
Analysis of Cirrus Cloud Microphysical Data

Final Report

NASA Grant NAGI-1706

Michael R. Poellot

Cedric A Grainger

Department of Atmospheric Sciences

University of North Dakota

P.O. Box 9006

Grand Forks, ND 58202-9006

October 15, 1999



TABLE OF CONTENTS

1.0 Introduction

Page

1

2.0 Microphysical Data 2

3.0 Approach

3.1 Microphysical Characterization of Cirrus

3.2 Analysis of the Spatial Variation of Cirrus Clouds

4.0 Results

4.1 Cloud Microphysics

4.2 Spatial Analysis

5

5

References 13

Appendix 15



1. Introduction

TheFIREprogramhasthegoalof improvingourcapabilitiesto understand,
modelanddetectthepropertiesof climatically-importantclouds. This is being
undertakenthroughathree-prongedeffort of modeling,long-termobservationsandshort-
termintensivefield studies.Throughexaminationof satelliteandotherdatait is apparent
that stratusandcirruscloudtypeshavethegreatestimpactonclimatedueto their
radiativeeffectsandubiquitousnature.As aresult,theFIREprogramhasdevelopedtwo
pathsof investigation,eachhavingits own subsetof researchobjectivesand
measurementprograms.Theworkconductedunderthisgrantwasdirectedtoward
furtheringourunderstandingof cirrus cloudsystems.

While it isknownthatcirrus areclimatically important,themagnitudeandeven
signof theimpactisunclear. Cirrus clouds affect the transfer of radiation according to

their physical depth and location in the atmosphere and their microphysical composition

(Liou, 1986). However, significant uncertainties still exist in how cirrus clouds form and

how they are maintained, what their physical properties are and how they can be

parameterized in numerical models. Better remote sensing techniques for monitoring

cirrus cloud systems and improved modeling of radiative transfer through ice particles are

also needed. A critical element in resolving these issues is a better understanding of

cirrus cloud microphysical properties and how they vary.

Important microphysical parameters include ice water content and integrated ice

water path, particle size distribution and crystal habit; the significance of these

parameters has been shown in a number of applications. For example, Starr and Cox

(1985) found notable interactions between cloud processes and microphysical properties

in their modeling studies. They concluded that the bulk physical properties of cirrus are

affected by crystal habit and size distribution, and that cirrus cannot be represented by

analogy to warmer stratiform clouds. Stackhouse and Stephens (1994) illustrated how

biases in particle size parameterizations can lead to biases in model results and

interpretations. Model results of Mitchell and Amott (1994) showed a strong dependence

of cirrus cloud radiative properties on particle habit. Significant differences resulted

from the use of non-spherical particles versus equivalent spheres. Another critical area is

the retrieval of cloud properties from remote measurements which requires some

assumptions concerning the composition of the clouds. For example, Intrieri, et al,

(1993), have developed a method for determining cirrus cloud particle sizes using lidar

and radar measurements based on a modified gamma distribution of particle sizes. Other

retrievals such as those using satellite data are also dependent on similar assumptions

(e.g., Ackerman, et al, 1993).

Our understanding of cirrus cloud microphysical characteristics has lagged to a

large extent because of the relative inaccessibility of these upper-tropospheric cloud

systems and a lack of adequate instrumentation for their measurement. Prior to 1991,

only a limited number of in situ measurement programs had been conducted, and these

included a varie_ of cirrus types and geographical locations. Perhaps not surprisingly,

analyses of these data sets have found a high degree of variability in particle sizes and



concentrations(for reviews,seeLiou, 1986,andDowling andRadke,1990). While there
havebeensomeparameterizationsderivedfor modelinguse(HeymsfieldandPlatt, 1984,
Stephens,et al, 1990),thereremainsasignificantamountof uncertaintyasto thesource
andnatureof this variability. This isparticularlytrueat thesmallendof thesize
spectrumbecausemostof theparticleprobesusedin thepastcould notdetectparticles
smallerthanapproximately50p.m.Thereis evidencewhichsuggeststhatthereare
enoughiceparticlesin cirrusat sizessmallerthanthis to haveasignificant radiative
impact(e.g.,Platt,et al, 1989). Theshapeof theparticlespectrumin this rangeis also
neededfor accurateretrievalsof cirruspropertiesfrom remotesensors.Fommately,the
microphysicaldatacollectedin situduringtheFIRECirrusIFO II included
measurementsof small iceparticles. Analysisof thesedatawasconductedto helpreduce
theuncertaintiesin cirrusmicrophysicalproperties.

Thefocusof theresearchto beconductedunderthisgrantwasthedatacollectedin
situby theUniversityof NorthDakotaCitationaircraft. Thegoalsof this researchwere
to:

• add to the body of knowledge of cirrus cloud microphysics, particularly at the small

end of the size spectrum; and

• analyze the spatial variation of cirrus clouds.

2. Microphysical Data

The FIRE Cirrus IFO II was conducted over southeastern Kansas in late fall of

1991, to sample clouds of a more sub-tropical origin and to expand upon the knowledge

gained from the first IFO. Sampling was conducted simultaneously by active and passive
remote sensors and by in situ aircraft and sonde-born instruments. The mission of the

UND Citation aircraft was to collect cloud microphysical and supporting data. A

compliment of cloud particle sizing probes included a continuous formvar replicator and

four standard Particle Measuring Systems (PMS) instruments:

FSSP Cloud water droplets 3 - 47 p.m

1D-C Cloud particles 20 - 600 p.m

2D-C Cloud particles 33 - 1056/am

1D-P Large particles 0.3 - 4.5 ram.

The replicator, supplied by the University of Nevada Desert Research Institute (DRI), is

capable of capturing particles as small as approximately 7/am. The FSSP is a light

scattering instrument and its response to ice particles is uncertain (but it still may be

possible to use its data to derive small particle information under some conditions). The

other three are optical array probes. Liquid and supercooled water contents were

measured with a Johnson-Williams probe and Rosemount ice detector, respectively.

Other measured parameters included the state parameters (temperature, pressure and dew

point), three-dimensional wind flow and turbulence, condensation nuclei (CN), ozone and

NO x concentrations, and aircraft dynamics.



A varietyof mid andupper-troposphericcirriform cloudsweresampledduring
theIFO. A thoroughoverviewof theconditionsencounteredisgivenin atechnical
reportby PoeUotandHenderson(1994);thehighlightsmaybesummarizedasfollows.
Tenmissionswereflown for atotalof 35 flight hoursatcloudaltitudesrangingfrom
approximately6.6to 12.2km with in-cloudtemperaturesof- 23 °C to -64 °C. The
typical flight profile consistedof stepclimbsanddescentsonanalong-windtrack;
severalspiraldescentswerealsoperformed. Cirrusconditionssampledincludedlayers
which wereoptically thin, optically thick, "patchy",multi-layered,deepeningor
dissipating. Supercooledwaterwasencounteredon two flights. Manyof theclouds
appearedto containanabundanceof small(<100gm diameter)iceparticles.

A recentanalysisof aportionsof thesedatacomparedtheperformanceof the2D-
C opticalarrayprobe,which is thetypemostoftenusedin previousmeasurement
programs,andtheformvarreplicator(Amott, et al, 1994). Thecomparisonof 2D-C and
replicatordatarevealedthat for thissamplecloudthereweresometensto hundredsof
smallparticleswhichwentundetectedby the2D-C. Calculationsshowedthatthese
particlescouldsignificantlycontributeto andevendominatethesolarextinctionand
infraredemissionof cirrus. Therefore,thereplicatordatawereusedin theanalysesto
extendourknowledgeof cirrusmicrophysicsto thesmallersizes.

3. Approach

3.1 MicrophysicalCharacterizationof Cirrus

Icewatercontent,particlesizedistributionandhabitaremicrophysical
parametersimportantto thepropermodelingandmonitoringof cirruscloudsandtheir
radiativeeffects.Themethodof analysisfollowedthatof HeymsfietdandPlatt(l 984;
hereafterreferredto asHP),wherepassaveragevaluesof particleconcentrationsby size
werecalculated.Datafrom theDRI replicatorwereusedto countandsizeparticleswith
diametersup to 150gm andthe2D-C for largerones.Crystalhabitsweredetermined
from thereplicatordatafor particlessmallerthan300gm andfrom the2D-C datafor
largeronesthroughtheuseof anautomaticclassificationscheme(Heymsfieldand
Parrish1979). (Particleslargerthanabout300gm tendto fragmentwhenimpactingthe
replicatorfilm surface.) Icewatercontents(IWC) werecalculatedusingthepass-
averagedconcentrationsandcrystalhabitsusingrelationshipscited in Heymsfield(1977)
andMitchell (1994).

Following HP,thesizedistributionswereparameterizedfor each5 °C
temperaturerangeanalyzed,andthepassaverageIWC usedto normalizethespectra.
Valuesobtainedfor thecloudssampledin this studywerecomparedwith thosederived
by HP. Somedifferenceswereexpecteddueto thecloudtypessampledandthe
instrumentationusedto collectthedata. Thedatasetusedby HPwastakenfrom
primarily deep,uniform cirrusgenerallyassociatedwith synopticdepressions,while the
FIREsamplesweremostly thin,bandedfeaturesassociatedwith jet streamcirculationsor



baroclinicascent.Also in contrastwith thepresentstudy,thesmallparticlesizespectra
(downto 20p.m)werederivedby HP from l D probedata.

In additionto thestratificationby temperature,aneffort wasmadeto determine
relationshipsbetweenthemicrophysicalandmacrophysicalcloudpropertiessuchas
clouddepth,distancefrom cloudboundary,andlarge-scaleforcing.A reviewof
complimentaryaircraft, lidar andradardatawasperformedto determinethestudy
clouds' topandbaseheightsandtherelativepositionof eachCitation samplelegwithin
cloud. Supportingsynopticdescriptionsandsatellitedatawerealsoreviewedto
determinethelargescaleforcingof thesampledcirruscloudsystems.

Analysisof thereplicatordatafor thisstudywasaccomplishedundersubcontract
with DRI. Thetediousjob of countingandsizingparticlereplicahasbeensomewhat
streamlinedby theacquisitionof equipmentanddevelopmentof sot_are to makethe
processsemi-automatic(Arnott andHallett, 1994).Evenso,it is still a time-consuming
procedureandon theorderof a halfmillion framesofreplicator film wereexposed
duringtheFIRE IFO alone. Therefore,it wasnotwithin thescopeof this proposalto
analyzeall of thereplicatordata;rather,portionsof thefilm from a representativeportion
of eachdatalegwereprocessed.

3.2Analysisof theSpatialVariationof CirrusClouds.

Thevariationof themicrophysicalcharacteristicsof thecirrus cloudsover
distancesof a few metersto tensof kilometersis importantwhentrying to interpretdata
with relativelycoarseresolution,suchasradiometricmeasurementsof cloud
characteristics.Themannerin whichthecirrus microphysicalcharacteristicsvarywould
beexpectedto becloselyrelatedto thedynamicsof thegeneratingmechanism.Sassenet
al. (1989)haveshownby aspectralanalysisof aircraft-derivedvertical velocitiesthat
thereis anapparentconvectivestructurepresentin cirruswith ahorizontalscaleof
approximatelyI-2 krn. Therefore,ananalysisof theverticalvelocitiesderivedfrom the
UND Citationdatafor the legsflown in theFIREcirruswasaccomplished.Thepurpose
of this analysiswasto seeif thetypeof convectivestructuresreportedby Sassenet al.are
apparentin this largerdatabase. In addition,similaranalyseswereperformedon several
of thecirrusmicrophysicalparameters.Theparametersincludedicecrystal
concentration,crystalsize,andicewatercontent.Theoutputof this work wasa
descriptionof thevariationof theseparametersasa functionof scale,to seeif the
apparentfluctuationsin verticalvelocity atthe 1km scaleareindicativeof fluctuationsin
cloudmicrophysicalcharacteristicsof thesamescale.

In asimilarvein, if therearesustainedconvectivestructuresresponsiblefor the
peaksin thespectraldensitydescribedearlier(ratherthanrandomfluctuationson that
scale)therewouldbeareasonablelikelihoodof findingasignificantpositiveeddyflux of
icecrystals(or of icewatercontent)thatis independentof the largerscale(i.e., >100km)
verticalmotions.Thiswouldbeexpectedsincea sustaineddowndraftwouldcontain
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crystalsthataresublimatingwhile theupdraftwouldcontaincrystalsthataregrowing.
Non-sustainedverticalmotions,lastingfor relativelyshorttimeperiodswould resultin
very little verticaldisplacementandanyeffectswouldnot belikely to beseenin the
microphysicsdata.Therefore,theeddyflux computationsshouldbenearzero.The
presenceor absenceof sustainedconvectiveelementswithin thecirruswould beof major
importancein understandingthemicrophysicalcharacteristicsof theseclouds

4. Results

4.1 CloudMicrophysics

Thedetailedresultsof thecirrus cloud microphysics are given in Poellot, et al.,

1998. The following is a summary of these results.

This analysis of the cloud microphysical data collected during FIRE II by the
UND Citation found that there are a number of factors which influence cirrus cloud

microphysics and which must be taken into account for parameterization of these cloud

systems. These include but are not necessarily limited to temperature, synoptic forcing,

position in cloud and cloud ice water content. The key results are summarized as

follows: 1) A dependence of particle size spectra shape on temperature was found which

differed from that previously reported for deeper, frontal overrunning cirrus. 2) There

was no marked dependence of crystal habit on temperature other than columns were most

prevalent in clouds colder than - 50°C. 3) When synoptic forcing was considered,

clouds generated by closed low systems and the sub-tropical jet (southwesterly flow

cases) contained many more particles at all sizes than those produced by short wave and

baroclinic lift (northwesterly flow cases). 4) A position-in-cloud stratification supported

earlier studies with evidence that ice particles are nucleated in the upper portion of the

cirrus cloud, _ow by diffusion and aggregation as they fall, and finally evaporate as they

reach cloud base. 5) A look at the variation of spectral form with ice water content

(IWC, a common model-predicted variable) found that as IWC increased, an increase in

particle number concentration was accompanied by a broadening of the distribution to

larger sizes. 6) Analysis of the replicator data suggests that the small particle end of the

size spectrum may be best represented by a modified Gamma distribution.

4.2 Spectral Analysis

The spectral analysis performed on each of the components of the wind velocity

showed that, with few exceptions, the shape of the spectra was similar and the turbulence

intensities were comparable. The slopes of the power spectra for each of the wind
5

velocity components were close to -3 for the high wavenumber end of the spectrum. The

vertical velocity spectra were run on most of the days. Some examples of the vertical

component spectra are shown in figures 1-3. These spectra are unfiltered, so there are no

known biases for any particular portion of the spectrum. On many of the time blocs



investigated,thespectrashoweda significantchangein theslopefor wavenumbers
correspondingto wavelengthsof betweenl and2 km (wavenumbersof between.003and
.006rel). Generally,theslopebecamecloserto zeroat thevery low wavenumbers.This
would indicatethattherewasaninputof energyatthe 1-2km scale.

Thespectralanalyseson themicrophysicsdatashowedlittle consistentdifference
from oneparameterto anotherin termsof theshapesof thecurves.Thatis, thepower
spectrafor the2D-C concentrationswerenot markedlydifferent from thespectraof the
1D-Cconcentrations.Sometypicalspectraldensitycurvesfor the 1D-Cprobeareshown
in figures4-6.Thesearefor datatakenin thesametimeperiodsaswasdonefor the
verticalvelocity spectrain figures1-3.In general,thespectraof thehydrometeor
concentrationstendedto be fairly flat (i.e., nearzeroslope)atthe highwavenumberend
of thespectrum.This"whiteness"of thespectrumimpliesthat therearenopreferences
for variationsin themicrophysicaldatafor onesizescaleto another.Therewas
substantialvariability atthe low wavenumberendof thespectrumandsomevariability in
thepoint wheretheslopeof thespectrabeganto deviatefrom zero.Therewasalso
significantday to daydifferencesin themagnitudeof thevariationsasindicatedby the
spectralmagnitudes.
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Appendix: ParticleSizeSpectra

This appendixcontainsaseriesof graphsshowingdetailedparticlesizespectra
anddistributionparametersderivedfromtheCitationmicrophysicaldata. Thedata
consistedof aircraftpass-averagedspectra,whichweredividedinto temperature
categoriesandlocationin cloudcategories.Thetemperaturecategorieswereintervalsof
5 C, the locationcategorieswereeitherbottom,bottom-middle,middle, top-middle,or
top. Thesedataaresummarizedin theattachedfigures.

In thecaseof the 1DCand2DC dataset,exponentialdistributionswerefit to the
datain amannersimilar to thatusedby HeymsfieldandPlatt (1984). Theparameters
theydiscussedarecomparedwith thedatacollectedhereandsummarizedin theattached
figuresandtable.

Theempiricalcorrectionsmadeto the 1DCdatawerethenremovedandagamma
distributionwasfit to this uncorrectedl DC and2DC data. Thesecanbe foundin the
attachedfiguresfor both temperatureandlocationin cloudcategories.Thefigurestitled
"1DC GammaDistributionParametersvs.Temperature"and"1DC GammaDistribution
Parametersvs.Locationin Cloud" giveagraphicalrepresentationof theparameters
obtainedfrom thebest-fitgammadistribution.TheparameterlabeledGammais
representativeof the 'average'concentrationin thedistributionandtheparameterlabeled
Peakis representativeof thesizeatwhichthemaximumconcentrationin thedistribution
occurred.Similar figuresaregivenfor gammadistributionsfit to thereplicatorand2DC
data.

Replicatoriceparticlehabits:theiceparticlehabitdatafrom thereplicatorwas
alsoobtainedandpartially analyzed.Twofiguresareincludedfrom this limited analysis.
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Gamma Distribution Fit to Size Spectra - Replicator and 2DC

by Location in Cloud
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