όʴ532), layer-mean 

attenuated backscatter color ratio (ɼ ɼϳ ), and layer-integrated volume depolarization ratio for ice clouds 
(panels a-c), water clouds (panels d-f), and aerosol layers (panels h-j).  Distributions from layers wholly unaffected 
by low energy pulses are shown in aqua.  Distributions for LEM-affected layers are shown in orange.  Statistics are 
computed from layers detected in nighttime measurements at 5 km horizontal resolution between 50°S-50°N, 
excluding the SAA, during all of 2021 (Tackett et al., 2025 © Authors 2025, CC BY 4.0). 

To enable users to easily identify LEM-affected features and profiles that have been wholly excluded by the LEM 
ŀƭƎƻǊƛǘƘƳΣ ǘƘŜ /![Lht ƭŜǾŜƭ н ƭŀȅŜǊ ǇǊƻŘǳŎǘǎ ŀƴŘ ǇǊƻŦƛƭŜ ǇǊƻŘǳŎǘǎ ƴƻǿ ǊŜǇƻǊǘ ŀ Ψ[ƻǿ 9ƴŜǊƎȅ /ƻƭǳƳƴ v/ CƭŀƎΩ ŦƻǊ 
each atmospheric column in the respective data sets.  These flags are bit-mapped 16-bit integers that indicate 
which columns contain low energy laser pulses, which columns have been wholly rejected as unusable, why 
ǊŜƧŜŎǘŜŘ ŎƻƭǳƳƴǎ ƘŀǾŜ ōŜŜƴ ŜȄŎƭǳŘŜŘΣ ŀƴŘ ǿƘƛŎƘ ƻŦ /![LhtΩǎ ŀƭǘƛǘǳŘŜ-dependent averaging regions contain LEM-
rejected data.  The interpretations of individual bits are given in Table 19.  With the exception of the 333 m merged 
ƭŀȅŜǊ ǇǊƻŘǳŎǘǎΣ ŀƭƭ ƭŀȅŜǊ ǇǊƻŘǳŎǘǎ ŀƴŘ ǇǊƻŦƛƭŜ ǇǊƻŘǳŎǘǎ ŀƭǎƻ ǊŜǇƻǊǘ ŀ .ƻƻƭŜŀƴ Ψ[ƻǿ 9ƴŜǊƎȅ aƛǘƛƎŀǘƛƻƴ CŜŀǘǳǊŜ v/ 
CƭŀƎΩΦ  ²ƘŜƴ ǘƘƛǎ ŦƭŀƎ ƛǎ ǘǊǳŜΣ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŦŜŀǘǳǊŜ όƭŀȅŜǊ ǇǊƻŘǳŎǘǎύ ƻǊ ǊŀƴƎŜ ōƛƴ όǇǊƻŦƛƭŜ ǇǊƻŘǳcts) contains 
either LEM-affected data, in which some low energy pulses were included in the data averaged onboard the 
satellite prior to downlink, or LEM-rejected data that have been wholly excluded from the level 2 analyses.  The 
layer descriptions (e.g., top and base altitudes, integrated attenuated backscatter, etc.) in LEM-rejected columns 
are identified with a LEM flag value of -111. 

[9a ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ǾŜǊǘƛŎŀƭ ŦŜŀǘǳǊŜ Ƴŀǎƪ ό±Caύ ǇǊƻŘǳŎǘ Ǿƛŀ ǘƘŜ ƴŜǿ Ψ±Ca CŜŀǘǳǊŜ 5ŜǘŜŎǘƛƻƴ vǳŀƭƛǘȅ 
CƭŀƎΩΦ  [ƛƪŜ ǘƘŜ ΨCŜŀǘǳǊŜ /ƭŀǎǎƛŦƛŎŀǘƛƻƴ CƭŀƎǎΩΣ ǿƘƛŎƘ ƘŀǾŜ ŀƭǿŀȅǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ±Ca ŦƛƭŜǎΣ ǘƘŜ Ψ±Ca CŜŀǘǳǊŜ 
5ŜǘŜŎǘƛƻƴ vǳŀƭƛǘȅ CƭŀƎΩ ƛǎ an array of bit-mapped 16-bit integers, with one value reported for each element in the 
downlinked data stream.  As shown in Table 20, 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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Table 19: Interpretation of the individual bits in the xŸƽШEŰĲƖŊǃШ9ŸũƨůŰШÄ9Ш[ũċŊбШŰŸƣĲШƣőċƣШљċШŉƖċůĲњШĦŸŰƚŔƚƣƚШ
of 15 consecutive laser pulses that have been averaged onboard the satellite to the vertical and horizontal 
spatial resolutions given in (Hunt et al., 2009).  Bit 0 is the least significant bit. 

Bit Interpretation 

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

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

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

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

4 Feature detection not performed at 20 km resolution in this column due to too many rejected frames 

5 Feature detection not performed at 80 km resolution in this column due to too many rejected frames 

6 Unused 

7 Column has data rejected in altitude regions 1 and 2 (only reported at single-shot resolution) 

8 Column has data rejected in altitude region 3 (only reported at single-shot resolution) 

9 Column has data rejected in altitude region 4 (only reported at single-shot resolution) 

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

11ς15 Unused 

Table 20: bit ƛƴǘŜǊǇǊŜǘŀǘƛƻƴǎ ŦƻǊ ǘƘŜ Ψ±Ca CŜŀǘǳǊŜ 5ŜǘŜŎǘƛƻƴ vǳŀƭƛǘȅ CƭŀƎΩΤ bit 0 is the least significant bit. 

Bit Interpretation 

0 First single-shot profile has low energy  

1 Second single-shot profile has low energy  

2 Third single-shot profile has low energy  

3 Fourth single-shot profile has low energy  

4 Fifth single-shot profile has low energy  

5 Bin in first single-shot profile is rejected by LEM 

6 Bin in second single-shot profile is rejected by LEM 

7 Bin in third single-shot profile is rejected by LEM 

8 Bin in fourth single-shot profile is rejected by LEM 

9 Bin in fifth single-shot profile is rejected by LEM 

10 Contributed to feature detection at 1/3 km resolution 

11 Contributed to feature detection at 1 km resolution 

12 Contributed to feature detection at 5 km resolution  

13 Contributed to feature detection at 20 km resolution 

14 Contributed to feature detection at 80 km resolution 

15 Unused 

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 
LEM-related changes to the lidar level 2 analyses. 

o The feature classification flags (in the layer products and VFM) and the atmospheric volume descriptions (in 
ǘƘŜ ǇǊƻŦƛƭŜ ǇǊƻŘǳŎǘǎύ ƴƻ ƭƻƴƎŜǊ ƛƴŎƭǳŘŜ ŀƴ άŔŰƻċũŔĬњШŉĲċƣƨƖĲШĦċƣĲŊŸƖǃЮШШÂƖĲƻŔŸƨƚũǃЯШŔŰƻċũŔĬШŉĲċƣƨƖĲƚШĦŸƨũĬШĤĲШ
readily identified whenever the three least significant bits were all set to zero.  Invalid features occurred 
extremely rarely т e.g., 872 of the 41,194,051 (Ḑ0.002%) of the unique atmospheric features detected during 
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all of 2012 we designated as invalid.  These features were also assigned special cloud-aerosol 
discrimination (CAD) scores (Liu 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 bits of a feature 
classification flag ĲƻċũƨċƣĲШƣŸШǍĲƖŸШŰŸШũŸŰŊĲƖШƖĲƓƖĲƚĲŰƣƚШċŰШћŔŰƻċũŔĬќШĦũċƚƚŔŉŔĦċƣŔŸŰШŸŉШċШĬĲƣĲĦƣĲĬШũċǃĲƖЯШĤƨƣШ
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 altitudes, CAD scores, and optical depths) 
are all set to a special LEM flag value (т111).  Features that were previously classified as invalid are now 
identified as zero-confidence clouds and they retain any of the special CAD scores that were assigned in 
previous data releases. 

o {ǳōǎǘŀƴǘƛŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ǿŜǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ŀŘŘ ά[9a ŀǿŀǊŜƴŜǎǎέ ǘƻ ǘƘŜ /![Lht ōƻǳƴŘŀǊȅ ƭŀȅŜǊ ŎƭƻǳŘ ŎƭŜŀǊƛƴƎ 
(BLCC) algorithm.  The function of this procedure is to separate boundary layer clouds from the surrounding 
aerosols at single shot resolution so that the signal-to-noise ratios (SNR) of the aerosol data could be improved 
by large scale averaging, thus greatly reducing uncertainties in the aerosol extinction retrievals.  Problems 
arose, however, when dense aerosols lay immediately above stratus decks.  In these cases, the combined 
ŀŜǊƻǎƻƭ ŀƴŘ ŎƭƻǳŘ ǎƛƎƴŀƭǎ ǿŜǊŜ ƻŦǘŜƴ ŘŜǘŜŎǘŜŘ ŀǎ ŀ ǎƛƴƎƭŜΣ ƘŜǘŜǊƻƎŜƴƻǳǎ ŦŜŀǘǳǊŜ ƛƴ /![LhtΩǎ ƛƴƛǘƛŀƭ р ƪƳ όмр 
shot) resolution profile scan (Vaughan et al., 2009). The clouds in these multi-type 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 failed to separate 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 release (Tackett et al., 2022), some residual 
errors remained.  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 energy pulses, 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 surprisingly, the extinction solutions retrieved 
for these unintentionally heterogenous layers were completely unreliable.  This situation is ameliorated in 
V5.00 by excluding low energy pulses when calculating the fraction of laser shots in which clouds are detected 
at single shot resolution. 

o Lƴ ŎƻƴŎŜǊǘ ǿƛǘƘ ǘƘŜ ŀōƻǾŜ ŎƘŀƴƎŜ ǘƻ ǘƘŜ .[//Σ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ Ψ{ƛƴƎƭŜ {Ƙƻǘ /ƭƻǳŘ /ƭŜŀǊŜŘ CǊŀŎǘƛƻƴΩ 
parameter reported in all 5 km averaged products was updated to correctly account for LEM-rejected profiles.  
As an example, if 5 clouds are detected at single shot resolution within a 5 km along-track segment that also 
included 5 low energy laser pulses, the single shot cloud cleared fraction in the V5.00 data products will be 
5/10 = 0.5 versus 5/15 = 0.333 in the V4.51 products. 

o To improve the accuracy of the surface detection algorithm and prevent spurious detections, the surface 
detection algorithm was modified to recognize and exclude LEM-rejected data.   

o To accommodate the addition of the special LEM flag value (-111)Σ ǘƘŜ Řŀǘŀ ǘȅǇŜǎ ƻŦ ǘƘŜ Ψ/ƭƻǳŘ [ŀȅŜǊ CǊŀŎǘƛƻƴΩΣ 
Ψ!ŜǊƻǎƻƭ [ŀȅŜǊ CǊŀŎǘƛƻƴΩΣ ŀƴŘ ΨIƛƎƘ wŜǎƻƭǳǘƛƻƴ [ŀȅŜǊǎ /ƭŜŀǊŜŘΩ ǎŎƛŜƴǘƛŦƛŎ Řŀǘŀ ǎŜǘǎ ό{5{ǎύ ǿŜǊŜ ŎƘŀƴƎŜŘ ŦǊƻƳ 
unsigned integers to signed integers. 

Changes to Aerosol Lidar Ratios 

The Models, In situ, and Remote sensing of Aerosols (MIRA) working group was formed by an international team 
of aerosol research scientists shortly after the successful conclusion of the CALIPSO Version 5 Aerosol Lidar Ratio 
Workshop in 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 varying Maps of Aerosol lidar ratios for CALIPSO 
(MAC).  Based on in-ŘŜǇǘƘ ŀƴŀƭȅǎŜǎ ōȅ a!/ ǊŜǎŜŀǊŎƘŜǊǎΣ /![Lt{hΩǎ ±рΦлл Řŀǘŀ ǊŜƭŜŀǎŜ ƳŀƪŜǎ ŜȄǘŜƴǎƛǾŜ ŎƘŀƴƎŜǎ 
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 
ŀǇǇƭƛŎŀōƭŜ ƭƛŘŀǊ ǊŀǘƛƻΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ŀƴ ŀǎǎƻŎƛŀǘŜŘ ǳƴŎŜǊǘŀƛƴǘȅ ŜǎǘƛƳŀǘŜ ǘƘŀǘ ŘŜŦƛƴŜŘ ǘƘŜ ƭƛŘŀǊ ǊŀǘƛƻΩǎ ŜȄǇŜŎǘŜŘ 
natural variability (Kim et al., 2018).  For example, the lidar ratios for marine and dusty marine types were, 
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respectively, 23 ± 5 sr and 37 ± 15 sr.  In preparation for the V5.00 release, the MAC team constructed tropospheric 
ŀŜǊƻǎƻƭ ƻǇǘƛŎŀƭ ŘŜǇǘƘ ό!h5ύ ŜǎǘƛƳŀǘŜǎ ōȅ ǎǳōǘǊŀŎǘƛƴƎ ǘƘŜ ǎǘǊŀǘƻǎǇƘŜǊƛŎ !h5ǎ ǊŜǇƻǊǘŜŘ ƛƴ /![Lt{hΩǎ ƭŜǾŜƭ о 
stratospheric aerosol product (Kar et al., 2019) from the full column AODs reported by 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 equation (Toth et al., 2025).  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 obtained while CALIPSO 
flew in the A-Train with MODIS-Aqua, 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 × 4.8° longitude.  Grid cells having fewer than 50 samples ς e.g., in polar winters, 
when the MODIS orbit does not allow for the daytime measurements necessary to retrieve AOD ς are excluded 
from these maps. These excluded values are replaced with an approximation derived from the 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 (GOCART) model (Toth et al., 2025).   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.   

Figure 12 shows 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 highlight 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 
ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƻŦ άŎƭŜŀƴ ƳŀǊƛƴŜέ ŎƻƴŘƛǘƛƻƴǎ όŜΦƎΦΣ ǎŜŜ Kim et al., 2018).  In V5.00, marine lidar ratios are assigned 
to aerosols detected over oceans that are dominated by marine constituents but that can also be mixed with other, 
mostly anthropogenic components.  As seen in Figure 12, 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 seen in the southern oceans. 

 

 

Figure 12: CALIOP initial marine lidar ratios (units = sr) derived 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 spring (March, April, and May); the 
bottom left shows median values for the summer (June, July, and August); and the bottom right shows median 
values for the fall (September, October, and November). 

Our approach for constructing dusty marine maps was, with two notable exceptions, essentially identical to the 
method we used for marine aerosols.  The first exception is that for the dusty marine maps we also included lidar 
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Ǌŀǘƛƻ ǎƻƭǳǘƛƻƴǎ ŎƻƴǎǘǊŀƛƴŜŘ ōȅ /![LhtΩǎ ƻŎŜŀƴ-derived column optical depth (ODCOD; Ryan et al., 2024) retrievals.  
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 precluded 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.  The second exception is that, unlike the marine lidar ratio maps, 
the seasonal variability in the dusty marine maps is limited to the green shaded region shown in Figure 13.  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 Persian Gulf, 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 extended regions of the globe. 

 

Figure 13Υ ǘƘŜ ƎǊŜŜƴ ǎƘŀŘŜŘ ŀǊŜŀ ƻŦ ǘƘŜ ƳŀǇ ƛƴŘƛŎŀǘŜǎ ǘƘƻǎŜ ǊŜƎƛƻƴǎ ǿƘŜǊŜ /![LhtΩǎ Řǳǎǘȅ ƳŀǊƛƴŜ ƭƛŘŀǊ Ǌŀǘƛƻǎ ŀǊŜ 
observed to vary seasonally. 

The V5.00 dusty marine maps are shown in Figure 14.  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 types and the inclusion of anthropogenic 
aerosols elevates both sets of values. 

 

 

Figure 14: CALIOP initial dusty marine lidar ratios (units = sr) derived 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 shows median values 
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for the spring (March, April, and May); the bottom left shows median values for the summer (June, July, and 
August); and the bottom right shows median values for the fall (September, October, and November). 

A second change to the CALIOP aerosol lidar ratios is the selection of a new value of 45 ± 24 sr for 1064 nm retrievals 
of clean continental aerosol.  This change is based on field measurements of continental aerosol made by Haarig 
et al., 2025 using a 1064 nm rotational Raman lidar.  The 532 nm lidar ratio for the clean continental type remains 
unchanged at 53 ± 24 sr. 

Changes to Aerosol Type Identification 

In addition to the MAC lidar ratio work, the V5.00 data set contains a second fairly substantial (albeit localized) 
ŎƘŀƴƎŜΦ  /![LhtΩǎ ±пΦрм ŀŜǊƻǎƻƭ ǎǳōǘȅǇƛƴƎ ŀƭƎƻǊƛǘƘƳ ŎƭŀǎǎƛŦƛŜŘ ǇƭŀƴŜǘŀǊȅ ōƻǳƴŘŀǊȅ ƭŀȅŜǊ όt.[ύ ŀŜǊƻǎƻƭǎ ƭƻŎŀǘŜŘ 
over ocean surfaces as marine, with ocean surfaces being identified using the CALIPSO land-water mask.  In Arctic 
ǿƛƴǘŜǊ ƘƻǿŜǾŜǊΣ Ƴƻǎǘ ƻŦ ǘƘŜ άƻŎŜŀƴ ǎǳǊŦŀŎŜǎέ ǊŜǇƻǊǘŜŘ ōȅ ǘƘŜ ƭŀƴŘ-water mask are actually extended over-ocean 
ice sheets, and the aerosol above is not marine but instead some species 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 underestimates of aerosol optical 
depth.  By expanding the surface type identification scheme to also include snow and ice data reported in the 
CALIOP level 1b files and by making small modifications to the aerosol subtyping flowchart (see Figure 15), the 
±рΦлл /![Lht Řŀǘŀ ǇǊƻŘǳŎǘ ƴƻǿ ƳƻǊŜ ŎƻǊǊŜŎǘƭȅ ŎƭŀǎǎƛŦƛŜǎ ŀ ƭŀǊƎŜ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜǎŜ άƻǾŜǊ ŦǊƻȊŜƴ ƻŎŜŀƴέ ŀŜǊƻǎƻƭǎΦ 

 

Figure 15: revised tropospheric aerosol subtyping flowchart; paths and labels in red were added for the V5.00 
release. 

New ODCOD Retrieval Confidence Flag 

Lƴ ǊŜǎǇƻƴǎŜ ǘƻ Řŀǘŀ ǳǎŜǊ ǊŜǉǳŜǎǘǎΣ ŀ ƴŜǿ ŎƻƴŦƛŘŜƴŎŜ ŦƭŀƎ Ƙŀǎ ōŜŜƴ ŀŘŘŜŘ ǘƻ ǘƘŜ ŜȄƛǎǘƛƴƎ Ψh5/h5 v/ CƭŀƎΩ {5{ 
ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ΨhŎŜŀƴ 5ŜǊƛǾŜŘ /ƻƭǳƳƴ hǇǘƛŎŀƭ 5ŜǇǘƘΩ Vgroup included in all layer products and profile products.  
Table 22 ŘŜǎŎǊƛōŜǎ Ƙƻǿ ǘƻ ƛƴǘŜǊǇǊŜǘ ŀƭƭ ƻŦ ǘƘŜ ōƛǘǎ ǳǎŜŘ ƛƴ ǘƘŜ Ψh5/h5 v/ CƭŀƎΩΦ  ¢ƘŜ ƴŜǿ ŎƻƴŦƛŘŜƴŎŜ ŦƭŀƎ όǎƘƻǿƴ 
ƛƴ ƻǊŀƴƎŜύ ƛǎ ǊŜǇƻǊǘŜŘ ƛƴ ōƛǘ сΦ  Lƴ ǘƘƛǎ ƴŜǿ ŎƻƴŦƛƎǳǊŀǘƛƻƴΣ ŀƭƭ ǾŀƭƛŘ h5/h5 ǊŜǘǊƛŜǾŀƭǎ ǿƛƭƭ ƘŀǾŜ ŀƴ Ψh5/h5 v/ CƭŀƎΩ 
of 127 or less.  All high confidenŎŜ h5/h5 ǊŜǘǊƛŜǾŀƭǎ ǿƛƭƭ ƘŀǾŜ ŀƴ Ψh5/h5 v/ CƭŀƎΩ ǾŀƭǳŜ ƻŦ со ƻǊ ƭŜǎǎΦ  !ƴȅ ƻŦ ǘƘŜ 
following conditions will cause bit 6 to be toggled on, indicating a low confidence solution. 

a) Wind speed out of range; the AMSR corrected MERRA-2 wind 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 

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
https://doi.org/10.5194/egusphere-2025-449
https://doi.org/10.5194/egusphere-2025-449
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c) Surface integrated attenuated backscatter exceeds the upper bound specified in Table 21. 

Table 21: maximum values of surface integrated attenuated backscatter for confident retrievals; higher values 
may include undetected surface saturation. 

 Daytime Nighttime 

532 nm 0.0413 sr ς1 0.0353 sr ς1 

1064 nm 0.0384 sr ς1 0.0325 sr ς1 

d) The number of range bins shifted by the altitude registration algorithm (Powell et al., 2009) is not constant 
over all profiles used to create the averaged surface return.  This is only a concern for averaged profiles where 
ƘŀǾƛƴƎ ƳǳƭǘƛǇƭŜ άōƛƴǎ ǎƘƛŦǘŜŘέ ǿƛƭƭ ŘƛǎǘƻǊǘ ǘƘŜ ǎƘŀǇŜ ƻŦ ǘƘŜ ǎǇŀǘƛŀƭƭȅ ŀǾŜǊŀƎŜŘ ǎǳǊŦŀŎŜ ǊŜǘǳǊƴ ŀƴŘ ŘŜƎǊŀŘŜ ǘƘŜ 
quality of the fit to the CALIOP response model (CRM; Ryan et al., 2024).  To aid in diagnosing the presence of 
non-Ŏƻƴǎǘŀƴǘ ōƛƴ ǎƘƛŦǘǎΣ ŀ ƴŜǿ {5{ όΨǎǎbǳƳōŜǊ .ƛƴǎ {ƘƛŦǘΩύ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ Ψ{ƛƴƎƭŜ {Ƙƻǘ 5ŜǘŜŎǘƛƻƴΩ Vgroup 
reported in the 5 km layer products. 

Table 22: interpretation of the individual bits in the ODCOD QC flags (adapted from Ryan 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, ODCOD 
adjusted the CRM such that the first data point of the surface detection data was not the first point on 
the CRM 

1 The surface detection algorithm provided surface measurements covering a range greater than 120 m  

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

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

4 When solving for the alignment of the CRM, the first measurement that should fall on the CRM curve 
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 detection 
algorithm was not the first point on the CRM 

6 ODCOD retrieval confidence flag; a value of 1 indicates a confident retrieval whereas 0 signals low 
confidence 

7-9 Unused 

10 The surface detection algorithm did not find a surface 

11 The International GeosphereςBiosphere Programme (IGBP) surface type is not 17 for ocean 

12 The depolarization ratio of the surface is greater than 0.15 

13 The corrected MERRA-2 wind speed is outside of the inclusive range 0.025 m s-1 to 43 m s-1 

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

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

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

17 A failure 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 when the 
surface return was averaged to coarser resolutions that may not be reliable for ODCOD 

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
https://doi.org/10.1175/2009JTECHA1242.1
https://doi.org/10.5194/amt-17-6517-2024
https://doi.org/10.5194/amt-17-6517-2024
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Bit Interpretation 

23ς31  Unused 

Wrong profile starts for a new chunk after missing data gap 

¢ƘŜ /![Lht ƭŜǾŜƭ н ǇǊƻŎŜǎǎƛƴƎ ƛƴƎŜǎǘǎ ƭŜǾŜƭ м Řŀǘŀ ƛƴ ул ƪƳ άŎƘǳƴƪǎέΣ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ǘƘŜ ƭŀǊƎŜǎǘ ƘƻǊƛȊƻƴǘŀƭ ŀǾŜǊŀƎƛƴƎ 
resolution used in the search for features.  Each chunk contains 240 consecutive single-shot profiles distributed 
uniformly across 16 consecutive 5-km (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 datŀ ƎŀǇΦ  IƻǿŜǾŜǊΣ ǘƘŜ ±пΦрм ŀƴŘ ŜŀǊƭƛŜǊ ƭŜǾŜƭ н ŎƻŘŜ ŎƻƴǘŀƛƴŜŘ ŀƴ άƻŦŦ 
ōȅ ƻƴŜέ ŜǊǊƻǊ ǘƘŀǘ ŎŀǳǎŜŘ ǘƘƛǎ ǇǊƻŎŜǎǎƛƴƎ ǊŜǎǘŀǊǘ ǘƻ ōŜƎƛƴ ǿƛǘƘ ǘƘŜ ǎŜŎƻƴŘ ǇǊƻŦƛƭŜ ƛƴ ǘƘŜ ŦǊŀƳŜ ƛƴǎǘŜŀŘ ƻŦ ǘƘŜ ŦƛǊǎǘΦ  
As a consequence of eliminating this error, in granules containing data gaps ς 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 2020-12-12 and 00:12:12 UTC on 2020-12-13 
ς the level 2 chunks built following those data gaps will use a somewhat different collection of single shot profiles 
in V5.00 relative to all previous versions.   

 

     

Figure 16: The upper panel shows 532 nm total attenuated backscatter coefficients measured in the southern 
Pacific Ocean on 2020-12-12 at ~22:27 UTC.  The white vertical stripes in the image represent frames (i.e., 15 
consecutive shots) containing missing data.  The lower panel compares V4.51 and V5.00 VFM feature detections 
for the scene shown in the upper panel.  The gray vertical stripes show where chunks (i.e., 240 consecutive shots) 
were rejected by the level 2 processing algorithms due to missing data in one or more included frames. 

Figure 16 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 2020-12-12 at ~22:27 UTC.  On this day, 
data downlink from the satellite was intermittently interrupted by ground station errors.  The white vertical strips 

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
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in the upper panel show where individual frames were missing or irretrievably corrupt in the downlink data stream.  
¢ƘŜ ƭƻǿŜǊ ǇŀƴŜƭ ƛǎ ŀ άǊŜŘ-green-ōƭŀŎƪέ ŘƛŀƎǊŀƳ ŎƻƳǇŀǊƛƴƎ ŦŜŀǘǳǊŜ ŘŜǘŜŎǘƛƻƴǎ ƛƴ ±пΦрм ǘƻ ǘƘƻǎŜ ƛƴ ±рΦллΦ  ¢ƘŜ ƎǊŜŜƴ 
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 that were 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 
cases ς e.g., following the first to data gaps beginning at ~41.5°S and ~37.2°S ς there are no layer detection changes.  
On the other hand, the region following the final data gap shows substantial changes, though not all of them can 
be attributed to the change in the selection of 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 
ƛƴǘŜǊƳƛǘǘŜƴǘ ŘŜǘŜŎǘƛƻƴ ŎƘŀƴƎŜǎ ƛƴ ƛƴŘƛǾƛŘǳŀƭ ǊŀƴƎŜ ōƛƴǎ ŀŘƧŀŎŜƴǘ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƻŎŎǳǊ ŘǳŜ ǘƻ ±рΦлл ŎƘŀƴƎŜǎ 
in VFM altitude registration, as described below in the Revised VFM Layer Detection Altitudes section.  The 
additional aerosol detections highlighted by the black areas in this data segment are a fortuitous result 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. 

HDF File Changes 

The V5.00 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 discoverability and access to 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 of the CALIOP HDF files. These include: 

¶ Updating all units to conform to NetCDF Climate and Forecast (CF) metadata conventions.  

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

¶ Creating/expanding SDS attributes and comments to make the data products more self-documenting.   

New Data Product: CAL_LID_L2_MLay_Diagnostic-Beta-V5-00*.hdf 

The newly released CAL_LID_L2_MLay_Diagnostic-Beta-V5-00*.hdf data products are augmented versions of the 
standard CAL_LID_L2_05kmMLay_Standard-V5-00*.hdf products.  The production strategy for these products is 
Ψ.ŜǘŀΩΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ǎƻƳŜ ƻŦ ǘƘŜ ƛƴŎƭǳŘŜŘ ǇŀǊŀƳŜǘŜǊǎ ƘŀǾŜ ƴƻǘ ōŜŜƴ Ŧǳƭƭȅ ǾŀƭƛŘŀǘŜŘΦ  Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ǘƘŜǎŜ Ψƴƻǘ Ŧǳƭƭȅ 
ǾŀƭƛŘŀǘŜŘΩ ǇŀǊŀƳŜǘŜǊǎ ƛƴŎƭǳŘŜ ǘƘŜ ŎƭƻǳŘ ǾŀƭǳŜǎ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ млсп ƴƳ ŘŜǊƛǾŜŘ ƻǇǘƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ {5{ǎ όŜΦƎΦΣ 
ΨCŜŀǘǳǊŜ hǇǘƛŎŀƭ 5ŜǇǘƘ млспΩύΦ  ²ƘƛƭŜ ǘƘŜ 5ƛŀƎƴƻǎǘƛŎ .Ŝǘŀ ǇǊƻŘǳŎǘǎ Ŏƻƴtain all the information reported in the 
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 Flag ς a 16-bit unsigned integer that offers extra insight into the 
internal workings of the LEM algorithm.  Bit interpretations are given in Table 23. 

2. Initial Integrated Attenuated Backscatter 532 ς ¢ƘŜ ǎǘŀƴŘŀǊŘ ΨLƴǘŜƎǊŀǘŜŘ !ǘǘŜƴǳŀǘŜŘ .ŀŎƪǎŎŀǘǘŜǊ ронΩ όʴstd) 
values reported in all CALIOP lidar level 2 layer files are calculated assuming that the feature attenuated 
ōŀŎƪǎŎŀǘǘŜǊ ŎƻŜŦŦƛŎƛŜƴǘǎ ƘŀǾŜ ōŜŜƴ ŎƻǊǊŜŎǘŜŘ ŦƻǊ ǎƛƎƴŀƭ ŀǘǘŜƴǳŀǘƛƻƴ ŘǳŜ ǘƻ ŀƭƭ ƭŀȅŜǊǎ ŘŜǘŜŎǘŜŘ ŀōƻǾŜΦ  ¢ƘŜ ΨLƴƛǘƛŀƭ 
Integrated Attenuated BackscatǘŜǊ ронΩ όʴinit) values are recorded immediately after feature detection during 
the initial 5 km search for features.  At this point in the processing, no single shot cloud clearing has been done 
nor have the layers been classified by the CAD algorithm.  Assuming perfect detection and classification and 
ǇŜǊŦŜŎǘ ƪƴƻǿƭŜŘƎŜ ƻŦ ƭŀȅŜǊ ƭƛŘŀǊ Ǌŀǘƛƻǎ ŀƴŘ ƳǳƭǘƛǇƭŜ ǎŎŀǘǘŜǊƛƴƎ ŦŀŎǘƻǊǎΣ ʴinit = T2

above Ҏ ʴstd, where T2above is the 
two-way transmittance of all overlying particulate layers.  In special cases, when particulate layers lie above 
ƻǇŀǉǳŜ ǿŀǘŜǊ ŎƭƻǳŘǎΣ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ʴinit can be used to derive estimates of T2

above and hence obtain 
estimates of the overlying particulate optical depths (Hu et al., 2007ύΦ  ¢ƘŜǎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ʴinit are an 
ŜǎǎŜƴǘƛŀƭ ƛƴǇǳǘ ǊŜǉǳƛǊŜŘ ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ Ψ/ƻƭǳƳƴ tŀǊǘƛŎǳƭŀǘŜ hǇǘƛŎŀƭ 5ŜǇǘƘ !ōƻǾŜ hǇŀǉǳŜ ²ŀǘŜǊ /ƭƻǳŘ ронΩ 
values reported in all layer products. 

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Layer_Data-Description_Document_V5
https://cfconventions.org/cf-conventions/cf-conventions.html
https://doi.org/10.1109/LGRS.2007.901085
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3. Initial Integrated Attenuated Backscatter Uncertainty 532 ς ǳƴŎŜǊǘŀƛƴǘȅ ŜǎǘƛƳŀǘŜǎ ŦƻǊ ǘƘŜ ΨLƴƛǘƛŀƭ LƴǘŜƎǊŀǘŜŘ 
!ǘǘŜƴǳŀǘŜŘ .ŀŎƪǎŎŀǘǘŜǊ ронΩ ǿƘƛŎƘ ŀǊŜ ǎǳōǎŜǉǳŜƴǘƭȅ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ Ψ/ƻƭǳƳƴ tŀǊǘƛŎǳƭŀǘŜ hǇǘƛŎŀƭ 5ŜǇǘƘ 
Above Opaque Water Cloud Uncertainty 53нΩ ǾŀƭǳŜǎΦ 

4. Initial Integrated Attenuated Backscatter 1064 ς ǘƘƛǎ ƛǎ ǘƘŜ млсп ƴƳ ŀƴŀƭƻƎ ƻŦ ǘƘŜ ΨLƴƛǘƛŀƭ LƴǘŜƎǊŀǘŜŘ !ǘǘŜƴǳŀǘŜŘ 
.ŀŎƪǎŎŀǘǘŜǊ ронΩΦ  .ŜŎŀǳǎŜ  /![Lht ŘƻŜǎ ƴƻǘ ƳŀƪŜ ŘŜǇƻƭŀǊƛȊŀǘƛƻƴ Ǌŀǘƛƻ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǘ млсп ƴƳΣ ǘƘƛǎ 
parameter is unused in the V5.00 analyses.  In any (currently unforeseen) future version of the CALIOP data 
ǇǊƻŘǳŎǘǎΣ ǘƘŜ ΨLƴƛǘƛŀƭ LƴǘŜƎǊŀǘŜŘ !ǘǘŜƴǳŀǘŜŘ .ŀŎƪǎŎŀǘǘŜǊ млспΩ ǾŀƭǳŜǎ ŎƻǳƭŘ ǇƻǘŜƴǘƛŀƭƭȅ ōŜ ǳǎŜŘ ƛƴ ǘƘŜ ŀƭƎƻǊƛǘƘƳ 
proposed by Chand et al., 2008 to derive column Ångström exponents for particulates above opaque water 
clouds. 

5. Initial Integrated Attenuated Backscatter Uncertainty 1064 ς ǘƘƛǎ ƛǎ ǘƘŜ млсп ƴƳ ŀƴŀƭƻƎ ƻŦ ǘƘŜ ΨLƴƛǘƛŀƭ LƴǘŜƎǊŀǘŜŘ 
!ǘǘŜƴǳŀǘŜŘ .ŀŎƪǎŎŀǘǘŜǊ ¦ƴŎŜǊǘŀƛƴǘȅ ронΩΦ  .ŜŎŀǳǎŜ  /![Lht ŘƻŜǎ ƴƻǘ ƳŀƪŜ ŘŜǇƻƭŀǊƛȊŀǘƛƻƴ Ǌŀǘƛƻ ƳŜŀǎǳǊŜƳŜƴǘǎ 
at 1064 nm, this parameter is unused in the V5.00 analyses. 

Table 23: internal low energy mitigation (LEM) quality control flags set during LEM algorithm operations; bit 0 us 
the least significant bit 

Bit Interpretation 

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

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

2 Column has data rejected in altitude region 4 but the 5 km resolution column was not rejected by 
LEM 

3 Full column is rejected by LEM 

4 Column rejected due to altitude region 3 

5 Frame rejected due to too many low energy shots 

6 Frame rejected due to too many rejected subregions in altitude region 3 

7 Frame rejected due to too many rejected subregions in altitude region 4 

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

9 Feature detection was not attempted at 80 km resolution due to too many LEM-rejected columns 

10 Feature detection was not attempted at resolution 6 due to too many LEM-rejected columns 

11 Column contains LEM affected data in altitude region 3 

12 Column contains LEM affected data in altitude region 4 

13-15 Unused 

In addition to the new SDSs, the Diagnostic Beta products also contain an extra VgroupΦ  ¢ƘŜ Ψлм ƪƳ 5ŜǘŜŎǘƛƻƴΩ 
Vgroup replicates the majority of the SDSs reported in the CAL_LID_L2_01kmCLay_Standard-V5-00*.hdf products.  
LƴŦƻǊƳŀǘƛƻƴ ƛƴ ǘƘŜ ŜȄŎƭǳŘŜŘ {5{ǎ ƛǎ ŜƛǘƘŜǊ όŀύ ǊŜǇƭƛŎŀǘŜŘ ƛƴ ǘƘŜ р ƪƳ {5{ ƻŦ ǘƘŜ ǎŀƳŜ ƴŀƳŜ όŜΦƎΦΣ Ψ5ŀȅ bƛƎƘǘ CƭŀƎΩ 
ŀƴŘ ΨLD.t {ǳǊŦŀŎŜ ¢ȅǇŜΩύ ƻǊ όōύ Ŝŀǎƛƭȅ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ {5{ ƻŦ ǘƘŜ ǎŀƳŜ ƴŀƳŜ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ Ψ{ƛƴƎƭŜ {Ƙƻǘ 5ŜǘŜŎǘƛƻƴΩ 
Vgroup όŜΦƎΦΣ Ψ{ƻƭŀǊ ½ŜƴƛǘƘ !ƴƎƭŜΩΣ Ψ{ƻƭŀǊ !ȊƛƳǳǘƘ !ƴƎƭŜΩΣ ŀƴŘ Ψ¢ǊƻǇƻǎǇƘŜǊŜ IŜƛƎƘǘΩύΦ 

CƛƴŀƭƭȅΣ ǘƘŜ ΨhŎŜŀƴ 5ŜǊƛǾŜŘ /ƻƭǳƳƴ hǇǘƛŎŀƭ 5ŜǇǘƘΩ όh5/h5ύ Vgroup in the Diagnostic Beta products augments the 
information contained in the Standard products by reporting column particulate optical depth retrievals at 1064 
nm.  In addition, ODCOD Vgroup in 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 this Vgroup describe the function of each parameter in the ODCOD 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 unsigned 16-bit integers that enable unambiguous mapping between the 
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integrated optical properties for the individual layers reported in the 5 km layer products and the corresponding 
profiles of vertically resolved optical properties reported in the 5 km profile products.  Because extinction retrievals 
are not attempted for layers detected at single shot and 1 km resolutions, unique layer IDs are not assigned for the 
features reported in the 333 merged layer files and the 1 km cloud layer files. 

In the 5 km aerosol, cloud, and merged layer files, unique layer IDs are reported in the same manner as layer optical 
properties.  Recall that layer properties are reported at a uniform 5 km along-track resolution, and that for layers 
detected at 20 km and 80 km resolution, these properties are replicated over four 5 km columns for 20 km 
detections and sixteen 5 km columns for 80 km detections.  Consequently, while a unique layer ID may appear as 
many as sixteen times in a single data file, these sixteen instances all reference the same layer, and the layer 
properties reported for all instances ς e.g., top and base heights, integrated attenuated backscatters, and optical 
depths ς 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 coordinates as in the layer products.  But, instead of appearing 
once in each 5 km column, layer IDs are replicated over the full vertical extent of a layer.  For example, for a 480 m 
thick aerosol layer detected at 80 km horizontal averaging in a rectangular region would extend over eight 60 m 
altitude bins and sixteen 5 km profile segments. 

bŜǿ Ψ{ŎŜƴŜ CƭŀƎΩ {5{ !ŘŘŜŘ ǘƻ !ƭƭ [ŀȅŜǊ tǊƻŘǳŎǘǎ 

To enable rapid identification of all columns containing specific feature types, the CALIPSO layer products now 
ƛƴŎƭǳŘŜ ŀ Ψ{ŎŜƴŜ CƭŀƎΩ {5{Φ  ¢ƘŜ {ŎŜƴŜ CƭŀƎ ƛǎ ƛƳǇƭŜƳŜƴǘŜŘ ŀǎ ŀ он-bit integer with individual bit interpretations as 
defined in Table 24.  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. 

Table 24:  7ŔƣШŔŰƣĲƖƓƖĲƣċƣŔŸŰƚШŉŸƖШƓŸƚŔƣŔƻĲШƻċũƨĲƚШŸŉШƣőĲШŰĲƽШћÉĦĲŰĲШ[ũċŊќШÉ?ÉЮШШ7ŔƣШΜШŔƚШƣőĲШũĲċƚƣШƚŔŊŰŔŉŔĦċŰƣШĤŔƣЮ 

Bit Interpretation 

0 column contains tropospheric aerosol, marine subtype  

1 column contains tropospheric aerosol, dust subtype  

2 column contains tropospheric aerosol, polluted continental/smoke subtype 

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 subtype 

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 aerosol unclassified 

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 ice-water phase 

16ς31 Unused 

More Readily Accessible Altitude Information 

¢ƻ ƳŀƪŜ /![Lht ŀƭǘƛǘǳŘŜ ƛƴŦƻǊƳŀǘƛƻƴ ŜŀǎƛŜǊ ǘƻ ŀŎŎŜǎǎΣ ƴŜǿ Ψ[ƛŘŀǊ 5ŀǘŀ !ƭǘƛǘǳŘŜǎΩ {5{ǎ ƘŀǾŜ ōŜŜƴ ŀŘŘŜŘ ǘƻ ŀƭƭ ƭŜǾŜƭ 
н Řŀǘŀ ǇǊƻŘǳŎǘǎΦ ¢ƘŜ Ψ[ƛŘŀǊ 5ŀǘŀ !ƭǘƛǘǳŘŜǎΩ ŀǊǊŀȅ ǊŜǇƻǊǘǎ ǘƘŜ ŀƭǘƛǘǳŘŜǎΣ ǊŜƭŀǘƛǾŜ ǘƻ ƳŜŀƴ ǎŜŀ ƭŜǾŜƭΣ ǘƘŀǘ ǎǇŜŎƛŦȅ ǘƘŜ 
vertical midpoints of all range bins in the profile measurements downlinked from the CALIPSO satellite.  In all 
previous versions of the CALIPSO lidar data products, the 583-ŜƭŜƳŜƴǘ Ψ[ƛŘŀǊ 5ŀǘŀ !ƭǘƛǘǳŘŜǎΩ ŀǊǊŀȅ ǿŀǎ ǎǘƻǊŜŘ ƻƴƭȅ 
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ƛƴ ǘƘŜ ŦƛƭŜ ƳŜǘŀŘŀǘŀΦ ¢ƻ ŜƴǎǳǊŜ ōŀŎƪǿŀǊŘ ŎƻƳǇŀǘƛōƛƭƛǘȅ ǿƛǘƘ ŜȄƛǎǘƛƴƎ ǎƻŦǘǿŀǊŜΣ ǘƘŜ ƳŜǘŀŘŀǘŀ ŎƻǇȅ ƻŦ ǘƘŜ Ψ[ƛŘŀǊ 5ŀǘŀ 
!ƭǘƛǘǳŘŜǎΩ ƛǎ ǊŜǘŀƛƴŜŘ ƛƴ ŀƭƭ ŦƛƭŜǎΦ 

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 
(Ḑ30 km to Ḑ40 km) or lowest (Ḑ-0.5 km to Ḑ-2.0 km) CALIOP onboard averaging regions, the superfluous altitude 
bins were eliminated.  Making this change now matches the VFM altitude array size to the vertical dimension of 
ǘƘŜ όǳƴǇŀŎƪŜŘύ ΨCŜŀǘǳǊŜ /ƭŀǎǎƛŦƛŎŀǘƛƻƴ CƭŀƎǎΩ {5{Φ 

Revised VFM 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, confined to the high resolution (i.e., single shot) data regime between ς0.5 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% of all range 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 V5.00.  This 
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 the 5 km merged layer files are identical for all layers detected in this granule. 

 

 

Figure 17: CALIOP nighttime observations of clouds and aerosols over Scandinavia, western Europe, and into 
northern Africa.  These measurements were acquired on 2010-10-01 beginning at 02:02:42 UTC. The top panel 
shows attenuated backscatter coefficients measured at 532 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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Table 25: 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 V V V V 
Low_Energy_Mitigation_Column_QC_Flag  V V V V V V V 
Low_Energy_Mitigation_Feature_QC_Flag   V V V V V V 
Scene_Flag  V V V V V   

DEM_Surface_Elevation       V V 
Unique_Layer_ID    V V V V V 
VFM_Feature_Detection_Quality_Flag V        

Number_Bins_Shift  V       

Extinction_QC_Flag_532    V V V   

Extinction_QC_Flag_1064    V V V   

Single_Shot_DetectionḋssLow_Energy_-
Mitigation_Column_QC_Flag 

  V V V V V V 

Single_Shot_DetectionḋÓÓ3ÃÅÎÅͺ&ÌÁÇ   V V V V V V 
Single_Shot_DetectionḋÓÓNumber_-
Bins_Shift 

  V V V V V V 

Table 26: 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   

 

5ŀǘŀ vǳŀƭƛǘȅ {ǘŀǘŜƳŜƴǘ ŦƻǊ /![Lt{hΩǎ ±ŜǊǎƛƻƴ 4.51 Lidar Level 2 Data Product Release 

Data Version:   4.51 
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 of 
improvements and additions over the previous version (V4.2) that 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 layers (Vaughan 
et al., 2009). Rajapakshe et al., 2017 identified instances when CALIPSO was under-reporting the vertical extent of 
dense smoke layers above low-level clouds when compared with coincident observations made by the Cloud-
Aerosol Transport System (CATS) lidar instrument. Figure 1 (a, c) shows one of those specific over-flights, 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 upper-level smoke layer and the top of a marine cloud layer below. Further 
examination of this scene showed that this smoke layer was dense enough to rapidly attenuate the 532nm signal 
to such a degree that the CALIOP feature detection algorithm artificially elevated the layer base. This is confirmed 
by seeing that the rapid attenuation is not seen in the 1064 nm signal response (Figure 1b), where the aerosol 
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extinction is not as great as that seen in the 532nm signal. The 1064 nm response, which appears to close the clear-
air gap between the smoke and cloud layer, is also why CATS was able to fully identify the smoke layer as that 
instrument uses 1064 nm for feature detection. The inability of CALIPSO to fully detect these layers can have the 
consequence of underestimating global aerosol optical depths, critically important for the derivation and 
understanding of radiative forcings (Lu 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 near-surface aerosol layers done to the surface. A variant of this same approach was applied 
for these overlying dense smoke layer 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 clear-air gap 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 all extended layers for the month of August 2016, seen in figure 2a, show a concentration 
in the south-eastern Atlantic during the African burn season, the same region noted in the CALIPSO/CATS 
comparisons previously documented. Figure 2b shows the impact on the 532nm 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 532nm extinction are 
included, which could happen during rapid attenuation of the signal. 

 

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 Mask 
(VFM), and (d) feature type from the V4.51 CALIOP 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 extended (y-axis) and non-extended (x-axis) smoke layers. Data used to generate 
both plots were pulled from the V4.51 Lidar Level 2 5km Merged layer files. Non-extended 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 to update 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 algorithm are documented in Tackett et al., 2023a. 

Summary of changes: 

¶ The stratospheric aerosol subtyping algorithm now relies solely on depolarization and integrated attenuated 
ōŀŎƪǎŎŀǘǘŜǊ όʴ ύ ǘƻ ŘƛǎŎǊƛƳƛƴŀǘŜŘ ōŜǘǿŜŜƴ ǾƻƭŎŀƴƛŎ ŀǎƘΣ ǎǳƭŦŀǘŜΣ ŀƴŘ ǎƳƻƪŜΦ wŜƳƻǾƛƴƎ ǘƘŜ ǊŜƭƛŀƴŎŜ ƻƴ ƭŀȅŜǊ 
color ratio that was included in the V4.2 subtyping algorithm allows more accurate identification of sulfate and 
less misclassification of sulfate as smoke. 

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

¶ ¢ƘŜ ±пΦн άǎǳƭŦŀǘŜκƻǘƘŜǊέ ǎǘǊŀǘƻǎǇƘŜǊƛŎ ŀŜǊƻǎƻƭ ǎǳōǘȅǇŜ Ƙŀǎ ōŜŜƴ ǎŜǇŀǊŀǘŜŘ ƛƴǘƻ ǘǿƻ ǎǳōǘȅǇŜǎ ƛƴ ±пΦрм - sulfate, 
and unclassified. Previously, the sulfate/other type included both aerosol layers likely to be sulfate and layers 
ǿƛǘƘ ƭƻǿ ǾŀƭǳŜǎ ƻŦ ʴ Σ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ άƻǘƘŜǊέ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ŎƻƳōƛƴŜŘ ŎƭŀǎǎΦ Lƴ ±пΦрмΣ ƭŀȅŜǊǎ ǿƛǘƘ ƭƻǿ ʴ  
ŀǊŜ ƴƻǿ ǊŜǇƻǊǘŜŘ ǎŜǇŀǊŀǘŜƭȅ ŀǎ άǳƴŎƭŀǎǎƛŦƛŜŘέΦ 

¶ The 532 nm lidar ratio for volcanic ash has been increased to 61 ± 17 sr based on CALIOP-constrained 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 aerosol type. 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 sulfate as smoke due to the difficulty of separating these 
types with CALIOP observables. 
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Figure 3: Stratospheric aerosol subtype classification frequency for events dominated by volcanic ash (top row), 
sulfate (middle row), and smoke (bottom row). V4.2 and V4.51 classifications are in the left and right columns, 
respectively (Tackett et al., 2023a © Authors 2023, CC BY 4.0). 

Total Column Particulate Optical Depths Above Opaque Water Clouds 

Hu et al., 2007 developed an approach to estimate 532nm total particulate optical depth above opaque water 
ŎƭƻǳŘǎΦ ¢ƘŜ ронƴƳ ƭŀȅŜǊ ƛƴǘŜƎǊŀǘŜŘ ŀǘǘŜƴǳŀǘŜŘ ōŀŎƪǎŎŀǘǘŜǊ όʴ ύ ŦƻǊ ŀƴ ƻǇŀǉǳŜ ǿŀǘŜǊ ŎƭƻǳŘΣ ŀǎǎǳƳƛƴƎ ŎƭŜŀǊ ŀƛǊ-
above, could be estimated as a function of the lidar ratio of the water cloud (S0) and the multiple scattering factor. 
LŦ ǘƘŜǊŜ ŀǊŜ ŦŜŀǘǳǊŜǎ ŀōƻǾŜΣ ǘƘŜƴ ʴ  ǿƛƭƭ ōŜ ǊŜŘǳŎŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ƻǾŜǊƭŀȅƛƴƎ ǘǿƻ-way transmittance, which is a 
ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ƻǇǘƛŎŀƭ ŘŜǇǘƘ όˍabove). Using this information an estimate of 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 
ǘƘŜ ƭŀȅŜǊ ƛƴǘŜƎǊŀǘŜŘ рон ƴƳ ǾƻƭǳƳŜ ŘŜǇƻƭŀǊƛȊŀǘƛƻƴ Ǌŀǘƛƻ όʵvύΣ ǿƘƛŎƘ ŀƭƻƴƎ ǿƛǘƘ ʴ  ŀǊŜ ǇŀǊŀƳŜǘŜǊǎ ǘƘŀǘ ŀǊŜ ŀƭǊŜŀŘȅ 
computed in the CALIOP L2 data products. An estimate of S0 for opaque water clouds is assumed to be 19 sr. 
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This new column particulate optical depth and uncertainty are detailed further in the V4.51 CALIOP Layer Level 2 
Řŀǘŀ ǇǊƻŘǳŎǘ ŘŜǎŎǊƛǇǘƛƻƴΦ ¢ƘŜǎŜ ǘǿƻ ƴŜǿ ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ ŘŜƴƻǘŜŘ ŀǎ ΨǇŀǊǘƛŎǳƭŀǘŜΩΣ ŀƴŘ Řƻ ƴƻǘ differentiate 
between feature typing as seen in other column optical depth parameters in the CALIOP level 2 data product. 

! ŎƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ǘƘƛǎ ƴŜǿ ŀǇǇǊƻŀŎƘ ŀƴŘ Řŀǘŀ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ b!{! [ŀƴƎƭŜȅΩǎ IƛƎƘ {ǇŜŎǘǊŀƭ wŜǎƻƭǳǘƛƻƴ [ƛŘŀǊ 
(HSRL-2) during a leg of the ORACLES-2 field campaign (Redemann et al., 2020) can be seen in Figure 4. This 
particularly scene, taken from September 18th, 2016, of a CALIPSO transit from 13:33:50 to 13:36: 52 UTC and 
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coincident with the ER-2 over-flight, is in the south-eastern Atlantic Ocean off the coast of Africa and is 
characterized by an elevated smoke layer from seasonal biomass burning over a dense marine stratiform cloud 
layer. The 532nm aerosol optical depth derived from HSRL-2 (black triangles) compares favorably with the new 
depolarization ratio approach (blue circles) at 5km resolution. The particulate optical depth is also reported at 1km 
and 333m (single shot) resolution. Profiles of 532nm extinction 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. These two 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 between V4.20 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. 

 

Figure 4: 532nm aerosol optical thickness above clouds from the HSRL-2 (black 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 optical depth (V4.51 red circles, V4.20 green circles) computed by integration of 
aerosol profile extinction above opaque water clouds during CALIPSO over-flight of HSRL-2 track on September 
18th, 2016, from 13:33:50 to 13:36:52 UTC in the south-east Atlantic Basin during the ORACLES-2 field 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 the two-way transmittance overhead 
to a modelled ocean returned by the equation 2 below (Venkata and Reagan 2016). 

 ()
()2

m s2

p s

cAT z
T z

2Rl
=   (2) 

In the relationship, T2(zs) is the two-way transmittance at range zs from the spacecraft where molecular/ozone and 
particulate components are denoted by the subscripts ΨƳΩ or ΨǇΩΣ respectively. Variable c is the speed of light, A is 
the area of the ocean surface return, and R ˂is the modelled backscatter reflectance from the ocean surface. The 
retrieval is for the total column, from the CALIOP top of the atmosphere calibration region to the lidar detected 
ocean surface. The estimate is an effective optical depth because no attempt is made to separate multiple 
scattering and single scattering from the cloud and aerosol particulates in the column (Ryan et al., 2024). 

The V4.51 Lidar Level 2 algorithms only estimate 532 nm optical depths in regions of the column where clouds and 
aerosol are directly detected. The regions where no layers are detected are assumed to be particulate free. This 
assumption is known to yield an underestimate total column particulate optical depth by on the order of 0.03ς 
0.05 (Toth et al., 2018). ODCOD compliments the CALIPSO data record by providing estimates of optical depth for 
the entire column including regions CALIOP does not detect particulate. 
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Figure 5 shows cloud screened seasonal difference of medians (ODCOD - MODIS) 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 shows good 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. Regionally, some parts of the globe see larger 
differences possibly due to uncertainties in wind speed and the surface reflectance model used. 

 

Figure 5: The four panels show cloud screened seasonal difference of medians (ODCOD - MODIS) comparisons of 
the 5km ODCOD daytime retrieval to MODIS derived Effective Optical Depth Average Ocean interpolated to 532 
nm and to the CALIOP 5km footprint midpoint. OD ODCOD higher than MODIS is shown in red and ODCOD lower 
is shown in blue (Ryan et al., 2024 © Authors 2024, CC BY 4.0). 

Corrections to Single-Shot 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 V4.51 layer product 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 single shot clouds are detected throughout the entirety of each 5km block of data. The 
Cloud-Aerosol Discrimination (CAD; Liu et al, 2019ύ ŘƻŜǎƴΩǘ ƪƴƻǿ ǘƘŀǘ ǘƘŜ ŎƭƻǳŘǎ ƘŀǾŜƴΩǘ ōŜŜƴ ǊŜƳƻǾŜŘ ŀƴŘ 
reclassifies those bins as having aerosols, as seen in Figure 6b. The consequence of this error can be seen in Figure 
сŎΣ ŀǎ ǘƘŜ ронƴƳ ΨŀŜǊƻǎƻƭΩ ŜȄǘƛƴŎǘƛƻƴ ŦƻǊ ǘƘŀǘ ƭŀȅŜǊ ŀǊŜ ŎƭŜŀǊƭȅ ōƛŀǎŜŘ ǿƘŜƴ ŎƻƳǇŀred with the overlying aerosol. 
When applying the corrected algorithm, the single shot layer remains as a cloud (Figure 6d) and the 532nm aerosol 
extinction bias has been eliminated (Figure 6e). Tackett et al, 2022 also detailed the consequence of this error, in 
which nearly 3% of all 5km resolution layers for June-August 2007, 2013, and 2014, clustered around regions of 
continental aerosol outflow (smoke or desert dust), were impacted. 
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Figure 6: June 15th, 2013, scene in the eastern Atlantic Ocean between CALIOP V4.21 Level 1 and Level 2 data (a-c) 
and the V4.51 Level 2 data (d-e). The left most column shows the prescience of the low-level water cloud and the 
implications on extinction of the cloud layer being recast as an aerosol by the Cloud-Aerosol 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 from Tackett, 2023. 

Table 1: new scientific data sets reported in the CALIOP V4.51 L2 data products 

 VFM Layer Profile 

SDS name  1/3kmM 1kmC 5kmA 5kmC 5kmM 5kmA 5kmC 

Surface_Wind_Speeds_02m    V  V V V 
 

5ŀǘŀ vǳŀƭƛǘȅ {ǘŀǘŜƳŜƴǘ ŦƻǊ /![Lt{hΩǎ ±ŜǊǎƛƻƴ 4.21 Lidar Level 2 Data Product Release 

Version:   4.21 
Data Release Date:  October 02, 2020 
Data Date Range:  October 01, 2020 to present 

A minor version bump (+0.01) has been applied to all CALIPSO data products due to a required upgrade to the 
operating system on the CALIPSO production cluster. All program executables were re-compiled to process in this 
new environment with no changes made to the underlying science algorithms or inputs. 

 

Data Quality Statement for /![Lt{hΩǎ ±ŜǊǎƛƻƴ 4.20 Lidar Level 2 Data Product Release 

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

Table 2: new scientific data sets reported in the CALIOP V4.20 L2 data products 

 VFM Layer Profile 

SDS name  1/3kmM 1kmC 5kmA 5kmC 5kmA 5kmC 

Minimum_Laser_Energy_532 V V V V V V V 

Data Release: June 12, 2018 
CALIOP Instrument Anomaly Advisory: Low Energy Laser Shots 
Dates Affected: September 01, 2016 ς present 
Applies to: CALIOP Level 1B and Level 2 Data Products, V4.10 and earlier 

/![Lht ό/![Lt{hΩǎ [L5!w ƛƴǎǘǊǳƳŜƴǘύ ƛǎ ŜȄǇŜǊƛŜƴŎƛƴƎ ŀƴ ŜƭŜǾŀǘŜŘ ŦǊŜǉǳŜƴŎȅ ƻŦ ƭƻǿ ŜƴŜǊƎȅ ƭŀǎŜǊ ǎƘƻǘǎ ǿƛǘƘƛƴ ǘƘŜ 
South Atlantic Anomaly (SAA) region due to decreased pressure inside the laser canister. The low energy laser shots 
began in September 2016 and have 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 how to identify 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. 

 
Figure 1 Monthly frequency of low energy laser shots (E532 < 80 mJ) from January 2016 to March 2018, globally and 
in the SAA region (left). Spatial distribution of low energy shot frequency from October to December 2017 (right). 

 

Data Quality Statement for /![Lt{hΩǎ ±ŜǊǎƛƻƴ 4.10 Lidar Level 2 Data Product Release 

Data Version:   4.10 
Data Release Date: November 8, 2016 
Data Date Range: June 13, 2006 to May 31, 2018 

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

¶ a stand-alone surface detection algorithm  

¶ revised probability density functions (PDFs) for the cloud aerosol discrimination (CAD) algorithm 

¶ application of the CAD algorithm to layers detected at single shot resolution and to layers detected in the 
stratosphere 
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¶ 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 ice-water phase determination 

¶ temperature-dependent 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 more in-depth quality 
assurance reporting for all extinction retrievals 

¶ a new algorithm for deriving ice-water content from CALIOP extinction retrievals 

¶ introduction of a new 5-km merged layer product that reports the spatial and optical properties of all cloud 
and aerosol layers detected in a single file 

¶ new browses image showing cloud subtypes identified within each granule 

¶ the addition of several new parameters in the data products files 

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

Lidar Surface Detection 

Lƴ ǇǊŜǾƛƻǳǎ ǾŜǊǎƛƻƴǎ ƻŦ ǘƘŜ /![Lht ƭŜǾŜƭ н ό[нύ Řŀǘŀ ǇǊƻŘǳŎǘǎΣ ǘƘŜ ŀƭǘƛǘǳŘŜ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ 
using a general purpose layer detection scheme that scans lidar profiles from the top of the atmosphere downward, 
looking for significant positive excursions rising above an expected molecular backscatter signal. In general, this 
approach works well. However, in multi-layer 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 surface returns. In the V4.10 Řŀǘŀ ǇǊƻŘǳŎǘǎΣ ŘŜǘŜŎǘƛƻƴ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛǎ ŀŎŎƻƳǇƭƛǎƘŜŘ ǳǎƛƴƎ 
a dedicated, newly developed search routine that scans upward from the bottom of the profile using a derivative-
based peak finding algorithm. This new technique demonstrates significant improvement over 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 in the V4.10 data 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 reported. Signal 
ǎǘǊŜƴƎǘƘǎ ƛƴ ǘƘŜǎŜ Ψƴƻǘ ǇǊŜǾƛƻǳǎƭȅ ǎŎŀƴƴŜŘΩ ǊŜƎƛƻƴǎ ǘŜƴŘ ǘƻ ōŜ ǉǳƛǘŜ ƭƻǿΣ ŀƴŘ ǘƘǳǎ Ƴŀƴȅ ƻŦ ǘƘŜǎŜ ƴŜǿƭȅ ŘŜǘŜŎǘ 
layers will have low CAD scores. 

The V4.10 data 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 discontinued in V4.10. Instead, surface detection information is recorded in a multi-parameter 
Lidar_Surface_Detection Vgroup. In addition to the surface detection status (i.e., detected or not detected) and 
surface altitude information provided in V3, this new Vgroup reports the following parameters at both 532 nm and 
1064 nm.  

¶ surface top and base altitudes 

¶ integrated attenuated backscatter 

¶ integrated volume depolarization ratio 

¶ integrated attenuated backscatter color ratio 

¶ where applicable, surface detections at finer spatial resolutions (i.e., 1/3 km and 1 km) 

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

The CALIOP V4.10 level 1 (L1) data, first released in April 2014, significantly improved the calibration of the CALIOP 
attenuated backscatter coefficients at 532 nm (Kar et al., 2018; Getzewich et al., 2018) and especially at 1064 nm 
(Vaughan et al., 2019). In particular, the magnitude of the calibration 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 a slightly greater layer detection 
frequency. When combined with the layer detection increases obtained from the new surface detection algorithm, 
the V4.10 data 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 CALIOP V4.10 L1 data necessitated substantial revisions 
to the V3 level 2 (L2) CAD algorithm. Accordingly, a new set of CAD probability distribution functions (PDFs) was 
developed and subsequently used to generate the V4.10 L2 data. The V4.10 CAD PDFs are still 5-dimensional, 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 of lofted aerosols. As 
a consequence, the V4.10 data products show significant improvements in the classification of high-altitude smoke 
plumes and Asian dust layers, which in earlier versions were often classified as cirrus clouds. 

Application of the V4.10 CAD algorithm differs 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 
ǘǊƻǇƻǇŀǳǎŜ ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ άǎǘǊŀǘƻǎǇƘŜǊƛŎέ ŦŜŀǘǳǊŜǎΦ Lƴ V4.10 ǘƘŜ άǎǘǊŀǘƻǎǇƘŜǊƛŎέ ŦŜŀǘǳǊŜ ǘȅǇŜ Ƙŀǎ ōŜŜƴ 
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, at 
very high altitudes, the general paucity of samples available for the training set as well as falling SNR may affect 
the reliability of the CAD. 

For in-ŘŜǇǘƘ ǎŎƛŜƴǘƛŦƛŎ ŀƴŀƭȅǎŜǎ ƻŦ ǇƻƭŀǊ ǎǘǊŀǘƻǎǇƘŜǊƛŎ ŎƭƻǳŘǎ όt{/ǎύΣ ǳǎŜǊǎ ŀǊŜ ǎǘǊƻƴƎƭȅ ŀŘǾƛǎŜŘ ǘƻ ǳǎŜ /![Lt{hΩǎ 
dedicated PSC products. For less demanding applications, PSCs are also reported in the standard L2 data 
products. While the V4.10 CAD 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 supercooled ternary solution of nitric acid, sulfuric acid and water) 
obtained from the dedicated CALIPSO PSC product. 

2. Unlike V3, the V4.10 CAD 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 signals. In V4.10, 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 they occur. The bulk of the single 
shot layers classified as aerosols in V4.10 are found within the dust belt region of the globe. However, it should 
be noted that optical properties of these layers were not used in building the V4.10 CAD 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 clouds. The 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 reset to an empirically derived mean value and the CAD scores are 
recalculated. Both the original CAD score and the revised CAD score are recorded in the layer products. In the 
second case, the similarity of the scattering signatures of faint, isolated layers of lofted dust and weakly 
depolarizing cloud fragments makes them largely indistinguishable in the CAD domain. To achieve reliable 
ǎŜǇŀǊŀǘƛƻƴΣ ŀ ǎŜǉǳŜƴŎŜ ƻŦ ǎǇŀǘƛŀƭ ǇǊƻȄƛƳƛǘȅ ǘŜǎǘǎ ƛǎ ŀǇǇƭƛŜŘ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘƻǎŜ ƭŀȅŜǊǎ ǿƘƛŎƘ Ƴŀȅ ƛƴ ŦŀŎǘ ōŜ άŦǊƛƴƎŜǎέ 
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