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ABSTRACT

ThesecondDynamicsandChemistryof MarineStratocumulus(DYCOMS-II) �eld studyis described.
The�eld programconsistedof nine�ights in marinestratocumulusWest-Southwestof SanDiegoCalifornia.
Theobjective of theprogramwasto betterunderstandthephysicsanddynamicsof marinestratocumulus.
Towardthis endspecial�ight strategies,includingpredominantlynocturnal�ights, wereemployedto opti-
mizeestimatesof entrainmentvelocitiesatcloudtop,large-scaledivergencewithin theboundarylayer, driz-
zle processesin the cloud, cloud microstructure,andaerosol-cloudinteractions.Cloud conditionsduring
DYCOMS-II wereexcellentwith almostevery�ight having uniformly overcastcloudstoppingawell-mixed
boundarylayer. Althoughtheemphasisof themanuscriptis on thegoalsandmethodologiesof DYCOMS-
II, somepreliminary�ndings arealsopresented— themostsigni�cant beingthatthecloudlayersappearto
entrainlessanddrizzlemorethanprevioustheoreticalwork led investigatorsto expect.
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The stratocumulustoppedboundarylayer (hereafterthe STBL), which prevails in the subtropicsin
regions wherethe underlyingoceanis much colder than the overlying atmosphere,is thoughtto be an
importantcomponentof theclimatesystem.Perhapsmoststriking is its impacton theradiative balanceat
the top of the atmosphere.The seasonallyaveragednet cloud radiative forcing from the STBL hasbeen
estimatedto be aslarge as70 Wm � � (StephensandGreenwald, 1991),morethanan orderof magnitude
largerthantheradiative forcingassociatedwith adoublingof atmosphericCO

�

. Thismeansthatevenrather
subtlesensitivities of theSTBL to changesin thepropertiesof theatmosphericaerosol(cf., Twomey, 1974;
Albrecht,1989;Brenguieret al., 2000b),or thelarge-scaleenvironment(RodwellandHoskins,2001),can
still projectsigni�cantly ontotheoverall radiative budget.In addition,theeffectof theSTBL onthesurface
energy budgetandthustheoverall climatologyof thetropicsis alsothoughtto besigni�cant (cf., Mechoso
et al., 1995;Ma et al., 1996;Philanderet al., 1996).However, attemptsto quantifythese,andother, effects
arefrustratedby our inability to quantify, let aloneunderstand,key elementsof stratocumulusphysics.

Two questionsstandout: First, how ef�ciently do stratocumulusentrain(incorporatethroughturbulent
mixing) air from the warm, dry, quasi-laminar, free troposphere,into the cool, moist, turbulent boundary
layer?Second,how importantis drizzle?Thetwo processesare,of course,related.Bothactdirectly to re-
ducetheamountof waterin thecloudlayer, andindirectly to modify theheatbudget,therebyimpactingthe
dynamics.Moreover, becausedrizzleis thoughtto suppressentrainment(Stevensetal., 1998),andbecause
entrainmentis thoughtto suppressdrizzle,therelative interplaybetweentheprocessesmaybesubtle,which
couldmakethemdif�cult to untangle.Nonetheless,recentadvancesin observationaltechnologyhave intro-
ducednew possibilitiesfor understandingentrainment,drizzle,their interplay, andexternalprocesses(such
asfactorsregulatingcloud microstructure,andcloud-aerosolinteractions)which may regulatethis inter-
play. This combinationof re�ned theoreticalquestions,andadvancesin observationaltechnologies,helped
to motivatearecent�eld program,DYCOMS-II (DynamicsandChemistryof MarineStratocumulus)which
thispaperaimsto describe.

Entrainment
To helponeunderstandwhy entrainmentis soimportantit helpsto think in termsof themixedlayertheory
of Lilly (1968),whereintheSTBL is identi�ed asa distinct layerof theatmospherewhosepropertiesare
largely determinedby exchangeswith the underlyingsurfaceon the onehand,anddilution throughthe
incorporationof air from thefree-troposphere(i.e.,entrainment)on theother. Theentrainmentvelocity, �

canbede�ned in termsof anequationfor thedepth,��� of theSTBL:
�

�

�! #"$�$%'&)(*� (1)

where &)( is thelarge-scaleverticalvelocity evaluatedat ��+ Onecanthink of � asthediabaticgrowth rate
of the layer. It essentiallyquanti�es the dilution rateof the STBL andthus is critical in determiningits
overall state.

Interestin entrainmentis not only motivatedby its importanceto the stateof the STBL, but alsoby
the extent to which previous work hasbeenunableto constrainit. Indeedmuch recentwork hasbeen
devotedtowardarticulatinganentrainmentrule,which giventhemeanstateandtheforcingwouldproduce
anestimateof �,+ Most of this work hasbeenbasedon large-eddysimulation.It has,in part,beenspurred
on by thestartlingresultsof Moengandco authors(1996),which show how simulationsof thesamecase
by differentgroupsdiffer by nearlyanorderof magnitudein theirpredictionof themixing (or entrainment)
rateacrosscloud top. Suchdifferenceshave subsequentlybeenshown to be due to a variety of factors,
mostnotably variability in the treatmentof physicalprocessessuchas radiationand condensation.But
numericalissuesarealsoimportant,Stevenset al. (1999)show that insuf�cient resolutionof the radiative
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coolingin thevicinity of thecloudtopinterfaceleadsto systematicbiasesin estimatesof entrainment.More
uni�ed treatmentsof physicalprocesseshave helpedreducethediscrepanciesamongmodels,but (perhaps
becauseof poorly understoodnumericalsensitivities) signi�cant differencespersist. In a survey of recent
work Stevens(2002)shows that differententrainmentrulesderived from state-of-the-artsimulationscan
still differ by morethana factorof two. Moreover, whentheseparameterizationsareincorporatedinto a
mixed-layermodel,theequilibriumsolutionsfor typicalclimatologicalconditionshaveequilibriumsensible
andlatentheat�ux esthatvaryby asmuchas40Wm � � andcloudliquid waterpathsthatvaryby factorsof
two or more.With thisdegreeof discord,onemight think thatobservationscouldusefullyarbitratedisputes
posedby models.However, estimatingentrainmentfrom realdatahasalsoprovento bechallenging.

Fundamentallytherearetwo differenttechniquesfor inferring � from data,wecall thesethedivergence
andtracermethodrespectively. Thedivergencemethodevaluates� from (1) as:

�-"

�

�

�! 

%
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� (2)

where
0

"547698:47;<%=4?>@8:4?A is the divergenceof the horizontalwind. The tracermethodevaluates�

from the budgetof trace-constituents(denotedby B ) acrossthe cloud top interfacial layer. If this layer is
suf�ciently thin, andif sourcesof B arenot importantover this region, thebudgetrequiresthat
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where
D F
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G
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( is theturbulent�ux justbelow thetopof thecloudlayer. Thetermin thedenominator, often
referredto asthejumpanddenotedNOBP� measuresthechangein theconstituentamountacrossthetopof the
STBL. Note that thenumberof independentestimatesof � which canbededucedfrom thetracermethod
is only limited by onesability to identify andmeasuretracers,BP� with suitableproperties,i.e.,well de�ned
jumpsandnegligible interfacialsources.Moreover, because

D FQG

B

GRI

( canbeestimatedindependentlyin two
ways(eitherdirectly via eddy-correlation,or asa residualof thebudgetof B over theSTBL asa whole),to
theextentthatthenumeratorin (3) is thesourceof uncertaintyin theestimateof �,� onecanestimate� in
two independentwaysfor eachtracer.

In thepastit hasnotbeenpossibleto estimate
0

from �ight datain theSTBL, andsoinvestigatorswho
have tried to usethedivergencemethod,i.e.,(2), for estimating� havebeenforcedto rely onforecastmod-
els for estimatesof

0

� (e.g.,Brethertonet al., 1995;De RoodeandDuynkerke, 1997). As a consequence
mostpreviousestimatesof � have beenbasedon anapplicationof thetracermethod.For instanceduring
DYCOMS-I (Lenschow etal.,1988)entrainmentwasestimatedon thebasisof fastresponsemeasurements
of OS andH

�

O (Kawa andPearson,1989). Likewise, in his studiesof stratocumulusover the North Sea
Nicholls (1984)estimated� basedon thewaterbudget.Subsequentstudies,(e.g.,Brethertonet al., 1995;
DeRoodeandDuynkerke,1997)havemadesimilarestimates,eitherbasedonmeasurementsof O S or water
vapor. Despitethegrowing literature,previous observationshave not provided particularlystrongbounds
on �,+ Onereasonis thatneitherH

�

O nor O
S

areidealtracersfor estimatingentrainment,sothatestimates
basedonanapplicationof thetracermethodusingthesevariablestendto haverelatively largeuncertainties.
Anotherreasonis thatalmostall observationalestimatesof entrainmenthavebeenfor daytime,whenthera-
diative forcingof theboundarylayeris dif�cult to measureandchangesconsiderablywith time. In contrast,
all of thetheoreticalwork appliesto nighttime,whicheliminatesthesecomplications.

DYCOMS-II addressedtheseissuesby samplingthecloudspredominantlyat night, andby attempting
to estimate� usingboth thedivergenceandtracermethods.In additionto betterconstrainingtheforcing,
nighttimemeasurementseliminatesolarforcing(which is dif�cult to measure)andthusfacilitatesestimates
of the heatbudget. Becausethe evolution of cloud basecouplesthe heatand moisturebudgetsof the
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layer, simply trackingtheevolution of cloudbaseduringthenightgreatlyconstrainsthesebudgets,thereby
constrainingheator moisturebudgetbasedestimatesof entrainmentusing(3).

During DYCOMS-II, tracerbasedestimatesof � werealsobasedon measurementsof two additional
passive tracers,DMS (CH

S
SCH

S
or dimethylsul�de) andOzone(O

S
). In thesecasesthenumeratorin (3)

wasestimatedonly from eddycorrelationmeasurements,asbudgetresidualestimatesweremoredif�cult
to make. Theuseof DMS in this regardis novel. Becausetheonly known sourceof DMS is at thesurface,
andbecauseits lifetime (a few days)is tooshortto leadto appreciableconcentrationsin thefreeatmosphere
but is long comparedto the mixing timescalein the STBL, it shouldexhibit well de�ned jumps. For this
reasonit is thoughtto be nearly ideal for estimatingentrainmentvia (3). In contrastH

�

O and O
S

can
vary signi�cantly above theboundarylayer, leadingto largeuncertaintiesin estimatesof thejumps,which
frustratestheuseof (3) to estimate�,+ IndeedO

S
sometimeshasjumpsthat changesign acrossthestudy

area(e.g.,KawaandPearson,1989),therebymakingtherelation(3) ill de�ned. Anotherlimitation of H
�

O
is thatit is partitionedinto two phasesin thecloudlayer, this makesit dif�cult to measureon theonehand,
andintroducesgravitational �ux esout of air parcels(drizzle),which behave in a non-conservative manner,
on the otherhand. DYCOMS-II hopedto at leastovercomethe measurementdif�culties of H

�

O in the
cloud throughtheuseof a new, high-rate,laserhygrometer(theTDL, or tunablediodelaser, May, 1998)
capableof makingveryprecisemeasurementsof watervaporin cloud.Althoughin principleDMS hasmore
potentialasameansfor estimatingentrainment,theideawasnot to supplanttheothertracerbasedmethods
of estimating�T� but ratherto supplementthemwith an additionaltracer-basedmethodof comparableor
greateraccuracy.

DYCOMS-II alsowasdesignedaroundthe possibility of estimating� usingthe divergencemethod.
To do so requiresa meansfor estimating

0

� andthe evolution of ��+ Technologicaladvancementswhich
make this feasibleincludethe developmentof the ScanningAerosolBack-scatterLidar (SABL) andthe
GPS-correctedwind �elds. TheSABL givesprecisemeasurementsof cloud-topheightwhen�ying above
cloud. GPScorrectionsto the gust-probeplus inertial referencesystemestimatesof the wind motivate
estimatesof

0

by integratingthetracknormalcomponentof thelateralvelocity �eld arounda closed�ight
track (Lenschow, 1996;Lenschow et al., 1999). Themeanvertical velocity at theSTBL top may thenbe
estimatedas M

0

��+ In addition,proxydatafrom forecastmodels,andestimatesof
0

directly from remotely
sensedwind �elds (e.g.,SeaWinds, Liu, 2002),and the trackingof layersin compositesoundingsfrom
dropsondes,all provide additionalconstraintsandboundson themethod,therebyincreasingour ability to
evaluate� from (2).

One last technologicaldevelopmentwhich motivateda new observational attackon the entrainment
problemwastheavailability of theNSF/NCARC130.Its long-rangefacilitatesmoreextensive samplingof
moreremotelayers,andits large-payloadenablesthedeliveryof agreaterrangeof scienti�c instrumentation
to thetargetarea.

The Flights
The �eld programtook placein July 2001. Remotelysenseddata,forecastmodeloutput,andotherdata
of opportunitywerecollectedandarchived for theentiremonth,andresearch�ights took placefrom July
7, 2001throughJuly 28, 2001. Flight operationswerebasedout of North IslandNaval Air Station,just
acrossthebayfrom SanDiego. Thetargetareawasapproximatelyonehourwestsouthwestof SanDiego
as illustratedin Fig. 1. The �eld programconsistedof seven entrainmentresearch�ights andtwo radar
research�ights.

Theentrainment�ights weredesignedfollowing a templateillustratedwith theaid of Fig. 2. Although
no single�ight followedthis schematicexactly, its essentialelementswereincorporatedinto everyentrain-
ment�ight. Theseelementsincludedcirclesto estimatedivergencesand�ux esconcurrently(seealsothe
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Figure 1: DYCOMS-II target areasuperimposedon TMI derived SSTsfor the experimentalperiod [the TRMM
(TropicalRainfall MeasurementMission)MicrowaveImager(TMI), seesthroughnonprecipitatingclouddecks].The
plannedtarget area(for which forecastdatais archived) is shown by the rectangle. The actualtarget area,where
90-95%of the measurementsweremade(excluding ferries) is shown by the rhomboid. Flight track RF07 is also
overlaid to illustratea typical entrainment�ight pattern. Openboxesareapproximatelocationsof previous �ights
duringDYCOMS-I andeightof thetenFIRE �ights. Thelocationof theTannerBanksBuoy is alsonoted.
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�ight track in Fig. 1) and long legs to reducesamplingerrorsin �ux esandotherhigher-order statistics.
The stackingof theselegs canallow betterestimatesof cloud-topor surface�ux es. In addition,frequent
pro�ling of thelayerfacilitatedevaluationof thelayerevolution. Lastly, thelong legsabove cloudallowed
ampletime for remotesamplingof thelayer.

30km

Eight 30 minute circles at fourdifferent levels in PBL and profiling
allows one to reconstruct profiles 
and map evolution of the mean state.  
Shown here are the profiles and leg 
means from RF01.  The level legs 
will be most useful for estimating 
flux profiles (and flux divergence) 
through the depth of the PBL.

30 minute circles flown in alter-
nating directions are used to 
estimate divergence and vorticity.
Flights timed so surface leg is last flux leg,
just around sunrise, so as to  allow operation
of aircraft nearer surface.  Data from these legs
indicated by red dots on figure below.

30 minute cloud top profiling 
circle to estimate cloud top jumps.

4-6 PBL soundings 
interspersed during time on target, profile
data indicated bylines on figure below.

Remote sensing legs: Three 30 min circles
at the beginning, middle and end of time on 
target.  These provided a basis for
surveying cloud structure using lidar and 
cloud radar; 3-5 GPS dropsondes were
launched on first and third circles.

Nocturnal Flightsgreatly simplified
dynamics and forcing
of the layer.

RF08 Composite dropsonde humidity 
soundings illustrating approximately
120 m descent of an elevated moist layer
during the 6.5 hours spent on target.

Dqt ~ 7.5 g/kg

DQl ~ 11 K

Cloud Deepens 
DuringFlight

Figure2: DYCOMS-II Flight Strategy. Symbolsin bottompanelrefer to total watermixing ratio, ULVXW its change
acrosscloudtop, YZU[V\W liquid waterpotentialtemperature]L^�W its changeacrosscloudtop, Y_]L^`W andliquid watermixing
ratio Ua^�b

ExperimentalconditionsduringDYCOMS-II wereexcellent.Theuniformity andextentof cloudcover
wereunprecedented,even for stratocumulusexperiments. An exampleof the morningsatelliteimagery
for RF01is given in Fig. 3 — if anything the arealextent of the cloud layer was lesson this �ight than
on subsequent�ights. We attribute the favorableconditionsto two factors: First, seven of nine research
�ights werenocturnal,andsatelliteimagesoftenshowedthatdaytimegapsin thecloudlayertendedto �ll
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duringtheearlyevening— well beforeour usualtake-off time of around11:15pm local time. Second,the
synopticenvironmentwasmoreconducive to well-formedstratocumulusthanusual. In pastexperiments
it hasbeencustomaryto rank cases,basedon uniformity of cloudcover. For instanceduring DYCOMS-
I Lenschow et al. (1988) developeda seven point scalefor rating cloud cover, with one denotingsolid,
unbroken stratus,two nearsolid, with occasionalbreaksandthreeto seven denotingincreasinglybroken
or morevariableboundarylayers.AlthoughDYCOMS-I experiencedgenerallymoreidealconditionsthan
subsequentlargeexperiments(e.g.,Albrechtet al., 1988,1995)only oneof theDYCOMS-I �ights rateda
oneon theLenschow scale,with threeother�ights ratinga two. In contrasteightof thenineDYCOMS-II
�ights ratedaone.ThelonedeviantwasRF02whichhadonly 97%lidar-derivedcloudcoverandthusrated
a two.

Figure 3: GOES10 channelone (visible) image for conditionsnear the end of research�ight (RF) 01. Note
widespreadregion of uniform marinestratocumuluscloud cover surroundingthe target area. The preliminary tar-
getareais boxed,theactualregion in whichalmostall of the�ight hourswerespentis boundedby therhomboid.

Apartfromtheuniformityof cloudcover, thestructureof observedcloudlayersvariedgreatly. Boundary
layer depthsvariedby nearlya factorof two (from lows of 600 m on several of the �ights to a high of
1100m on RF04). Cloud depths,andcloud top liquid waterconcentrationsvariedsimilarly, with cloud
depthsrangingfrom lessthan300 to over 500 m andliquid waterconcentrationsfrom 0.5 - 1.0 gkg �dc .
In contrast,DYCOMS-I alsoexperiencedrelatively well-formedstratuslayers,but thecloud depthswere
thinner, between100and300m. SurfacewindsduringDYCOMS-II weregenerallynorthwesterlybut their
magnitudevariedconsiderably, from 5 to 12 ms�dc . Microphysicallywe alsoobserved rich differencesin
cloudstructure,with somecloudlayershaving smallnumbersof clouddroplets,characteristicof a pristine
marineenvironment,andothershaving somewhat larger concentrationsof cloud droplets,indicative of a
greatercontinentalin�uence. Drizzlewascommon,with some�ights showing persistentradarechosgreater
than20 dBZ. Furtherdetailsanda morequantitative overview of the �ights areprovided in theelectronic
supplementto this article. Thevarietyof conditionssampledshouldenableanevaluationof how different
aspectsof themeanstatein�uence thedynamicsandphysicsof thecloudlayer.
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Much of the variability in cloud conditionscorrelateswith variationsin synopticconditions. During
the secondweek of �ight operations(correspondingto ResearchFlights 4 through6), the Paci�c high
strengthenedandits major axis becameorientedalonga morenorth-southdirection. At the sametime a
stronglow pressuresystemdevelopedoff the coastof British Columbia,centeredover Seattleat 00 UTC
on 17 July. Thein�uence of this depressionwasfelt over thetargetareaat upperlevelsandwasassociated
with strongcold-airadvectionaloft. The850hPa temperaturedecreasedby 8 K throughthemonthandby
4 K throughthe�rst weekof theexperiment.Thesechangesresultedin signi�cantly weaker inversionsand
generallydeeper(800-1100m)boundarylayerswith morevariability in cloud-topheightthroughthecourse
of a givenmission.
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flight variability scaled inversely with boundary layer depth h.  The
within flight variability was predominantly on the mesoscale and was
surprisingly large.

Figure4: DMS Concentrationsfrom EntrainmentFlights.

Large �ight-to-�ight variability is alsoapparentin DMS concentrations(Fig. 4). DMS is rathermore
dilute whentheboundarylayeris deep(RF04andRF05)andrathermoreconcentratedwhentheboundary
layer is shallow (RF03). Unlike someothertracers,DMS alsovariedconsiderablywithin a �ight. As we
hadhoped,DMS existedin ampleamountsonevery leg within theSTBL, but waseffectively absentabove,
leadingtowell de�nedjumpslocally. Howeverweweresurprisedto routinelyseeDMS variationsexceeding
20%around�ight circlesin theSTBL. Suchpronouncedvariability remainssomethingof a mystery.

Drizzle
Few disputethat in regionswheredrizzle occurs,it is a key componentof thewaterbudgetandcanhave
an importantimpacton the dynamicsandstructureof the STBL. However, its role in the climatologyof
cloudson largerscalesis controversial.Previous�eld programshave suggestedthatdrizzlemight bea rel-
atively commonphenomenon(e.g.,Brostet al., 1982;Duynkerke et al., 1995;Fox andIllingworth, 1997;
Vali et al., 1998),andthuscouldplay a vital role in theevolution of theSTBL (e.g.,PaluchandLenschow,
1991).In this respectsimpletheoreticalmodels(e.g.,Albrecht,1989;Ackermanetal.,1993;WangandAl-
brecht,1986;PincusandBaker,1994)suggestthatthemodulationof drizzleby changesin theatmospheric
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aerosolcouldregulatecloudamountandthickness.Becausetheseideasprovide a straightforward mecha-
nismwherebyhumanactivity couldaffect cloudiness,they have attractedconsiderableattention.Although
thereexists a modestandgrowing literatureon drizzle in the STBL (e.g.,ChenandCotton,1987;Wang
andWang,1994;Austin et al., 1995;Gerber, 1996;Stevenset al., 1998;Vali et al., 1998)somevery ele-
mentaryquestionsremain,includingtheactualprecipitationratesin marinestratocumulusandtheir relation
to ambientaerosol,cloud thicknessandintensityof turbulence. For this reason,a centralelementof the
DYCOMS-II wasanevaluationof drizzleprocessesin stratocumulus.

Figure5: Radarre�ectivity for a segmentof research�ight 3. Theaxisscalesare1:1.

Thetendency towardlessdrizzleduringthedaytime,evidenceof largespatialandtemporalvariability,
andsuggestionsof considerablevertical structurehave all frustratedattemptsto quantify its role. In the
pasttheseproblemswerecompoundedby anexclusive relianceon in situ probes,whosesamplingstatistics
are poor and whosemeasurements,becauseof the interminglingof spatialand temporalvariability, are
dif�cult to interpret.Cloudradars,on theotherhand,samplemuchlargervolumes,canrapidly pro�le an
entirecolumn(or layer dependingon their orientation)andaresensitive to larger momentsof thedroplet
spectrum.Thusthey seemlike a naturalway to studydrizzle. For this reasontheUniversityof Wyoming
CloudRadar(WCR)wasmountedon theNSF/NCARC130for DYCOMS-II.

TheWCR wasmountedin therearof theaircraftandalternatelylookedthroughtwo antennae,onethat
pointedstraightdown, andonethatlookeddown andrearward(seeelectronicsupplement).TheDYCOMS-
II �ight strategy, with cloudandsubcloudlegs,allows comparisonof in situ microphysicalprobedatawith
theradarre�ectivity datafrom just below theaircraft to calibratere�ectivity/rainraterelationshipsfor each
of the �ights. Above-cloudlegs allowed oneto imagethe entireSTBL and thusyield a morecomplete
view of thespatialstructureof precipitation.Becausethenearsurfaceregion wasalwaysseenby theradar,
re�ectivity/rainraterelationshipsfor agiven�ight canbeusedto estimatethemeanprecipitation�ux at the
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surfaceover the nearlyseven hoursduring which the aircraft was in the studyarea,thusallowing much
improvedestimatesof theroleof drizzleduringDYCOMS-II.

Figure6: Verticalpro�les of precipitationratesestimatedfrom theWyomingCloudRadardatafrom research�ights
1, 2 and3. Stippledregionsshow thecloudlayer. Thebluelinesaremeanvaluesfor entirecirclesof about200km
circumference.The dashedlines show thevariability (90paths(LWP) anddropletconcentrations(N) arealsomean
values.

The useof two antennaealsomadedual-Doppleranalysespossible.Thusin additionto revealingthe
amountof drizzle in theSTBL, andits local structure,theradaralsoimagesthevelocity �eld in thecloud
— particularlyin weaklyor non-precipitatingregionswheretheDopplersignalis dominatedby air-motions
ratherthanthe fall speedsof drizzledrops,which canbeof a similar magnitude.In regionswheredrizzle
is heavier, a variety of techniquesareavailableto separatethe fallspeedcontribution from the air motion
contribution to theDopplervelocity �elds.

Two additional�ights (RF06andRF09)followedcompletelydifferentpatternsdesignedto evaluatethe
�ne-scalestructureandevolution of convective eddieswithin thecloud layer. Ratherthanlarge sweeping
patternsdesignedto evaluate�ux esandbudgets,RF06andRF09usedstaccatolegsandsharpturnswhich
returnedtheaircraft to a selectedpoint in the�o w alonga varietyof headings(seeelectronicsupplement).
This provides further insight into the interactionbetweenmicrophysicalanddynamicalprocesseson the
cloud scale,as well as a basisfor comparingcloudsobserved during DYCOMS-II to thoseobserved in
previouscampaigns(Vali etal., 1998)whichusedsimilar �ight strategies.

As anexampleof theWCRdata(Fig. 5) thestructureof thecloudlayeralongasegmentof RF03shows
considerablevariability in re�ectivity associatedboth with individual turbulent updraftsand downdrafts
a few hundredmeterswide andwith mesoscalemodulationon scalesof 5 km or more. The variability
in this 15 minute �ight segmentforeshadows the variability among�ights. Some�ights sampledmuch
moredrizzlethanthis, somealmostnone.Oneof theremarkableimpressionsleft on theinvestigatorswas
how the apparentuniformity of the cloud top viewed from above could maskenormousvariationsin the
microphysicalstructurewithin thecloudlayer.

Intra- andinter-�ight variability is hintedat in Fig. 6, whereaveragedre�ectivities areconvertedinto
rainratepro�les usingrelationshipsfrom previous�eld campaigns(Vali et al., 1998).Along with themean
pro�les, pro�les from sub-segmentsillustratethevariability within the layer. Combinedwith Fig. 5 a pic-
tureemergeswherebydrizzle is clearlya convective, ratherthana stratiformprocess,with drizzle ratesin
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localizedregionsbeingordersof magnitudelargerthanelsewherein thecloud.Layeraverageddrizzlerates
greaterthan0.5 mm/day(which correspondto evaporationratesof about15 Wm � � ) begin to have signif-
icant effectson the layer averagedenergetics. Local drizzle �ux es,which canbe aslarge as20 mm/day,
wouldbeexpectedto dominatethedynamicsof circulationsin theirvicinity. In thesecasesthedatasuggest
that drizzle helpsorganizethe �o w in a mannerwhich helpsmaintainthe cloud layer in the presenceof
drizzle,asthereis circumstantialevidencethattheseregionsof intensedrizzleareremarkablypersistent.

Cloud Micr ostructure
Beyondtheelementaryissueof simply quantifyingthepropensityof stratocumulusto drizzle,thequestion
arisesasto what underlyingphysicalprocessesregulatedrizzle �ux es to begin with. The characteristics
of the cloud layersobserved during DYCOMS-II canbe comparedto previous observations(e.g.,Austin
et al., 1995;Gerber,1996)by comparingcloud dropletnumberconcentrations,ef� andcloud thickness.
Initial indicationsarethat the cloudsobserved during DYCOMS-II aresomewhat thicker thanthe clouds
thathave beenobserved in this geographicregion in thepast.Observedclouds(seeelectronicsupplement
for a moredetailedsummary)rangedfrom lessthan300to over 500m in depth,ascomparedto previous
(mainly daytime)observations,whereclouddepthstendedto bebetween150and300m. While thecloud
layersobservedduringDYCOMS-II hadmorecloudcondensationnuclei(CCN) thansomeof thedrizzling
layersobserved during studieselsewhere,(e.g., the Atlantic StratocumulusTransitionExperiment),they
wereclearly characteristicof maritimeclouds,with concentrationsrangingfrom lessthan100 to around
300cm�

S .
Althoughthecloudmicrostructureis thoughtto in�uence, andin turn be in�uenced by, drizzle,might

it not alsotell ussomethingaboutentrainment?Our discussionof entrainmentabove focusedexclusively
onentrainmentrates;but whataboutentrainmentprocesses— aboutwhichevenlessis known. Themixing
of free-troposphericair into the boundarylayer requireswarm-dryair parcelsto mix with cool-saturated
air parcels.Becausewarminganddrying tendto evaporatecloud waterthe detailedcloud microphysical
structurecanserve asanexcellentindicatorof mixing processesat cloudtop. However, in this caseoneis
likely to belessinterestedin averagedropletconcentrationsor liquid watercontentsthanin thedetailsof the
deviationsfrom theseaverages.To investigatesuchdetailsfrom theC130requiresinstrumentationcapable
of samplingthe�o w at averyhigh rate.

Toaddresstheseissuesanultra-fastthermometer(theUFT, Hamanetal.,1997),afastforward-scattering
spectrometerprobe(theFFSSP, Brenguieret al., 1998)capableof estimatingthedropletdistribution, anda
particlevolumemonitor(PVM, Gerber,1994)for estimatingliquid water, weremountedwithin sixmetersof
eachother(seeelectronicsupplementandFig 12)ontheleft wing of theC130.Theseprobesall sampledthe
�o w at ratesof 1000Hz or greater, therebyallowing oneto explorethemicrophysicalandthermodynamic
structureof the cloud layer on scalesrangingfrom 10 cm to several m. It is expectedthat the datafrom
theseinstrumentswill provide a �rst look at thesmallestscalesandmicrophysicalchangesassociatedwith
theentrainmentprocessat cloud-top(seefor exampleFig. 7).

The Aerosol
Oneaspectof thedrizzlepuzzlethathumanactivitiesareknown to in�uence is thebackgroundatmospheric
aerosol,which regulatescloud dropletconcentrations( e ) andthe averagecloud microstructure.Largely
for this reason,increasingattentionis being given to quantifying relationshipsbetweenthe aerosoland
stratocumulusmicrophysics.Somegeneralrulesregardingtherelationshipbetweenaerosolproperties(e.g.,
cloudcondensationnuclei,CCN,or accumulationmodeaerosolconcentrations)and e (Erlick etal., 2001)
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Relatively uniform temperatures and droplet distributions
in regions (red) of depleted liquid water indicative of homogeneous
mixing on this scale, although inhomogeneous mixing evidentin some regions 

(green) with more extensive depletion of liquid water

Thermally complex layer just above cloud
top indicated by sharp fluctuations in UFT in 

yellow regions

Pronounced fine scale structure (blue) in temperature and liquid water signals

Figure 7: Comparisonof PVM, UFT and FFSSPultra high-ratemeasurementsduring the �ight of the
NSF/NCAR C-130 throughthe top of an unbroken layer of Sc on 12 July (start of the 10-s interval is
12:05:38UTC).

andto someextentdrizzle formation(e.g.,the review by SchwartzandSlingo,1996)have beenreported,
but a comprehensive, physicallybaseddescriptionof the aerosoland its impact on cloud microphysical
processesremainsoutstanding.

Evaluationsof the relationshipbetweenthe CCN and eg� by integratingparcelmodelsover trajectory
ensembles(e.g.,SniderandBrenguier,2000),revealconsistency betweenpredictedandobservedvaluesof

eih but that agreementmay re�ect compensatingbiasesin the measurementsof vertical velocity, CCN or
ef+ Theredundancy of theDYCOMS-II measurementsof vertical velocity (C130gust-probeandpossibly
Dopplervelocitiesfrom theWCR),two independentestimatesof CCNspectraandtwo estimatesof e (from
theSPP-100andtheFastFSSP-100)shouldprovide amorede�niti ve test.Re�ectivity measurementsfrom
theWCRarealsoproviding animprovedmeansfor selectingnon-precipitatingcloudregionsfor conducting
thesetypesof analyses.

Assumingconsistency betweentheCCN and e canbeestablished,attentioncanbefocusedon whatis
thoughtto bethemorevexing problem(cf., Fig.8)–speci�cally, how to relatethemeasuredcharacteristicsof
theaerosolto theCCN,or alternatively eg+ Althoughthetheoryof Köhler(e.g.,RogersandYau,1989)links
aerosolandcloudproperties,its applicationis complicatedby thedif�culty in properlyaccountingfor the
complexity of actualaerosolcompositionor thecompetingeffectsof particlesin pollutedconditions(Bigg,
1986; Russellet al., 1999;Charlsonet al., 2001). Most recentlyACE-2 investigatorshave documented
discrepanciesof up to a factorof two betweenconcentrationcalculatedfollowing the Köhler theoryand
CCN measurements(Raeset al., 2000;Brenguieret al., 2000a). Onesourcefor observed discrepancies
couldbesizingbiasesin themeasurements.Bias in theCCN spectrummight resultfrom overestimatesof
theappliedsupersaturationin theCCN chamber. For theaerosolspectrum,sizingbiasescouldresultfrom
interpretingthemeasurementsof morphologicallycomplex particlesasif they hadbeenideal,homogeneous
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Differential aerosol concentration as estimated from measured
CCN distribution using Kohler theory could be biased toward 
small sizes due to an overestimate of the applied supersaturation,
inaccuracies in estimates of the insoluble mass fraction, or
effects of surface active compounds.

Cumulative CCN concentration as estimated from measured aerosol
spectrum using Kohler theory could be biased toward small sizes due to
measured aerosol sizes being greater than aerodynamic sizes, or because of 
aspherical or porous aerosol particles or compositional effects.

Mobility or L ight-Scattering
Based Size Distribution

Measured CCN Distribution

Figure8: Illustrationof the relationshipbetweenthedry aerosolsizespectrumandthe CCN distribution,
andtheproblemsthatcanoccurin attemptingto relateoneto theother.

spheres.An alternative hypothesisis that chemicalcomponents,suchasorganiccompounds,arealtering
the surface tension,solubility, and water uptake due to mixture nonidealitiesneglectedby the classical
theory. DYCOMS-II provided the opportunityto addresspossiblesizing biasesor compositionaleffects
with complementarytechniques.

Sizingbiasesin theaerosolspectrumasmeasuredduringDYCOMS-II arebeingevaluatedin anumber
of ways. First, the size distribution is a blendingof datafrom a variety of instruments,i.e., a scatter-
ing spectrometerprobe(SPP-300)measuresparticlesfrom 0.3-20 j m diameter;a passive cavity aerosol
spectrometer(SPP-200)measuresparticles0.1-3 j m diameter;anda radial differentialmobility analyzer
(RDMA) measuresparticles0.01-0.1j m diameter.3 Thesemeasurementsarebeingcomparedto redundant
condensationnuclei counters(which measurethe total aerosolconcentration).Second,in situ estimates
of theaerosolsizedistribution arebeingcomparedto distributionsderived from microscopicsizingof the
aerosolimpactedona�lter . Last,adiffusionbatteryis beingusedto comparesize-segregatedmeasurements
of CCN andtotalaerosolconcentrations,(e.g.,Gras,1990).

Compositioneffectson theactivationspectrumof theaerosolspectrumarealsobeinginvestigatedus-
ing DYCOMS-II data. The compositionof the subcloudaerosolis beingdeterminedfrom an analysisof
individual particlesaswell asfrom bulk samplescollectedon �lters duringsubcloud�ight legs. Electron
microscopy (e.g.,Pósfai et al., 1999)of individual aerosolparticlesis providing qualitative informationon
elementalcomposition,complementedby bulk �lter analysisusingX-ray �uorescencefor elementsand
Fouriertransforminfraredspectroscopy for functionalgroups— thusproviding anopportunityto examine
bothexternalmixing of differenttypesof particlesandtherole of organics(Maria et al., 2002). To better
understandthedetailedcompositionof thatcomponentof thesubcloudaerosolthatis actuallyactivatedinto
clouddroplets,acounter�ow virtual impactor(Twohyetal.,2001)was�o wn duringDYCOMS-II to collect
individual dropletresidualparticlesafterevaporation.Theseresidualparticlesarebeinganalyzedsimilarly
to thesubcloudaerosol.Additional compositionalinformationis beingprovidedby anexperimentalcloud
watercollector(Straubetal., 2001)which allows thequanti�cationof pH, inorganicions,andtotalorganic
carbonin clouddropletsresidingat differentlevels in thecloud. Theselattertechniques,which look at the
compositionof clouddroplets,canalsolend insight into the modi�cation of aerosolcompositionthrough
repeatedcyclesof activationandevaporationof clouddroplets.

3Seetheelectronicsupplementfor a morecompletedescriptionof theparticle-sizingprobes.
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Summary and Speculation
A recent�eld program,DYCOMS-II, wasconductedin thestratocumulusregimeof theNortheastPaci�c.
In roughlydescendingorderof emphasisDYCOMS-II strove to answerfour questions:(i) What is theen-
trainmentrate?(ii) How muchdoesit drizzle?(iii) Whatis thenatureof cloudmicrophysicalvariability on
sub-meterscales?(iv) Cantheactivationspectrumof clouddropletsbeunderstoodbasedon measurements
of theatmosphericaerosol?

To answerthesequestionsDYCOMS-II madeuseof novel instrumentationand�ight strategies. These
includednocturnal�ights, whichintegratedremotesensing(cloudradar, lidar, radiometers,anddropsondes)
andin situdatacollection(usingstandardturbulenceandthermodynamicprobesaswell asanenhancedsuite
of mircrophysicalinstrumentation)from a singleairborneplatform. In additiona new methodfor making
fastmeasurementsof atmosphericDMS wasemployed to studyentrainmentmixing. Overall DYCOMS-II
broughttogethera largesuiteof instrumentationcapableof describingthedynamics,chemistryandphysics
of thestratocumulustoppedboundarylayerover anunprecedentedrangeof scales.DYCOMS-II alsoben-
e�tted from the goodfortuneof extraordinarilycooperative meteorology;conditionswereideal on every
�ight. Sucha combinationof favorablemeteorologyandextensive instrumentationcanbeexpectedto pro-
duceasmany surprisesasanswers.In this respectsomepuzzlesto emergefrom initial analysesof thedata
include:theoriginsof remarkablylargevariability in boundarylayerDMS, andmechanismsfor sustaining
persistentregionsof verystrongdrizzle.

In additionto theemerging puzzles,in closingit alsoseems�tting to outlineat leastsomeof thepre-
liminary �ndings which arebeingexploredwith greatinterest— evenif sodoinginvolvessomedegreeof
extrapolationfrom thedatapresentedabove. Broadlyspeaking,the �nding with perhapsthewidestimpli-
cationsis thatstratocumulusappearto entrainlessanddrizzlemorethanpreviously thought.For instance,
duringRF01(seeFig. 2) thecloudtop interfacewasunstableby many measures,yet thecloudappearedto
thickensubstantiallyduringthecourseof the�ight. Preliminaryanalysesalsoindicatea remarkabledegree
of correspondenceamongvarioustracer-basedestimatesof entrainment,all of which produceentrainment
ratesof order0.4cms�dc which is signi�cantly smallerthanwhat is predictedby many currentparameter-
izations. Indeedpreliminaryattemptsto apply parameterizedentrainmentrelationsto the observed cloud
layersgenerallyresultin amarkedthinningof thelayer.

Theextentof drizzleobserved duringDYCOMS-II is consistentwith entrainmentdrying of thecloud
layerbeingratherinef�cient, but is nonethelessremarkable.Onsome�ights preliminaryestimatesof drizzle
ratesatthesurfaceover largeareasandlongtimeperiodsaveragednearamillimeterperday. Evenon�ights
whererelatively little drizzlereachedthesurface,drizzle�ux esatcloudbasecouldbepronounced.Indeed,
thecanonicalpictureof “non-precipitating marinestratocumulus”wasrathermorerarethancommon,sug-
gestingthatdrizzlemight indeedbeakey elementof thedynamicsof theSTBL. Althoughconclusionssuch
astheabovearenecessarilyspeculative they doprovide thepromisethattheDYCOMS-II datawill teachus
fundamentallynew things,andthuswhettheappetitefor furtherinvestigation.
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Appendix: Data4

Becauseof theenormousamountof datacollectedduringDYCOMS-II, muchof it from instrumentsdevel-
opedandoperatedby individual investigators,an importantcomponentof theexperimentalstrategy is the
developmentof a properarchive. This is even morepressingwhenoneconsidersthe amountof relevant
dataavailablefrom spacebasedplatforms,thesubjective opinionsof on site observers,andothersources
of opportunity. To identify andcollectdatain thelattercategory, investigatorsworkedwith JOSS(thejoint
of�ce for scienti�c support,whichoperatesaspartof theUniversityCorporationfor AtmosphericResearch)
to developanonline�eld catalogwhich providedcentralizedaccessto informationanddatarelatingto all
aspectsof the �eld operations.This catalogincludedvarioustextual reports(e.g. weatherforecastsand
aircraft�ight summaries);anumberof imageryproductsthatwereeitherproducedby JOSS(e.g.highreso-
lution satelliteimagesandloops),producedby DYCOMS-II scientists(e.g.specializedmodelproducts),or
gatheredfrom variousInternetsources(e.g.oceanographicanalysesfrom theNaval OceanographicOf�ce);
and�nally informationon eachof theaircraftmissions(e.g. take-off andlandingtimes,�ight tracks,drop-
sondedata,etc). Thecatalogwasusedin the�eld for operationsandplanningsupportaswell asallowing
scientistsnot in the�eld to follow theprogressof theproject.It wasalsoa usefultool afterthecompletion
of the�eld phaseto helpdeterminecasesfor analysis.

After the �eld phasethe�eld catalogwasblendedwith othersourcesof datanot availablein real time
(rangingfrom aircraftdatato satelliteradiances)to form theDYCOMS-II dataarchive. This archive pro-
videsdistributedaccessto all of theoperationalandresearchdata-setscollectedduringtheproject. It will
continueto grow asvariousprocessedproductsareaddedto it. For instancesimulationswhich attemptto
synthesizetheobserved casesmay laterbe incorporatedinto thearchive. Both thecatalogandthearchive
areavailable to all via the DYCOMS-II DataManagementweb page(http://www.joss.ucar.edu/dycoms).
They provideanaturalstartingpoint for researchersinterestedin DYCOMS-II datasetswhichwehopewill
beextensively used.

Inset 1: Entrainment5

To illustratehow entrainmenthelpsregulatethestateof theSTBL webegin with theequationdescribingthe
evolutionof thebulk (layeraveraged)valueof ahorizontallyhomogeneousconservedscalar, B:� in a marine
layerof somedepth� :
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� is anexchangecoef�cient, Bsq is thevalueof thescalarat thesurface,and
o is thevectorwind (e.g.,Deardorff, 1972).If theentrainmentzoneis suf�ciently thin theentrainment�ux
can(in analogyto thesurface�ux) belinearlyrelatedto theentrainmentvelocity �ut
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&)( beingthelarge-scaleverticalvelocityevaluatedat thetopof thelayer. If thedivergence,
0

� of themean
horizontalwind is constantwith height, &i(Q"-M

0

�d+ In steady-statethetime-derivativesin both(4) and(5)
4To appearin print versionof article
5This materialwill appearoutsideof themaintext of thearticle,sortof like a boxedinset
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vanishleadingto thefollowing relationsfor theequilibriumvaluesof B and �gt
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denotesthe bulk divergencewithin the boundarylayer. Becauseboundarylayer total-water
speci�c-humidity, •s€ andtheliquid-waterstatic-energy •ƒ‚„"$BX…P†)%f‡

2

M#ˆ‰•s‚ (theenthalpy variable),behave
to a �rst approximationlikeconservedscalars,theabove relationsillustratethecritical roleof � notonly in
determiningthebudgetsof arbitraryscalars,but alsoin determiningthemeanthermodynamicstateof the
boundarylayer andits depth. This latter informationin turn determinesotherclimatologicallyimportant
quantities,suchascloudamount— or surface�ux es.

Inset 2: SecondaryDYCOMS-II Objectives6

Thebasicscienti�c objectives,andin particulartheseven entrainment�ights, alsopermitteda numberof
secondaryobjectivesashighlightedbelow.

NIGHTTIME REMOTE SENSING

TheDYCOMS-II programhasprovidedauniqueopportunityfor evaluatingandimproving night-timesatel-
lite remotesensingtechniques,whenthecommonlyusedshortwave re�ectanceinformationis notavailable
andwhile radiative forcing is controlledby thermalprocesses.Theeffectsof nocturnallongwave cooling
oncloudphysicsanddynamicsalsoplayanimportantrole in thesubsequentimpactsof solarheatingduring
the day. Little researchhasbeenconductedon night-timemultispectralsatelliteanalysistechniques,and
re�nementof thesemethodscouldprovide signi�cant input to mesoscaleforecastingmethods.Dueto the
reducedinformationcontentof satelliteobservationsat night, it is imperative that mesoscalemodeldiag-
nosticandprognosticproductsbeoptimally combinedwith theremotesensingdata.Field studiessuchas
DYCOMS-II arethusneededfor developmentof multi-componentdataassimilationmethods.Both geo-
stationaryandpolar-orbiting satelliteplatformswereutilized to obtainresearchdatafor DYCOMS-II. The
NOAA GeostationaryOperationalEnvironmentalSatellite(GOES)is anessentialsourceof informationfor
determiningtemporalevolutionof oceanicstratocumulus.Designimprovementsandbetterdatadistribution
for geostationarysatellitesystemsaremakingglobal near-continuousobservationsa reality, so that anal-
ysis techniquesdevelopedfrom DYCOMS will be applicableto otherregionsof persistentstratocumulus.
New polar-orbitersatellitessuchastheNASA Terraplatformhave lessfrequenttimesampling,but provide
higherspatialandspectralresolutionthat will aid in detailedtestingof retrieval methods.The15-minute
temporalresolutionof GOES-Westsatellitedatais beingutilized for interpretationof cloud�eld evolution
astheC-130aircraft �ight circlesmoved with the wind �eld. Importantaspectsof thesedataincludethe
identi�cation of mesoscaledynamicprocessesandaerosoleffectson microphysicalcharacteristics.

FORECAST MODEL EVALUATION

Datacollectedduring DYCOMS II providesa naturalbasisfor evaluatingforecastproducts.Toward this
endECMWF andNCEP(AVN) model forecastcalculationswerearchived for the entiremonthof July.
Similarly, theNavy'sCoupledOcean/AtmosphereMesoscalePredictionSystem(COAMPS)modelwasrun
with a relatively �ne (6km) nestedmeshcenteredon the target area.Output,andthe initial datafor these
calculationswasarchived to allow subsequentsensitivity studies— with particularfocii beingthevarying

6This materialwill appearoutsideof themaintext of thearticle,sortof like a boxedinset
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rolesof modelphysics(especiallymicrophysics)versusinitializationon forecastquality. Thesedata,when
combinedwith archived remotelysenseddata,in situ �eld data,anddataof opportunityfrom buoys, ships
andsoundingsde�ne a smallmeso-scalenetwork which will beinvaluablein evaluatingforecastbiasfrom
variousmodels. Of particularnote in this regard is that becauseof logistical constraintson night �ying,
�ights during the DYCOMS-II �eld phasewerenot chosenbasedon meteorology. In additionthe region
of �ight operationsis largely dictatedby controlson airspaceandair-traf�c lanesthroughrestrictedareas.
Thusthe�ights arealmosta randomsampleof conditionsobservedduringthemonth.

21



AppendixA
Electronic Supplement[will not appear in print addition of article]— Flight Summaries

The experimentconsistedof two basic�ight patterns:entrainmentandradar�ight patterns.The en-
trainment�ight patternshada three-foldobjective: to measuredivergenceandturbulent �ux esat various
levelsandcharacterizethemeanstatesof boththeboundarylayerandtheoverlyingair column.To achieve
theseobjectives, thebasicentrainment�ight plan consistedof stacksof 30 minute(approximately60 km
diameter)circles.In contrasttheobjective of theradar�ights wasto characterizetheevolutionof aspeci�c
convective cell. For this reason,theradar�ights consistedof shorter(6 minute)legs thatattemptedto �y
over or throughaspeci�c point in the�o w alongvariedheadings.

Figure9: Flight tracksfor RF08andRF09,notethecenterof thecirclesdrift with themeannorthwesterly
winds.

Thesedifferencesbetweenthe two typesof �ight patternsareshown in Fig. 9. Therewereonly two
radar�ights, RF09andRF06,andalthoughthe �ight trackswerenot identicalbetweenthe two, the idea
wassimilar. The generalnatureof all the entrainment�ights was identical, the only differencebeing in
the orderingof the legs,andthe transitionsbetweencircles. In generaltwo opposingcircles7 were�o wn
consecutively at eachaltitude,thusyielding an hour at any given level. On some�ights, however, either
thesubcloudor surfacelayercircleswereperformedin only onedirectionin orderto make time for other
maneuvers. In addition,theentrainment�ights allowed time for oneleg whoseobjective wasdetermined
on a �ight-by-�ight basis.Typically this leg wasa porpoisingmaneuver to obtainnumerouspenetrations
throughtheentrainmentregionatcloudtop. Lastly, �ight maneuversfor calibratingair motionsensingwere
performedtwice duringtheexperiment— onceon thethird test�ight, which took placeon stationduring
thedayon July 7, 2001,andonceon theoutboundFerryof RF07.Theremainderof this summaryfocuses
on theentrainment�ight plans.

Fig. 10 illustrateshow legsandpro�les weredistributedin thetime-heightplane.Thecircularlegsare
annotatedanddescribedin Table1. Althoughnoneof theentrainment�ights followedthisplanexactly, the
essentialelementswereconductedon each�ight. Flightsdifferedin theordering,heading-sequence,and
durationof thelevel legs,theexactpositionof thesoundings,andthenatureor theexistenceof theoptional
leg (which in the �gure is indicatedasa see-sawing, or porpoisingleg, that repeatedlypro�les the cloud
top region). But each�ight hadfour �ux legsof at least30 minutesat roughly theindicatedheights,three
radar/lidarlegsatapproximatelytheindicatedheights,andfrom four to � vesoundingsdispersedthroughout

7Circleswere�o wn by changingthe aircraft headingat a constantrate in time, 12Š min ‹zŒ for 30 min circles, thusde�ning
circleswith respectto themean�o w.
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Figure10: Time-Heightcrosssectionfor basicentrainment�ight plan. Approximately410minutesarespentin the
targetarea.Shadedbarsdenotecloudtopandbase.

thetime in thestudyarea.

Table1: Descriptionof �ight legs in basicentrainment�ight plan. HereCW denotesa clockwisecircle, CCW a
counterclockwisecircle.

Leg Duration Heading Description
RL1 30 min CW Radar/LidarandDropsondeLeg at3km
CB 60 min CW-CCW Level �ux leg just above cloudbase(CB)
SC 60 min CCW-CW Level �ux leg in subcloud(SC)layer
RL2 30 min CW Radar/Lidarleg justabove lidar dead-zone
CT 60 min CW-CCW Level �ux leg just below cloudtop (CT)
SP 30 min CCW Special(SP)Leg, generallyporpoisingatcloudtop
SF 60 min CCW-CW Surface(SF)Leg at lowestsafe�ight level
RL3 30 min CCW Radar/LidarandDropsondeLeg at3km

A basicsummaryof theconditionsencounteredon each�ight is includedin Table2. Becausethetime
on target approachedseven hours,and the �ight legs generallydrifted with the meanwind (e.g.,seethe
evolution of consecutive circlesin Fig. 9) theactualareasampledby theaircraftwasapproximately3000
km�:+ For measurementsof sea-surfacetemperatures(SSTs),tabulatedfrom surfacelegs�o wn neartheend
of thetime in thestudyarea,this leadsto a systematichigh bias.For otherquantities,themeanscanmask
considerabletime variability — this was perhapsmost importantfor estimatesof cloud base,which on
some�ights changedsystematicallythroughthecourseof thetime in thestudyareaby asmuchas150m.
Amongthe�ights thedepthof theSTBL variedby nearlya factorof two, with similar variationsin cloud
liquid water, thicknessandwind speeds.Precipitation,asmeasuredby themaximumradarre�ectivity, was
evenmorevaried,with cloud layersrangingfrom essentiallynon( ••Ž•M’‘”“ dBZ), to heavily (at leastfor
stratocumulus,i.e., •–•'— dBZ) precipitating.

For referencein analyzingthe �ight datain tablesA-A the time-offset (time in secondsfrom the be-
ginningof thedatarecord)for the level legsandsoundingsaretabulatedfor thesevenentrainment�ights.
Satelliteconditionsasobservedfrom theGOESsatellitefor thenine�ights areshown in Fig. 11. Snapshots
in this �gure arefrom the endof each�ight for the nocturnal,andat the beginning of each�ight for the
diurnal�ights. Notethegenerallywidespreaduniformmarinestratocumuluscloudcover.
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Figure11: GOESvisible imageryfor �ights DYCOMS-II research�ights (ninepanel�gure, with eachpanelsimilar
to Fig.3to beaddedin subsequentdraft).
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Table2: Summaryof DYCOMS-II �ights, July 2001. Statevariablesareestimatedfrom subcloudlegs,
SSTsare estimatedfrom radiometricmeasurementsduring low altitude ( Ž˜‘L—ƒ— m) surface legs. Cloud
basetaken from averageLCL for all legs within PBL. The cloud top liquid water •

‚š™ ›•œ

	

estimatedfrom
soundings.Flight latitudeandlongitudeis at thecenterof �ight region for middlefour hourson target.

Flight 1 2 3 4 5 6 7 8 9
Take-Offa 06:01 06:24 06:18 06:22 06:19 05:39 05:53 19:45 18:16
Land 15:18 15:53 15:46 15:32 15:41 15:13 15:49 05:21 03:45
Dateb 10 11 13 17 18 20 24 25 27
Latitude 31.3 31.4 31.0 29.7 30.5 30.6 31.3 32.1 31.2
Longitude -121.7 -121.7 -121.6 -121.5 -121.7 -122.0 -121.4 -122.4 -122.7
SST 19 19 19 20 19 n/a 19 18 n/a
Wind Speed[msž@Ÿ ] 8 8 12 6 10 8 7 5 5
Wind Dir [   N] 324 310 300 274 287 340 326 319 345
CloudTop [m] 850 800 700 1075 925 600 825 600 600
CloudBase[m] 585 440 310 610 650 200 310 270 300

]”^ [L] 289 288 288 289 288 288 288 289 288
U

V

[gkg ž@Ÿ ] 9 9 10 9 8 9 10 10 10
U

^š¡ ¢¤£\¥

[gkg ž?Ÿ ] 0.6 0.6 0.7 0.9 0.6 0.7 0.9 0.6 0.6
¦

[dBZ]
N [cm ž*§ ]c n/a n/a 207 168 151 100 116 110 165
CCNd [cm žz§ ] 160̈[©[ª « 60̈[©aª ¬ 300̈[©aª ­ 210̈[©[ª § 210̈[©[ª § 180̈[©aª ® 140̈[©[ª « 130̈[©aª « 290̈[©[ª §

CN [cm ž*§ ] 274 290 472 290 417 389 281 245 558

aUTC, local time (PDT)plussevenhours
bat take off
cFor �ights RF01andRF02thesenumbersaretaken from the SSP-100,for �ights RF03-RF09they arebasedon datataken

with theFast-FSSP
dThe coef�cients in this expressionarederived by �tting datafrom a staticCCN instrumentto the form ¯1°²±¤³[´”µ Relative

errorsin ± and ¶ are ·¤¸[¹ % and·»º¼¹ % respectively.
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Table3: Offset timesfor �ight segmentsfor RF01-RF03.RL denotesremotesensingleg; CB, cloudbase
leg; SC,subcloudleg; CT, cloudtop leg; SP, specialpattern(which variedfrom �ight to �ight); SF, surface
�ux leg. For thepro�les we labelfull pro�les (FP),cloudpro�les (CP)andinversionpro�les (IP).

RF01Legs RF01Pro�les
# GALT [m] Time[s] Type
1 ½¿¾”À¿Á¤Â#½3bÄÃ 5550- 7450 RL
2 Å¿¾¿Æ»Â#À3bÄ¾ 8400-10200 CB
3 Ås½:ÃrÂg½!bÄÆ 10500-12200 CB
4 À¿Á3Ç�Âg½!b Å 12400-14200 SC
5 À¿ÈP¾»Â#À3b ½ 14320-16200 SC
6 Ã”ÆsÁ¤Âg½!b ½ 16600-18200 CT
7 Ã”Æ¿Æ»Âg½!bÄ¾ 18500-20150 CT
8 Ç[ÉPÆ”Å¤Âg¾!b È 20700-22400 RL
9 È¿¾”ÀÊÂ<Ã:b É 22650-22950 SP
10 ÇËÆs¾¤Âg½!bÄ¾ 23420-25020 SF
11 ÈsÅÊÂ#Å3b À 25200-27000 SF
12 Ç[ÁsÈ¿½»Âg½!bÄ¾ 27400-29200 RL

# GALT [m] Time[s] Type
1 3246- 183 7490- 8005 FP
2 183- 643 8005- 8110 FP
3 616- 892 10233-10310 CP
4 892- 615 10310-10426 CP
5 494- 915 16210-16327 CP
6 915- 750 16327-16393 CP
7 750- 166 20155-20419 CP
8 166- 1074 20419-20584 FP
9 1050- 761 22465-22544 IP
10 761- 945 22544-22608 IP
11 935- 149 22955-23168 FP
12 113- 1920 27060-27300 FP

RF02Legs RF02Pro�les
# GALT [m] Time[s] Type
1 ¾sÆsÈsÁ¤ÂÌÀÍbÎÇ 5520- 7495 RL
2 À¿ÁPÆ»Âg½!b È 8900-11180 CB
3 ÆƒÇLÃrÂg½!bÄ¾ 11260-12380 CB
4 ¾¿ÃƒÇ�Â#À3b Á 12860-14750 SC
5 ¾¿ÃƒÇ�Âg½!b Á 14900-16640 SC
6 ÅPÃLÀÊÂ#À3bÄÆ 16975-18900 CT
7 ÅPÃLÀÊÂg½!bÄ¾ 19020-20840 CT
8 ÇsÇ¿Ç¼ÃrÂ#½3b Á 21560-23120 RL
9 ÃLÅ3Ç�Â#À3b Å 23300-25100 SP
10 Ç[ÉPÃ»ÂfÆƒbÏÇ 25500-27440 SF
11 ¾sÆ”½¿É»Âg½!b É 27860-29660 RL

# GALT [m] Time[s] Type
1 2601- 194 7502- 8013 FP
2 194- 817 8013- 8151 FP
3 765- 431 8349- 8471 CP
4 520- 757 12422-12470 CP
5 758- 198 12469-12608 FP
6 166- 790 16750-16854 FP
7 678- 181 20841-21020 FP
8 838- 84 25177-25468 FP
9 102-2494 27479-27804 FP

RF03Legs RF03Pro�les
# GALT [m] Time[s] Type
1 ¾”ÅP¾”É¤Â#Á3b À 2130- 2860 RL
2 ¾”Å3Ç[½¤Â#½3b ½ 3140- 6940 RL
3 ½PÃ¿ÃrÂ#À3bÄ¾ 7657- 9330 CB
4 ½PÃ”Á¤ÂfÆƒb É 9450-11192 CB
5 Ç[ÈP¾»Â#À3b À 11462-13332 SC
6 Æs¾PÃrÂ#À3bÐÃ 13537-15380 CT
7 Æs¾PÃrÂg½!b ½ 15500-17262 CT
8 Ç[É¿È¿¾»Âg¾!b À 17723-19523 RL
9 ½PÃ”É¤Â#À3b ½ 21992-23792 SC
10 ÈPÃ»Â#½3b Æ 24107-25750 SF
11 ÈsÁÊÂÌÀÍb ½ 25900-27657 SF
12 ¾sÆLÀƒÃÑÂg½!b Å 28012-29898 RL

# GALT [m] Time[s] Type
1 2612- 164 7033- 7455 FP
2 164- 414 7455- 7532 SP
3 378- 735 11247-11317 CP
4 735- 176 11317-11452 FP
5 194- 743 13332-13445 FP
6 743- 516 13445-13531 CP
7 527- 168 17315-17425 FP
8 162-1118 17450-17603 FP
9 1093- 561 19573-19743 FP
10 687- 233 21454-21662 FP
11 233- 179 21662-21705 SP
12 370- 80 23782-23880 SP
13 104-2516 27710-27992 FP
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Table4: Offsettimesfor �ight segmentsfor RF04andRF05

RF04Legs RF04Pro�les
# GALT [m] Time[s] Type
1 ¾sÆsÁ¿¾»ÂÌÀÍb ¾ 4682- 6757 RL
2 ÅPÃ”Å¤Âg½!b Á 7807- 9800 CB
3 ÅPÃ¿ÃrÂfÆƒb ½ 9970- 11850 CB
4 ½sÅ¿Á¤Â#À3b É 12347- 14100 SC
5 ½PÃ”É¤Â#À3b Å 14210- 16047 SC
6 Ç[½¿É”ÀÊÂg¾!bÄÃ 16562- 18172 RL
7 È”ÀPÈ¤Âg½!b À 18337- 20100 CT
8 È”ÀƒÃrÂg½!bÏÇ 20272- 22072 CT
9 Porpoising 22132- 23797 SP
10 Ç[É!ÇÒÂg½!b Å 24172- 26342 SF
11 ¾sÆƒÇËÁ»Â#À3b ½ 26712- 28547 RL

# GALT [m] Time[s] Type
1 2549- 183 6770- 7395 FP
2 183- 1026 7395- 7705 FP
3 1027- 683 7703- 7814 CP
4 679- 1115 11844- 11940 CP
5 1115- 181 11940- 12250 FP
6 170- 1218 16097- 16362 FP
7 1301- 933 18174- 18326 IP
8 1135- 99 23750- 24150 FP
9 105- 2560 26345- 26685 FP

RF05Legs RF05Pro�les
# GALT [m] Time[s] Type
1 ¾sÆPÃLÁ¤ÂÌÀÍb ¾ 4638- 6473 RL
2 Ã”¾sÁ¤Âg½!bÄÆ 7412- 8850 CB
3 Ã”¾sÁ¤Âg½!bÄÆ 8980- 10766 CB
4 ½¿ÆPÃrÂg½!b À 11300- 12840 SC
5 ½¿Æ¿Æ»Âg½!b À 12970- 14700 SC
6 Ç[É¿ÉPÃrÂg¾!b À 15158- 16808 RL
7 ÃLÁP¾»Âg½!bÏÇ 17330- 18680 CT
8 ÃLÁsÀÊÂg½!bÏÇ 18920- 20630 CT
9 Porpoising 20656- 22349 SP
10 Ã”Æs¾¤Â#À3bÐÃ 22463- 24083 CT
11 Ç[ÉsÉÊÂ#À3b Å 25043- 27028 SF
12 ¾sÆs¾sÅ»Â#À3b À 27348- 28838 RL

# GALT [m] Time[s] Type
1 2572-158 6478-6858 FP
2 158-975 6858-7068 FP
3 975-646 7080-7168 CP
4 729-1020 10763-10830 CP
5 1020-154 10830-11027 FP
6 154-396 11028-11088 SP
7 356-172 14759-14805 SP
8 136-1025 14824-14969 FP
9 1010-736 16801-16880 IP
10 755-108 24078-24267 FP
11 99-2570 27023-27273 FP
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Table5: Offsettimesfor �ight segmentsfor RF07andRF08

RF07Legs RF07Pro�les
# GALT [m] Time[s] Type
1 ¾”Å3Ç[½¤Âg¾!b À 7423- 9618 RL
2 ÀsÀPÅ¤ÂfÆƒb É 10690- 12490 CB
3 ÀPÆsÉ¤Âg½!b À 12600- 14400 CB
4 ¾”½3Ç�Âg½!bÐÃ 14770- 16570 SC
5 ¾s¾sÁ¤Âg½!bÄÆ 16741- 18541 SC
6 Ç[É:ÃLÉ¤Â#½3bÎÇ 18788- 20598 RL
7 Ã:Ç¼¾»Â#À3b À 20708- 22508 CT
8 ÅPÃ¿ÃrÂfÆƒbÏÇ 22708- 24500 CT
9 Porpoising 24773- 25718 SP
10 ÈsÉÊÂÌÀÍb ½ 26050- 27750 SF
11 Ç[ÉsÉÊÂg½!bÄ¾ 27990- 29790 SF
12 ¾sÆsÆs½»Â#À3bÏÇ 30190- 32010 RL

# GALT [m] Time[s] Type
1 2621- 145 9614- 10187 FP
2 145- 920 10187- 10473 FP
3 921- 426 10472- 10680 CP
4 444- 973 14400- 14515 CP
5 973- 158 14515- 14683 FP
6 144- 1090 18563- 18758 FP
7 1071- 706 20597- 20728 IP
8 679- 140 24501- 24628 SP
9 140- 919 24628- 24809 FP
10 902- 85 25641- 25915 FP
11 97- 2564 29796- 30127 FP

RF08Legs RF08Pro�les
# GALT [m] Time[s] Type
1 Æ”Å¿È¿Æ»ÂgÆ!b ½ 5839- 7680 RL
2 À¿½:ÃrÂÓÇsb È 9158- 10908 CB
3 À:Ãs¾»Âf¾ƒbÄ¾ 11000- 12824 CB
4 Ç[½PÆ»Âf¾ƒb À 13184- 14924 SF
5 ¾sÆ¿Æ»Âf¾ƒbÄ¾ 15043- 16938 SC
6 Ç[É¿ÅPÃrÂg¾!b È 17378- 19058 RL
7 Porpoising 19199- 20999 SP
8 ÈsÉÊÂf¾ƒb È 21195- 23013 SF
9 ¾¿ÃsÆ»Âf¾ƒb È 23273- 24908 SC
10 À¿È¿Æ¤Âf¾ƒb Å 25238- 26908 CB
11 Æs¾LÀ‰Âf¾ƒb È 27112- 28417 CT
12 ¾sÆ”Á¿½»Âg½!b ½ 28838- 32338 RL

# GALT [m] Time[s] Type
1 5694- 136 7675- 8741 FP
2 136- 569 8741- 8848 FP
3 604- 417 8923- 9053 CP
4 467- 640 12818- 12908 CP
5 637- 126 13003- 13168 FP
6 253- 61 16942- 16997 SP
7 61- 913 16997- 17172 FP
8 1068- 476 19059- 19182 IP
9 542- 94 21016- 21177 FP
10 269- 720 24903- 25038 CP
11 720- 499 25038- 25113 IP
12 526- 185 28418- 28485 SP
13 185- 2606 28485- 28818 FP
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AppendixB
Electronic Supplement[will not appear in print addition of article]— Instrumentation

Anothervery importantcomponentof theDYCOMS-II strategy wastheinstrumentpackage.Excepting
remotelysenseddatafrom satellites,andotherdataof opportunity, all theinstrumentationwascarriedby a
singleplatform— theNSF/NCARC130. Theplacementof variousinstrumentsor inletson theaircraft is
illustratedin Figs.12 and13. Unlessotherwisestatedall instrumentsrecordedtheir measurementson the
primaryaircraftdatasystem,thusensuringprecisetemporalsynchronization.Theperformanceanddetails
of theseinstrumentsis discussedfurtherbelow.

260X, 2D-C

SPP100, SPP 300, TDL,
MCR, Cloud Water Collector

aerosol inlets (CVI, LTI, SDI)

SABL, SPP 100,
Fast FSSP, PVM

CIN, UFT-F

Rosemounts

King ProbeKing Probe

20.2m

6.2m

Figure12: Frontview of C130andProbeLocations.

Wyoming Cloud Radar
Lyman-as

DMS Inlet

GPS dropsondes

SABL

O3, CO, CO2 Inlet

Radome, Gust Probe

Figure13: Sideview of C130.

a. Wind andturbulencemeasurement

The NCAR C-130incorporatesthreeprimary systemsinto the measurementof a three-dimensionalwind
vector:Ô

theinertial referencesystem(IRS) measuresattitudeangles(pitch, roll andyaw or azimuth),acceler-
ationsandpositionof theaircraftin anearthbasedreferenceframe;
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Ô

theGlobalPositioningSystem(GPS)receiver measurestheaircraftvelocity andpositionin anearth
basedcoordinatesystemusingaconstellationof satellites;Ô

the”radomegustprobe”measurestheatmosphericwind relative to theaircraftusingacruciformarray
of � vepressureportson theC-130noseradomecoupledto differentialandabsolutepressuresensors.

Thewind measuredrelative to theaircraftcoordinatesystemis combinedwith themotionof theaircraft
relative to the earthcoordinatesystemto yield a three-dimensionalwind vectorin meteorologicalcoordi-
nates.Themechanizationequationsandcoordinatetransformationmatricesaredetailedin Lenschow, D.H.,
19868

1) INERTIAL REFERENCE SYSTEM

TheC-130usesaHoneywell LaserefII SM strapdown ring lasergyro IRS9 mountedin thecabinnearfuse-
lagestation240.TheIRSprovidesposition(latitude,longitude)initial accuracy of 0.8nmi (with increasing
uncertaintyby 0.8 nmi perhour thereafter),pitch androll accuracy to 0.05degreesrmsandazimuth(true
heading)accuracy of 0.4 degreesrms. The primary sourceof error is the Schuleroscillation, a slowly
varyingdrift in positionandvelocity measurementswith a periodof 84 minutes.The IRS hasexcellent
short-termrelativeaccuracy andresolutionandits measurementsarecombinedwith theGPS,whichhasex-
cellentabsoluteaccuracy to provide a high resolution,high rateabsoluteaccuracy measurementof aircraft
positionandvelocity.

2) RADOME GUST PROBE

Theradomegustprobemeasurestheattackandsideslip(incident)�o w anglesof theaircraftandthedynamic
pressureusedin calculatingtheaircraft trueairspeed.Five smallpressuretapsaredrilled into theexisting
radomeandtubing is routedto pressuretransducers.The radomesystem10, oncecalibratedfor a speci�c
aircraft, makes high accuracy wind and turbulencemeasurementsat scaleslarger than the characteristic
dimensionof theaircraft. In thecaseof theC-130,therelevantscalevalueis thefuselagediameter, which
measures3.5meters.

3) GLOBAL POSITIONING SYSTEM RECEIVER

The C-130usesa Trimble TANS III six-channelGPSreceiver thatprovidesmeasurementsof aircraft po-
sition, velocity andtime at a one-secondupdaterate. Theaccuraciesof themeasurementsare 16 m rms
horizontal,25m rmsverticaland0.25m/secfor thevelocities.Principlesof theNAVSTAR GPSnavigation
canbefoundin KaytonandFried.

b. Temperature measurements

1) ROSEMOUNT TOTAL TEMPERATURE PROBES

TemperatureprobesRosemounttotal temperatureprobesThe NCAR C-130 has redundantRosemount
model102EAL total temperatureprobesandoneRosemount102DB1CBdeicedtotal temperatureprobe

8Aircraft measurementsin theboundarylayer. ProbingtheAtmosphericBoundaryLayer, D.H. Lenschow, Ed.,Amer. Meteor.
Soc.,39-55,seealsoLenschow, D. H., 1972: Themeasurementof air velocity andtemperatureusingtheNCAR Buffalo aircraft
measuringsystem.NCAR Tech.Note/EDD-74,39pp.

9Kayton,M., andW.R.Fried,1997:AvionicsNavigationSystems.Wiley, New Yourk,N.Y., 773pp.
10Brown, E.N.,C.A. Friehe,andD.H. Lenschow, 1983:Theuseof pressure�uctuationson thenoseof anaircraftfor measuring

air motion.J. Clim. Appl. Meterol., 22,171-180.
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[Total temperaturesensors,1963. RosemountEngineeringCompany, Bulletin 7637]. Theseareplatinum
resistancewire probeswith a nominalresistanceof 50 ohmsat 0 Õ C. ”Total temperature”refersto thetem-
peraturemeasuredwhentheair is broughtto restwithout theremoval or additionof any heat.Thehousing
for theplatinumelementis designedto be in theairstreamandslow theair to achieve themaximumtem-
peraturerisedueto adiabaticheating.Thedegreeto whichasensormeasuresthetotal temperatureis called
the”recovery factor”. An idealsensorhasa recovery factorof 1.00.For theNCAR C-130probesit is 0.95.
For deicedtemperatureprobesthereis an additionalcorrectionof 0.2Õ C at sealevel dueto the deicing
heat.Total temperatureis relatively insensitive to locationon theaircraftaslong asit is outsidetheaircraft
boundarylayer11.

Sensorwetting in cloudsandprecipitationaffect temperaturesensoraccuracy. At timesthe sensoris
only partially wet so a correctionas depictedby a wet adiabaticprocessbecomesquestionable,and at
100 m/secthe differencecanbe asmuchas 2 Õ C betweenwet anddry bulb temperaturesin a saturated
environment.12. Anotherpotentialproblemin themarineboundarylayer is theaccumulationof seasalton
thesensorelement13.

Theaccuracy of theseprobesis betterthan0.5Õ C in cloudfreeair asdemonstratedby aircraftintercom-
parisonsandtower �y-by calibrations.An ”airspeedmaneuver” wheretheaircraftairspeedis variedover
therangeof researchairspeedswhile maintainingaltitudecanalsobeusedto estimateandverify theerrors
andcorrectionsdueto heatingeffects.Thefrequency responseis lessthan10Hz14. Correctionsfor dynamic
heatinganddeicingaredescribedin RAF Bulletin #9 , http://raf.atd.ucar.edu/Bulletins/bulletins.html

The location of the Rosemounttemperatureprobesis depictedin �gure 12. The deicedprobe(not
shown) is just outboardof theleft podunderneaththewing about10” from theleadingedge.

2) UFT

A speciallydesignedversionof theUltra FastThermometerUFT-F (Hamanet al., 1997)with two temper-
aturesensorswaspreparedfor DYCOMS II experiment. The UFT is a platinumresistancethermometer
shieldedfrom cloud dropsby an upstreamobstacleandstregthenedby a tungstencoating. An advantage
of the UFT-F is that it allows measurementsof temperatureat centimeterresolution(time constantabout
10�?Ö s,signalrecordedat1kHzandselectedsegmentsrecordedat10kHz).TheUFT-F wasoriginally to be
mountedunderthepodon theleft wing of NCAR C-130aircraft,closeto theFastFSSPandPVM probes;
dueto technicallimitationstheprobehadto bemovedto thetip of theleft wing, six metersfrom theother
fastprobes. This wing-tip locationcausedtroublesduring the experiment: intensive vibration (apparent
resonance)at ferrying speedsandaltitudesresultedin sensorfailures. Extensive datawasonly collected
duringRFO3andRF05,althoughlimited datais alsoavailableon someother�ights.

11Cooper, W.A., D. Rogers,1991:Effects of air�o w trajectoriesaroundaircraft on measurementsof scalar�ux es. J. Atmos.
OceanicTechnol.,8, 66-77.

12Lenschow, D.H., W.T. Pennell,1974. On the measurementof in-cloud andwet-bulb temperaturesfrom an aircraft. Mon.
WeatherRev., 102,447-454

13Friehe,C.A., 1986.Finescalemeasurements.ProbingTheAtmosphericBoundaryLayer, D.H. Lenschow, Ed.,Amer. Meteor
Soc.,29-38.

14Spyers-Duran,P. andD. Baumgardner, 1983: In �ight estimationof time responseof airbornetemperaturesensors.Preprints
Fifth Symp.OnMeteorological ObservationsandInstrumentation, Toronto,Amer. Meteor. Soc.,237-255.
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c. Watervapor

1) DEW POINT HYGROMETERS

Two GeneralEasternModel 1011Bhygrometersareroutinely�o wn on theNSF/NCARC-130for thepur-
poseof obtainingairbornemeasurementsof dew andfrost point temperatures.As statedby theinstrument
manufacturer, thesesensorsarecapableof measuringdew/frost pointsbetween-75Õ C and+50Õ C over a
wide rangeof temperatures,pressures,andairspeeds.

TheGeneralEasternhygrometersoperateonthechilled-mirrorprinciple.Underthismethod,amirror is
thermoelectricallycooleduntil it reachesa temperatureatwhichcondensationbeginsto form. Themirror is
thenheldat thattemperature,andthepresenceof condensationis sensedoptically. Thesignaloutputfrom
theinstrumentis avoltagecorrespondingto thetemperatureof themirror.

Theaccuracy of themeasurementsobtainedfrom theGeneralEasternhygrometersis a functionof the
dew point temperature.At a dew point temperatureof -75Õ C, the error in the measurementsis approxi-
mately+1.0Õ C. At a dew point temperatureof +50Õ C, the associatederror is approximately+0.25 Õ C.
The responsetime of the hygrometersis variableand is dependenton the dew point, the slew rate,and
the �o w rateandthicknesssettingsfor the sensor. At higherdew pointsandmoderatedepressions(with
depressiontakenasthetemperaturedifferencebetweenthemirror andthesensorbody),theresponsetime
is typically 1Õ C per second. At lower dew pointsand/orlarger depressions,the responsetime can - at
theupperlimit - be reducedto tensof minutes.Theseslower responsetimesat low dew point valuesare
alsopartly attributableto thereducedavailability of watermoleculesandtheresultingslow crystalgrowth
rate. The slower responseof the GeneralEasternhygrometersat lower dew pointshas,in fact,beenrou-
tinely observed by theRAF. Whenoperatedin regionsof theatmosphere(i.e., higheraltitudes)wherethe
ambienttemperatureis colderanddew point temperaturesarelower, thesignalsfrom theGeneralEastern
hygrometerson theC-130displayamuchslower responseandalsoexhibit markedoscillatorybehavior.

It hasbeenthe experienceof the RAF that mixing ratio valuesderived from the GeneralEasternhy-
grometerdatashow periodic”overshooting”andoffsettingfrom mixing ratio dataobtainedfrom theRAF
Lyman-alphahygrometers.This problemtypically occursin morehumidatmosphericenvironmentsandis
attributableto temporarysaturationof theGeneralEasternsensors.Thus,for thosecasesin whichtheC-130
is �ying in highhumidityenvironments,usersof RAF datasetsareadvisedto rely oncollectedLyman-alpha
datafor mixing ratio measurements.

2) FAST RESPONSE HYGROMETERS

Two Lyman-× probesa new laser-hygrometer(the tunablediode laser, TDL) andchilled mirror devices
wereusedto estimatewater-vapor mixing ratios. OneLyman-× was a cross-�ow instrumentthat had a
slightly slower response,but performedbetterin cloud,bothLyman-× probeswerecalibratedon the�y by
slaving themon long-timescalesto the chilled mirror dew point hygrometers.Initial examinationsof the
dataindicatedthatthecross-�ow instrumentperformedmorereliably. TheTDL is anopenpathinstrument
that scansa water-vapor spectralline near1.37 j m [R. May, JGR,Vol 103, 19,161-19,172,1998]. Test
�ights indicatedthatit performedbetterthantheLyman-× probesin cloud,althoughits performanceis still
beingevaluated.While in thepasttheTDL hasbeensampledat1 s �dc , for DYCOMS-II it sampledthe�o w
atavarietyof rates,at timesmakinganindependentmeasurementevery128ms.

d. Tracegasmeasurements(CO
�

, CO,OS , DMS)

To measurein situ CO
�

, a commercialnon-dispersive infraredanalyzerwasmodi�ed to implementtem-
peratureandpressurecontrolafterthemannerof Boering,et al. [GRL, 21,2567-2570,1994]. Becausethe
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NCAR instrumentwasdevelopedfor troposphericmeasurements,waterwasremovedfrom ambientsamples
usinga Na�on dryeranda MgClO

Ö

desiccanttrap. The instrumenthada precisionof 0.1 ppbv for a 10s
averagingtimeandanaccuracy of ØÙ—*+ÄÚ ppbv.

CO was measuredusinga commerciallyavailable instrumentbasedon the principle of vacuumUV
resonance�uorescence,aspublishedby Gerbig,et al. [JGR,Vol. 104, No. D1, 1699-1704,1999]. The
instrumenthada3 ppbv detectionlimit, for a0.06saveragingtime,with anaccuracy of +/- 3 ppbv.

Two methodswereutilized to measureozone. The �rst wasbasedon UV absorption,andhada 0.1
Hz samplerate and a 1 ppbv detectionlimit. A fast-responseinstrumentwas also deployed, using the
chemiluminescentreactionwith NO to quantifyozone.This instrumentexhibiteda3 Hz frequency response
anda0.2ppbv detectionlimit.

Atmosphericpressureionizationmassspectrometry(APIMS) wasusedto measureDMS. In this imple-
mentationof APIMS, the reagention H3O+ is formedfrom primary ions from ionizationof nitrogenand
watervapor(H2O) by a nickel-63betaemission.Themonitoredion is DMSH+, which is formedfrom the
reactionsof DMS with H3O+. Our useof APIMS includesthecontinuousadditionof high isotopicpurity
d3-DMSasaninternalstandard.This resultsin high precisionof themeasurementsandalsoallows unam-
biguousdeterminationof thesensitivity of thetechniqueasatmosphericconditionsvary. DuringDYCOMS
II the DMS measurementsweremadeby samplingfor ambientDMS for 20 millisecondsfollowed by 20
millisecondsof theDMS standardto yield a netsamplingrateof 25 Hz (samples/sec).Thedetectionlimit
is estimatedto be1 pptv for a1 secondintegration.

e. Particle Inlets

Inside the cabin of the cabinof the C-130 was a wide variety of instrumentationfor measuringaerosol
particlesin real time andfor collectingparticlesfor lateranalyses.Four inletswereusedto bring ambient
air samplesinsidethe cabin for particlemeasurements:LTI, SDI, CVI, andCN-cone. The LTI andSDI
wereoperatediso-kinetically(velocity at theinlet tip matchedtheairspeed)sothatambientconcentrations
of largeparticles( •m‘¼j m) arepreserved.

TheLow TurbulenceInlet (LTI) providedsampleair to streaker andimpactorinstruments.TheLTI uses
boundarylayer suctionin the inlet tip to reducethe lossof large particlesby turbulence. As a result,the
concentrationof large particlesis enhancedin the core�o w. LTI �o ws werecontrolledautomaticallyto
maintainisokineticsamplingat theinlet tip andto reduceturbulencein thediffuserinlet.

TheSolid DiffuserInlet (SDI) providedair for CCN, OPCandCN measurements,independentof the
LTI. The SDI is a conicaldiffuserthat deceleratesthe �o w from 110 m s �dc to 4 m s�dc . Flow ratesfor
isokineticsamplingwith the SDI werecalculatedover a rangeof airspeedstypical for the C-130. Flow
demandsof theinstrumentswerenormally�x ed,andisokineticsamplingwasachievedfor airspeeds113m
s�dc . Non-isokineticsamplingoccurredwhentheaircraftspeedwasdifferentfrom thisor duringoccasional
interruptionsfor changingsamplemediaor servicinginstruments.

f. AerosolParticle Collections

Aerosol particlesampleswerecollectedfrom the LTI, SDI, and CVI. Someparticleswerecollectedon
Nucleopore�lter substrate,while othersweresimultaneouslyimpactedon electronmicroscopegrids. The
particlesampleswereanalyzedfor physico-chemicalpropertiesby scanningandtransmissionelectronmi-
croscopy (SEMandTEM, respectively) andelementalsingleparticleanalysismethods15

15SeeAnderson,J.R.,P.R. BuseckandR. Arimoto, 1996: Characterizationof the BermudaAerosolby combinedindividual-
particleandbulk-aerosolanalysis,Atmos.Environ.,30,319-338,andTwohy, C.H. andB.W. Gandrud,1998:Electronmicroscope
analysisof residualparticlesfrom aircraftcontrails,Geophys.Res.Lett.,25,1359-1362.
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High volume air �o w from the SDI fed a three-stagevirtual impactorin which the concentrationof
particleswasincreasedby a factor23 into sequentiallysmaller�o ws. The�nal highly concentratedsample
wascollectedon stretchedte�on �lters. This techniqueproducessuf�cient massfor sensitive analysesin
a relatively short time. Thesete�on �lter samplesof submicronparticlesandsomeCVI droplet residue
particleswereanalyzedfor organicandinorganicfunctionalgroupsby FourierTransformInfrared(FTIR)
spectroscopy16 andfor elementalanalysisby X-ray Fluorescence(XRF).

g. MicrophysicalandParticle Instrumentation

1) L IQUID WATER PROBES

A greatvarietyof probeswere�o wn for estimatingpropertiesof particles(includingclouddroplets)in the
STBL. To estimatebulk propertiesof the cloud layer, suchasliquid water two PMS-King Probes,anda
PVM-100A wereavailable. The King-probeis basedon a hot wire techniquewhich measuresthe liquid
waterconcentrationin therangeof 0.05-3g m �

S ; it samplesavolumeof 4000cmS s�dc at10Hz. ThePVM-
100A is a very high rateinstrumentwhich usesa light scatteringtechniqueto estimateintegrateddroplet
distribution volumeandsurfaceareafor dropslargerthan Úƒj m diameter. This instrumentsamplesavolume
of 300cmS s�dc at a rateof up to 1000samplespersecond.During �ights RF01andRF02thePVM-100A
sampledthe�o w ata rateof 250sps,on subsequent�ights it sampledat1000samplespersecond.

A complementaryinstrument,the Cloud IntegratingNephelometer(CIN) measuresin situ the optical
scatteringcoef�cient of cloud particleswith sizesover a rangeof about5 to 2000 j m in diameter. Its
samplevolumeis 0.3 mS s�dc anddatais sampledat a rateof up to 250samplespersecond.Its sensitivity
to a wide sizerangeof particlescoverstheindividual sizerangesof othermicrophysicsprobesusedon the
C-130,suchastheSPP-100dropletprobeandthe260X drizzleprobe,makingit possibleto performdata
consistency checksthatmayenhancedataaccuracy.

2) OPTICAL PARTICLE PROBES

To estimatethe distribution of particlesat a given sizea numberof techniquesandprobeswereusedas
outlined in Table6. The probesoperatedusingoneof several basicprinciples,single-particlescattering
(sps)or shadowing of light. The scatteringof the SPP-100andFast-FSSPis calibratedassumingwater
scatterers.theSPP-200andSPP-300arecalibratedusingbeadswith a refractive index of 1.59. TheSPP
family of probesis derived from earlierversionsfrom ParticleMeasuringSystems(PMS),with upgraded
electronicsfrom DropletMeasurementTechnologies.

3) RDMA:

TheRadialDifferentialMobility Analyzer(RDMA) measuresthesizedistributionandconcentrationof par-
ticlesin thesizerange8-130nmdiameter.17 Thetechniqueis to putelectricalchargeonparticlesin thesam-
ple air andthento passthesamplethrougha smallchamberthathasa continuous�o w of dry, particle-free
sheathair. The�o wsof sampleandsheath�o w arepreciselycontrolledat8.3and83cmS s�dc , respectively.
Narrow sizesegmentsof theparticlesareextractedby imposinganelectrical�eld perpendicularto theair
�o w, and theseparticlesarepassedto a CN counter. Every threeminutes,the voltagecycles througha

16Allen, D.T., E.J.Palen,M.I. Haimov, S.V. Hering,andJ.R.Young,1994: Fourier-transforminfrared-spectroscopy of aerosol
collectedin a low-pressureimpactor(LPI/FTIR) - Methoddevelopmentand�eld calibration,AerosolSci.Technol.,21,325-342

17For moreinformationon theRDMA technique,seeRussell,L.M., S-H.Zhang,R.C.Flagan,J.H.Seinfeld,M.R. Stolzenburg,
R. Caldow, 1996: Radially classi�ed aerosoldetectorfor aircraft-basedsubmicronaerosolmeasurements.J. Atmos. Oceanic
Techn.,13,598-609
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Table6: Instrumentsfor in-situmeasurementsof cloudandaerosolparticlesizedistributions.

Instrument Range SampleVolume Principle Feature Operator
[ j m] [cm �

S s�dc ]
SPP-200 0.1- 3 1 sps 10Hz,30 ch RAF
SPP-300 0.3- 30 7 sps 10Hz,30 ch RAF
SPP-100 2 - 47 50 sps-water 10Hz,40 ch RAF
Fast-FSSP 5 - 44 50 sps-water asynchronous255ch Brenguier
PMS-260X 10- 640 4000 shadow 10Hz,60 ch RAF
PMS-2DC 25- 800 5000 shadow 10Hz,32 ch RAF

smoothexponentialcurve from 0v to -5000vandbackto 0v. The time historiesof particlecounts,volt-
ages,and�o wsarenumericallyinvertedto generateup-scananddown-scansizedistributionmeasurements,

�!Û

8

�•ÜšÝƒÞ•ß

… versusdiameter
ß

… , in sixty-two bins. Sizecalibrationsweredonewith 80nmmonodisperse
polystyrenelatex spheres.Sampleair for theRDMA camefrom thestarboardsidesolid-diffuserinlet. The
RDMA performedwell during all of the DYCOMS-II �ights. A new bulk cloud watercollectionsystem
jointly developedat ColoradoStateUniversity (CSU) andthe NationalCenterfor AtmosphericResearch
(NCAR) wasmountedon thestarboardinstrumentationpod(Fig. 12). It providedbulk cloudwatersamples
for chemicalcharacterizationandcloudprocessingstudies.

4) CCN AND CN INSTRUMENTS

Two Wyoming CCN counters(WyoCCN) were�o wn during DYCOMS-II. WyoCCN is a static thermal-
gradientdiffusionchamber, takinga grabsampleevery 30s.Both, thetop plateandthebottomplateof the
chamber, arecoveredwith water-saturatedblotterpaper. A temperaturecontrollerregulatesthedifferential
temperaturebetweenthe plates,thus creatinga supersaturationin the centerof the chamber. Particles
with critical supersaturationlessthanthecontrolledsupersaturationactivateandgrow to thesizeof cloud
droplets.Theseareilluminatedby a laserandthescatteredlight intensityis recorded18. Both instruments
measuredCCN numberconcentrationat supersaturationsof 0.2%,0.4%,0.8%,and1.6%. In addition,two
continuous�o w CN counters(TSI 3010andTSI 3760) 19 measuredthe concentrationof particleslarger
than —*+Ð—@‘Hjdà .

5) CLOUD WATER COLLECTOR:

Thecloudwatercollectionsystememploysanaxial-�ow cyclonetoseparateclouddropletsfromtheambient
air stream.At �ight speeds(110ms�dc ), rampressuredrivesair andclouddropletsinto the6 cm diameter
inlet of theaxial-�ow cyclone. A stationarycurved vaneassemblyredirectsthe incomingaxially-directed
�o w to producea rapidly rotating�o w �eld. In this �o w, centrifugalforce rapidly movesentrainedcloud
dropletsto the wall of the collector. Accumulatedcloud water is drawn off the wall of the collectorand
directedto a samplestoragesystemconsistingof sevenstoragebottlesthatare�lled sequentiallyduringa
�ight. Theentirecloudwatercollectionsystemis housedin aParticleMeasurementSystem(PMS)canister
andis operatedwith a LabVIEW-basedcontrolanddataacquisitionsystem.

18For a detaileddescriptionof the WyoCCN instrumentseeDeleneandDeschler, 2000: Calibrationof a photometriccloud
condensationnucleuscounterdesignedfor deploymentona baloonpackage,J. Atmos.OceanicTechno.,17,459-467

19TSI 3010wasoperatedby theUniversityof Wyoming;TSI 3760wasoperatedby NCAR
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A computational�uid dynamics(CFD) analysisof theaxial-�ow cycloneprovideda predictionof col-
lectorperformance,andindicateda 50%cut diameterof approximately8 micronswhenoperatedat 115m
s�dc . Overthecourseof theproject54sampleswereobtained.SamplepH wasmeasuredonsiteimmediately
following each�ight, andthecloudwaterfrom eachsampleperiodwaspreservedonsitefor post-campaign
analysisat CSU. Concentrationsof major ions (Cl-, NO3-, SO42-,Na+, NH4+, K+, Ca2+and Mg2+),
peroxide,formaldehyde,S(IV), andtracemetalshave beenmeasured.Preliminaryanalysisindicatesthat
sodiumandchloridewere the two mostabundantions in every DYCOMS-II sample,accountingfor ap-
proximately2/3of total ionsin solution.Ratiosof chloride,potassium,magnesium,andcalciumto sodium
show thatthesespecieswerepresentin proportionssimilar to thosefoundin seawater. Sulfate,nitrate,and
ammoniumhadratiosthatwerehigherthanwhatwouldbeexpectedin seawater, indicatingthattherewere
additionalsourcesfor thesespeciesin theremotemarineenvironment.

6) COUNTERFLOW V IRTUAL IMPACCTOR (CVI):

Thecounter�ow virtual impactor(CVI)20 hasbeenutilized both in theair andon thegroundin studiesof
aerosol/cloudinteractions,cloudphysics,andclimate.For DYCOMS,it wasusedto comparepropertiesof
materialwithin dropletsto propertiesof ambientaerosolparticlesin orderto studywhichparticlesnucleate
cloudsand how cloudsprocessparticles. At the CVI inlet tip, cloud dropletslarger than about8 mm
aerodynamicdiameterwereseparatedfrom theinterstitialaerosolandimpactedinto dry nitrogengas.This
separationis possiblevia a counter�ow streamof nitrogenout theCVI tip, which assuresthatonly cloud
droplets(with more inertia) aresampled. The watervaporandnon-volatile residualparticlesremaining
afterdropletevaporationaresampleddownstreamof theinlet with selectedinstruments.In DYCOMS,these
includedaCN counterandopticalparticlecounterto measureresidualparticlenumberandsizedistribution,
electronmicroscopesamplesfor singleparticlechemicalanalysis,�lters for FTIR/XRFanalysisof organic
functionalgroupsandelements,andaLyman-alphahygrometerfor liquid watercontent.

h. RemoteSensors

1) WYOMING CLOUD RADAR (WCR):

TheWCR21 wasoperatedwith adualantennaarrangement,oneantennapointingverticallydown (thenadir
beam),theotherat a 38 degreebackwardslantin theplanede�ned by theaircraftaxisandthenadirbeam.
The two antennaswere usedin a rapidly interleaved fashion. Dataso obtainedwill yield dual-Doppler
analyses.Theradarwasoperatedduringall �ights. Theradarlegs(RL in Table3) �o wn not farabovecloud
top yieldedfull coveragefrom theoceansurfaceto thetop of thecloud. Flight segmentsin andbelow the
cloud layerprovided partial views. Flight segmentsat altitudes ••á km yieldedpoor databecauseof the
lossin sensitivity with distanceto thetarget.

TheWCR spatialresolutionis 30 m but thesampling/recordingwasdonewith 15 m spacing.Themin-
imum detectablesignal(with high signalto noiseratio) at 300m distanceto thetargetwasabout-26 dBZ.
This sensitivity wassuf�cient to yield measurementseven in the mosttenuousof the cloudsencountered
duringDYCOMS.

TheWCRrecordeddatain over90% of thetotal �ight times.In two �ights (RF06andRF09),the�ight
planwasdesignedto givemaximumtemporalresolutionin repeatedsamplingof thesamecloudvolume.

20Noone,K.J., Ogren,J.A., Heintzenberg, J., Charlson,R.J.andD.S. Covert, Designandcalibrationof a counter�ow virtual
impactorfor samplingof atmosphericfog andclouddroplets,Aer. Sci. Technol.,8, 235-244,1988;Twohy, C.H.,Schanot,A.J.and
W.A. Cooper, Measurementof condensedwatercontentin liquid andice cloudsusinganairbornecounter�ow virtual impactor, J.
Atmos.OceanicTechnol.,14,197-202,1997.

21For moreinfo seehttp://www-das.uwyo.edu/wcr
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2) SABL (SCANNING AEROSOL BACKSCATTER L IDAR)

SABL isanelasticback-scatterlidar thatwasusedtomapatmosphericback-scatterandcloudedgestructure.
The lidar hasa Nd:YAG laserasthesourceoperatingat 20 Hz andat two wavelengths:1064nm and532
nm. SABL is mountedin an NCAR/RAF instrumentationpod on the left wing andis capableof looking
verticallyeitherup or down. Thereturnsignalsfrom bothwavelengthsaredigitizedwith a12-bit digitizers
at ratesup to 40MHz. Cloud-topheightis obtainedfrom the remotesensing�ight legs whenthe aircraft
wasmorethan200m from thecloud.Eventhoughthedetectorsaresaturatedby thecloudreturnfrom close
range,therangeto thecloud-topor cloud-bottomcanstill beextractedfrom thereturnsignal.Figure14 is
plot of cloud-topheightvs timefrom RF03duringaremotesensingleg of the�ight. Cloud-topinformation
is obtainedfrom individualpro�les sothehorizontalspacingbetweenpro�les is approximately5 m. The40
MHz digitizationrategivesa verticalresolutionof 3.75m.

Figure14: Cloudtopderivedfrom SABL onRF04

3) MULTICHANNEL CLOUD RADIOMETER (MCR):

TheMCR is aseven-channelradiometerthatscansbetweenØ 45degreesaboutthe�ight trackwith amirror
scanrateof 3.47revolutions/s.Datafrom eachchannelis simultaneouslysampledwith an overall rateof
5000sps.Eachactive scanyields360samples(pixels),with pixel sizesdependingon heightabove target;
swathswidths are roughly twice the distanceto the target. Sincethe scanningis continuous,the MCR
producesa spectrallyresolved image(seefor instanceFig. 15) of featuresbelow the aircraft, including
cloudtops,terrain,vegetation,packice,etc.Channel7 (Table7) is in theinfraredandwashopedto provide
nocturnalimagingof thecloudlayer, however thischanneldid not functionproperlyandimagesarelimited
to thedaytime,andthusonly theearlymorningperiodsat theendof nocturnal�ights areavailable.

4) PYROMETERS:

Two EG&G HeimannOptoelectronicsradiationpyrometersareroutinelydeployed on theNSF/NCARC-
130for thepurposeof obtainingairbornesurfacetemperaturemeasurements.TheRAF usesHeimannmodel
KT 19.85pyrometers(seespeci�cationsin Table8, whichoperatein thespectralrangeof 9.6-11.5j m. The
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Figure15: MCR Channel4, from RF02

latteris aportionof theelectromagneticspectrumin whichatmospherictransmissionis high. Consequently,
theKT 19.85pyrometersare,for themostpart,well suitedfor makingsurfacetemperaturemeasurements
on boardresearchaircraft. Certainenvironmentaleffectscandegradetheaccuracy of surfacetemperature
measurementsobtainedfrom Heimannpyrometers�o wn on aircraft. Speci�cally, potentialerrorscanbe
introducedinto surfacetemperaturemeasurementsobtainedusingthesepyrometersby: 1) non-unityemit-
tanceandnon-zerore�ectanceof thegroundor seasurfacebeingstudied;2) theemissionof infrared(IR)
radiationby watervaporin theatmosphericlayerbetweenthepyrometerandthesurface. Additional dis-
cussionof thesetwo phenomenaandon theHeimannKT 19.85pyrometersin generalcanbefoundin RAF
Bulletin Number25,PassiveBroadbandandSpectralRadiometricMeasurementsAvailableonNSF/NCAR
ResearchAircraft, which is availableon-lineat http://raf.atd.ucar.edu/Bulletins/bulletin25.html.

Calibrationof the Heimannpyrometersis carriedout periodically in the RAF calibrationlaboratory

Table7: Speci�cationsfor MCR.

Channel â [ j m] N{â7ã�ä{å•æ [ j m] Application
1 0.640 0.063 ç andcloudmapping
2 0.761 0.001
3 0.763 0.001
4 1.06 0.07 èPé

5 1.64 0.05 phase
6 2.16 0.08 phaseandparticlesize
7 10.9 0.9 Not operating
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Table8: Speci�cationsfor HeimannKT 19.85Pyrometer.

Passband: 9.6–11.5j m
Range: -50–400Õ C
Resolution: C1‘sÕ C (dependingon surfacetemperature)
ResponseTime: 0.3s (adjustable)
Fieldof View: 2Õ

usinganEppley Laboratories,Inc. InfraredBlackbodySourceModelBB16T. Thisblackbodytargetdisplays
a temperatureaccuracy and uniformity of 0.1Õ C over a temperaturerangeof 10 to +60Õ C and hasan
emissivity of 0.995.

5) SATELLITES:

Varioussatellitedatawhichwascollectedaspartof thestudyis tabulatedin Table9.

Table9: Satellitedatasets.

Platform SensorTypes DataTypes
GOES ImagerandSounder Binary dataandimages
NOAA AVHRR,AMSU,HIRS,SSU,MSU Binary dataandimages
DMSP SSM/I andVisible/InfraredSensor Binary dataandimages
QuikSCAT Scatterometer Binary data
ERS-1 Scatterometer Images
TRMM Microwave Imager Binary data
Terra MODIS Binary data
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