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Introduction

The CALIPSO lidevel 2(L2)vertical feature masKVFM)data product describes the vertical and horizontal
distribution of cloud and aerosol layers observed by the CALIPSOTldaprimary scientific data set (SDS) in the
VFM files is thé&-eatureClassificatiorrlag. TheFeatureClassificatiorFlag are stored as Nk 5515arrays of bit
mapped 16bit integers where N is the number df5-shot ©5 km along track) data segments in the granule. The
data recorded in each 553&ement onedimensional (1D) array describes a vertical curtain that extends 5 km
horizontally over an altitude range of 30.1 km down 0.5 km. Each binapped integer in lese arrays
OKI N} OGSNAT Sa GKS IdY2aLKSNRAO adGldS Ay SEIFOiGte 2yS
Appling the Feature Classification Flabg interpretations given inTable3 yields a concise overview of the
atmospheric tate within each range bin.

As shown imablel, the vertical and horizontal resolution of tlimwnlinkedCALI® data varies as a function of
altitude above mean sea levelConsequentlythe spatial resolution of the elements within theDlL arrays is
nonuniform. Figurel illustratesthe mapping of thel-D arrayof FeatureClassificatiofrlags into a twalimensional
(2-D)array ofheightresolvedaveragedidar data samples. The numbers in each block isfitage indicate the 1

D array indices associated with each spatial averaging regime inEnkd2ar backscatter data. Only the starting
and ending indices are showRigure2 shows an example of thimformation contentstored in the Feature Classifi
cation Flags The upper panel shoviesvel 1b(L1b)532 nm total attenuated backscatter coefficiemmasured on
28 August 2014long the west coast of Africa and out into the s Atlantic OceanThe lower panel showthe
location and type (e.g., cloud vs. aerosfulj all featuresidentified in the L1b data by the L2 data analysis
algorithms. This feature ype analysis is only one of seveealailable in the VFM files.

Tablel: Satial averaging scheme applied to the CALIOP backscatter measurements prior to downlinking the data
from the satellite to the ground station. The data shown are taken from Tables 3 anduhiret al., 200%ith
specifications given only for the 532 nm channghe VFM-eatureClassificatiorrlag are recorded athe spatial
resolutionof the downlinked 532 nrsignalsand reportsamples measuredbetween 30.1 km and0.5 km.

Nominal Altitude| Laser Pulsey  Horizontal 15-m Digitizer Vertical
Region (km) Averaged | Resolution (km)| Samples Average( Resolution (m
40.0 to 30.1 15 5.025 20 300
30.1t0 20.2 5 1.675 12 180
20.2t0 8.2 3 1.005 4 60

8.210¢0.5 1 0.335 2 30
¢0.5t0¢2.0 1 0.335 20 300
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Figurel: Mapping of the onadimensional array dieatureclassificatiorflags into a twedimensional array of range
resolved lidar data sample®Numbers indicate the ¢based) array indexfahe elements irl-D array. To create a
pseudasingleshot matrix replicate each othe vertical profiles between 30.1 km and.2&@mfive times. Similarly,
replicate each of the vertical profiles between 20.2 km and 8.2 km three times.

532 nm Total Attenuated Backscatter (km'1sr'1) 2014-08-28T02-36-51ZN
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Figure2: The upper panel showsCALIORB32 nm total backscatter coefficienteeasured on 28 August 2014
retrieved from the lidar level 1b file for that date and tim&he lower panel showshamage of layer location and
type decodedfrom the Feature Classification Flagghe corresponding VFM file.
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Glossary and Acronym Dictionary

Term Meaning
CAD cloud-aerosol discrimination
CALIOP CloudAerosol Lidar with Orthogonal Polarization
CALIPSO CloudAerosol Lidar and Infrared Pathfinder Satellite Observation
ECR Earth Centered Rotatingpordinates

frame afundamentaldata averagingnterval used extensivelyin ! [ Lht Qa f S @
data processing. A frame consists of 15 consecutive sghgle profiles spanning a
alongtrack distance oD5 km. 15 shots is the least common multiple of the altragk
I SN 3Ay3 AYyuGSNBlIta RSFAYSR o0& /![L
scheme [unt et al., 200

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

HDF Hierarchical Data Format

IVDR integrated volume depolarization ratio
L1B level 1B

LEM low energy mitigation

nm nanometer

QA quality assurance/quality control
QC quality control/quality assurance
SNR signatto-noise ratio

SDS scientific data set

TAI International Atomic Time

uTC Coordinated Universal Time
WRS Worldwide Reference System

Scientific Data Setdvleasurement Altitudes

Lidar Data_Altitudes
Units:km
Format:Float 32
Valid Range2.0,30.0

Description‘Altitudes (above mean sea level) that specify the vertical midpoints od4B@ange bins irspanned
by the measurements reported in the vertical feature mask fil€his scientific data set (SDS) is only
available in the V5.00 data relead®. all prior versions, the lidar data altitude array was stavatyin the
file metadata.
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Scientific Data Sets: Time and Position

Note: the VFMfiles contain several SDSs that repaténtical parameters atwo different spatial averaging

resolutions. To clearly distinguish betweerthe single shot and km (15 shot)resolutions ofthese identical

parametersa2f SG G SNJ LINBFAE 06 Wa & QsinfleshoSPSniarBes 8 K2 G0 Ada | RRSR (

Profile_Time ssProfile_Time

Units: TAI seconds

Format:Float_64

ValidRange: 4.203E8, 9.623E8

Description: International Atomic Time(TAl) in elapsed seconds from January 1, 1988 single shot
ssProfile_Time SDS reports TAI timesrfdividuallaser pulses. The Profile_Time SDS reports TAI times at
the temporal midpoint of each 5 km averaged data segment (i.e., at the 8th of 15 consecutive laser shots).

Profile_UTC_TimessProfile_UTC_Time

Units:yymmdd. ffffffff

Format:Float 64

Valid Range60428.0 230701.0

Description: Coordinated Universal Time (UTC), formatted as yymmdd.ffffffff, where yy tigoaligit data
acquisition year number (06 to 23), mm is a month number (01 to 12), dd is a day number (1 to 31), and
ffffffff is the elapsed fraction of the data acquisition ddye single shot ssProfildTC Time SDS reports
UTCtimes for individual laser pulses. The ProfiedTCTime SDS reportd TCtimes at the temporal
midpoint of each 5 km averaged data segment (i.e., at the 8th of 15 consecutive laser shots).

Day_Night FlagsDay Night Flag

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 thatlirectly impact signaio-noise (SNR) levelsThese changes occur at SHarth
Satellite (SES) angles of 95° @ayight) and 265° (nighin-day), corresponding teunrise and sunseit
an altitude of D24 km above mean sea levek O in these fieldsindicates daytime measurement
configuration, while a1 indicates nighttimeThe single shot ssDay_Night Flag SDS reports the lidar
configuration status for individual laser pulses. The Day_Night_Flag SDS reports the lidar configuration
status at the temporal midpoint of each 5 km averaged data segment (i.e., at the 8th of l&catine
laser shots).

Profile_ID ssProfile_ID

Units:NoUnits

Format:Int_32

Valid Rangetl, 228630

Description:Unique identifier generated sequentially for eadlividuallaser pulse Profile IDs are unique within
each granule but not unique over multiple granul€se single shot ssProfil® SDS reportthe profile IDs
assigned to eacindividuallaser pulsesvithin a granule ThessProfile_ID SDS reportshe single shot
profile IDsat the temporal midpoint of each 5 km averaged data segment (i.e., at the 8th of 15 consecutive
laser shots).

Latitude, ssLatitude

Units:degrees north
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Format:Float 32
Valid Range90.0,90.0

Descriptionlatitude of the laser footprint on the Earh surfaceThe single shot ssLatitude SDS reports footprint
latitudes for individual laser pulses. The Latitude SDS reports the laser footprint latitude at the temporal
midpoint of each 5 km averaged dagagment (i.e., at the 8th of 15 consecutive laser shots).

Longitude ssLongitude
Units:degrees east
Format:Float 32

Valid Range:180.0, 180.0

Description:Longitude of the laser footprint on the Ea@hsurfaceLongitudes reported in the 1/3 km layer
products are for the individual laser pulses from which the layer statistics were defliiedsingle shot
sslongtude SDS reports footpritbngitudesfor individual laser pulses. Thergtude SDS reports the laser
footprint longitude at the temporal midpoint of each 5 km averaged data segment (i.e., at the 8th of 15
consecutive laser shots).

Scientific Data Setd:idar Operating Mode

Minimum_Laser_Energy 532

Units:J

Format:Float_32

TypicaRangen dnno Xn®mop
Fill Valuez9999.0

DescriptionMinimum laser energy at 532 nm measured within each 80 km ai@og data segment (80 km = 240
singleshot laser pulses). The 80 km distance matches the largest horizontal extent considered in CALIOP's
standard level 2 data analyseSince layers can be detected at horizontal resolutions as large as 80 km,
anomalously low laser energies in coarse resolution upper layers can potentially introduce biases in the
spatial and optical property retrievals ainderlying layers detected at finer spatial resolutions. The
Minimum_Laser_Energy 532 SDS enables ready identification of these problematic situations

ssLaser_Energy 532

Units: J

Format: Float 32

Typical Range: 0.003...0.135

Description: 532 nnlaser energy measured for ealaser pulséby a dedicated onboarthser energy monitor.

Scientific Data SetSurface Information

Land_Water_Mask

ssLand_Water_Mask

Units:NoUnits

Format:Int_8

ValidRange0, 7

Fill Value:9

Description:Surface type at the laser footprint provided by the CloudSat science team digital elevation model
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Table2: Interpretation of the Land Water Mask

value interpretation

0 shallow ocean

land

coastlines

shallow inland water

intermittent water

deep inland water

continental ocean

~|lola[r|lw|N|R

deep ocean

Scientific Data Set$=eature Detection

Feature_Classification_Flags

Units:NoUnits

Format:UInt_16

ValidRange1, 49146

Description:For each layer detected in thEALIPSO backscatter data, a set of feature classification flags is
assembled to provide a higbvel description of feature type. These feature classification flags are stored
as bitmapped 16bit integers, with bit O being the least significant bit. Each granule processed by the
level 2 data analyses, the VFM data product maps these flags onto a 2D matrikibintégers recorded
4 /! [ L h tdép@nddntfdéta dowrin& resolution between 30.1 km a5 km and extending
along the full granulgground track. As illustrated iRigure2 (feature type) andFigure3 (horizontal
averaging required for feature detection), the feature classification flags for individual layers are replicated
vertically and horizontally in all matrix elements in which the feature was detected.

Averaging Required: CAL_LID_L2 VFM-Standard-V5-00.2014-08-28T02-36-51ZN
B I | T | I |

181 80 km
vy i
1l ) W |
5k
§ 12 il . "
Do |1-———| hlﬂ; N . R n 1 km
>
Ee | wibd ! -
= l|l ! 113 km
< 5L & w ' "r.”;
1! | m ]W"" ' No Layer
4 l | ," | Detected
2 o y M
h No Data
I_| u : L I Iii{i \I‘IIJ.,_»TLJ [
35 00° 30.03° 24, 05 18.05° 12.04° 6.03° 0.02° 5. 99 -12.00°

-9.39° -11.03° -12.53° -13.93° -15.27° -16.57° -17.85° -19.13° -20.43°

Figure3: VFM image showing the amount of horizontal averaging required to detectetiteres in theCALIOP
532 nm total backscattescene shown ifrigure2.

The interpretations of the bit fields in the feature classification flags are giv&éabie3. The first three

bits (bits @2) spedfy the feature type. Bits Gll identify the feature subtype for clouds, tropospheric
FSNRP&2f &Y FYR A0NF23LKSNAO | SNR&2f&d C2NJ NBIAZY
were detected, bits §11 reportadditional LEM analyses the range bin Tackett et al., 2025 Correct
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interpretation of the feature subtype bits dependsitirely on the feature typdadentified inbits 02, and

the interpretatiors are different for clouds aerosols and clear airDistinguishing between features and
clear air is accomplished by the CALIOP layer detection algoritfemg)ffan et al., 2009 Cloudaerosol
discrimination (CAD) is accomplished usindirbensional probability distribution functions (PDFs), as
described inLiu et al., 2019Aerosol layers in the troposphere apartitioned into eightsultypes:
undetermined, marine, dust, polluted continentalsmoke, clean continental, polluted dust, elevated
smoke, and dusty marin€&ivesubtypes of stratospheric aerosols are identified: invgadar stratospheric
aeroso] volcanic ash, sulfate, elevated smoke, and unclassified. Comprehensive descriptions of the
tropospheric and stratospheric aerosol subtyping algorithms are given in, respedtivelg; al., 208 and
Tackett et al., 2023 The CALIOP cloud subtyping algorith@cognizes eight cloutypes: low, overcast,

and optically thin (e.g., transparent stratus); low, overcast, and optically thick (e.g., opaque stratus);
transition stratocumulus; low, broken clouds (e.g., trade wind cumulus); transparent altocumulus; opaque
altostratus; transparent cius; and deep convective (e.g., cumulonimbus and nimbostratésirther
details are given in thEALIOP Scene Classification ATBD

Table3: Interpretation of the bits in theV5.00Feature Classification Flags. Bit O is the least significant bit.

Bits Field Description Bit Interpretation
0 =rejected by LEM
1 ="clear air"
2 =cloud

3 = tropospheric aerosol

4 = stratospheric aerosol

5 = surface

6 = subsurface

7 = no signal (totally attenuated)

0¢2 Feature Type

0 = none
1=low
3c¢4 Feature Type QA 2 = medium
3 = high
0 = unknown / not determined
5¢6 Ice/Water Phase L f Ice
2 = water
3 = oriented ice crystals
0 = none
1=low
7¢8 Ice/Water Phase QA > = medium
3 = high

9¢11 | Feature Sulype

0 = not determined

1 =marine

2 =desertdust

3 = polluted continental/smoke
4 = clean continental

5 = polluted dust

6 = elevated smoke

7 = dusty marine

If feature type = tropospheric aerosol
bits 1012 will specify the tropospheriq
aerosol type
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Bits Field Description Bit Interpretation

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

2 = transition stratocumulus

If feature type = cloud, bits 202 will 3 = low, broken cumulus
specify the cloudype. 4 = altocumulus (transparent)
5 = altostratus (opaque)

6 = cirrus (transparent)

7 = deep convective (opaque)
0 =invalid

1 = polar stratospheric aerosol
2 = volcanic ash

3 = sulfate

4 = elevated smoke

5 = unclassified

6 = spare

7 = spare

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

If feature type = cleaair, bits 1012
will specify horizontal averages not
searched for features due to low
energy mitigation

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

12 Feature Subtyp©A 0 = not confident

1 = confident
0 = notapplicable
1=1/3km
. . . 2=1km
13-15 | Horizontal Averaging Required 3=5Kkm
4 =20 km
5=80km

Additional noteson feature classification flagisage
Bits 02: Feature Type = Rejected by LEM

Layer data in profiles rejected by the low energy mitigation (LEM) algorithm are assigned a special value
indicating that the profile was excluded from all level 2 analyses. For floating point parameters (e.qg., layer
base and top altitudes and integratedtenuated backscatters) and some integer parameters (e.g., CAD
scores), this special value ¢811. In bitmapped parameters, LEM rejection is identified differently,
depending on the information conveyed by the parameter. The feature classificatysnrild EMejected

profiles are set to zero, and hence the assigned feature type will also be zero. Any information gleaned
from these LEMejected profiles should be excluded from all science data analyBegrevious data
releases, a zero in the feature type field indicated bad or missing data.

Bits 02: Feature Type = Clear Air

Atmospheric egions where the signal has not been totally attenuated by overlying layers and in which no
feature is detected are classified as being clear Because the determination of clear air depends not
only on the cloud/aerosol content of the atmosphere, but also on the minimum detectable backscatter of
the CALIOP layer detection sche(eGill et al., 200); regions containing especially weak layers can be
misclassified as clear air. Detection threshold issues are addressed in detaiCialthieS CayerDetection
ATBD
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Bits 02: Feature Type = Cloud / Tropospheric Aerosol / Stratospheric Aerosol

For each feature detectedhé CALIOEEAD algorithncomputes a CAD score based on layer altitude, layer
latitude, and threealtitude-and-latitude-dependentmeasured optical properties (i.e., laysrean total
attenuated color ratiq . ; layermean @2 f dzYS RS LJ2 f | Na@nd layérimBayi attdduatetl 2 =
ol O1 a0t G 3G S NIsX).2 Bhe Jigh 6fxth8 gADScore indicates whether a feature is classified as a
cloud (positive scores) or an aerosol (negative scores). The confidence in each classification is given by the
maghnitude of the CAD score (between 0 and 1d@emeasured optical propertiedepend on the quality

of the calibrationsat 532 nm and 1064 nm. Significant errors in the calibration of either channel may result

1

in the misclassification of a particular featur€hesameCAD algorithm is applied to layeatstected at all
horizontal averaging resolutions lioth the troposphere andhe stratosphere.

Bits 02: Surface

9 I NJi K Q &sdetedadByla OeBicated surface detection algorithm independently executed at averaging
resolutions of 1/3 km (single shot), 1 km (3 sorts), and 5 km (15 shots).

Bits 02: Subsurface

Altitude regions lying below the surfaeeho detected by the CALIOP surface detection algorithm are

classified as subsurface regions.
Bits 02: Totally attenuated / no signal

Regions wherethe CALIOMbackscatter signal have beentotally attenuated byopaque overlying
atmospheridayersare classified as havingdtally attenuated /no signal”.

Bits 34: Feature Type QA

For atmospheric features, the feature type QA bits define ranges of CAD score magnitudes corresponding
to high, medium, low, and no confidence classifications. e@a&luationsfor all other feature types are
constant for all features identifiedithin each classTable4 definesthe range of possible QA assignments

for each feature type.

Table4: Interpretations for the Feature Type QA hibéts 3;4) in the CALIOP feature classification flags

Feature Type QA Interpretation
0 = LEMmrejected N/A (always 0)
1 = clear air N/A (always 0)
2 = cloud 0 = noconfidence = |CAD score| <20
3 = tropospheric aerosol r F ;ég)\ doziygg 5?37\[823/2)
4 = stratosphericaerosol |0 ' KA 3K O2yFARSYyOS

5 = surface

N/A (always 3)

6 =subsurface

N/A (always 0)

7 = no signal

N/A (always 0)

Bits5-6: IceWater Phase

The classification ofl@aud ice-water phaseis based onayerintegrated volumedepolarization ratig,
backscatter intensies, temperatures, andtotal attenuated backscatter color rati® (Avery et al., 2020
TheCALIORIgorithmrecognizesvater and ice phasefoth randomlyoriented ice(ROlandhaorizontally
oriented ice(HOI) but does not identify mixed phase layers ($éece et al., 202)) In those cases where
the classification is ambiguoudpudphase is reported adunknown/not determined.

/' LhtQa FoAtAGER

G2 ARSYyidGATe

K2NRT 2y GlE e

2 NA Sy

nadir angle. From launch ungiB November 2007, CALIOP pointedda®° off nadir and hencespecular
reflections from oriented ice crystals wemeost oftenscatteredback into the receiverThis phenomenon
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produces a characteristic HOI signatuvery high attenuated backscatter coefficients coupled with very

low volume depolarization ratiogi{i et al, 2007). On 28 November 200The nominal CALIORff nadir
anglewaschanged td3.0° almost completely suppressing the specular backscatter from oriented crystals.

' aSNBR gAfft GKdza& aSS | YINJSR RAFTFSNBYOS Ay LXKI a
change in off nadir angle.

Bits 7-8: IceWater Phas&®A

Icewater phase classificationconfidence estimates aréerived using the same parameters used to
determine cloud thermodynamic phase Cloud phases reported asounknown/not determined are
automaticallyevaluated as having no confidenfiee., phase QA = O)Distributions of cloud phase QA
segregated according toud phasdor all clouds detected during September 2007 are showFidare4.

| September 2007, Global, Daytime and Nighttime

T
mm H.0 —
0.9 - 2 -
Il Hol

- O.S—l:l ROI 4

0.7 - 1
0.6

0.5

0.4

0.3~ 7

0.2~ .

0.1~ .
| — \ = ——

0
none low med high none low med high none low med high
Phase Confidence

Occurrence Frequenc

Figure4: Distributions of cloud phase QA segregated according to cloud phase for all clouds detected during
September 2007Phase classificatiacronfidencefor water clouds and ROI cloudsimost always high. However,
classification confidence for HOI clouds is less certain.

Bits9-11: FeatureSibtype, Clouds

Cloud subtypes are assigned by the CALIOP cloud subtyping algorithm illusti@itpdéd. Highmiddle,
and low clouds are defined according to tinésrnational Satellite Cloud Climatology Project (ISClobd
top pressure(P(top))boundaries at 680 mb and 440 mBurther discrimination is done using along track

cloud fraction €f ) and cloud opacity.
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‘ CAD = cloud

!

P(top) < 440 s O P(top) < 680 — No— of>098 N MO -
mb > @ mb & 2 i . >
YES YES YES
¥ 4 v NO
Opaque S <, Opaque > Opaque —
p NO 4 ; NO ; NO YES
A T R S
YES | Cloud Type 6 | YES :_' Cloud Type 4 | YES | Cloud Type O ) [ Cloud Type 2 |
b 4 4 o
( Cloud Type 7 ‘ [ Cloud Type 5 /‘ Cloud Type 1 \ [ Cloud Type 3 |
- Ly @ S L S N i

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

Cloud Type 3 = Low, broken (traclemulusand shallonwcumulug

Cloud Type 4 = Altocumulus (transparent)

Cloud Type 5 = Altostratus (opaqadtpstratus nimbostratus altocumulug

Cloud Type 6 = Cirrus (transparent)

Cloud Type 7 = Deep convective (opagliestratus cumulonimbusnimbostratug

Figure5: Diagram of the CALIOP cloud subtyping algorithm, adaptedtiier@ ALIOES@ne Aassification ATBD
P(top) represents cloud top pressure acfd represents along track cloud fraction.

Bits9-11: FeatureSibtype, Tropospheric Aerosols

As illustrated irFigure6, / ! [ L &etolsubtypedesignationis derived usinghe estimated particulate
depolarization for the layeft ,*%), layer heightinformation (Z., and Zasd, estimated aerosol loadings
characterized by the 532 nm integrated attenuated backscdttes,), and the underlying surface type
The first three of these parameters are CALIOP observahf&sis largelyan intrinsicproperty, whose
magnitudeideally dependson particle shapeig.,1,*'F 1 F 2 NJ & LIK-SyNGes@l n aoldl NEIZAND f
crystals) which is directly related to aerosol typeHowever,becausel ,*is also influenced bgerosol
hydration it functionsat least partiallyasan extrinsic propertywvhose value depends on the amount of
available water in the atmospher8imilarl\z sszistypically considereds a purelyextrinsic property that
variesaccording toaerosol loadingi.e., aerosol optical depttAOD). Taken togetheX ,°I y Rg, are
not sufficient to fully constraimerosolmodel selection. Additional discriminatory poweis provided by
the layer base and top altitudesvhich areusedto establish vertical extent and tdistinguish between
lofted layers and surfacattached layes. Finally, the selection processessurface type information
obtained from ancillary data sources a coarsestimate of local aerosolorigins {,°'is the primary
parameterused to identify aerosol types that have a substant@hcentrationof nonspherical particles
(e.g., dust and mixtures of duahd smoke)’ s32is used tcconstrainaerosol type selection in instances of
high aerosol loadinge.g.,; /! [ Lht Y SIs&dNIG ¥F9spliysicallff impossible fa smoke
layer with a lidar ratio of 70 sr, bentirely plausible for a marine layer with a lidar ratio of 2% Surface
type is typically the deciding factor when identifying marine aerosols.

As suggested by theed paths and labels iRigure6,/ ! [ L h t Qdentificatignofisurfacdype in the

Arctic now accounsg for differencesbetween the aerosoltypes situated aboveopen oceans which
generally contain a substantial marine componerid those lying oveextended oveiocean ice sheefs
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which are largely dominated anthropogenic aerosol arriving in the polar regions via long range transport
from continental sources

Feature (y'ss2, 5,°° surface type) »{5,°" > 0.075 No-
¥'s32 532 nm integrated attenuated backscatter \/

5, : estimated particulate depolarization ratio Yes
Ziop, Zbase - layer top and base altitude

Liquid
Ocean

Frozen
Ocean

@ Yes

No

8,°1<0.05 Yes
Yes

No

polluted continental/
smoke
A A
a »{ Elevated smoke

Figure6: Howchart illustrating the selectiorof aerosol subtypes in the CALIOP V5.00 data produttse red
pathways and labels indicate changes relative to th&¥ subtype selection scheme.

I SNRaz2f f I,%&0uR0.2Mie Adssifidd as dust. Layers for which 0.075%9K nréeithet

polluted dust or dusty marine, depending on layer base height and the surface type along the lidar ground
track. Polluted dust is modeled as a mix of dust and urban pollution and is not identified solely over desert
regions. Likewise, layers detedtover oceans and classified as dusty marine could also contain both dust
and urban pollution components. Of the ndepolarizing aerosols;oposphert layers with top altituds
ANBFGSNI GKIY Hop 1Y F620S GKS 9 -dbdol&igng lagedzih kogsS | N.
0St26 Hodp 1Y INBE Of I aa&ATA Ssipis $miall, & poliuted ddati@htalsmpke O 2 v (i
6 K S ¥is'large. Because it is not possible to unambiguously discriminate smoke from urban pollution
based on CALIOP measurables, the polluted continental/smoke class can potentially contain smoke, urban
pollution, or a mixture of the two types. Marine layewhich are only identified over oceans and other

large water bodieshavelayertops below 2.5 km andither? s3> >0.01 sttt or, if 4 532 XX 1 &Ryt ) NJ

0.05

With the exception of marine and dusty marineoe theaerosol subtype has been determinedglobally
constant,wavelengthspecificaerosol lidar ratio, 5is chosen from a lookup table that currently consists
of five pairs of 532 nm and 1064 nm valy@&sm et al., 2018 New in V5.00, @rine and dusty marine lidar
ratios areinterpolated from seasonally and regionallyrying lidar ratio mapthat werederivedempirically
by constraining the solution of the lidar equation using collocated MO8&ti&vals of AODT(oth et al.,
2029.

Bits9-11: FeatureSwbtype, Strabspheric Aerosols

Thestratospheric aerosdlype selection schemgllustratedin Figure?, first identifies polar stratospheric
aerosol(PSAps aerosolayers with532 nm attenuated backscatteentroid temperature less than-70C
that are detectedduring polar stratospheric cloud (PSC) seasassumed to be December to February in
the Arctic and May to October in the Antarctic. NBBC related stratospheric aerosol layers are identified

v

Ziop > 2.5 km

Is the layer wholly
above the MBL?

Liquid
Ocean
A

A 4
Dusty Marine Y > Polluted dust

Surface

Frozen
QOcean

Land
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as one of three stratospheric aerosol species based,tfhand’ s3.. Thresholds for these three subtypes

were developed empirically from CALIOP observations of volcanic plume events and several smoke events
which were detected abovethe tropopause. Weakly scattering layers are immediatelggated to the
unclassifiedcategory Layers having high depolarizaticatios are classified as volcanic ash while layers

with moderate to lowt ,** are classified as smoke. Layfswhich ,*¢ < 0.075are clasdied as sulfate.

- T :Mid-layer temperature
Strat}osph—erlc aerosol feature 742 : Feature integrated attenuated backscatter 532 nm
(752,857, latitude, month) 8¢ : Estimated particulate depolarization ratio 532 nm

0030 sr' (day)
0025 sr! (night)

NO Unclassified

0.0
“¢ 00

Lat > 50°N
T <-70°C
Dec - Feb

Lat < 50°S
T <-70°C
May - Oct

YES

PSA

~

YES

551> 0.075

Figure7: Howchart for determiningstratospheric aerosadubtypes(Tackett et al., 202® Authors 2023CC BY
4.0).

NO Sulfate

A 4

Smoke

Distinquishing Tropospheric Aerosol from Stratospheric Aerosol

The distinction betweetropospheric aerosol layers and stratospheric aerosol layers is mactinyaring
the centroid altitude of thés32 nm attenuated backscatter profile within the layer to theal tropopause
height retrieved from the MERRZ reanalysis dataWhen the bulk of theattenuated backscatter lies
above the tropopause i.e., when thecentroid altitude is higher than the tropause altitude layersare
classified as stratosphericTropospheric aerosols have centroid altitudeslow the tropopause. The
success ofttis classification scheme relies on the accuracy of the MERRfiopause At times aerosols
appear to straddle the tropopause, and in these cdbedayertyping and sbtyping caroscillate between
tropospheric and stratospheridrigure8 shows an exaple from 1 July 201ivhere clouds, stratospheric
aerosol, and tropospheric aerosare all detected in thesame scene
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Figure8: The ypper paneshowsCALIOP 532 nm total attenuated backscatter coefficients measured during a night
time orbit on 1 July 201. This scene captures stratospheric aerosol injections ffmrune 2011 eruptions of the
Nabro volcanoin Eritrea (northern hemisphere)and the PuyehueCordon Caulle volcanim Chile (southern
hemisphere) The lower panel shows treerosol subtypes assigned by the CALIOP aerosol subtyping algorithm
CALIOkeliably detectghe stratospheric aerossbhnda substantiamajority ofthe tropospheric aerosoldyut only
detects intermittent hints of thdaint troposphericaerosol layeseen in the upper pandletweenD5°N andD9°S

at dtitudes between D6 km andD11 km Localized variability in feature type is most promindéot weakly
scattering layers.

Bits9-11: FeatureSibtype, Clear Air
Forany range bin, @l £ dzS 2F ™M Ay GKA& FASER AYyRAOF(GSaA GKI G
identified a valid 5 km horizontal average using treckscatterdata in thisrange bin However because
the surrounding profiles contained too many low energy laser pulges,LEM algorithm could not
subsequentlydentify a valid80 km horizontal average thalsousedthis range bin As a result, the data
in thisrange binwere never searcB R F2NJ G KS LINBASy OS 27F TFSIlAvamBa | i
of 2indicates that in addition to not identifying a valid 80 km horizontal average, the LEM algorithm also
failed to identify a valid 20 km horizontal average that used this range bin. Range bins with values of 2 are
thus never evaluated to determine whether they contdaint features that could only be detected at
either of the coarser resolutions.

Bit 12: Feature Subtype QA

This bitwas intended to provide binary confidence evaluation (i.e., confident vs. not confidefigature
subtype. However because suitable tests ofassification confidence have not been waglveloped for all
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feature subtypesand because the existing tests are not uniformly apphiedyes in this field should be
ignored

Bits13-15: HorizontalAveraging Required for Feature Detection

One or more of theséits will be toggled on in everatrix element of the feature classification flags
which a feature was detectedit decoding is given ihable3.

VFM_Feature_Detection_Qualitylag

Units: NoUnits

Format:Uint_16

ValidRangel, 32767

DescriptionQuality control flag, used to directly map the actions of the low energy mitigation (LEM) algorithm for
each range bin in th¥FMfeature classification flags

Table5: Interpretation of theVertical Feature Mask (VFN¥gature Detection Qualitijag

bit interpretation

0 First singleshot profile has low energy or missing data

1 Second singlkshotprofile has low energy or missing data
2 Third singleshot profile has low energy or missing data
3 Fourth singleshot profile has low energy or missing data
4 Fifth singleshot profile has low energy or missing data

5 Bin in firstsingleshot profile is rejected by LEM

6 Bin in second singlghot profile is rejected by LEM

7 Bin in third singleshot profile is rejected by LEM

8 Bin in fourth singleshot profile is rejected by LEM

9 Bin in fifth singleshot profile isrejected by LEM

10 Contributed to feature detection at resolution 1 (£K8n)
11 | Contributed to feature detection at resolution 2-Kin)

12 Contributed to feature detection at resolution 3-kpn)

13 Contributed to feature detection aesolution 4 (2ekm)

14 Contributed to feature detection at resolution 5 ({&én)

Scientific Data Sets: Spacecraft Position

Spacecratft Position
Units: km

Format: Float 64

Valid Range:8000,8000
Fill Valuez9999.0

Description: Bsition of theCALIPSO satellite expressed in Earth&edtRotating (ECR) coordinai@dso known
asEarthcentered, EartHixed (ECEJcoordinates).
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Vgroup SingleShotDetection

In the earliest iteration of the VFM data prodsctime and position parameters were reported mkm (15shof)
resolution, consistent with the temporal and spatial resolutadrthe arrays reported in thé-eature Classification
Flags SDSTo allow analysis and plotting of the single shot resulteectly from the VFM filesCAL t €edision
4.10 release addeche Single Shot Detectiovigroup The SDShamesand datareported in thisvVgroupare the
single sho(333 m) analogs of the 15hot(5.025km) resolutionSDS$iames and dataeportedin the HDF fileoot
directory. Toclearlydistinguish between single shahdresolutiors 5 kmof identicalparameters 2-letter prefix
o0vaaQ I isafddgdrdhé SDS Kanéaithe Single Shot Detectidfgroup Table6 lists the5 km SDSs that
are replicated at single shot resolutioescriptions of these parameters are found in ®eientific Data Sets:
Time and Positiosection. The one exception is the laser eneiigformation which is described in thgcientific
Data Setstidar Operating Modsection.

Table6: Correspondence betweethe SDSs in th&ingle Shot Detectiovigroupand the SDSs the HDF file root
directory.

5 km (15 shot) SD#&me | 333 m (1 shot) SDS name
Latitude | sd atitude
Longitude | sd.ongitude
Profile_Time | sdProfile_Time
Profile_UTC_Timg s<Profile_ UTC Time
Profile_ID | s<Profile_ID
Day_Night_Flag s®ay_Night_Flag
Minimum_Laser_Energy 53] ssLaser_Energy 532

Metadata Parameters

Product_ID
An 80byte character string containing the product name.

Date_Time_at_Granule_Start

A 27byte character string that specifies the UTC start date and tim#he first single shot profile in each granule

The format iyyyymm-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 character
WYe Qb CKS WYW%Qgikef RNTTL §S&a GKIFIG GAYS Aa

Date_Time_at_Granule_End

A 27byte character string that specifies the UTC start date and tim#he last single shot profile in each granule.

The format is yyyynm-ddThh:nn:ss.ffffffZ, where yyyy is the year, mm is the month, dd is the day, hh is the hour,
nn is the minute, ss is the second, and ffffff is the fractional second. Date and time are separated by the character
Ye Qo ¢ eSthaiva@is divgrRIMUDE. (

Date_Timeof Production

A 2Tbyte character string that specifies the granule UTC start date and time. The format isnyyyy
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 fractibnf & SO2y R ® 5/4S YR GAYS | NB &aSLI NI
that time is given in UTC.

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Vertical_Feature_Mask_Data_Description_Document_V5 Page21of 72


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Vertical_Feature_Mask_Data_Description_Document_V5

Number_of Bad_Profiles

A 32bit integer specifying the number of bad attenuated backscatter profiles contam#ee 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 reportedGaAth®P Level 1 fijegb) the measurement data

could not be geolocated (see bit 3 in the QC flag9;3D (c) the energy in either the 532 nm or 1064 nm channel

falls below the low energy threshold (see bits 5 and 6 in the QC Flags SDS).

Number_of_Good_Profiles

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

Initial_Subsatellite_Latitude
This field reports the firstubsatellite latitudeof the granule.

Initial_Subsatellite_Longitude
This field reports the firssubsatellite longitudef the granule.

Final_Subsatellite_Latitude
Thisfield reportsthé | a4 adzoal Sttt AGS €t GAGdzRS 2F (GKS 3N ydzZ So

Final_Subsatellite _Longitude
This field reports the lastiubsatellite longitudef 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 CAL®8nd 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 the day and night
conditions, based on fixed Starth-Satellite angles, day/nighitoundaries do not coincide with transition points
for defining orbit number. As such, three parameters are needed to describe the orbit number for each granule as:

1 Orbit Number at Granule Start: 2 ND AU ydzYoSNJ G GKS 3INYydzZ S adat

1 Orbit Number at Granule End:2 Nb A (i tielgvadufe Ntbpltite.

1 Orbit Number Change Tme:G A YS G 6KAOK GKS 2NDBAG ydzYoSNI O

Path_Number_at Granule Start
Path_Number_at Granule_Stop
Path_Number_Change_Time

Path Number consists of three fields that define an indamging from 1233 that references orbits to the
Worldwide Reference System (WRS). This global grid system was developed to support scene identification for
LandSat imagery. Since theTAain is maintained to the WRS grid within 30 km, the Path Numbeprovides 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 attained and
changes by a value of I&tween successive orbits. Because the CALIPSO data granules are organized according
to the day and night conditions, based on fixed -Eamth-Satellite angles, day/night boundaries do not coincide
with transition points for defining path number. As suttiree parameters are needed to describe the path number
for each granule as:

1 Path Number at Granule Start: LJ- § K ydzYoSNJ G GKS 3INIydzZ S aidl N
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1 Path Number at Granule End:LJ- G K ydzYoSNJ 4 GKS 3ANI ydzZ S aid2Ld
1 Path Number Change Time:(i A YuSichlthé path number changes in the granule.
Lidar_Data_Altitudes

Altitudes (above mean sea level) that specify the vertical midpoints of5dfe range bins in the profile
measurements downlinked from the CALIPSO satellifée 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

FASER A& [fgléa daoww! HED
GMAOQO_Files _Used
Lists the four MERRA®Reteorological data files used to create the level 2 data files for this granule.

Classifier_Coefficients_Version_Number

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

Classifier_Coefficients_Version_Date

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

Production_Script

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

CALIPSO Data Quality Information

Relevant ExternaDocumentation

This section lists CALIPAIQorithm Theoretical Basis DocumsrfATBDs) anpker-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

1 CALIPSO Data Management Team: CALIPSO Data Products Cadg0®®Release 5.00.

1 Vaughan, M. A., D. M. Winker, and K. A. Powell, 2005: CALIOP Algorithm Theoretical Basis Document, Part 2:
Feature Detection and Layer Properties Algorithm, -Se202.02
https://ntrs.nasa.gov/citations/20250006627

T Liu, Z.,, A. H. Omar, Y. Hu, M. A. Vaughan, and D.M. Winker, 2005: CALIOP Algorithm Theoretical Basis
Document, Part 3: Scene Classification Algorithms, -S@R02.03
https://ntrs.nasa.gov/citations/20250006628

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

1 [AdzZ %®dX ad WP aODAffT & ldzz /® ! d | 2a0SGtft SNE ad
OFft AONI GA2Y dzaAy3a az2f | NJ NEERGeoSch Regmoté Sendi lie§ NRI1, 60 & A
https://doi.org/10.1109/LGRS.2004.829613

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

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

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

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

1 Hunt, W. H, D. M. Winker, M. A. Vaughan, K. A. Powell, P. L. Lucker, and C. WeitheCA20RSO Lidar
Description and Performance Assessment]. Atmos. Oceanic Technol 26, 12141228,
https://doi.org/10.1175/2009JTECHA1223.1

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

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

1 Powell, K. A., C. A. Hostetler, Z. Liu, M. A. Vaughan, R. E. Kuehn, W. H. Hunt, K. Lee, CRRRTRp{®rs,
S. A. Youn@gnd D. M. Winker, 200 CALIPSO Lidar Calibration Algorithms: Raxighttime 532 nm Parallel
Channel and 532 nm Perpdioular Channel, J. Atmos. Oceanic Technol26, 20152033,
https://doi.org/10.1175/2009JTECHA1242.1

1 Vaughan, M., K. Powell, R. Kuehn, S. Young, D. Winker, C. Hostetler, W. Hunt, Z. Liu, M. McGill, and B.
Getzewich, 2009: Fully Automated Detection of Cloud and Aerosol Layers in the CALIPSO Lidar Measurements,
J. Atmos. Oceanic Techn@b, 20342050, https://doi.org/10.1175/2009JTECHA1228.1

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

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

1 Garnier, A., J. PeloM. A. Vaughan, DM. Winker, C. R. Treptand P. Dubuisson, 2015: Lidar multiple
scattering factors inferred from CALIPSO lidar and IIR retrievals cfre@msparent cirrus cloud optical depths
over oceansAtmos. Meas. TeclB, 2759;2774,https://doi.org/10.5194/amt8-27592015

1 Getzewich, B. J., M. A. Vaughan, W. H. Hunt, M. A. Avery, K. A. Powell, J. L. Tackett, D. M. WinkeR.J. Kar, K.
Lee, and T. Toth, 2018: CALIPSO Lidar Calibration-ahti32ersion 4 Daytime AlgorithrAfmos. Meas. Tech.
11, 6309;6326,https://doi.org/10.5194/amt11-63092018
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1 Kar, J., M. A. Vaughan, K. P. Lee, J. Tackett, M. Avery, A. Garnier, B. Getzewich, W. Hunt, D. Josset, Z. Liu,
Lucker, B. Magill, A. Omar, J. Pelon, R. Rogers, T. D. Toth, C. ‘Regtrnier, D. Winkeand S. Young, 2018:
CALIPSO Lidar Calibration at 532 nm: Version 4 Nighttime AlgoAthmos. Meas. Techll, 14591479,
https://doi.org/10.5194/amt11-14592018

1 Kim, M:H., A. H. Omar, J. L. Tackett, M. A. Vaughan, D. M. Winker, C. R. Trepte, Y. Hu, Z. Liu, L. R. Poole, M. ¢
Pitts, J. Karand B. E. Magill, 2018: The CALIPSO Version 4 Automated Aerosol Classification and Lidar Ratio
Selection AlgorithmAtmos. Meas. Techll, 61076135,https://doi.org/10.5194/amt11-6107-2018

T Lu, X., Y. Hu, Y. Yang, M. Vaughan, Z. Liu, S. Rodier, W. Hunt, K. Powell, Bnd uck&repte2018: Laser
pulse bidirectional reflectance from CALIPSO missiéttimos. Meas. Tech. 11, 328%3296,
https://doi.org/10.5194/amt11-3281-2018

1 Young,S A., M. A. Vaughan, J. L. TackettGArnier, J. B. Lambethnd K. A. Powell, 2018: Extinction and
Optical DepthwS (i NA SO f & s Vessibid4 Ddtd RetedséAnos. Meas. Techll, 570k5727,
https://doi.org/10.5194/amt11-5701-2018

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

1 Liu,Z.,J. Kar, S. Zeng, J. Tackitt Vaughan, MAvery, J. PeloB. Getzewich, 2. Lee, B. Magill, A. Omar, P.
Lucker, C. TrepteaandD. Winker2019: Discriminating Between Clouds and Aerosols in the CALIOP Version 4.1
Data ProductsAtmos. Meas. Techl?2, 703¢734, https://doi.org/10.5194/amt12-703-2019,

1 Vaughan, M., A. Garnier, D. Josdét,Avery, K-P. Lee, ZLiu, W Hunt, J. Pelon, Y. H& Burton, J. Hair, J.
Tackett,B. Getzewich,J. Kar, and S. Rodi@Q19: CALIPSO Lidar Calibration at 1064 nm: Version 4 Algorithm
Atmos. Meas. Techl?2, 51¢82, https://doi.org/10.5194/amt12-51-2019

T Avery, M. A, R. A. Ryan, B. J. Getzewich, M. A. Vaughan, D. M. Winker, Y. Hu, A. Garniegrid Bel&n
Verhappen, 2020CALIOP V4 Cloud Thermodynamic Phase Assignment and the ImpactbaNigafiewing
Angleg, Atmos. Meas. Techl3, 4539;4563,https://doi.org/10.5194/amt13-45392020

1 Ryan, R. A, M. A. Vaughan, S. D. Rodier, J. L. Tackett, J. A. Reagan, R. A. Ferrare, J. W. Hair, and B. J. Getzev
HAHNY Ge¢20Ft / 2tdzYy hLIAOFE 5SLIKA wS (i NASBE $MBas.T N2 Y
Tech, 17, 651%6545,https://doi.org/10.5194/amt17-6517-2024.

1 Tackett, J. L., J. Kar, M. A. Vaughan, B. Getzewidh, KIm, 3P. Vernier, A. H. Omar, B. Magill, M. C. Pitts,
YR 5@ 2 A {JHe EAIPSOiversian ¥.5 siratospheric aerosol subtyping algoEmos. Meas. Tech
16, 745,768, https://doi.org/10.5194/amt16-745-2023

1 Tackett, J. L., R. A. Ryan, A. E. Garnier, J. Kar, B. Getzewich, X. Cai, M. A. Vaughan, C. R. Trepte, R. Verhapy
D. M. Winker and KP. A. Lee, 2025: Mitigating Impacts of Low Energy Laser Pulses on CALIOP Data Products,
EGUspherfpreprint], https://doi.org/10.5194/equsphere20252376

i Toth, TD, G. Schuster, M. Clayton, Z. Li, D. Painemal, S. Rodier, J. Kar, T. Thorsen, R. Ferrare, M. Vaughan, .
Tackett, H. Bian, M. Chin, A. Garnier, E. Welton, R. Ryan, C. Trepte and Dz WinkaMajppivig GALIPSO
Marine and Dusty Marine Aerosol Lidar Ratios using MODIS AOD Constrained Retrievals and GOCART Mode
Simulationg EGUspherfAMTO, https://doi.org/10.5194/equsphere20252832.

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 updafEable? lists all major and minor releases.
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Table7: release date, version number, data date range, and production strategy for all CAildde3€vel 2data
products

Lidar Level 2Half orbits (Night and Day)

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

Data QualitySummaries

510G vdzZftAGe {4 GSY S.galidaf 2w 2/Datd RradyctrROlgaser SNE A 2 Y
Data Version: 5.00

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

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

Modifications for Low Energy Mitigation (LEM)

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

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

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

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

H FylfeaSao | 2NAT 2y GlFffte + PERDASR:E RoEDSOSIYSYySat 8 &l
but the filtered profile isstill deemed acceptable for science retrievals) experience a digiradise ratio reduction

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

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

Laser pulses with Es3, < 10 mJ

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

Figure9: 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 energylpes during May and June; e.g., see 20832T0554-23ZD. (Tackett et

al., 20250 Authors 2025CC BY 4)0
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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. Similarlye thottom row shows the same quantltles for the V5.00 release. Relative to V4.51,

the SNR above 8.2 km is noticeably higher in the-EEMf § SNBR +p®nn pow yY i o610
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VFM arguably eliminates all of the false positive feature detections seen in {Hdhlte adapted froniackett et
al., 20250 Authors 2025CC BY 4)0
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Figure 11: Frequency distributions of laydry § SANI 4§ SR poH YY | &i SayedhednSR 0 |
attenuated backscatter color ratig ( j ), and layeiintegrated volumedepolarization ratio for ice clouds

(panels &), water clouds (panelsf), and aerosol layers (panelg)h Distributions from layers wholly unaffected

by low energy pulses are shown in aqua. Distributions for-af#dted layers are shown in orang8tatistics are
computed from layers detected in nighttime measurements at 5 km horizontal resolution betweerbBWS
excluding the SAA, during all of 202kckett et al., 202® Authors 2025CC BY 4)0

To enable users to easily identify Liaflected features and profiles that have been wholly excluded by the LEM

Ff A2NAGKYZ GKS /! [Lht €S@St w f1F&@SNJLINRPRdzOG&A FyR LN
each atmospheric column in the gpective data sets. These flags arenbitpped 16bit integers that indicate

which columns contain low energy laser pulses, which columns have been wholly rejected as unusable, why
NBE2SOGSR O2fdzrya KI @S 06SSy S EdodentriRbaging yegonsckmad KEVR T/
rejected data. The interpretations of individual bits are givehahle8. With the exception of the 333 m merged

f 1 @8SNJ LINPRdAzOGAS Fff fF&@SNJ LINPRdAzOGA YR LINBFAES LINEBF
Ctlr3aQoe 2 KSyYy (GKAa FflF3 Aa GNHLSI GKS 02 NNE#s)LEnaRA y I 7
either LEMaffected data, in which some low energy pulses were included in the data averaged onboard the
satellite prior to downlink, or LEMEjected data that have been wholly excluded from the level 2 analyses. The
layer descriptions (e.gtop and base altitudes, integrated attenuated backscatter, etc.) in-tefddted columns

are identified with a LEM flag value-afL1.

[9a AYTF2NXIGA2Y Ad NBLERNISR Ay (KS OSNIAOFE TSI GdNB
Ctl3Qd [A1S G(KS WCSIGdNB /f+FaaATAOIGAZ2Y Cfl 33Q3 6K

A 4 ooA = u

downlinked data stream. As shownTable9, these bits inform data users which range bins contain low energy
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shots, which have been rejected by LEM, and which feature finder averaging resolution was required for the feature
to be detected.

Table8: Interpretation of the individual bitsinthe Y5 WWEU I N! W9 Yde G UWAQ W[ GenN6WUYaql
15 consecutive laser pulses that have been averaged onboard the satellite to the vertical and horizontal
spatial resolutions given in(Hunt et al., 2009 Bit O is the least significant bit.

Bit Interpretation

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

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

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

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

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

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

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

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

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

11¢15 | Unused
Table9: bitA Y § SNLINBGF GA2ya F2NJ (KS WhitCis theadéhst SigfitBnt tBt.S G SOG A 2 v

O N|O|O| &~

Bit Interpretation

First singleshot profile has low energy

Second singlshot profile has low energy

Third singleshot profile has low energy

Fourth singleshot profile has low energy

Fifth singleshot profile has low energy

Bin in first singleshot profile is rejected by LEM

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

Bin in fourth singleshot profile is rejected by LEM
Bin in fifth singleshot profile is rejected by LEM
Contributed to feature detection at 1/3 km resolution
Contributed to feature detection at 1 km resolution
Contributed to feature detection at 5 km resolution
Contributed to feature detection at 20 km resolution
Contributed to feature detection at 80 km resolution
15 | Unused

O|O(NOO|OIAlW|IN|FL|O
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=
=

=
N

=
w
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The effects of the low energy mitigation filtering gvervasive throughout the CALIPSO level 2 data products,
particularly in the final years of the mission. To optimize the functioning of the LEM algorithms required several
LEMrelated changes to the lidar level 2 analyses.

https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Vertical_Feature_Mask_Data_Description_Document_V5  Page29 of 72


https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_Vertical_Feature_Mask_Data_Description_Document_V5
https://doi.org/10.1175/2009JTECHA1223.1

0 The featureclassification flags (in the layer products and VFM) and the atmospheric volume descriptions (in
0KS LINBPBTAES LINE RAZORIGC Rl HE LBMYIHCSANS | ALYLDR cdaRBN Y1yl KW WA T 132
readily identified whenever the three least significant bits were all set to zero. Invalid features occurred
extremely rarelyt e.g.,872 of the 41,194,051D0.002%) of the unique atmospheric features detected during
all of 2012we designated as invalid. These features were also assigned special cloa@rosol
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 bk a feature
classificationflagld2 ¢ G e ¢ q W Waq Y WAl YWOYWayYUnwl w 3G 3t 3Uqt we UWh
instead indicates that data in the column has been rejected by the level 2 LEM filter. The spatial and
optical properties within these columns (e.g., top and base litudes, CAD scores, and optical depths)
are all set to a special LEM flag valug111). Features that were previously classified as invalid are now
identified as zero-confidence clouds and they retain any of the speciaCAD scores that were assigned in
previous data releases.

o {dzoadlGFYyGAlrf Y2RATFTAOFIGAZ2YAa 6SNB NBIldZANBR (G2 FRR daf ¢
(BLCC) algorithm. The function of this procedure is to separate boundary layer clouds from the surrounding
aerosols at single shot resolution so thiae signaito-noise ratios (SNR) of the aerosol data cdagémproved
by large scale averaging, thus greatly reducing uncertainties in the aerosol extinction retrievals. Problems
arose, however, when dense aerosols lay immediately above stratus détkbese cases, the combined
FSNR&az2f FyR Of2dzR aAdylfta ¢gSNB 2FGSy RSGISOGSR I a
shot) resolution profile scan/Gughan et al., 2009The clouds in these mutiype 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 faigautate these clouds
from the overlying aerosol. This, in turn, introduced significant errors into the affected aerosol extinction
retrievals. While this flaw was largely eliminated in the V4.51 data rel@asé¢it et al., 2022 some residual
errorsremained. When checking for the presence of 15 horizontally adjacent clouds detected at single shot
resolution, the V4.51 BLCC did not account for contamination by low energy laser pulses. Since no clouds
would be detected in these single shot low enepulses, the count of horizontally adjacent clouds within the
5 km segment would fall below 15. As a consequence, these clouds were not properly separated from the
overlying aerosol prior to calculating an extinction solution. Not surprisingyesttinction solutions retrieved
for these unintentionally heterogenous layensere completely unreliable. This situation is amelioraiad
V5.00by excludnglow energy pulses when calculating the fraction of laser shots in which clouds are detected
at single shot resolution.

o Ly O2yOSNI 6A0K GKS F02@0S OKFy3asS G2 GKS [/ 32 (K!
parameter reported in all 5 km averaged products was updated to correctly account ferdj&died profiles.
As an example, if 5 clouds are detect#dsingle shot resolution within a 5 km aletrgck segment that also
included 5 low energy laser pulses, the single shot cloud cleared fraction in th@ déba 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 detectionsurfhee
detection algorithm was modified to recognize and exclude {&jktted data.

o To accommodate the addition of the special LEdgvalue(-111y> G KS RIF G G @& LIS
Wi SNRaz2f [F&@8SNJ CNIXOlA2yQs |yR Wl AIK wSazf
unsigned integers to signed integers.

_U))

a 27 0K
dz [

iAzy

Changes to Aerosol Lidar Ratios

TheModels, In situ, and Remote sensing of Aerosols (MiWofKing group was formed by an international team
of aerosol research scientists shortly after the successful conclusion fAh&PSO Version 5 Aerosol Lidar Ratio
Workshopin March 2021. One of the primary goals initially identified by the MIRA group was to develop a solid
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empirical basis for creating a global set of spatially and seasonally vatgirggof Aerosol lidar ratios for CALIPSO
(MAC) Basedon RS LIG K 'yl feasSa o6& a!/ NBaSFNOKSNBSZ /! [Lt{hg
to the default lidar ratios used to initiate extinction solutions for the marine and dusty marine aerosol types.

In all previous data releases, the CALIOP aerosol subtypes were characterized by a single, type specific, globally
F LILX AOFo6ftS fARIFNI NFGA2Y (G23SGKSNI gAGK |y aaz20Al (S|
natural variability Kim et al., 20183 For example, the lidar ratios for marine and dusty marine types were,
respectively, 23 + 5 srand 37 + 15 sr. In preparation for the V5.00 release, the MAC team constructed tropospheric
aerosol optical depth (AOD) estimates by subtracting the str&ddSgpNA O ! h5a NBLR2NISR Ay
stratospheric aerosol produckér et al., 201pfrom the full column AODs reported BYODIS 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 equatidot( et al., 208). Retrievals were limited to cloud

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

flew in the A-Trainwith MODISAqua, from June 2006 through August 2018. The retrieved lidar ratios for each of

the two aerosol types were then aggregated into four seasonal maps (winter, spring, summer, and fall) having a
spatial resolution of 2° latitude x 4.8° longitud@&rid cells having fewer than 50 samptes.g., in polar winters,

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

from these maps. These excluded values are replaced with an approximation dédwedhe relationship

between the constrained lidar ratios and the sea salt volume fraction (SSVF) computed using parameters reported
by the Goddard Chemistry Aerosol Radiation and Transport (GO@AGE) (Toth et al., 208). For any V5.00

CALIOP footprint, the locally appropriate lidar ratio and its associated uncertainty are interpolated in both time
and space from the map data.

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

and the marine lidar ratios in previous data releases. Previously, the marine lidar ratio represented our best

I LIWNREAYLFGA2Y 2F aOf S| iim¥IlaINIOYRSIE V50@ yidiire lidarafigs aré &ssigRetl> &
to aerosols detected over oceans that are dominated by marine constituents but that can also be mixed with other,
mostly anthropogenic components. As seerfrigurel2, genuinely pristine marine aerosols are largely confined

to the remote southern oceans. Coastal regions frequently exhibit a pronounced influence from other aerosol
sources that elevates the lidar ratios to values significantly higher than those stendauthern oceans.
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CAI_IOP V. 500 Marme Lidar Ratios: DJF CALIOP V.500 Marlne lear Ratios: MAM
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Figurel2: CALIOP initial marine lidar rati@snits = srflerived from CALIOP 532 nm attenuated backscatter profiles
constrained by collocated MODIS aerosol optical depths. The top left shows median values for the winter months
(December, January, and February); the top right shows median values for the(&pairngp, April, and May); the
bottom left shows median values for the summer (June, July, and August); and the bottom right shows median
values for the fall (September, October, and November).

Our approach for constructing dusty marine maps was, with two notable exceptions, essentially identical to the
method we used for marine aerosols. The first exception is that for the dusty marine maps we also included lidar
ratio solutions constrained by ! [ L h t Qd@rivetl Gofumiyoptical depth (ODCQOByan et al., 20)4etrievals.

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

the seasonal variability in the dusty marine maps is limited to the green shaded region sheigarel3. While

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

The V5.00 dusty marine maps are showrkigurel4. As expected, the dusty marine lidar ratios are uniformly
larger than the marine lidar ratios. The spatial patterns of the two types are generally similar, simply because
anthropogenic aerosol transport patterns are essentially identical for both tgpdghe inclusion of anthropogenic
aerosols elevates both sets of values.

CALIOP V.500 Dusty Marlne lear Ratios: MAM

Figurel4: CALIOP initial dusty marine lidar rat{asits = srderived from CALIOP 532 nm attenuated backscatter
profiles constrained by collocated aerosol optical depth measurements from MODIS and ODCOD. The top left
shows median values for the winter months (December, January, and February); the top right shaavsvakes

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, Qc¢ttd November).

A secondthange to the CALIOP aerosol lidar ratitiseésselection of new value of 45 + 24 sr for 1064 nm retrievals

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

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

Changes to Aerosdlype Identification

In addition to the MAGidar ratiowork, the V500 data set contains a second fairly substantial (albeit localized)
OKIFy3aSo /T Lht Qd *nodpm | SNRaz2f adzomieLAy3a |f3I32NA0GKY
over ocean surfaces as marine, with ocean surfaces being identified usingitheSD landiater mask. In Arctic
GAYUSNI K26SOSNE Y2aid 27F (KS -wakrinddk gre actdalyexteadded cverdads LIJ2 NJi
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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 tre aerosol type and leads to sometimes substantial underestimates of aerosol optical
depth. By expanding the surface type identification scheme to also include snow and icepztad in the

CALIOP level 1b files and tmaking small modifications to ¢haerosol subtyping flowcha(seeFigurel5), the
+tpodnn /!'[Lht RFEGF LINBRdzOG y26 Y2NBE O2NNBOGfe Oflaaa
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Figurel5: revised tropospheric aerosol subtyping flowchart; paths and labels in red were added for the V5.00
release.

New ODCOD Retrieval Confidence Flag

Ly NBaLRyaS (G2 RIFGF dzaASNI NBljdzSadas | ySg O2yFARSYyO!
NBLE2NISR Ay (KS WhOSI y vir@upidcigdedin all Ryerdqadguctshahdipfofde: pfodubtsS LG K
TablellRS&aONROSa K2g (2 AYUGSNILINBG it 2F (KS oAGa dzaSR
AY 2Nry3Su A& NBLRNISR Ay o0AlG co Ly GKA& ySg O2yTFA
of 127 orless. AllhighconfiddS h5/ h5 NBGNARSOIf A& gAftft KISBS |y Wh5/h
following conditions will cause bit 6 to be toggled on, indicating a low confidence solution.

a) Wind speed out of range; the AMSR corrected MERR#d speed is less than 3 m/s or greater than 15 m/s
b) Surface integrated depolarization ratio is greater than 0.05, suggesting that the surface is not pure sea water
c) Surface integrated attenuated backscatter exceeds the upper bound specifiedbielO.

Tablel0: maximum values of surfacetegrated attenuated backscatter for confident retrievals; higher values
may include undetected surface saturation.

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

d) The number of range bins shifted by th#itude registration algorithmKowell et al., 200Pis not constant
over all profiles used to create the averaged surface return. This is only a concern for averaged profiles where
KI@gAy3 YdzZ GALX S aoAyada aKAFGISRE gAff RAAG2NI GKS &
quality of the fit to the CALIOP response model (CRWEN et al., 2024 To aid in diagnosing the presence of
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reported in the 5 km layer products.

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

Bit Interpretation

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

The surface detection algorithm provided surface measurements covering a range greater thran
The ODCOD algorithm used range bins above the top of the detected surface altitude
The ODCOD algorithm used range bins below the base of the detected surface altitude

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

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

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

7-9 | Unused

10 | The surface detection algorithm did not find a surface

11 | The InternationalzeosphereBiosphere Programme (IGBP) surface type is not 17 for ocean
12 | The depolarization ratio of the surface is greater than 0.15

13 | The corrected MERRAwiInd speed is outside of the inclusive range 0.02§' to 43m s?

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

15 | The vertical extent of the detected surface contains too few samples to derive a time delay solu;
16 | When solving for the CRM area, the solution grew unrealistically large

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

18 | Surface saturation was detected in the surface return

19 | Negative signal anomaly was detected in the surface return

20 | The detected surfaceontains negative or invalid backscatter measurements

21 | Necessary input data is either fill or invalid

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

23¢31 | Unused

AIWIN|F

Wrong profile starts for a new chunk after missing data gap

¢KS /!'[Lht fS@Sf u LINRPOS&daAy3d Ay3Sada tS@St m RFEGF
resolution used in the search for features. Each chunk contains 240 consecutiveshimtgteofiles distributed
uniformly across 16 consative 5km (15 shot) frames. If there are any missing data within these 240 consecutive
profiles, the candidate chunk is discarded, and the level 2 processing resumes beginning with the first single shot
profile in the first frame available after the dat 3 | LJ® | 26 SOSNE GKS +tndpm FyR SI
08 2yS¢é¢ SNNEBN GKFG OFdzaSR (GKAa LINRPOSaaAy3da NBaidl NI &
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As a consequence of eliminating this error, in granules containing datacgapgs for planned activities such as
boresight alignments and polarization gain ratio calibrations or for unplanned events such as the repeated ground
station downlink anomaliethat occurred between 21:20:46 UTC on 2d2612 and 00:12:12 UTC on 202213

¢ 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 versiorisigurel6 shows an example of the kinds of changes that can occur due

to this change in profiles averaged. The upper panel shows daytime data acquired in the southern Pacific Ocean
on 202012-12 at ~22:27 UTC. On this day, data downlink from the satellite wasnittently interrupted by

ground station errors. The white vertical strips in the upper panel show where individual frames were missing or
ANNBGONRSOIof & O2NNMUzLIi Ay (KS R2 gyreekd/f I R G I R AAFGINNEH YW @C
feature detections in V4.51 to those in V5.00. The green areas represent features detected in both data processing
versions, while the red areas show features that were detected in V4.51 but not V5.00 and the black areas show
the opposite; i.e., features thateve detected in V5.00 but not V4.51. Regions where no features were detected

in either analysis are shown in white. The vertical gray bars show where chunks have been rejected by the level 2
processing due to the presence of missing data. In some casgs following the first to data gaps beginning at
~41.5°S and ~37.2¢3here are no layer detection changes. On the other hand, the region following the final data
gap shows substantial changes, though not all of them can be attributed to the chatigeselection of pseudo

single shot profiles to average. The red range bins not detected in V5.00 were eliminated by the LEM algorithm
described above. In this and other segments, the intermittent detection changes in individual range bins adjacent
tol KS 9 NI KQa adza2NFI OS 200dzNJ RdzS (2 +*podnn OKIRBeds®d AY
VEM Layer Detection Altitudegction. The additional aerosol detections higited by the black areas in this data
segment are a fortuitousesult of the combination of a shift in profiles averaged combined with LEM filtering. We
note, however, that additional feature detections are not a guaranteed outcome of this code change.
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Figurel16: The upper panel shows 532 nm total attenuated backscatter coefficients measured in the southern
Pacific Ocean on 202[P-12 at ~22:27 UTC. The white vertical stripes in the image represent frames (i.e., 15
consecutive shots) containing missing data. bweer panel compares V4.51 and 9¥8VFM 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 enererincluded frames.

HDF File Changes

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

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

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

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

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

The newly released CAL_LID_L2_ MLay_Diagridstie\/5-00*.hdf data products are augmented versions of the
standard CAL_LID_L2_05kmMLay_Stand¥&r80*.hdf products. The production strategy for these products is
W. SUFQTZ AYRAOI GAY 3NN YIS BSNES RIFO S KyS2 (A yoOI SIgR STRdzt £ &8 O §
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Standard products, they also comahe five SDSs listed below that are not reported in the Standard products.

1. Low Energy Mitigation Internal Column QC Fjagl6bit unsigned integer that offers extra insight into the
internal workings of the LEM algorithm. Bit interpretations are giverainle12.

2. Initial Integrated Attenuated Backscatter 582% KS aGF yRFNR WLY G S3INI SRy ! Gl Sy
values reported in all CALIOP lidar level 2 layer files are calculated assuming that the feature attenuated
ol O1a0FGGSNI O2STFFAOASYGa KIS 0SSy O2NNBOUSR T2NJ a
Integrated Attenuated BacksdatS NJ pniQ vales are recorded immediately after feature detection during
the initial 5 km search for features. At this point in the proaegsno single shot cloud clearing has been done
nor have the layers been classified by the CAD algorithm. Assuming perfect detection and classification and
LISNFSOG 1y26tSRIAS 2F 1 &SN t A Rk=NBuMP id vehare TunyeR the dzf (i A |
two-way transmittance of all overlying particulate layers. In special cases, when particulate layers lie above
2L jdzS 6 G§SNI Of 2 dzR.acan bé Sded tdzNSBVE @sfiiaties dabve and hence obtain
estimates of the overlying particulate optical depthi$u(et al., 2000 ® ¢tKSA&4S YSikardaB YSyi
SaaSydAlf AyLMzi NBIldANBR F2N OFfOdzA I dAy3a GKS W/ 2f d
values reported in all layer products.

3. Initial Integrated Attenuated Backscatter Uncertainty 538zy OS NIi | A y (i &
l'GGSydzad GSR . F01a0lFGiSNI ponQ 6KAOK I NB
Above Opaque Water Cloud Uncertaintyu5@ @ £ dzS a @

4. Initial Integrated Attenuated Backscatter 1064 KA a A& (GKS wmncn yY Fylf23 2F

z

Y

Saida '
4 dzo & S

e <
o W
ax

(p))

F
u

21
yit e

(@]}

z

I 01 a40FGGSNI poHQo® . SOl dz&a S /' Lht R2S&a yz2id YIS
parameter is unused in the V5.00 analyséis.any (currently unforeseen) future version of the CALIOP data
LINE RdzOG &z GKS WLYAGAFf LydSaNrdSR ! G0Sydz 6SR . I O3

proposed byChand et al., 2008 derive column Angstrém exponents for particulates above opaque water
clouds.

5. Initial Integrated Attenuated Backscatter Uncertainty 1@84K A a A& GKS wmncn yY Fyl
ldGSydzad GSR . 1 01a0FidGSN) | yOSNIiFAyGe poHQO® . SOl dza S
at 1064 nm, this parameter is unusén the V5.00 analyses.

Tablel2: internal low energy mitigation (LEM) quality control flags set during LEM algorithm operations; bit O us
the least significant bit

Bit Interpretation

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

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

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

Full column is rejected by LEM

Column rejected due taltitude region 3

Frame rejected due to too many low energy shots

Frame rejected due to too many rejected subregionaliitude region 3

Frame rejected due to too many rejected subregionaliitude region 4

Feature detection was not attempted at 20 km resolution due to too many-tdgddted columns
Feature detection was not attempted at 80 km resolution due to too many-tdiddted columns
Feature detection was not attempted at resolution 6 due to too many {&jbtted columns

N

OO |N[O|U|A~|W

[EEN
o
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Bit Interpretation

11 | Column contains LEM affected dataaititude region 3

12 | Column contains LEM affected dataaititude region 4
13-15 | Unused

In addition to the new SDSs, the Diagnostic Beta products also contain ar\/grnab ¢tKS Wnm 1Y 5
Vgroupreplicates the majority of the SDSs reported in the CAL_LID L2 0l1kmCLay Sté&AoGirdhdf products.
LYF2NXYIGA2Y Ay (GKS SEOfdZRSR {5{&a A& SAGKSNI ol 0 NBLI
YR WLD.t {dNFROKRSNAIISR) TARIYO AIKSSHHXE 2F (GKS &l YS ylI°
Vgroupd SO v W{2fF NJ SYAGKI yRFIVENELIAY KIS ! 1 SABHEKQI ¢y I £

CAylftes GKS WhOSIy 5SNR A§rBupin tBefDimyhygstictBethi pkoducts augnentditie Q o
information contained in the Standard products by reporting column particulate optical depth retrievals at 1064
nm. In addition, ODCOlgroupin the Diagnostic Beta products contains a wealth of diagnostic information and
intermediate calculations for the ODCOD retrievals at both wavelengths. Comments in the HDF attributes for each
SDS in thid/group describe the function of each parameter in tl@DCOD calculation chain. Researchers
considering using this information should first very thoroughly review the ODCOD retrieval technique described in
Ryan et al., 2024

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

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

In the 5 km aerosol, cloud, and merged layer files, unique layer IDs are reported in the same manner as layer optical
properties. Recall that layer properties are reported at a uniform 5 km al@aff resolution, and that for layers
detected at 20 km an@®0 km resolution, these properties are replicated over four 5 km columns for 20 km
detections and sixteen 5 km columns for 80 km detections. Consequently, while a unique layer ID may appear as
many as sixteen times in a single data file, these sixtestanes all reference the same layer, and the layer
properties reported for all instancese.g., top and base heights, integrated attenuated backscatters, and optical
depthsc will also replicated across all sixteen 5 km columns. In the 5 km profileiggdinique 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 examgi@)for a

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

altitude bins and sixteen 5 km profile segments.

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

To enable rapid identification of all columns containing specific feature types, the CALIPSO layer products now
AyOf dzZRS | W{ OSyS cCftl 3Q {5{ ®bitintegebwith idiBigusl biGritekpi@tatibris ash Y LIt
defined inTablel3. 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

Tablel3: 7 RqWRUqWUI Gl Dg¢ qRYUt WnY! WGYt RqR2VJW2¢cde 3t WY nlWagé6 1JLW

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

More Readily Accessible Altitude Information

¢2 YI1S /V'[Lht FftGAGAdZRS AYyF2NXIGAZ2Y SFaAASNI G2 I O0Sa.
H RFEGF LINRPRdAzOGaA® ¢KS W[ARIFINISFGF !'fdA0dzZRSaQ | NNI & N
vertical midpoints of k range bins in the profile measurements downlinked from the CALIPSO satellite. In all

previous versions of the CALIPSO lidar data products, th&388 YSy G W[ ARIF NJ 5F 4G ! f G A G dz
in the file metadata. To ensure backward compaiibdi ¢ A G K SEA&AGAYy3I &a2Fia6t NBT GKS

't GAGdZRSEaQ Aa NBiOGFIAYSR Ay it FAftSao

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

bins wereeliminated. Making this change now matches the VFM altitude array size to the vertical dimension of
0§KS 0dzyLJ O1TSRUO WCSIF{Gdz2NB /flaaAFAOFdAz2y CflF3aQ {5{®

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, confd to the high resolution (i.e., single shot) data regime betwe@®b km and 8.2 km, and
typically no more than +1 range bin. The images below show a particularly egregious example of altitude
mismatches between V4.51 and V5.00. Approximately 1% cdrage bins reporting feature detection in either
V4.51 or V5.00 were detected only in V4.51. Similarly, approximately 0.4% were detected only in N6s00.
apparent altitude registration anomaly is, fortunately, confined solely to the VFM files. When comparing V4.51
data products versus V5.00, the layer top and base altitudes reported in the 333 m merged layer files, the 1 km
cloud layer files, and th& km merged layer files are identical for all layers detected in this granule.
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Figure17: CALIOP nighttime observations of clouds and aerosols over Scandinavia, western Europe, and into
northern Africa. These measurements were acquired on 2001 beginning at 02:02:42 UTC. The top panel
shows attenuated backscatter coefficients measuré®32 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.

Tablel4: 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).

VFEM Layer Profile
SDS name 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmM | 5kmA | 5kmC

Lidar_Data_Altitudes V \ V \ V \% V
Low_Energy Mitigation_Column_QC_F V V \Y V V V V
Low_Energy Mitigation Feature QC_F V \Y V V V V
Scene_Flag \% V \% V V
DEM_Surface_Elevation \Y V
Unique_Layer_ID \% \% \% \Y V

VFM_Feature_Detection_Quality Flag | V
Number_Bins_Shift \
Extinction_QC_Flag 532

Extinction_ QC_Flag 1064
Single_Shot_DetectidissLow_Energy
Mitigation_Column_QC_Flag

<<
<<
<<

\% \% \% \% \% \%
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VFM Layer Profile
SDS name 1/3kmM | 1kmC| 5kmA | 5kmC| 5kmM | 5kmA | 5kmC
Single_Shot_DetectishO O3 A AT A Vv \Y Vv Vv \Y \Y
S!ngle_S_.hot_Detectm)hO\Dmber_— Vv v Vv v v v
Bins_Shift

Tablel15: scientific data sets removed from the CALIOP V5.00 lidar level 2 data products; horizontal resolution
suffixes are A = aerosol, C = cloud, and M = merged layers (i.e., both aerosol and cloud).

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

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

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

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

Improved Smoke Layer Accuracy above Clouds

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

et al., 20@). Rajapakshe et al., 20identified instances when CALIPSO was uneporting the vertical extent of

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

the 532nm total attenuated backscatter (a) and vertical feature mask (c) show a clear delineation on the order of
1 km between the base of the uppésvel smoke layer and the top of a marine cloud layer below.hieart
examination of this scene showed that this smoke layer was dense enough to rapidly attenuate the 532nm signal
to such a degree that the CALIOP feature detection algorithm artificially elevated the layer base. This is confirmed
by seeing that the rapidttenuation is not seen in the 1064 nm signal response (Figure 1b), where the aerosol
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 @AJ'S 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 importanth#® derivation and
understanding of radiative forcingsy( et al., 2018

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

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

in the southeastern Atlantic during the African burn season, the same region noted in the CALIPSO/CATS
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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 beetraced to instances when the negative values of the 532nm extinction are
included, which could happen during rapid attenuation of the signal.
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Figure 1 (a) 532 nm total attenuated backscatter from the V4.51 CALIOP Level 1B, (b) 1064 nm attenuated
backscatter from the V4.51 CALIOP Level 1B, (c) feature type from the V4.21 CALIOP Level 2 Vertical Feature Mas
(VFM), and (d) feature type from the V4.51 @R Level 2 VFM between 1:35:03 and 1:41:44 on August 6th, 2016.
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Figure 2 (a) Global distribution of all (day and night) extended smoke layers for August 2016 and (b) 532nm aerosol
optical depth changes between extendedais) and norextended (xaxis) smoke layers. Data used to generate
both plots were pulled from the V4.5idar Level 2 5km Merged layer files. Nextended smoke layers were
created by running the V4.51 Lidar Level 2 algorithm but with the smoke extension turned off.

Improved Classifications for Stratospheric Aerosols

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

f

The stratospheric aerosol subtyping algorithm now relies solely on depolarization and integrated attenuated
0F01a0FdGSNI 6+ 0 G2 RAAONARYAYIFIGSR 0SiG6SSy @2t Ol yA
color ratio that was included in the V4sRbtyping 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.

¢CKS +ndH aqadzZ FIGSKk20KSNE &a0NI G2ALKSNAO I SNaef & dzo
and unclassified. Previously, the sulfate/other type included both aerosol layers likely to be sulfate and layers
GAUK (26 OlI{ySAYZTIKSIAaABKBBAESO2YLRYSYyld 2F GKS 02
INBE y26 NBLR2NISR aSLINrdGSte Fa dadzyOfl AaaAFASRE ®

The 532 nm lidar ratio for volcanic ash has been increased to 61 + 17 sr based oncoAEt@Med retrievals

of volcanic ash plumes.

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

Total Column Particulate Optical Depiisove Opaque Water Clouds

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

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

LF GKSNB FINB FSIF{ida2NBa Fo02@S> (KSy -way trangniitarice, whigh ifN& R dzO ¢
Fdzy Ol A2y 27F (k9. Udnglihis BfbriatidR &r_dstihatedof the above cloud optical depth can be
inferred directly from current CALIPSO measurements, as seen in equation 1. The multiple scattering is a ratio of
GKS f+Fr8@8SNJAYGSANIGSR poHWEY ¢@AOdKY $ { RY1T2 t61ANIKT 1 G A 2 WEBN.
computed in the CALIOP L2 data products. An estimate fof 8paque water clouds is assumed to be 19 sr.

_1, 88 d o
tabove _Eln?m ?0' 1)

This new column particulate optical depth and uncertainty are detailed further in the V4.51 CALIOP Layer Level 2
RIGl LINPRdzOG RSAONARLIIAZ2Y® ¢KSAaS (¢2 ySg dfferbidtiareS i SNA
between feature typing as seen in other column optical depth parameters in the CALIOP level 2 data product.
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(HSR2) during a legf the ORACLEXSfield campaignKedemann et al., 203Ccan be seen in Figure 4. This
particularly scene, taken from September™. 8016, of a CALIPSO transit from 13:33:50 to 13:36: 52 UTC and
coincident with the ER overflight, is in the soutkeastern Atlantic Ocean off the coast of Africa and is
characterized by an elevated smoke layer from seasonal biomass burning over antmse stratiform cloud

layer. The 532nm aerosol optical depth derived from H&ERlack triangles) compares favorably with the new
depolarization ratio approach (blue circles) at 5km resolution. The particulate optical depth is also reported at 1km
and 333m (single shot) resolution. Profiles of 532nm extinction reported in the Lidar Level 2 5km aerosol profile
products were used to compute aerosol optical depths for this scene, using both the V4.51 (red) and V4.20 (green,
previous version) data. Thesed optical depths do not track the depolarization approach as well, given that the
profiles of extinction are for aerosol only, as determined by the level 2 typing algorithm, while the depolarization
method uses the entire column. The differences betwedr?0 and V4.51 aerosol optical depths, in which V4.51

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

[=1
w

532nm Optical Depth
(=]
L]

0.1

— o
Ef
'Tl‘-l—.l...|...|...|8.‘

=
)
o
S
-
(%]
-
o
o

Latitude

Figure 4532nm aerosol optical thickness above clouds from the E3Rack triangles), 532nm particulate optical
depth above opaque water clouds at 5km resolution using the V4.51 Lidar Level 2 depolarization ratio technique
(blue circles), and 532nm aerosol @atl depth (V4.51 red circles, V4.20 green circles) computed by integration of
aerosol profile extinction above opaque water clouds during CALIPS@ligheiof HSRE track on September

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

Total Column Particulate Optical Depths from Ocean Surface Returns

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

_ CATZ(z,)

R 0

T; (2,)
In the relationship, Xz) is the tweway transmittance atange zfrom the spacecraft where molecular/ozone and
particulatecomponentsare denoted by the subscript8 YoQW Ld§spectively. Variable c is the speed of light, A is
the area of the ocean surface return, andifRthe modelled backscatter reflectance from the ocean surface. The
retrieval isfor the total column from the CALIOP top of the atmosphere calibratiegionto the lidar detected
ocean surface. The estimate is affective optical depth because no attempt is made to separate multiple
scattaing and single scattering from the cloud and aerosol particsliat¢he column Ryan et al., 209).
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The V4.51 Lidar Level 2 algorithms only estimaterB2ptical depths in regions of the column where clouds and
aerosol are directly detected. The regions wherelagers aredetected are assumed to be particulate free. This
assumption is known tgield anunderestimatetotal column particulateoptical depth by on the order of 0.Q@3

0.05 (Toth et al., 2018 ODCOD compliments the CALIPSO data record by providing estimates of optical depth for
the entire column including regions CALIOP does not detect particulate.

Figure 5 shows cloud screened seasonal difference of medians (ODI@ODIS) of the 5km ODCOD daytime
retrieval to MODIS derived Effective Optical Depth Average Ocean interpolated to 532 nm and to the CALIOP 5km
footprint midpoint. Generally, ODCOD showsd agreement in each season and over most of the globe with
global median differences of 0.019 in December, January, and February; 0.025 in March, April, and May, 0.015 in
June July and August; and 0.017 in September, October, November. Regionallyassnoé the globe see larger
differences possibly due to uncertainties in wind speed and the surface reflectance model used.

Jan, Feb, Dec Mar, Apr, May

-180°-120 -60° 0 60 120 180 -180" -120 -60 0 60 120 180

Sep, Oct, No 003
: 20.05
- 0.07
0.09
0.11
0.13
0.15

-180° =120 -60° 0 60 120 180 -180" -120° -60° 0 60" 120 180"

Figure 5 The four panels show cloud screened seasonal difference of medians (QDAZIMDIS) comparisons of

the 5km ODCOD daytime retrieval to MODIS derived Effective Optical Depth Average Ocean interpolated to 532
nm and to the CALIOP 5km footprint midpoint. ODG®D higher than MODIS is shown in red and ODCOD lower

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

Correctiorsto SingleShot Cloud Clearing

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

Figure 6 illustrates this error and the resultant amelioration. In this scene a dense water cloud underlies a dust
plume (Figure 6a). For a majority of this scene the V4.2 algorithm retains the 333m single shot water cloud layer,
which occurs when the sitggshot clouds are detected throughout the entirety of each 5km block of data. The
CloudAerosol Discrimination (CARju et al, 2016 R2Say Qi {(y2¢ GKIFdG GKS Of 2dzR
reclassifies those bins as having aerosols, as seen in Figure 6b. The consequence of this error can be seen in Figur
cOs a4 GKS poHyY WISNR&a2tQ SEGAY Oirédavih the avbiyiigerasol. f | & S
When applying the corrected algorithm, the single shot layer remains as a cloud (Figure 6d) and the 532nm aerosol
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extinction bias has been eliminated (Figure Gejckett et al, 2022lso detailed the consequence of this error, in
which nearly 3% of all 5km resolution layers for J&wgust 2007, 2013, and 2014, clustered around regions of
continental aerosol outflow (smoke or desert dust), were impacted.

Clouds misclassified as aerosol
in V4.2 when 5 km average is
completely filled with 1/3 km

532 nm : i
resolution cloud detections.

attenuated
backscatter

Altitude (km)

Cloud-clearing
corrected inV4.51

Feature
type

Altitude (km)
Altitude (km)

Aerosol
extinction

Altitude (km)
- L w 'S
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Figure 6 June 18, 2013, scene in the eastern Atlantic Ocean between CALIOP V4.21 Level 1 and Leveld data (a
and the V4.51 Level 2 data-€). The left most column shows the prescience of the-llewel water cloud and the
implications on extinction of the cloud layeeihg recast as an aerosol by the ClgAgtosol Discrimination
algorithm. The right most column shows that the updated V4.51 algorithm now properly accounts for the cloud
and the 532nm extinction bias has been eliminated. Taken frankett, 2023

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

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

Data Quality Statementfof ! [ Lt { h Q421 HdarN.&vél 2 Pata 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 clusteprédram executablewere recompiled to process in this
new environment with no changemadeto the underlying science algorithms or inputs.
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Data Quality Statementfof ! [ Lt { h Q420 idarN.&véal 2 Mata Product Release

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

The Version 4.20 (V4) CALIOP Level 2 data product is identical to the V4.10 data product with the addition of several
HDF science data sets (SDS) that provide information to the user for filtering out low laser energy lshots.
technical advisaorof this phenomenashown belowwaspostedon the CALIPSO website in June of 2018.

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

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

Data Release: Junel2, 2018

CALIOP Instrument Anomaly Advisory: Low Energy Laser Shots

Dates Affected: September 01, 20%t6resent

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

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

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

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

Data Version: 410
Data Release Date: November 8, 2016
Data Date Range: June 13, 2006 to May 31, 2018

Version 4.10 (V4) is the first wholly new release of the CALIPSO lidar level 2 data products since the initial release
of the Version 3 (V3) series of products in May 2010. As expected, V4.10 provides a substantial advance over V3
and earlier releases; kmm retrieval artifacts have been eliminated and numerous enhancements have been
incorporated to increase the accuracy of the science data while simultaneously reducing uncertainties. The most
significant code, algorithm, and data product changes include
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71 a standalone surface detection algorithm
1 revised probability density functions (PDFs) for the cloud aerosol discrimination (CAD) algorithm

1 application of the CAD algorithm to layers detected at single shot resolution and to layers detected in the
stratosphere

1 a major overhaul of the aerosol subtyping algorithms in which separate algorithms are now used to classify
tropospheric and stratospheric aerosols

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

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

a new algorithm for deriving ieeater content from CALIOP extinction retrievals

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

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

= =4 -4 =N

=]

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

Lidar Surface Detection

Ly LINBE@A2dza OSNBRA2Yya 2F GKS /! [Lht €S@St w o6[HO RIG
using ageneral purpose layer detection schethat scans lidar profiles from the top of the atmosphere downward,
looking for significant positive excursions rising above an expected molecular backscatter signal. In théneral
approach works well. However, in mdiliyer scenes and/or highly turbid atmospheres the effectiveness of the
top-down technique can be degraded by signal attenuation from intervening atmospheric layers that limit its ability

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

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

night. Because regions below layers previously classified as opaque are now scanned for the presence of
atmospheric features, there is also a slight increase in the number of cloud and aerosol layers repansdd. Sig
AOGNBYy3IGKAE Ay (KSaS WwWy20 LINBOA2dzate aolyySRQ NBIA2Y 3
layers will have low CAD scores.

TheV4.10data products report substantially more surface detection information than was available in V3. The
Lidar_Surface_Elevation and Surface_ Elevation_Detection_Frequency parameters reported in the V3 data
products have been discontinuedW4.1Q Instead, surface detection information is recorded in a rrpdtiameter
Lidar_Surface_Detectiovigroup In addition to the surface detection status (i.e., detected or not detected) and
surface altitude information provided in V3, this n®¥igroupreports the followingparameters at both 532 nm and

1064 nm

1 surface top and base altitudes

integrated attenuated backscatter
integrated volume depolarization ratio
integrated attenuatedoackscattercolor ratio

= =4 =4 -=A

where applicable, surface detections at finer spatial resolutions (i.e., 1/3 km and 1 km)
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These additional parameters are expected to proviée insights into surface typ@.g., distinguishing between
ice, liquid water and land) and, for measurements over oceans, total column optical depths at both 532 nm and
1064 nm.

Cloud and Aerosol Layer Detection

TheCALIOR/4.10level 1 (L1) datéfirst released in April 2014, significantly improved the calibration of the CALIOP
attenuated backscatter coefficiestit 532 nm(Kar et al., 2018Getzewich et al., 20)@&nd especially at 1064 nm
(Vaughan et al., 20)9In particularthe magnitude of thecalibration coefficients at 532 nm decreased by ~3% to
~8%, depending on latitude and season, resulting in the concomitant increase in the 532 nm attenuated backscatter
coefficients. This increase in backscatter magnitude translates directly into ayslggetiter layer detection
frequency. When combined with the layer detection increases obtained from the new surface detection algorithm,
the V4.10data products show a net cloud fraction gain of ~5% relative to V3.

Cloud Aerosol Discrimination (CAD)

The magnitude of the calibration changes introduced in the CAV4AIRL1 data necessitated substantial revisions

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

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

a consequence, the4.10data products show significant improvements in the classification of#liglnde smoke

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

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

1. In V3 and earlier, the CAD algorithm was applied only to tropospheric layers, and layers detected above the
GNRLRLI dzaS 6SNBE Of I aaATASROIKS aGANNIGRHAISINIIOGEE TS |
eliminated. Instead, the CAD algorithm is applied everywhere, to all layers detected. The CAD scores for
stratospheric clouds and aerosols are generally robust within a few kilometers of the tropopause. However, a
very high altitudes, the general paucity of samples available for the training set as well as falling SNR may affect
the reliability of the CAD.

ForinRSLIGK aO0OASYUGATAO FylteasSa 2F LRfIFN A0GNF (2 3&LKSNR
dedicated PSC products. For less demanding applications, PSCs are also reported in the standard L2 data
products. While thev4.10CAD algorithm classifies the majority of the polar stratospheric layers as clouds,
some aerosol layers are also identified. The spatial distribution of these polar stratospheric aerosol layers is
similar to the distribution of STS (i.e., the supercoolethary soluion of nitric acid, sulfuric acid and water)
obtained from the dedicated CALIPSO PSC product.

2. Unlike V3, thev4.10CAD algorithm is also applied to those strongly scattering layers that can be detected at
single shot resolution (333 m). In the past these layers were classified as clouds by default and were
systematically removed before averaging over the weaker sgrialV4.1Q layers detected at single shot
resolution that are classified as aerosols are no longer removed from coarser resolution averages, and thus can
be expected to increase peak aerosol optical depths in the regions where tleay. dhe bulk of the single
shot layers classified as aerosol¥#h10are found within the dust belt region of the globe. Howeveshould
be noted that optical properties of these layers were not used in buildinyth&0CAD PDFs, which may affect
the overall CAD performance when classifying single shot layers.

While the CAD algorithm is applied to all layers detected, there are two anomalous situations where layers are
subsequently reclassified using additional analysis. The first occurs when dense smoke plumes extend over stratus
decks and other water cloudshd differential attenuation of the signals at 1064 nm and 532 nm by the smoke can
lead to very high color ratios in the clouds below, which in turn can result in artificially low CAD scores. In such
cases, the color ratio of the underlying clouds is régetn empirically derived mean value and the CAD scores are
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recalculated. Both the original CAD score and the revised CAD score are recorded in the layer products. In the
second case, the similarity of the scattering signatures of faint, isolated layers of lofted dust and weakly
depolarizing cloud fragments makebkemn largely indistinguishable in the CAD domain. To achieve reliable
aSLINFGA2yS | &aSljdzSy0S 2F alLI GALFf LINRPEAYAGE GS&ada A
of previously identified large scale ice clouds. Layers identifiéd@s\ NNXza FNAYy 3ISaé | NB | aaj
of 106.

Figure 1 shows the pattern of changes in CAD scores from V3 to V4.10. Most of the high confidence samples in V3
are also classified as the same type (cloud or aerosol) in V4.10 with similar high confidence. However, as seen in
the lower right quadrant ofiilgure 1, a small fraction of layers classified as clouds in V3 are classified as aerosols in
V4.10. Some of these have optical properties that fall in the grey zone between aerosols and clouds and may
actually be misclassified clouds. These cases occuraftes over the polar regions. Because they typically have
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Figure 1:Comparison of CAD scores of the same samples betwe&0 &3dV4.10using the L2 profile products.

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

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

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

Aerosol Subtyping Changes

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

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

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

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

V3 are now correctlglassified as elevated smoke.

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

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

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

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

Stratospheric aerosol subtypes introduced

Stratospheric aerosol subtypes have been introducaddiriOfor ash, sulfate/other, smoke and polar stratospheric
aerosol. The/4.10stratospheric aerosol subtyping algoritfperforms well at identifying volcanic ash and sulfate
abovethe tropopause based on manual verification. Note that below the tropopause, ash and sulfate plumes are
given tropospheric aerosol subtypes: volcanic ash is often classified as dust or polluted dust and volcanic sulfate is
often classified as elevated smmkAs a result, contiguous aerosol features crossing the tropopause will have
aerosol subtypes which switch from tropospheric to stratospheric subtypes, depending on the relationship
between the attenuated backscatter centroid altitude of the layer idesdifby the feature finder and the
tropopause altitude. Weakly scattering stratospheric aerosol layers which are not classified as polar stratospheric
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Tropospheric Aerosol Subtype Distribution, 2007-2008
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Figure 2:Comparison of global tropospheric aerosol subtype distributions between V¥&ridfor 20072008,

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

Cloud Subtyping Changes

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

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

of low opaque cloud types and a corresponding daseein the fraction of low transparent clouds.

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

Cloud IceWater Phase Discrimination Changes

Layers identified as clouds by the CAD algorithm are further classified according to thermodynamic phase as either
water, randomlyoriented ice (ROI), horizontallgriented ice (HOI) or unknown phase. The phase algorithm
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