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ABSTRACT

The secondDynamicsand Chemistryof Marine StratocumulugDYCOMS-I11) eld studyis described.
The eld programconsistedf nine ights in marinestratocumulu$Vest-Southwesif SanDiego California.
The objective of the programwasto betterunderstandhe physicsand dynamicsof marinestratocumulus.
Towardthis endspecial ight stratgies,including predominantlynocturnal ights, wereemployed to opti-
mizeestimate®f entrainmentelocitiesat cloudtop, large-scalalivergencewithin theboundaryayer, driz-
zle processe#n the cloud, cloud microstructure and aerosol-cloudnteractions. Cloud conditionsduring
DYCOMS-II wereexcellentwith almostevery ight having uniformly overcastloudstoppingawell-mixed
boundarylayer Althoughtheemphasi®f the manuscripis onthegoalsandmethodologie®f DYCOMS-
II, somepreliminary ndings arealsopresented— themostsigni cant beingthatthe cloudlayersappeato
entrainlessanddrizzle morethanprevioustheoreticawork led investigatordo expect.
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The stratocumulugoppedboundarylayer (hereafterthe STBL), which prevails in the subtropicsin
regions wherethe underlyingoceanis much colder than the overlying atmosphereis thoughtto be an
importantcomponendf the climatesystem.Perhapsnoststriking is its impacton the radiatve balanceat
the top of the atmosphere.The seasonallyaveragednet cloud radiative forcing from the STBL hasbeen
estimatedo beaslargeas70 Wm  (Stephensand Greenvald, 1991), morethanan orderof magnitude
largerthantheradiative forcing associateavith adoublingof atmospheri€€O . Thismeanghatevenrather
subtlesensitvities of the STBL to changes$n the propertieof theatmospheri@aerosolcf., Twomey, 1974;
Albrecht,1989;Brenguieret al., 2000b),or the large-scalesrvironment(RodwellandHoskins,2001),can
still projectsigni cantly ontothe overall radiatve budget.In addition,theeffect of the STBL onthesurface
enegy budgetandthusthe overall climatologyof thetropicsis alsothoughtto be signi cant (cf., Mechoso
etal., 1995;Maetal., 1996;Philanderet al., 1996). However, attemptdo quantifythese andother effects
arefrustratedby ourinability to quantify let aloneunderstandkey elementf stratocumuluphysics.

Two questionsstandout: First, how ef ciently do stratocumulugntrain(incorporatethroughturbulent
mixing) air from the warm, dry, quasi-laminarfree troposphereinto the cool, moist, turbulent boundary
layer? Secondhow importantis drizzle? Thetwo processeare,of courseyelated.Both actdirectly to re-
ducetheamountof waterin thecloudlayer, andindirectly to modify the heatbudget,therebyimpactingthe
dynamics.Moreover, becausdarizzleis thoughtto suppresentrainmen{Stevensetal., 1998),andbecause
entrainmenis thoughtto suppressirizzle,therelatve interplaybetweerthe processemaybe subtle which
couldmake themdif cult to untangle Nonethelessecentadwancesn obserationaltechnologyhave intro-
ducednew possibilitiesfor understandingntrainmentdrizzle,theirinterplay andexternalprocessegsuch
asfactorsregulating cloud microstructure and cloud-aerosolnteractions)which may regulatethis inter-
play. This combinationof re ned theoreticaljuestionsandadwancesn obserationaltechnologieshelped
to motivatearecenteld programDPYCOMS-II (DynamicsandChemistryof Marine Stratocumulusyvhich
this paperaimsto describe.

Entrainment

To helponeunderstanavhy entrainments soimportantit helpsto think in termsof the mixedlayertheory
of Lilly (1968),whereinthe STBL is identi ed asa distinctlayer of the atmospherevhosepropertiesare
largely determinedby exchangeswith the underlyingsurface on the one hand, and dilution throughthe
incorporationof air from thefree-tropospheré.e., entrainmentpn the other The entrainmenvelocity,
canbede ned in termsof anequatiorfor thedepth, of theSTBL:

— (1)

where isthelarge-scaleverticalvelocity evaluatedat Onecanthink of  asthediabaticgrowth rate
of the layer It essentiallyquanti es the dilution rate of the STBL andthusis critical in determiningits
overall state.

Interestin entrainmenis not only motivatedby its importanceto the stateof the STBL, but also by
the extent to which previous work hasbeenunableto constrainit. Indeedmuch recentwork hasbeen
devotedtoward articulatinganentrainmentule, which giventhe meanstateandthe forcing would produce
anestimateof  Most of this work hasbeenbasedon large-eddysimulation. It has,in part, beenspurred
on by the startlingresultsof Moengandco authors(1996),which shav how simulationsof the samecase
by differentgroupsdiffer by nearlyanorderof magnitudan their predictionof the mixing (or entrainment)
rate acrosscloud top. Suchdifferenceshave subsequentiypeenshavn to be dueto a variety of factors,
most notably variability in the treatmentof physicalprocessesuchas radiationand condensation.But
numericalissuesarealsoimportant,Stevenset al. (1999)shav thatinsufcient resolutionof the radiatve
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coolingin thevicinity of thecloudtop interfaceleadsto systematidbiasesn estimate®f entrainmentMore
uni ed treatmentof physicalprocessebave helpedreducethe discrepancieamongmodels,but (perhaps
becausef poorly understoochumericalsensitvities) signi cant differencegersist. In a surey of recent
work Stevens(2002) shavs that differententrainmentules derved from state-of-the-arsimulationscan
still differ by morethana factorof two. Moreover, whentheseparameterizationareincorporatednto a
mixed-layemodel,theequilibriumsolutionsfor typical climatologicalconditionshave equilibriumsensible
andlatentheat ux esthatvary by asmuchas40Wm  andcloudliquid waterpathsthatvary by factorsof
two or more. With this degreeof discord,onemightthink thatobserationscouldusefullyarbitratedisputes
posedby models.However, estimatingentrainmenfrom realdatahasalsoprovento be challenging.
Fundamentallyherearetwo differenttechniquedor inferring  from data,we call thesethedivergence
andtracermethodrespectiely. Thedivergencemethodevaluates from (1) as:

— (2)

where is the divergenceof the horizontalwind. The tracermethodevaluates
from the budgetof trace-constituent&enotedby ) acrossthe cloudtop interfacial layer If this layeris
sufciently thin, andif sourceof arenotimportantover thisregion,thebudgetrequireghat

— 3)

where istheturbulent ux justbelow thetop of thecloudlayer Thetermin thedenominatgroften
referredio asthejumpanddenoted  measurethechangean the constituenamountacrosghetop of the
STBL. Notethatthe numberof independenéstimatef  which canbe deducedrom the tracermethod
is only limited by onesability to identify andmeasurdracers, with suitablepropertiesj.e., well de ned

jumpsandnegligible interfacial sourcesMoreover, because  canbeestimatedndependentlyn two
ways(eitherdirectly via eddy-correlationor asa residualof the budgetof overthe STBL asawhole),to

the extentthatthe numeratoiin (3) is the sourceof uncertaintyin theestimateof = onecanestimate in

two independenivaysfor eachtracer

In the pastit hasnotbeenpossibleto estimate from ight datain the STBL, andsoinvestigatorsvho
have tried to usethe divergencemethodj.e., (2), for estimating have beenforcedto rely onforecasimod-
elsfor estimateof  (e.g.,Brethertonetal., 1995; De Roodeand Duynkerke, 1997). As a consequence
mostprevious estimateof have beenbasedon anapplicationof the tracermethod.For instanceduring
DYCOMS-I (Lenscha etal., 1988)entrainmentvasestimatedn the basisof fastresponseneasurements
of O andH O (Kawa andPearson1989). Likewise, in his studiesof stratocumulu®ver the North Sea
Nicholls (1984)estimated basedon the waterbudget. Subsequensgtudies,(e.g.,Brethertonet al., 1995;
De RoodeandDuynkerke, 1997)have madesimilar estimateseitherbasecon measurementsf O or water
vapor Despitethe growing literature,previous obserationshave not provided particularly strongbounds
on Onereasoris thatneitherH O norO areidealtracersfor estimatingentrainmentsothatestimates
basednanapplicationof thetracermethodusingthesevariablegendto have relatively large uncertainties.
Anotherreasoris thatalmostall obserationalestimate®f entrainmenhave beenfor daytime whenthera-
diative forcing of theboundarylayeris dif cult to measureandchangegonsiderablyvith time. In contrast,
all of thetheoreticawork appliesto nighttime,which eliminateshesecomplications.

DYCOMS-II addressetheseissuedy samplingthe cloudspredominantlyat night, andby attempting
to estimate usingboththe divergenceandtracermethods.In additionto betterconstraininghe forcing,
nighttimemeasurementsliminatesolarforcing (whichis dif cult to measuregandthusfacilitatesestimates
of the heatbudget. Becausethe evolution of cloud basecouplesthe heatand moisturebudgetsof the



layer, simply trackingthe evolution of cloud baseduringthe night greatlyconstrainghesebudgetsthereby
constrainingheator moisturebudgetbasedestimate®f entrainmentsing(3).

During DYCOMS-II, tracerbasedestimatef werealsobasedon measurementsf two additional
passie tracers DMS (CH SCH or dimethylsul de) andOzone(O ). In thesecaseghe numeratoiin (3)
wasestimatedonly from eddy correlationmeasurementss budgetresidualestimatesvere moredif cult
to malke. Theuseof DMS in thisregardis novel. Because¢heonly knowvn sourceof DMS is atthe surface,
andbecausds lifetime (afew days)is too shortto leadto appreciableoncentrations thefreeatmosphere
but is long comparedo 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 andO can
vary signi cantly above the boundarylayer, leadingto large uncertaintiesn estimate®f the jumps,which
frustratesthe useof (3) to estimate  IndeedO sometimedasjumpsthat changesign acrossthe study
area(e.g.,KawaandPearson1989),therebymakingtherelation(3) ill de ned. Anotherlimitationof H O
is thatit is partitionedinto two phasesn the cloudlayer, this malesit dif cult to measurentheonehand,
andintroducegyravitational ux esoutof air parcelg(drizzle),which behae in a non-conserative manner
on the otherhand. DYCOMS-II hopedto at leastovercomethe measuremendif culties of H O in the
cloudthroughthe useof a new, high-rate,laserhygrometer(the TDL, or tunablediodelaser May, 1998)
capableof makingvery precisemeasurementsf watervaporin cloud. Althoughin principleDMS hasmore
potentialasa meandor estimatingentrainmenttheideawasnotto supplantheothertracerbasedmethods
of estimating  but ratherto supplementhemwith an additionaltracerbasedmethodof comparableor
greateraccurag.

DYCOMS-II alsowasdesignedaroundthe possibility of estimating usingthe divergencemethod.
To do so requiresa meansfor estimating andthe evolution of  Technologicaladvancementsvhich
male this feasibleinclude the developmentof the ScanningAerosol Back-scatteiLidar (SABL) andthe
GPS-correctesvind elds. The SABL givesprecisemeasurementsf cloud-topheightwhen ying above
cloud. GPScorrectionsto the gust-probeplus inertial referencesystemestimatesof the wind motivate
estimate®f Dby integratingthe tracknormalcomponentf thelateralvelocity eld arounda closed ight
track (Lenschav, 1996;Lenschav etal., 1999). The meanvertical velocity at the STBL top may thenbe
estimateds In addition,proxy datafrom forecasimodels andestimate®f directly from remotely
sensedvind elds (e.g., SeaWhds, Liu, 2002), and the tracking of layersin compositesoundingsfrom
dropsondesall provide additionalconstraintsand boundson the method,therebyincreasingour ability to
evaluate from (2).

One last technologicaldevelopmentwhich motivateda new obserational attack on the entrainment
problemwastheavailability of theNSF/NCARC130.Its long-rangdacilitatesmoreextensve samplingof
moreremotedayers andits large-payloadnableshedelivery of agreaterangeof scienti ¢ instrumentation
tothetametarea.

The Flights

The eld programtook placein July 2001. Remotelysensediata,forecastmodeloutput,and otherdata
of opportunitywerecollectedandarchived for the entiremonth,andresearchights took placefrom July
7, 2001 throughJuly 28, 2001. Flight operationsvere basedout of North Island Naval Air Station,just
acrosghe bayfrom SanDiego. Thetamgetareawasapproximatelyonehourwestsouthwesbf SanDiego
asillustratedin Fig. 1. The eld programconsistedof seven entrainmentesearchights andtwo radar
researchights.

Theentrainmentights weredesignedollowing atemplateillustratedwith the aid of Fig. 2. Although
nosingle ight followedthis schemati@xactly, its essentiatlementsvereincorporatednto every entrain-
ment ight. Theseelementdncludedcirclesto estimatedivergencesand ux esconcurrently(seealsothe
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Figure 1: DYCOMS-II target areasuperimposean TMI derived SSTsfor the experimentalperiod [the TRMM

(TropicalRainfall Measuremern¥ission) Microwave Imager(TMI), seeghroughnonprecipitatingclouddecks].The
plannedtarget area(for which forecastdatais archived) is shavn by the rectangle. The actualtarget area,where
90-95%o0f the measuremente/ere made(excluding ferries)is shovn by the rhomboid. Flight track RF07is also
overlaid to illustrate a typical entrainmentight pattern. Openboxesare approximatdocationsof previous ights

duringDYCOMS-| andeightof thetenFIRE ights. Thelocationof the TanneBanksBuoy is alsonoted.



ight trackin Fig. 1) andlong legs to reducesamplingerrorsin ux esand other higherorder statistics.
The stackingof theselegs canallow betterestimatesf cloud-topor surface ux es. In addition, frequent
pro ling of thelayerfacilitatedevaluationof the layerevolution. Lastly, thelonglegsabove cloudallowed
ampletime for remotesamplingof thelayer
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Figure2: DYCOMS-II Flight Stratggy. Symbolsin bottom panelrefer to total water mixing ratio,  its change
acrosscloudtop, liquid waterpotentialtemperature its changeacrosscloudtop, andliquid watermixing
ratio

Experimentatonditionsduring DY COMS-II wereexcellent. The uniformity andextentof cloud cover
were unprecedentedeven for stratocumulusxperiments. An exampleof the morning satelliteimagery
for RFOlis givenin Fig. 3 — if arything the arealextentof the cloud layer waslesson this ight than
on subsequentghts. We attribute the favorable conditionsto two factors: First, seven of nine research

ights werenocturnal,andsatelliteimagesoften shaved thatdaytimegapsin the cloudlayertendedto |l



duringthe early evening— well beforeour usualtake-off time of around11:15pmlocaltime. Secondthe
synopticervironmentwas more conducve to well-formed stratocumulughanusual. In pastexperiments
it hasbeencustomaryto rank casespasedon uniformity of cloud cover. For instanceduring DYCOMS-
| Lenschav et al. (1988) developeda seven point scalefor rating cloud cover, with one denotingsolid,
unbrolen stratus,two nearsolid, with occasionabreaksandthreeto sesen denaotingincreasinglybroken
or morevariableboundarylayers. Although DY COMS-| experiencedyenerallymoreideal conditionsthan
subsequentrge experimentge.g.,Albrechtetal., 1988,1995)only oneof the DYCOMS-I ights rateda
oneontheLenschav scalewith threeother ights ratingatwo. In contrasteightof the nine DYCOMS-II
ights ratedaone.ThelonedeviantwasRF02which hadonly 97%lidar-derived cloudcover andthusrated
atwo.

GOEIS 10 Albedo, 1430 UTCI, 10/07/2001
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Figure 3: GOES 10 channelone (visible) image for conditionsnearthe end of researchight (RF) 01. Note
widespreadegion of uniform marine stratocumulustloud cover surroundingthe target area. The preliminarytar
getareais boxed,the actualregionin which almostall of the ight hourswerespentis boundedy therhomboid.

Apartfrom theuniformity of cloudcover, thestructureof obseredcloudlayersvariedgreatly Boundary
layer depthsvaried by nearly a factor of two (from lows of 600 m on several of the ights to a high of
1100m on RF04). Cloud depths,and cloud top liquid water concentrationsaried similarly, with cloud
depthsrangingfrom lessthan 300 to over 500 m andliquid waterconcentrationgrom 0.5- 1.0 gkg
In contrast DYCOMS-I alsoexperiencedelatively well-formedstratuslayers,but the cloud depthswere
thinner betweerll00and300m. SurfacewindsduringDY COMS-I1I weregenerallynorthwesterhbut their
magnitudevaried considerablyfrom 5to 12 ms . Microphysicallywe alsoobsered rich differencesn
cloudstructure with somecloudlayershaving smallnumbersof cloud droplets,characteristiof a pristine
marineervironment,and othershaving somevhat larger concentration®f cloud droplets,indicatve of a
greatercontinentaln uence. Drizzlewascommonwith some ights shawing persistentadarechogyreater
than20 dBZ. Furtherdetailsanda more quantitatve overvien of the ights areprovidedin the electronic
supplemento this article. The variety of conditionssampledshouldenablean evaluationof how different
aspect®f themeanstatein uence thedynamicsandphysicsof thecloudlayet



Much of the variability in cloud conditionscorrelateswith variationsin synopticconditions. During
the secondweek of ight operations(correspondingo ResearctFlights 4 through6), the Paci c high
strengthene@dndits major axis becameorientedalonga more north-southdirection. At the sametime a
stronglow pressuresystemdevelopedoff the coastof British Columbia,centeredover Seattleat 00 UTC
on 17 July. Thein uence of this depressionvasfelt over thetamgetareaat upperlevelsandwasassociated
with strongcold-airadwectionaloft. The 850 hPatemperaturelecreasedly 8 K throughthe monthandby
4 K throughthe rst weekof theexperiment.Thesechangesesultedn signi cantly wealer inversionsand
generallydeepel(800-1100mpoundarylayerswith morevariability in cloud-topheightthroughthe course
of agivenmission.
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Figure4: DMS Concentrationfrom Entrainmenglights.

Large ight-to- ight variability is alsoapparenin DMS concentrationgFig. 4). DMS is rathermore
dilute whentheboundarylayeris deep(RF04andRF05)andrathermoreconcentratedvhenthe boundary
layeris shallav (RF03). Unlike someothertracers DMS alsovariedconsiderablywithin a ight. As we
hadhoped DMS existedin ampleamountson every leg within the STBL, but waseffectively absentbore,
leadingto well de nedjumpslocally. Howeverweweresurprisedo routinelyseeDMS variationsexceeding
20%aroundight circlesin the STBL. Suchpronouncedariability remainssomethingpf a mystery

Drizzle

Few disputethatin regionswheredrizzle occurs,it is a key componenbf the waterbudgetandcanhave
an importantimpacton the dynamicsand structureof the STBL. However, its role in the climatology of
cloudson larger scaleds controversial. Previous eld programshave suggestedhatdrizzle mightbearel-
atively commonphenomenoie.g.,Brostet al., 1982; Duynkerke et al., 1995; Fox andlllingworth, 1997;
Vali etal., 1998),andthuscouldplay a vital role in the evolution of the STBL (e.g.,PaluchandLenschav,
1991).In thisrespecsimpletheoreticaimodels(e.g.,Albrecht,1989;Ackermanetal., 1993;WangandAl-
brecht,1986;PincusandBaker, 1994)suggesthatthemodulationof drizzleby changesn theatmospheric



aerosolcouldregulatecloud amountandthickness.Becauseaheseideasprovide a straightforvard mecha-
nismwherebyhumanactvity couldaffect cloudinessthey have attractedconsiderablattention.Although
thereexists a modestandgrowing literatureon drizzle in the STBL (e.g.,Chenand Cotton,1987; Wang
andWang,1994; Austin et al., 1995; Gerbey 1996; Stevenset al., 1998; Vali et al., 1998) somevery ele-
mentaryguestionsemain,includingtheactualprecipitationratesin marinestratocumulugndtheirrelation
to ambientaerosol,cloud thicknessand intensity of turbulence. For this reason.a centralelementof the
DYCOMS-II wasanevaluationof drizzle processem stratocumulus.

Figure5: Radarre ectivity for a segmentof researchight 3. Theaxisscalesarel:1.

Thetendenyg towardlessdrizzle during the daytime,evidenceof large spatialandtemporalvariability,
and suggestion®f considerablevertical structurehave all frustratedattemptsto quantify its role. In the
pasttheseproblemswerecompoundedby anexclusive relianceonin situ probeswhosesamplingstatistics
are poor and whosemeasurementdecausef the intermingling of spatialand temporalvariability, are
dif cult to interpret. Cloudradars,on the otherhand,samplemuchlarger volumes,canrapidly pro le an
entirecolumn (or layer dependingon their orientation)and are sensitve to larger momentsof the droplet
spectrum.Thusthey seemlike a naturalway to studydrizzle. For this reasorthe University of Wyoming
CloudRadar(WCR)wasmountedon the NSF/NCARC130for DYCOMS-II.

The WCR wasmountedn therearof theaircraftandalternatelylooked throughtwo antennaegnethat
pointedstraightdown, andonethatlookeddown andrearvard (seeelectronicsupplement)TheDY COMS-
Il ight stratgy, with cloudandsubcloudegs, allows comparisorof in situ microphysicalbrobedatawith
theradarre ectivity datafrom just below theaircraftto calibratere ectivity/rainraterelationshipgor each
of the ights. Above-cloudlegs allowed oneto imagethe entire STBL andthusyield a more complete
view of thespatialstructureof precipitation.Becausehe nearsurfaceregion wasalwaysseenby theradar
re ectivity/rainraterelationshipdor agiven ight canbeusedto estimatehe meanprecipitationux atthe
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surfaceover the nearly seven hoursduring which the aircraftwasin the study area,thusallowing much
improved estimate®f therole of drizzleduringDY COMS-II.

Figure6: Verticalpro les of precipitationratesestimatedrom the Wyoming Cloud Radardatafrom researchights
1, 2 and3. Stippledregionsshaw the cloudlayer. The bluelinesaremeanvaluesfor entirecirclesof about200km
circumference.The dashedines shaw the variability (90paths(LWP) anddropletconcentrationgN) arealsomean
values.

The useof two antennaalsomadedual-Doppleranalysegossible. Thusin additionto revealingthe
amountof drizzlein the STBL, andits local structure the radaralsoimagesthe velocity eld in the cloud
— particularlyin weaklyor non-precipitatingegionswherethe Dopplersignalis dominatedoy air-motions
ratherthanthe fall speedf drizzle drops,which canbe of a similar magnitude.In regionswheredrizzle
is heavier, a variety of techniquesare availableto separatdhe fallspeedcontritution from the air motion
contritution to the Dopplervelocity elds.

Two additional ights (RFO6andRF09)followed completelydifferentpatterndesignedo evaluatethe

ne-scale structureandevolution of corvective eddieswithin the cloud layer Ratherthanlarge sweeping
patternsdesignedo evaluate ux esandbudgets RFO6andRF09usedstaccatdegs andsharpturnswhich
returnedthe aircraftto a selectedpointin the o w alonga variety of headinggseeelectronicsupplement).
This providesfurther insight into the interactionbetweenmicrophysicaland dynamicalprocesse®n the
cloud scale,aswell asa basisfor comparingcloudsobsered during DYCOMS-II to thoseobsenred in
previouscampaigngVali etal., 1998)which usedsimilar ight stratgies.

As anexampleof the WCR data(Fig. 5) the structureof the cloudlayeralonga segmentof RFO3shavs
considerablevariability in re ectivity associatedoth with individual turbulent updraftsand downdrafts
a few hundredmeterswide andwith mesoscalenodulationon scalesof 5 km or more. The variability
in this 15 minute ight segmentforeshadws the variability among ights. Some ights sampledmuch
moredrizzle thanthis, somealmostnone. Oneof the remarkablampressiondeft on the investigatorsvas
how the apparenuniformity of the cloud top viewed from abose could maskenormousvariationsin the
microphysicaktructurewithin the cloudlayer

Intra- andinter- ight variability is hintedat in Fig. 6, whereaveragedre ectivities are corvertedinto
rainratepro les usingrelationshipgrom previous eld campaigngVali etal., 1998). Along with themean
pro les, pro les from sub-sgmentsillustratethe variability within the layer Combinedwith Fig. 5 a pic-
ture emegeswherebydrizzleis clearly a corvective, ratherthana stratiformprocesswith drizzle ratesin
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localizedregionsbeingordersof magnituddargerthanelsevherein thecloud. Layeraveragedirizzlerates
greaterthan0.5 mm/day(which correspondo evaporationratesof aboutl5 Wm ) begin to have signif-
icant effectson the layer averagedenegetics. Local drizzle ux es,which canbe aslarge as20 mm/day
would be expectedo dominatethe dynamicsof circulationsin their vicinity. In thesecaseshe datasuggest
thatdrizzle helpsorganizethe o w in a mannerwhich helpsmaintainthe cloud layer in the presenceof
drizzle,asthereis circumstantiabvidencethattheseregionsof intensedrizzleareremarkablypersistent.

Cloud Micr ostructure

Beyondthe elementaryssueof simply quantifyingthe propensityof stratocumuluso drizzle,the question
arisesasto what underlyingphysicalprocessesegulatedrizzle ux esto begin with. The characteristics
of the cloud layersobsered during DYCOMS-II canbe comparedo previous obserations(e.g., Austin
et al., 1995; Gerber,1996) by comparingcloud dropletnumberconcentrations, and cloud thickness.
Initial indicationsarethatthe cloudsobsered during DYCOMS-II are somevhat thicker thanthe clouds
thathave beenobsered in this geographiaegionin the past. Obsered clouds(seeelectronicsupplement
for a moredetailedsummary)angedfrom lessthan300to over 500 m in depth,ascomparedo previous
(mainly daytime)obsenrations,wherecloud depthstendedto be betweenl50and300m. While the cloud
layersobseredduringDY COMS-II hadmorecloud condensatiomuclei(CCN) thansomeof thedrizzling
layersobsered during studieselsavhere, (e.g., the Atlantic StratocumulusTransition Experiment),they
were clearly characteristiof maritime clouds,with concentrationgsangingfrom lessthan 100to around
300cm

Althoughthe cloud microstructuras thoughtto in uence, andin turn bein uenced by, drizzle, might
it not alsotell us somethingaboutentrainment?Our discussiorof entrainmentbove focusedexclusvely
on entrainmentates;but whataboutentrainmenprocesses— aboutwhich evenlessis knowvn. Themixing
of free-tropospheriair into the boundarylayer requireswarm-dryair parcelsto mix with cool-saturated
air parcels. Becausevarminganddrying tendto evaporatecloud waterthe detailedcloud microphysical
structurecansene asan excellentindicatorof mixing processesat cloudtop. However, in this caseoneis
likely to belessinterestedn averagedropletconcentrationsr liquid watercontentghanin thedetailsof the
deviationsfrom theseaverages.To investigatesuchdetailsfrom the C130requiresinstrumentatiorcapable
of samplingthe o w atavery highrate.

Toaddresshesdssuesanultra-fastthermomete(the UFT, Hamaretal.,1997),afastforward-scattering
spectrometeprobe(the FFSSPBrenguieret al., 1998)capableof estimatingthe dropletdistribution, anda
particlevolumemonitor(PVM, Gerber,1994)for estimatindiquid water weremountedwithin six metersof
eachother(seeelectronicsupplemenandFig 12) ontheleft wing of theC130. Theseprobesall sampledhe
o w atratesof 1000Hz or greatertherebyallowing oneto explore the microphysicalandthermodynamic
structureof the cloud layer on scalesrangingfrom 10 cm to several m. It is expectedthatthe datafrom
theseinstrumentswill provide a rst look atthe smallestscalesandmicrophysicakchangesssociatedavith
theentrainmenprocessat cloud-top(seefor exampleFig. 7).

The Aerosol

Oneaspecof thedrizzle puzzlethathumanactiities areknown to in uence is the backgroundatmospheric
aerosol,which regulatescloud dropletconcentrationg ) andthe averagecloud microstructure.Largely
for this reason,increasingattentionis being given to quantifying relationshipsbetweenthe aerosoland
stratocumulusnicrophysics Somegenerarulesregardingtherelationshipbetweeraerosopropertieqe.g.,
cloudcondensatiomuclei, CCN, or accumulatiormodeaerosokoncentrationsand  (Erlick etal.,2001)
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Thermally complex layer just above cloud
tdpTindicated by sharp fluctuations in
regions

Relatively uniform temperates and doplet distibutions

in regions(red) of depleted liquid water indicative of homogenec

mizdgeeditascale, although inhomogeneous mixing evident
with moe extensive depletion of liquid we

Pronounced fine scale sicture in temperatue and liquid water signals

Figure 7: Comparisonof PVM, UFT and FFSSPultra high-ratemeasurementduring the ight of the
NSF/NCAR C-130throughthe top of an unbrolen layer of Sc on 12 July (startof the 10-sintenal is
12:05:38UTC).

andto someextentdrizzle formation (e.g.,the review by Schwartz and Slingo, 1996) have beenreported,
but a comprehense, physically baseddescriptionof the aerosolandits impact on cloud microphysical
processesemainsoutstanding.

Evaluationsof the relationshipbetweenthe CCN and by integrating parcelmodelsover trajectory
ensemblege.g.,SniderandBrenguier,2000),reveal consisteng betweemredictedandobsered valuesof

but thatagreemeninay re ect compensatingpiasesin the measurementsf vertical velocity, CCN or

Theredundang of the DYCOMS-II measurementsf vertical velocity (C130gust-probeand possibly
Dopplervelocitiesfrom theWCR), two independengstimate®f CCN spectraandtwo estimate®f  (from
the SPP-10Gandthe FastFSSP-100shouldprovide a morede niti ve test. Re ectivity measurementsom
theWCR arealsoproviding animproved meandor selectinghon-precipitatingloudregionsfor conducting
thesetypesof analyses.

Assumingconsisteng betweerthe CCNand canbeestablishedattentioncanbe focusedonwhatis
thoughtto bethemorevexing problem(cf., Fig. 8)—speci cally how to relatethemeasurea@haracteristicef
theaerosoto theCCN,or alternatvely  Althoughthetheoryof Kdhler(e.g.,RogersandYau,1989)links
aerosolandcloud propertiesijts applicationis complicatedby the dif culty in properlyaccountingfor the
compleity of actualaerosokcompositionor the competingeffectsof particlesin pollutedconditions(Bigg,
1986; Russellet al., 1999; Charlsonet al., 2001). Most recently ACE-2 investigatorshave documented
discrepancie®f up to a factorof two betweenconcentratiorcalculatedfollowing the Kohler theory and
CCN measurementgRaeset al., 2000; Brenguieret al., 2000a). One sourcefor obsered discrepancies
couldbesizingbiasesn the measurement®Biasin the CCN spectrummight resultfrom overestimatesf
theappliedsupersaturatiom the CCN chamber For the aerosolspectrumsizing biasescould resultfrom
interpretingthemeasurementf morphologicallycomple particlesasif they hadbeenideal,homogeneous
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Cumulative CCN concentiian as estimated from rasured aerosol
spectrum using Kohler theoopuld e biasedtoward small sizedue to
measured aerosol sizes beingater than aerodynamic sizes because ¢

aspherical or porous aerosobgiicles or compositional &fcts.

Mobility or Light-Scattering
BasedSize Distribution

ot
.

Differential Aerosol Concenttimn

Measured CCN Dstribution

Dry Diameter

Cumulative CCN Concentration

X
o
Ry
Pi

Differential aerosol concerdtion as estimated fromeasured Applied Supersaturation
CCN distribution using ghler theory could be biase¢dward

small sizeslue to an overestimate dfet applied supersaturation,

inaccuracies in estimates thfe insoluble mass fractioor

effects of surfacactive compounds.

Figure8: Illustration of the relationshipbetweenthe dry aerosolsize spectrumandthe CCN distribution,
andthe problemgthatcanoccurin attemptingto relateoneto the other

spheres.An alternatve hypothesigs that chemicalcomponentssuchasorganiccompoundsarealtering
the surfacetension,solubility, and water uptale due to mixture nonidealitiesneglectedby the classical
theory DYCOMS-II provided the opportunityto addresgpossiblesizing biasesor compositionaleffects
with complementaryechniques.

Sizingbiasesn theaerosolpectrumasmeasurediuring DY COMS-II arebeingevaluatedn anumber
of ways. First, the size distribution is a blendingof datafrom a variety of instruments,.e., a scatter
ing spectrometeprobe (SPP-300)measureparticlesfrom 0.3-20 m diameter;a passie cavity aerosol
spectromete(SPP-200measureparticles0.1-3 m diameter;anda radial differentialmobility analyzer
(RDMA) measureparticles0.01-0.1 m diameter Thesemeasurementarebeingcomparedo redundant
condensatiomuclei counters(which measurehe total aerosolconcentration).Second,in situ estimates
of the aerosolsizedistribution are beingcomparedo distributionsderived from microscopicsizing of the
aerosoimpactedbna lter . Last,adiffusionbatteryis beingusedto comparesize-sgregatedmeasurements
of CCN andtotal aerosokoncentrationge.g.,Gras,1990).

Compositioneffectson the activation spectrumof the aerosolspectrumarealsobeinginvestigatedus-
ing DYCOMS-II data. The compositionof the subcloudaerosolis beingdeterminedrom an analysisof
individual particlesaswell asfrom bulk samplesollectedon lters during subcloudight legs. Electron
microscop (e.g.,Posfi etal., 1999)of individual aerosolparticlesis providing qualitative informationon
elementalcomposition,complementedy bulk lter analysisusing X-ray uorescencefor elementsand
Fouriertransforminfraredspectroscopfor functionalgroups— thusproviding anopportunityto examine
both externalmixing of differenttypesof particlesandtherole of organics(Maria et al., 2002). To better
understandhedetailedcompositiorof thatcomponenbf the subcloudaerosothatis actuallyactivatedinto
clouddropletsacounter ow virtualimpactor(Twohyetal.,2001)was o0 wn duringDYCOMS-II to collect
individual dropletresidualparticlesafter evaporation.Theseresidualparticlesarebeinganalyzedsimilarly
to the subcloudaerosol.Additional compositionainformationis beingprovided by an experimentakloud
watercollector(Straubetal., 2001)which allows the quanti cation of pH, inorganicions,andtotal organic
carbonin clouddropletsresidingat differentlevelsin the cloud. Theselattertechniqueswhich look atthe
compositionof cloud droplets,canalsolendinsightinto the modi cation of aerosolcompositionthrough
repeatedtyclesof activationandevaporationof clouddroplets.

3Seetheelectronicsupplementor amorecompletedescriptionof the particle-sizingprobes.
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Summary and Speculation

A recenteld program,DYCOMS-II, wasconductedn the stratocumulusegime of the NortheastPaci c.
In roughlydescendingrderof emphasi®©YCOMS-II strove to answerfour questions(i) Whatis theen-
trainmentrate?(ii) How muchdoesit drizzle?(iii) Whatis the natureof cloud microphysicalariability on
sub-metescalesqiv) Cantheactivationspectrunof clouddropletsbe understoodasedn measurements
of theatmospheri@erosol?

To answetthesequestiondYCOMS-II madeuseof novel instrumentatiorand ight stratgies. These
includednocturnalights, whichintegratedremotesensingcloudradar lidar, radiometersanddropsondes)
andin situdatacollection(usingstandardurbulenceandthermodynamiprobesaswell asanenhanceduite
of mircrophysicainstrumentationjrom a singleairborneplatform. In additiona nev methodfor making
fastmeasurementsf atmospheri®©MS wasemplo/edto studyentrainmentnixing. Overall DY COMS-II
broughttogethem large suiteof instrumentatiortapableof describinghedynamicschemistryandphysics
of the stratocumulusoppedboundarylayer over anunprecedentetingeof scales.DYCOMS-II alsoben-
e tted from the goodfortune of extraordinarily cooperatie meteorology;conditionswereideal on every
ight. Sucha combinationof favorablemeteorologyandextensve instrumentatiorcanbe expectedo pro-
duceasmary surprisesasanswersin this respecsomepuzzleso emegefrom initial analyse®f thedata
include:theorigins of remarkablylarge variability in boundaryayerDMS, andmechanism$or sustaining
persistentegionsof very strongdrizzle.

In additionto the emeging puzzles,n closingit alsoseemstting to outline atleastsomeof the pre-
liminary ndings which arebeingexploredwith greatinterest— evenif sodoinginvolvessomedegreeof
extrapolationfrom the datapresentedbove. Broadly speakingthe nding with perhapghe widestimpli-
cationsis thatstratocumulugppearo entrainlessanddrizzle morethanpreviously thought. For instance,
during RFO1(seeFig. 2) thecloudtop interfacewasunstableby mary measuresyetthe cloudappearedo
thicken substantiallyduringthe courseof the ight. Preliminaryanalyseslsoindicatearemarkabledegree
of correspondencamongvarioustracerbasedestimate®f entrainmentall of which produceentrainment
ratesof order0.4cms  which s signi cantly smallerthanwhatis predictedoy mary currentparameter
izations. Indeedpreliminary attemptsto apply parameterize@ntrainmentelationsto the obsered cloud
layersgenerallyresultin amarkedthinningof thelayer

The extent of drizzle obsered during DYCOMS-II is consistentvith entrainmendrying of the cloud
layerbeingratherinef cient, butis nonetheleseemarkableOnsomeights preliminaryestimatesf drizzle
ratesatthesurfaceoverlargeareasandlongtime periodsaveragechearamillimeterperday Evenon ights
whererelatvely little drizzlereachedhesurface,drizzle ux esatcloudbasecouldbe pronouncedindeed,
the canonicabictureof “non-precipitatig marinestratocumulusivasrathermorerarethancommon,sug-
gestingthatdrizzlemightindeedbeakey elemenbf thedynamicsof the STBL. Althoughconclusionsuch
astheabove arenecessarilgpeculatre they do provide the promisethatthe DY COMS-II datawill teachus
fundamentallynew things,andthuswhetthe appetitefor furtherinvestigation.
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Appendix: Data?

Becausef theenormousamountof datacollectedduringDYCOMS-II, muchof it from instrumentsievel-
opedandoperateddy individual investigatorsanimportantcomponenbf the experimentalstratgy is the
developmentof a properarchive. This is even more pressingwhen one considerghe amountof relevant
dataavailablefrom spacebasedplatforms,the subjectve opinionsof on site obserers,andothersources
of opportunity To identify andcollectdatain thelatter cateyory, investigatorsvorked with JOSS(thejoint
of ce for scienti ¢ supportwhichoperatesispartof the University Corporatiorfor AtmospheridResearch)
to developanonline eld catalogwhich provided centralizedaccesgo informationanddatarelatingto all
aspectf the eld operations. This catalogincludedvarioustextual reports(e.g. weatherforecastsand
aircraft ight summaries)anumberof imageryproductghatwereeitherproducedy JOSS(e.g.highreso-
lution satelliteimagesandloops),producecby DY COMS-II scientistqe.g. specializednodelproducts) pr
gatheredrom variousinternetsourcege.g. oceanographianalyse$rom the Naval Oceanographi©f ce);
and nally informationon eachof theaircraftmissionge.g.take-off andlandingtimes, ight tracks,drop-
sondedata,etc). The catalogwasusedin the eld for operationsandplanningsupportaswell asallowing
scientistaotin the eld to follow the progresf the project. It wasalsoa usefultool afterthe completion
of the eld phasdo helpdeterminecasedor analysis.

After the eld phasethe eld catalogwasblendedwith othersourcesof datanot availablein realtime
(rangingfrom aircraftdatato satelliteradiances}o form the DYCOMS-II dataarchive. This archive pro-
videsdistributedaccesgo all of the operationabndresearchiata-setgollectedduringthe project. It will
continueto grow asvariousprocessegroductsareaddedto it. For instancesimulationswhich attemptto
synthesizahe obsered casesnay later be incorporatednto the archive. Both the catalogandthe archve
are availableto all via the DYCOMS-II Data Managementveb page(http://wwwjoss.ucaedu/dycmns).
They provide a naturalstartingpointfor researcherimterestedn DYCOMS-II datasetswhich we hopewill
beextensvely used.

Inset 1: Entrainment?®

Toillustratehow entrainmenhelpsregulatethe stateof the STBL we begin with theequatiordescribinghe
evolution of thebulk (layeraveraged)alueof a horizontallyhomogeneousonsered scalay ~ in amarine
layerof somedepth :

— (4)
Here isthe ux of evaluatedatthesurface,and is theentrainmentux, i.e., theturbulent
ux of estimatedhtthetop of thelayer Thesurface ux canbeevaluatedusingsimilarity theory:

~ where isanexchangecoefcient, isthevalueof thescalaratthesurface,and

is thevectorwind (e.g.,Deardorf, 1972).If theentrainmenioneis sufciently thin theentrainmentux

can(in analogyto thesurface ux) belinearlyrelatedto theentrainmentelocity - -

(e.g.,Lilly, 1968;Stevens,2002).Here isthevalue takesjustabove theboundarylayer Thedepthof
thelayer alsodepend®n following:

— (5)

beingthelarge-scaleverticalvelocity evaluatedatthetop of thelayer If thedivergence, of themean
horizontalwind is constantith height, In steady-statéhetime-dervativesin both(4) and(5)

“To appeain print versionof article
This materialwill appeaoutsideof themaintext of thearticle,sortof like a boxedinset
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vanishleadingto thefollowing relationsfor the equilibriumvaluesof ~and

- and — (6)

Here denotesthe bulk divergencewithin the boundarylayer Becauseboundarylayer total-water
speci c-humidity ~ andtheliquid-waterstatic-enegy (theenthaly variable) behae
toa rst approximatiorlike conseredscalarstheabore relationsillustratethecritical roleof  notonlyin
determiningthe budgetsof arbitraryscalarsbut alsoin determiningthe meanthermodynamictateof the
boundarylayer andits depth. This latterinformationin turn determinesother climatologicallyimportant
guantities suchascloudamount— or surface ux es.

Inset 2: SecondaryDYCOMS-II Objectives

The basicscienti ¢ objectves,andin particularthe seven entrainmentights, alsopermitteda numberof
secondarybjectvesashighlightedbelaw.

NIGHTTIME REMOTE SENSING

TheDYCOMS-II programhasprovideda uniqueopportunityfor evaluatingandimproving night-timesatel-
lite remotesensingechniqueswhenthe commonlyusedshortwave re ectanceinformationis not available
andwhile radiative forcing is controlledby thermalprocessesThe effects of nocturnallongwave cooling
oncloudphysicsanddynamicsalsoplay animportantrole in the subsequerimpactsof solarheatingduring
theday Little researcthasbeenconductedn night-time multispectralsatelliteanalysistechniquesand
re nementof thesemethodscould provide signi cant input to mesoscaldorecastingnethods.Dueto the
reducednformationcontentof satelliteobsenrationsat night, it is imperatie that mesoscalenodeldiag-
nosticandprognosticproductsbe optimally combinedwith the remotesensingdata. Field studiessuchas
DYCOMS-II arethusneededor developmentof multi-componentataassimilationmethods.Both geo-
stationaryandpolarorbiting satelliteplatformswereutilized to obtainresearcidatafor DYCOMS-II. The
NOAA Geostationar@perationaErvironmentalSatellite(GOES)is anessentiabourceof informationfor
determiningemporalevolution of oceanicstratocumulusDesignimprovementsandbetterdatadistribution
for geostationangatellitesystemsare making global nearcontinuousobserationsa reality, so thatanal-
ysistechniquesievelopedfrom DYCOMS will be applicableto otherregionsof persistenstratocumulus.
New polarorbitersatellitessuchasthe NASA Terraplatformhave lessfrequenttime sampling but provide
higherspatialand spectralresolutionthatwill aid in detailedtestingof retrieval methods.The 15-minute
temporalresolutionof GOES-Westsatellitedatais beingutilized for interpretatiorof cloud eld evolution
asthe C-130aircraft ight circlesmovedwith thewind eld. Importantaspectof thesedataincludethe
identi cation of mesoscalelynamicprocesseandaerosokffectson microphysicakharacteristics.

FORECAST MODEL EVALUATION

Datacollectedduring DYCOMS Il providesa naturalbasisfor evaluatingforecastproducts. Toward this
end ECMWF and NCEP (AVN) modelforecastcalculationswere archived for the entire month of July.
Similarly, theNavy's CoupledOcean/Atmaosphenglesoscald’redictionSystem(COAMPS) modelwasrun
with arelatvely ne (6km) nestedmeshcenteredn the targetarea. Output,andtheinitial datafor these
calculationsvasarchivedto allow subsequergensitity studies— with particularfocii beingthe varying

This materialwill appeaoutsideof the maintext of thearticle, sortof like aboxedinset
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rolesof modelphysics(especiallymicrophysicsyersusnitialization on forecastquality Thesedata,when
combinedwith archvedremotelysensediata,in situ eld data,anddataof opportunityfrom buoys, ships
andsoundinggle ne a smallmeso-scal@etwork whichwill beinvaluablein evaluatingforecastiiasfrom
variousmodels. Of particularnotein this regardis that becausef logistical constraintson night ying,
ights duringthe DYCOMS-II eld phasewerenot chosenbasedon meteorology In additionthe region
of ight operationss largely dictatedby controlson airspaceandair-trafc lanesthroughrestrictedareas.
Thusthe ights arealmostarandomsampleof conditionsobsered duringthe month.
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AppendixA
Electronic Supplement[will not appearin print addition of article|— Flight Summaries

The experimentconsisteddf two basic ight patterns:entrainmen&andradar ight patterns.The en-
trainment ight patternshada three-foldobjective: to measurelivergenceandturbulent ux esat various
levelsandcharacterizéhe meanstatesof boththe boundarylayerandthe overlying air column.To achieve
theseobjecties, the basicentrainmentight plan consistedf stacksof 30 minute (approximately60 km
diameter)ircles.In contrasthe objectie of theradar ights wasto characterizeéhe evolution of aspeci ¢
convective cell. For thisreasontheradar ights consistedf shorter(6 minute)legsthatattemptedo y
over or througha speci c pointin the o w alongvariedheadings.

Research Flight 08 Research Flight 09
. . | . . . . . . | . .

35N — 35N —

30N — — 30N — —

T T T T T T T T
120W 120W

Figure9: Flight tracksfor RFO8andRF09,notethe centerof the circlesdrift with the meannorthwesterly
winds.

Thesedifferencesbetweenthe two typesof ight patternsareshavn in Fig. 9. Therewere only two
radar ights, RF0O9andRFO06,andalthoughthe ight trackswerenot identicalbetweenthe two, theidea
wassimilar. The generalnatureof all the entrainmentights wasidentical, the only differencebeingin
the orderingof the legs, andthe transitionsbetweercircles. In generalwo opposingcircles” were o wn
consecutiely at eachaltitude, thusyielding an hour at ary givenlevel. On some ights, however, either
the subcloudor surfacelayer circleswereperformedin only onedirectionin orderto make time for other
maneuers. In addition,the entrainmentights allowed time for oneleg whoseobjective wasdetermined
on a ight-by- ight basis. Typically this leg wasa porpoisingmaneuer to obtainnumerouspenetrations
throughtheentrainmentegionatcloudtop. Lastly, ight maneuersfor calibratingair motionsensingvere
performedtwice duringthe experiment— onceon the third test ight, whichtook placeon stationduring
thedayon July 7, 2001,andonceon the outboundrerry of RFO7. The remaindeiof this summaryfocuses
ontheentrainmentight plans.

Fig. 10illustrateshow legsandpro les weredistributedin the time-heightplane. Thecircularlegsare
annotatedinddescribedn Tablel. Althoughnoneof the entrainmentights followedthis planexactly, the
essentiaklementsvereconductedon each ight. Flights differedin the ordering,heading-sequencand
durationof thelevel legs,the exactpositionof the soundingsandthe natureor the existenceof the optional
leg (which in the gure is indicatedasa see-saing, or porpoisingleg, thatrepeatedlypro les the cloud
top region). But each ight hadfour ux legsof atleast30 minutesat roughly theindicatedheightsthree
radar/lidalegsatapproximatelhtheindicatedheightsandfromfourto vesoundingslispersedhroughout

Circleswere o wn by changingthe aircraft headingat a constantratein time, 12 min  for 30 min circles, thusde ning
circleswith respecto themean o w.
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Figure10: Time-Heightcrosssectionfor basicentrainmentight plan. Approximately410 minutesarespentin the
targetarea.Shadedarsdenotecloudtop andbase.

thetimein thestudyarea.

Table 1. Descriptionof ight legsin basicentrainmentight plan. Here CW denotesa clockwisecircle, CCW a
counterclockwisecircle.

Leg Duration Heading Description

RL1 30min Cw Radar/LidarandDropsondd_eg at 3km

CB 60min  CW-CCW Level ux legjustabore cloudbase(CB)

SC 60min  CCWCW Level ux legin subcloudSC)layer

RL2  30min CwW Radar/Lidadeg justabove lidar dead-zone

CT 60min  CW-CCW Level ux legjustbelow cloudtop (CT)

SP 30min CCw Special(SP)Leg, generallyporpoisingat cloudtop
SF 60min  CCWCW Surface(SF)Leg atlowestsafe ight level

RL3 30min CCw Radar/LidarandDropsondd_eg at 3km

A basicsummaryof the conditionsencountere@n each ight is includedin Table2. Becausehetime
on tamget approachedesen hours,andthe ight legs generallydrifted with the meanwind (e.g., seethe
evolution of consecutie circlesin Fig. 9) the actualareasampledby the aircraft wasapproximately3000
km For measurementsf sea-sudcetemperature$SSTs) tatulatedfrom surfacelegs o wn neartheend
of thetime in the studyarea this leadsto a systematidigh bias. For otherquantitiesthe meanscanmask
considerabldime variability — this was perhapsmostimportantfor estimatesof cloud base,which on
some ights changedsystematicallithroughthe courseof thetime in the studyareaby asmuchas150m.
Amongthe ights thedepthof the STBL variedby nearlyafactorof two, with similar variationsin cloud
liquid water thicknessandwind speedsPrecipitationasmeasuredy the maximumradarre ectivity, was
even morevaried,with cloud layersrangingfrom essentiallynon ( dBZ), to heaily (atleastfor
stratocumulusi.e., dBZ) precipitating.

For referencein analyzingthe ight datain tablesA-A the time-ofiset (time in secondgrom the be-
ginning of the datarecord)for the level legs andsoundingsaretakulatedfor the seven entrainmentights.
Satelliteconditionsasobseredfrom the GOESsatellitefor the nine ights areshavn 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. Notethegenerallywidespreadiniform marinestratocumulugloudcover.
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to Fig.3to beaddedn subsequerdraft).
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Table2: Summaryof DYCOMS-II ights, July 2001. Statevariablesare estimatedrom subcloudlegs,
SSTsare estimatedfrom radiometricmeasurementduring low altitude (
basetaken from averageLCL for all legs within PBL. The cloudtop liquid water ~
soundingsFlight latitudeandlongitudeis atthecenterof ight regionfor middlefour hoursontarmget.

m) surfacelegs. Cloud
estimatedrom

Flight 1 2 3 4 5 6 7 8 9
Take-Off@ 06:01 06:24 06:18 06:22 06:19 0539 0553 19145 18:16
Land 15:18 1553 1546 15:32 15141 15:13 1549 0521 03:45
Date’ 10 11 13 17 18 20 24 25 27
Latitude 313 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 Speedms | 8 8 12 6 10 8 7 5 5
Wind Dir [ N] 324 310 300 274 287 340 326 319 345
Cloud Top[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
~ [okg 1] 9 9 10 9 8 9 10 10 10
- [gkg ] 0.6 0.6 0.7 0.9 0.6 0.7 0.9 0.6 0.6
[dBZ]

N[cm ]¢ n/a n/a 207 168 151 100 116 110 165
CCN[cm ] 160 60 300 210 210 180 140 130 290
CNlcm ] 274 290 472 290 417 389 281 245 558

28UTC, localtime (PDT) plussevenhours

bat take off

°For ights RF01andRF02thesenumbersaretaken from the SSP-100for ights RF03-RF0%hey are basedon datataken

with the Fast-FSSP

9The coefcients in this expressiorarederived by tting datafrom a staticCCN instrumentto the form
% respectiely.

errorsin  and are

% and
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Table3: Offsettimesfor ight segmentsfor RFO1-RF03.RL denotegemotesensindeg; CB, cloud base
leg; SC,subcloudeg; CT, cloudtop leg; SR specialpattern(which variedfrom ight to ight); SF surface
ux leg. Forthepro les we labelfull pro les (FP),cloudpro les (CP)andinversionpro les (IP).

RFO1Legs RFO1Pro les
# GALT [m] Time[s] Type # GALT [m] Time[s] Type
1 5550- 7450 RL
1 3246- 183 7490- 8005 FP
2 8400-10200 CB
2 183-643 8005- 8110 FP
3 10500-12200 CB
3 616- 892 10233-10310 CP
4 12400-14200 SC
4 892- 615 10310-10426 CP
5 14320-16200 SC
5 494-915 16210-16327 CP
6 16600-18200 CT
6 915- 750 16327-16393 CP
7 18500-20150 CT
7 750- 166 20155-20419 CP
8 20700-22400 RL
8 166- 1074 20419-20584 FP
9 22650-22950 SP
9 1050- 761 22465-22544 IP
10 23420-25020 SF
10 | 761-945 22544-22608 IP
11 25200-27000 SF
12 57400-29200 RL 11 | 935- 149 22955-23168 FP
12 | 113-1920 27060-27300 FP
RF02Legs RFO2Pro les
# GALT [m] Time[s] Type
1 5520- 7495 RL # GALT [m] Time[s] Type
2 8900-11180 CB 1 2601- 194 7502- 8013 FP
3 11260-12380 CB 2 194- 817 8013- 8151 FP
4 12860-14750 SC 3 765-431 8349- 8471 CP
5 14900-16640 SC 4 520- 757 12422-12470 CP
6 16975-18900 CT 5 758-198 12469-12608 FP
7 19020-20840 CT 6 166- 790 16750-16854 FP
8 21560-23120 RL 7 678-181 20841-21020 FP
9 23300-25100 SP 8 838-84 25177-25468 FP
10 25500-27440 SF 9 102-2494 27479-27804 FP
11 27860-29660 RL
RF0O3Legs RFO3Pro les
# GALT [m] Time[s] Type
! 2130- 2860 RL # | GALTM]  Timels] Type
2 3140- 6940 RL
1 2612- 164 7033- 7455 FP
3 7657- 9330 CB
2 164- 414 7455- 7532 SP
4 9450-11192 CB
3 378-735 11247-11317 CP
5 11462-13332 SC
4 735-176 11317-11452 FP
6 13537-15380 CT
5 194-743 13332-13445 FP
7 15500-17262 CT
6 743-516 13445-13531 CP
8 17723-19523 RL
7 527-168 17315-17425 FP
9 21992-23792 SC
8 162-1118 17450-17603 FP
10 24107-25750 SF
9 1093- 561 19573-19743 FP
11 25900-27657 SF
12 58012-29898 RL 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 sggmentsfor RFO4andRF05

RF04Legs RFO04Pro les
# GALT [m] Time[s] Type
1 4682- 6757 RL # |GALT[m]  Time[s] Type
2 7807- 9800 CB
1 2549- 183 6770- 7395 FP
3 9970- 11850 CB
2 183- 1026 7395- 7705 FP
4 12347- 14100 SC
3 1027- 683 7703-7814 CP
5 14210- 16047 SC
4 679- 1115 11844- 11940 CP
6 16562- 18172 RL
5 1115-181 11940- 12250 FP
7 18337- 20100 CT
6 170- 1218 16097- 16362 FP
8 20272- 22072 CT
. 7 1301- 933 18174- 18326 IP
9 Porpoising 22132- 23797 SP
8 1135-99 23750- 24150 FP
10 24172-26342 SF 9 105- 2560 26345- 26685 FP
11 26712- 28547 RL
RFO5Legs RFO5Pro les
# GALT [m] Time[s] Type
1 4638-6473 RL # |GALT[m]  Time[s] Type
2 7412- 8850 CB
1 2572-158 6478-6858 FP
3 8980- 10766 CB
2 158-975 6858-7068 FP
4 11300- 12840 SC
3 975-646 7080-7168 CP
5 12970- 14700 SC
4 729-1020 10763-10830 CP
6 15158- 16808 RL
5 1020-154 10830-11027 FP
7 17330- 18680 CT
6 154-396 11028-11088 SP
8 18920- 20630 CT
. 7 356-172 14759-14805 SP
9 Porpoising 20656- 22349 SP
8 136-1025 14824-14969 FP
22463- 24083 CT
25043- 27028 SE 9 1010-736 16801-16880 IP
27348- 28838 RL 10 | 755-108 24078-24267 FP
11 | 99-2570 27023-27273 FP




Table5: Offsettimesfor ight sggmentsfor RFO7andRF08

RFO7Legs RFO7Pro les

# GALT [m] Time[s] Type
1 7423- 9618 RL # |GALT[m]  Time[s] Type
2 10690- 12490 CB

1 2621- 145 9614- 10187 FP
3 12600- 14400 CB

2 145- 920 10187- 10473 FP
4 14770- 16570 SC

3 921- 426 10472- 10680 CP
5 16741- 18541 SC

4 444-973 14400- 14515 CP
6 18788- 20598 RL

5 973-158 14515- 14683 FP
7 20708- 22508 CT

6 144-1090 18563- 18758 FP
8 22708- 24500 CT

- 7 1071- 706 20597- 20728 IP

9 Porpoising 24773- 25718 SP

8 679- 140 24501- 24628 SP
10 26050- 27750 SF

9 140- 919 24628- 24809 FP
11 27990- 29790 SF
12 30190- 32010 RL 10 | 902-85 25641- 25915 FP

11 | 97- 2564 29796- 30127 FP

RF08Legs RFO8Pro les

# GALT [m] Time[s] Type # GALT [m] Time[s] Type
1 5839- 7680 RL 1 5694- 136 7675- 8741 FP
2 9158- 10908 CB 2 136- 569 8741- 8848 FP
3 11000- 12824 CB 3 604- 417 8923- 9053 CP
4 13184- 14924 SF 4 467- 640 12818- 12908 CP
5 15043- 16938 SC 5 637-126 13003- 13168 FP
6 17378- 19058 RL 6 253- 61 16942- 16997 SP
7 Porpoising 19199- 20999 SP 7 61-913 16997- 17172 FP
8 21195- 23013 SF 8 1068- 476 19059- 19182 IP
9 23273- 24908 SC 9 542-94 21016- 21177 FP
10 25238- 26908 CB 10 | 269- 720 24903- 25038 CP
11 27112- 28417 CT 11 | 720- 499 25038- 25113 IP
12 28838- 32338 RL 12 | 526- 185 28418- 28485 SP

13 | 185- 2606 28485- 28818 FP
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AppendixB
Electronic Supplement[will not appearin print addition of article|— Instrumentation

Anotherveryimportantcomponenbf theDYCOMS-II stratgy wastheinstrumenipackageExcepting
remotelysensediatafrom satellites andotherdataof opportunity all theinstrumentatiorwascarriedby a
singleplatform— the NSF/NCARC130. The placemenbf variousinstrumentr inletson the aircraftis
illustratedin Figs.12 and13. Unlessotherwisestatedall instrumentsecordedheir measurementsn the
primaryaircraftdatasystem thusensuringprecisetemporalsynchronizationThe performanceanddetails
of theseinstrumentss discussedurtherbelow.

20.2m

6.2m

260><,2'g-c e ¢ D\ (QIN,UFT—F

King Probe / \ / / King Probe

SPP100SPP300,TDL, SABL, SPP100,
MCR, Cloudwater Collector Rosemounts Fast FSSAPVM

aerosol inlets (CVI, Tl, SDI)

Figure12: Frontview of C130andProbelLocations.

SABL
DMS Inlet

Radone, Gust Probe |

N

\ ~ '{J )
Lymanas :// T
v Wyoming Cloud Rad

03, CO, C02 Inlet
GPS drgpsonces

Figure13: Sideview of C130.

a. Wind andturbulencemeasuement
The NCAR C-130incorporateghreeprimary systemsnto the measuremendf a three-dimensionalvind

vector:
theinertial referencesystem(IRS) measuresittitudeangleg(pitch, roll andyaw or azimuth),acceler
ationsandpositionof theaircraftin anearthbasedeferencdrame;
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the Global PositioningSystem(GPS)recever measureshe aircraft velocity and positionin anearth
basedcoordinatesystemusinga constellatiorof satellites;

the”radomegustprobe”’measuretheatmospherievind relative to theaircraftusingacruciformarray
of ve pressurgortsonthe C-130noseradomecoupledto differentialandabsolutepressuresensors.

Thewind measuredelative to theaircraftcoordinatesystemis combinedwith the motionof theaircraft
relative to the earthcoordinatesystemto yield a three-dimensionalvind vectorin meteorologicatoordi-
nates.Themechanizatiorquationandcoordinatdransformatiormatricesaredetailedin Lenschaev, D.H.,
1986

1) INERTIAL REFERENCE SYSTEM

TheC-130usesaHongywell Laserefll SM strapdevn ring lasergyro IRS® mountedn the cabinnearfuse-
lagestation240. ThelRS providesposition(latitude,longitude)initial accurag of 0.8 nmi (with increasing
uncertaintyby 0.8 nmi per hourthereafter) pitch androll accurag to 0.05degreesrms andazimuth(true
heading)accurag of 0.4 degreesrms. The primary sourceof error is the Schuleroscillation, a slowly
varying drift in positionandvelocity measurementwith a periodof 84 minutes. The IRS hasexcellent
short-ternrelatve accurag andresolutionandits measurementgrecombinedwith the GPS which hasex-
cellentabsoluteaccuray to provide a high resolution high rateabsoluteaccurag measuremeruf aircraft
positionandvelocity.

2) RADOME GUST PROBE

Theradomegustprobemeasuretheattackandsideslip(incident) o w anglef theaircraftandthedynamic
pressuraisedin calculatingthe aircrafttrue airspeed.Five small pressurdapsaredrilled into the existing
radomeandtubing is routedto pressurdransducersThe radomesystent®, oncecalibratedfor a speci ¢
aircraft, makes high accurag wind and turbulencemeasurementat scaleslarger than the characteristic
dimensionof theaircraft. In the caseof the C-130,the relevant scalevalueis the fuselagediameterwhich
measures3.5 meters.

3) GLOBAL POSITIONING SYSTEM RECEIVER

The C-130usesa Trimble TANS Il six-channelGPSrecever that provides measurementsf aircraft po-
sition, velocity andtime at a one-secondipdaterate. The accuracie®f the measurementare 16 m rms
horizontal, 25 m rmsverticaland0.25m/secfor thevelocities.Principlesof the NAVSTAR GPSnavigation
canbefoundin KaytonandFried.

b. Tempeature measuements
1) ROSEMOUNT TOTAL TEMPERATURE PROBES

TemperatureprobesRosemountotal temperatureprobesThe NCAR C-130 has redundantRosemount
model 102EAL total temperaturgorobesand one Rosemountl02DB1CBdeicedtotal temperaturgorobe

8pircraft measurements the boundarylayer Probingthe AtmospheridoundaryLayer D.H. Lenschev, Ed., Amer. Meteor
Soc.,39-55,seealsolLenschav, D. H., 1972: The measuremenf air velocity andtemperaturaisingthe NCAR Buffalo aircraft
measuringsystemNCAR Tech.Note/EDD-74,39pp.

9Kayton, M., andW.R. Fried,1997: AvionicsNavigationSystemsWiley, New Yourk,N.Y., 773 pp.

10Brown, E.N.,C.A. Friehe,andD.H. Lenschev, 1983: Theuseof pressureuctuations on the noseof anaircraftfor measuring
air motion.J. Clim. Appl. Meteool., 22,171-180.
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[Total temperaturesensors1963. Rosemoung&ngineeringCompary, Bulletin 7637]. Theseare platinum
resistancevire probeswith anominalresistancef 50 onmsat0 C. "Totaltemperaturetefersto thetem-
peraturemeasuredvhentheair is broughtto restwithoutthe removal or additionof any heat. Thehousing
for the platinumelements designedo bein the airstreamandslow the air to achieve the maximumtem-
peratureaisedueto adiabaticheating.The degreeto which a sensomeasureghetotaltemperaturés called
therecovery factor”. An idealsensothasarecovery factorof 1.00.Forthe NCAR C-130probest is 0.95.
For deicedtemperaturgrobesthereis an additionalcorrectionof 0.2 C at sealevel dueto the deicing
heat. Total temperaturés relatvely insensitve to locationon the aircraftaslong asit is outsidethe aircraft
boundarylayer!.

Sensomwetting in cloudsand precipitationaffect temperaturesensoraccurag. At timesthe sensoris
only partially wet so a correctionas depictedby a wet adiabaticprocessbecomesguestionableand at
100 m/secthe differencecanbe asmuchas2 C betweenwet anddry bulb temperaturesn a saturated
ervironment!?. Anotherpotentialproblemin the marineboundarylayeris the accumulatiorof seasalton
thesensoelement®.

Theaccurag of theseprobesds betterthan0.5 Cin cloudfreeair asdemonstratety aircraftintercom-
parisonsandtower y-by calibrations.An "airspeedmaneuer” wherethe aircraftairspeeds variedover
therangeof researchairspeedsvhile maintainingaltitudecanalsobe usedto estimateandverify theerrors
andcorrectionglueto heatingeffects. Thefrequeng responsés lessthan10Hz!4. Correctiondor dynamic
heatinganddeicingaredescribedn RAF Bulletin #9, http://raf.atd.ucaeduBulletins/tulletins.html

The location of the Rosemountemperaturgrobesis depictedin gure 12. The deicedprobe (not
shawn) is just outboardof theleft podunderneatlthe wing about10” from theleadingedge.

2) UFT

A speciallydesignedrersionof the Ultra FastThermometetJFT-F (Hamanetal., 1997)with two temper
aturesensorswvas preparedor DYCOMS Il experiment. The UFT is a platinumresistancehermometer
shieldedfrom cloud dropshy an upstreanobstacleand stregthenedby a tungstencoating. An adwantage
of the UFT-F is thatit allows measurementsf temperaturet centimeteresolution(time constantabout
10 s,signalrecordedcat 1kHz andselectedseggmentsrecordedat 10kHz). The UFT-F wasoriginally to be
mountedunderthe podon theleft wing of NCAR C-130aircraft, closeto the FastFSSPandPVM probes;
dueto technicallimitationsthe probehadto be movedto thetip of theleft wing, six metersfrom the other
fastprobes. This wing-tip location causedroublesduring the experiment: intensve vibration (apparent
resonanceat ferrying speedsandaltitudesresultedin sensorfailures. Extensve datawasonly collected
duringRFO3andRF05,althoughlimited datais alsoavailableon someother ights.

11Cooper W.A., D. Rogers,1991:Efects of air ow trajectoriesaroundaircraft on measurementsf scalar ux es. J. Atmos.
OceanicTedcnol.,8, 66-77.

2| enschav, D.H., W.T. Pennell,1974. On the measuremenof in-cloud and wet-bulb temperaturesrom an aircraft. Mon.
WeatherRev., 102,447-454

BFriehe,C.A., 1986.Fine scalemeasurement$robing TheAtmospheri®@oundaryLayer D.H. Lenschw, Ed., Amer. Meteor
Soc.,29-38.

gpyers-DuranP. andD. Baumgardner1983:In ight estimationof time responsef airbornetemperaturesensorsPreprints
Fifth Symp.On Meteoplogical Observationgnd InstrumentationToronto,Amer. Meteor Soc.,237-255.
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c. Watervapor
1) DEew POINT HYGROMETERS

Two GeneraEasterrModel 1011Bhygrometersareroutinely o wn onthe NSF/NCARC-130for the pur
poseof obtainingairbornemeasurementsf dew andfrost point temperaturesAs statedby theinstrument
manufcturey thesesensorsare capableof measuringlew/frost pointsbetween75 C and+50 C overa
wide rangeof temperatureqressuresandairspeeds.

The GeneraEastermygrometer®perateon thechilled-mirrorprinciple. Underthis method amirroris
thermoelectricallycooleduntil it reache&temperaturat which condensatiobveginsto form. Themirroris
thenheld at thattemperatureandthe presencef condensatiolis sensedptically The signaloutputfrom
theinstrumenis avoltagecorrespondindo thetemperaturef the mirror.

Theaccurag of the measurementsbtainedirom the GeneralEasterrhygrometerss a function of the
dew point temperature. At a dew point temperatureof -75 C, the errorin the measurements approxi-
mately+1.0 C. At a dew point temperatureof +50 C, the associatearroris approximately+0.25 C.
The responsdime of the hygrometerss variableandis dependenbn the dew point, the slew rate, and
the o w rateandthicknesssettingsfor the sensar At higherdew pointsand moderatedepressiongwith
depressiontaken asthe temperaturalifferencebetweerthe mirror andthe sensobody), the response¢ime
is typically 1 C per second. At lower dew points and/orlarger depressionsthe responsdime can- at
the upperlimit - be reducedo tensof minutes. Theseslower responsdimesat low dew point valuesare
alsopartly attributableto the reducedavailability of watermoleculesandtheresultingslow crystalgrowth
rate. The slowver responsef the GeneralEasternhygrometersat lower dewv pointshas,in fact, beenrou-
tinely obsered by the RAF. Whenoperatedn regionsof the atmospherdi.e., higheraltitudes)wherethe
ambienttemperaturés colderanddew point temperaturesarelower, the signalsfrom the GeneralEastern
hygrometer®nthe C-130displaya muchslower responsendalsoexhibit marked oscillatorybehaior.

It hasbeenthe experienceof the RAF that mixing ratio valuesderived from the GeneralEasternhy-
grometerdatashav periodic”overshootingandoffsettingfrom mixing ratio dataobtainedfrom the RAF
Lyman-alphahygrometersThis problemtypically occursin morehumidatmospheriervironmentsandis
attributableto temporarysaturatiorof the GeneraEasterrsensorsThus,for thosecasesn whichtheC-130
is ying in highhumidity environmentsusersof RAF datasetsareadvisedo rely oncollectedLyman-alpha
datafor mixing ratio measurements.

2) FAST RESPONSE HYGROMETERS

Two Lyman- probesa new laserhygrometer(the tunablediode laser TDL) and chilled mirror devices
were usedto estimatewatervapor mixing ratios. OneLyman- wasa cross- ow instrumentthat hada
slightly slover responsebut performedbetterin cloud,bothLyman- probeswerecalibratedonthe y by
slaving themon long-timescaleso the chilled mirror dew point hygrometers.Initial examinationsof the
dataindicatedthatthe cross- ow instrumentperformedmorereliably The TDL is anopenpathinstrument
that scansa watervapor spectralline near1.37 m [R. May, JGR,Vol 103, 19,161-19,1721998]. Test
ights indicatedthatit performedbetterthantheLyman- probesin cloud,althoughits performancas still

beingevaluated While in the pastthe TDL hasbeensampledcatls , for DYCOMS-II it sampledhe ow
atavarietyof rates,attimesmakinganindependenieasuremerdvery 128 ms.

d. Tracegasmeasuement§CO , CO,O , DMS)

To measurean situ CO , a commercialnon-dispersie infrared analyzerwas modi ed to implementtem-
peratureandpressurecontrol afterthe mannerof Boering,etal. [GRL, 21,2567-2570,1994]. Because¢he
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NCAR instrumenwasdevelopedfor tropospherieneasurementsyaterwasremovedfrom ambientsamples
usinga Na on dryeranda MgCIO desiccantrap. The instrumenthada precisionof 0.1 ppbv for a 10s
averagingtime andanaccurag of pphbv.

CO was measuredisinga commerciallyavailable instrumentbasedon the principle of vacuumUV
resonanceuorescence aspublishedby Gerbig,etal. [JGR,Vol. 104,No. D1, 1699-1704,1999]. The
instrumenthada 3 pphbv detectiorlimit, for a0.06saveragingtime, with anaccurag of +/- 3 ppbv.

Two methodswere utilized to measureozone. The rst wasbasedon UV absorptionandhada 0.1
Hz samplerate anda 1 ppbv detectionlimit. A fast-responséstrumentwas also deployed, using the
chemiluminescereactionwith NO to quantifyozone.Thisinstrumenexhibiteda 3 Hz frequeng response
anda 0.2 pphbv detectionlimit.

AtmospherigressurgonizationmassspectrometrfAPIMS) wasusedto measurddMS. In thisimple-
mentationof APIMS, the reagenion H3O+ is formedfrom primary ions from ionizationof nitrogenand
watervapor(H20) by a nickel-63 betaemission.The monitoredion is DMSH+, which is formedfrom the
reactionsof DMS with H30O+. Our useof APIMS includesthe continuousadditionof high isotopicpurity
d3-DMSasaninternalstandard.This resultsin high precisionof the measurementsndalsoallows unam-
biguousdeterminatiorof the sensitvity of thetechniqueasatmosphericonditionsvary. During DYCOMS
Il the DMS measurementaere madeby samplingfor ambientDMS for 20 millisecondsfollowed by 20
millisecondsof the DMS standardo yield a netsamplingrateof 25 Hz (samples/sec)The detectionlimit
is estimatedo be 1 pptvfor a1l secondntegration.

e Particle Inlets

Inside the cabin of the cabin of the C-130was a wide variety of instrumentatiorfor measuringaerosol
particlesin realtime andfor collectingparticlesfor later analysesFour inlets were usedto bring ambient
air samplesnsidethe cabinfor particlemeasurements.TI, SDI, CVI, andCN-cone. The LTI andSDI
wereoperatedso-kinetically(velocity atthe inlet tip matchedhe airspeedsothatambientconcentrations
of large particles( m) arepresered.

TheLow Turbulencelnlet (LTI) provided sampleair to strealer andimpactorinstrumentsTheLTI uses
boundarylayer suctionin the inlet tip to reducethe lossof large particlesby turbulence. As a result,the
concentratiorof large particlesis enhancedn the core ow. LTI o ws were controlledautomaticallyto
maintainisokineticsamplingat theinlet tip andto reduceturbulencein thediffuserinlet.

The Solid Diffuserlinlet (SDI) provided air for CCN, OPCandCN measurementsndependenbf the
LTI. The SDI is a conicaldiffuserthatdeceleratethe ow from 110ms to 4ms . Flow ratesfor
isokinetic samplingwith the SDI were calculatedover a rangeof airspeedgypical for the C-130. Flow
demand®f theinstrumentsverenormally x ed,andisokineticsamplingwasachieredfor airspeedsl13m
s . Non-isokineticsamplingoccurredvhentheaircraftspeedvasdifferentfrom this or duringoccasional
interruptionsfor changingsamplemediaor servicinginstruments.

f. AermosolParticle Collections

Aerosol particle sampleswere collectedfrom the LTI, SDI, and CVIl. Someparticleswere collectedon
Nucleoporelter substratewhile othersweresimultaneouslympactedon electronmicroscopegrids. The
particlesamplesvereanalyzedor physico-chemicapropertiedy scanningandtransmissiorelectronmi-
croscoy (SEMandTEM, respectiely) andelementabingleparticleanalysismethods®

155eeAnderson,J.R., PR. BuseckandR. Arimoto, 1996: Characterizatiomf the BermudaAerosol by combinedindividual-
particleandbulk-aerosolnalysis Atmos.Environ., 30, 319-338 and Twohy, C.H. andB.W. Gandrud 1998: Electronmicroscope
analysisof residualparticlesfrom aircraftcontrails,GeophysRes.Lett.,25,1359-1362.
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High volumeair ow from the SDI fed a three-stagevirtual impactorin which the concentratiorof
particleswasincreasedy afactor23into sequentiallysmaller o ws. The nal highly concentratedample
wascollectedon stretchede on lters. This techniqueproducessufcient massfor sensitve analysesn
arelatively shorttime. Thesete on Iter samplesof submicronparticlesand someCVI dropletresidue
particleswereanalyzedor organicandinorganicfunctionalgroupsby Fourier Transforminfrared(FTIR)
spectroscop® andfor elementahnalysisby X-ray FluorescencéXRF).

g. Microphysicaland Particle Instrumentation
1) LIQUID WATER PROBES

A greatvariety of probeswere o wn for estimatingpropertiesof particles(including clouddroplets)in the
STBL. To estimatebulk propertiesof the cloud layer, suchasliquid watertwo PMS-King Probesanda
PVM-100A were available. The King-probeis basedon a hot wire techniquewhich measureshe liquid
waterconcentratiorin therangeof 0.05-3gm ; it samplesavolumeof 4000cm s at10Hz. ThePVM-
100A is a very high rateinstrumentwhich usesa light scatteringtechniqueto estimateintegrateddroplet
distribution volumeandsurfaceareafor dropslargerthan  m diameter Thisinstrumensamplesvolume
of 300cm s atarateof upto 1000samplegersecond.During ights RFOlandRF02the PVM-100A
sampledhe o w atarateof 250sps,on subsequentights it sampledat 1000samplegersecond.

A complementarynstrument,the Cloud Integrating Nephelomete(CIN) measuresn situ the optical
scatteringcoefcient of cloud particleswith sizesover a rangeof about5 to 2000 m in diameter Its
samplevolumeis 0.3m s anddatais sampledat a rateof up to 250 sampleger second.lts sensitvity
to awide sizerangeof particlescoverstheindividual sizerangesof othermicrophysicgrobesusedon the
C-130,suchasthe SPP-100dropletprobeandthe 260X drizzle probe,makingit possibleto performdata
consisteng checkghatmayenhancealataaccurag.

2) OPTICAL PARTICLE PROBES

To estimatethe distribution of particlesat a given size a numberof techniquesand probeswere usedas
outlinedin Table6. The probesoperatedusingone of several basicprinciples,single-particlescattering
(sps)or shadaving of light. The scatteringof the SPP-100and Fast-FSSHs calibratedassumingwater
scatterersthe SPP-200and SPP-30Qare calibratedusing beadswith a refractve index of 1.59. The SPP
family of probesis derived from earlierversionsfrom Particle MeasuringSystemgPMS), with upgraded
electronicdrom DropletMeasurementechnologies.

3) RDMA:

TheRadialDifferentialMobility Analyzer(RDMA) measureghesizedistribution andconcentratiorof par
ticlesin thesizerange8-130nmdiametert’” Thetechniqués to putelectricalchage on particlesin thesam-
ple air andthento passthe samplethrougha smallchambetthathasa continuouso w of dry, particle-free
sheathair. The o wsof sampleandsheatho w arepreciselycontrolledat8.3and83cm s |, respectiely.
Narraov sizesegmentsof the particlesare extractedby imposingan electrical eld perpendiculato the air
o w, andtheseparticlesare passedo a CN counter Every threeminutes,the voltagecyclesthrougha

18Allen, D.T., E.J.Palen,M.I. Haimov, S.V. Hering,andJ.R.Young,1994: Fouriertransforminfrared-spectroscgpof aerosol
collectedin alow-pressurempactor(LPI/FTIR) - Methoddevelopmentand eld calibration,Aersol Sci. Technol., 21, 325-342

For moreinformationonthe RDMA techniqueseeRussell,L.M., S-H. Zhang,R.C.FlaganJ.H. Seinfeld,M.R. Stolzenlorg,
R. Caldaw, 1996: Radially classi ed aerosoldetectorfor aircraft-basedsubmicronaerosolmeasurementsJ. Atmos. Oceanic
Techn.,13,598-609
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Table6: Instrumentgor in-situ measurementsf cloudandaerosobparticlesizedistributions.

Instrument Range SampleVolume Principle Feature Operator
[ m] cm s ]

SPP-200 0.1-3 1 sps 10Hz,30ch RAF
SPP-300 0.3-30 7 sps 10Hz,30ch RAF
SPP-100 2-47 50 sps-vater 10Hz,40ch RAF
Fast-FSSP 5-44 50 sps-vater asynchronoug55ch Brenguier
PMS-260X 10-640 4000 shadov 10Hz,60ch RAF
PMS-2DC 25-800 5000 shadw 10Hz,32ch RAF

smoothexponentialcurve from Ov to -5000vandbackto Ov. The time historiesof particle counts,volt-
agesand o wsarenumericallyinvertedto generateip-scaranddown-scarsizedistribution measurements,

versusdiameter , in sixty-two bins. Size calibrationsweredonewith 80nmmonodisperse
polystyrendatex spheresSampleair for the RDMA camefrom the starboardsidesolid-difuserinlet. The
RDMA performedwell during all of the DYCOMS-II ights. A new bulk cloud watercollectionsystem
jointly developedat ColoradoStateUniversity (CSU) andthe National Centerfor AtmosphericResearch
(NCAR) wasmountedon the starboardnstrumentatiompod (Fig. 12). It provided bulk cloudwatersamples
for chemicalcharacterizatiomndcloud processingtudies.

4) CCN AND CN INSTRUMENTS

Two Wyoming CCN counters(\WWyoCCN) were o wn during DYCOMS-II. WyoCCN is a staticthermal-
gradientdiffusionchambertakinga grabsampleevery 30s. Both, the top plateandthe bottomplateof the
chamberarecoveredwith watersaturatedlotterpaper A temperatureontrollerregulatesthe differential
temperaturebetweenthe plates,thus creatinga supersaturationn the centerof the chamber Particles
with critical supersaturatiofessthanthe controlledsupersaturatioactivateandgrow to the sizeof cloud
droplets. Theseareilluminatedby a laserandthe scatteredight intensityis recorded®. Both instruments
measurecCCN numberconcentratiorat supersaturationsf 0.2%,0.4%,0.8%,and1.6%. In addition,two
continuouso w CN counters(TSI 3010and TSI 3760) *° measuredhe concentratiorof particleslarger
than

5) CLouD WATER COLLECTOR:

Thecloudwatercollectionsystememplo/sanaxial- ow cycloneto separatelouddropletsfrom theambient
air stream.At ight speedg110ms ), rampressurarivesair andclouddropletsinto the 6 cm diameter
inlet of the axial- ow cyclone. A stationarycurved vaneassemblyredirectsthe incomingaxially-directed
o w to producea rapidly rotating ow eld. In this o w, centrifugalforce rapidly movesentrainedcloud
dropletsto the wall of the collector Accumulatedcloud wateris dravn off the wall of the collectorand
directedto a samplestoragesystemconsistingof seven storagebottlesthatare lled sequentiallyduringa
ight. Theentirecloudwatercollectionsystemis housedn a Particle Measuremenbystem(PMS)canister
andis operatedvith a LabVIEW-basedcontrolanddataacquisitionsystem.

8For a detaileddescriptionof the WyoCCN instrumentseeDeleneand Deschler 2000: Calibrationof a photometriccloud
condensatiomucleuscounterdesignedor deploymenton a baloonpackage,). Atmos.OceanicTechno.,17,459-467
19TS| 3010wasoperatedy the University of Wyoming; TSI 3760wasoperatecy NCAR
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A computationaluid dynamics(CFD) analysisof theaxial- ow cycloneprovided a predictionof col-
lector performanceandindicateda 50% cut diameterof approximately8 micronswhenoperatecat 115m
s . Overthecourseof theproject54 samplesvereobtained.SamplepH wasmeasuredn siteimmediately
following eachight, andthecloudwaterfrom eachsampleperiodwaspreseredon sitefor post-campaign
analysisat CSU. Concentration®f major ions (Cl-, NO3-, SO42-,Na+, NH4+, K+, Ca2+and Mg2+),
peroxide,formaldehyde S(1V), andtracemetalshave beenmeasured Preliminaryanalysisindicatesthat
sodiumand chloride were the two mostalundantionsin every DYCOMS-II sample,accountingfor ap-
proximately2/3 of totalionsin solution.Ratiosof chloride,potassiummagnesiumandcalciumto sodium
shaw thatthesespeciesverepresenin proportionssimilar to thosefoundin seawater Sulfate,nitrate,and
ammoniumhadratiosthatwerehigherthanwhatwould be expectedn seawater indicatingthattherewere
additionalsourcedor thesespeciesn theremotemarineervironment.

6) COUNTERFLOW VIRTUAL IMPACCTOR (CVI):

The counter ow virtual impactor(CVI1)?° hasbeenutilized bothin the air andon the groundin studiesof

aerosol/cloudnteractionsgcloud physics,andclimate. For DYCOMS, it wasusedto comparepropertiesof

materialwithin dropletsto propertieof ambientaerosoparticlesin orderto studywhich particlesnucleate
cloudsand how clouds processparticles. At the CVI inlet tip, cloud dropletslarger than about8 mm

aerodynamidiametemwereseparatedrom theinterstitialaerosolandimpactednto dry nitrogengas. This

separations possiblevia a counter ow streamof nitrogenout the CVI tip, which assureshatonly cloud

droplets(with moreinertia) are sampled. The water vapor and non-\olatile residualparticlesremaining
afterdropletevaporatioraresampleddovnstreanof theinlet with selectednstrumentsin DYCOMS, these
includeda CN counterandopticalparticlecounterto measureesidualparticlenumberandsizedistribution,

electronmicroscopesampledor singleparticlechemicalanalysis, Iters for FTIR/XRF analysisof organic
functionalgroupsandelementsanda Lyman-alphahygrometerfor liquid watercontent.

h. Remote&Sensos
1) WYOMING CLouD RADAR (WCR):

The WCR?! wasoperatedvith a dualantennaarrangemenpneantenngointingvertically down (the nadir
beam) the otherat a 38 degreebackward slantin the planede ned by the aircraftaxisandthe nadirbeam.
The two antennasvere usedin a rapidly interleared fashion. Data so obtainedwill yield dual-Doppler
analysesTheradarwasoperatediuringall ights. Theradarlegs(RL in Table3) o wn notfarabove cloud
top yieldedfull coveragefrom the oceansurfaceto thetop of the cloud. Flight sgmentsin andbelow the
cloud layer provided partial views. Flight sgmentsat altitudes km yieldedpoor databecausef the
lossin sensitvity with distanceto thetamget.

TheWCR spatialresolutionis 30 m but the sampling/recordingvasdonewith 15 m spacing.Themin-
imum detectablesignal(with high signalto noiseratio) at 300 m distanceto the targetwasabout-26 dBZ.
This sensitvity wassufcient to yield measurementsvenin the mosttenuousof the cloudsencountered
duringDYCOMS.

TheWCR recordeddatain over 90 % of thetotal ight times.In two ights (RFO6andRF09),the ight
planwasdesignedo give maximumtemporalresolutionin repeatedgamplingof the samecloudvolume.

2°Noone,K.J., Ogren,J.A., Heintzenbay, J., Charlson,R.J.andD.S. Covert, Designand calibrationof a counter ow virtual
impactorfor samplingof atmospheri¢og andclouddroplets Aer. Sci. Technol. 8, 235-244,1988; Twohy, C.H., SchanotA.J.and
W.A. Cooper Measuremendf condensedvatercontentin liquid andice cloudsusinganairbornecounter ow virtual impactor J.
Atmos. OceanicTechnol.,14,197-202,1997.

21For moreinfo seehttp://www-das.uwyo.eduiicr

36



2) SABL (SCANNING AEROSOL BACKSCATTER LIDAR)

SABL is anelastichack-scattelidar thatwasusedio mapatmospheriback-scatteandcloudedgestructure.
Thelidar hasa Nd:YAG laserasthe sourceoperatingat 20 Hz andat two wavelengths:1064nm and532
nm. SABL is mountedin an NCAR/RAF instrumentatiorpod on the left wing andis capableof looking

vertically eitherup or down. Thereturnsignalsfrom bothwavelengthsaredigitizedwith a 12-bit digitizers
at ratesup to 40MHz. Cloud-topheightis obtainedfrom the remotesensingight legs whenthe aircraft
wasmorethan200m from thecloud. Eventhoughthedetectorsaresaturatedy the cloudreturnfrom close
rangetherangeto the cloud-topor cloud-bottomcanstill be extractedfrom thereturnsignal. Figure14is

plot of cloud-topheightvs time from RFO3duringa remotesensingeg of the ight. Cloud-topinformation
is obtainedrom individual pro les sothehorizontalspacingoetweerpro les is approximatelyb m. The40

MHz digitizationrategivesa verticalresolutionof 3.75m.

Figurel14: Cloudtop derivedfrom SABL on RF04

3) MULTICHANNEL CLouD RADIOMETER (MCR):

TheMCR is aseren-channetadiometethatscandetween 45degreesaboutthe ight trackwith amirror
scanrateof 3.47 revolutions/s. Datafrom eachchannelis simultaneoushsampledwith an overall rate of
5000sps. Eachactive scanyields 360 sampleqpixels), with pixel sizesdependingon heightabore tamget;
swathswidths are roughly twice the distanceto the tamget. Sincethe scanningis continuous,the MCR
producesa spectrallyresohed image (seefor instanceFig. 15) of featuresbelov the aircraft, including
cloudtops,terrain,vegetation packice, etc. Channel (Table7) is in theinfraredandwashopedto provide
nocturnaiimagingof the cloudlayer, hovever this channeldid not functionproperlyandimagesarelimited
to thedaytime,andthusonly the earlymorningperiodsat the endof nocturnalights areavailable.

4) PYROMETERS:

Two EG&G HeimannOptoelectronicsadiationpyrometersareroutinely deplo/ed on the NSF/NCARC-
130for thepurposeof obtainingairbornesurfacetemperatureneasurement3.he RAF usesHeimannmodel
KT 19.85pyrometerqseespeci cationsin Table8, which operaten thespectrarangeof 9.6-11.5 m. The
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Figurel5: MCR Channel4, from RF02

latteris aportionof theelectromagnetispectrunin which atmospheri¢ransmissions high. Consequently
the KT 19.85pyrometersare,for the mostpart, well suitedfor makingsurfacetemperatureneasurements
on boardresearctaircraft. Certainervironmentaleffectscandegradethe accurag of surfacetemperature
measurementsbtainedfrom Heimannpyrometers o wn on aircraft. Speci cally, potentialerrorscanbe
introducedinto surfacetemperatureneasurementsbtainedusingthesepyrometershy: 1) non-unityemit-
tanceandnon-zerore ectanceof the groundor seasurfacebeingstudied;2) the emissionof infrared(IR)
radiationby watervaporin the atmospheridayer betweerthe pyrometerandthe suriace. Additional dis-
cussionof thesetwo phenomenandon theHeimannKT 19.85pyrometersn generakanbefoundin RAF
Bulletin Number25, Passie BroadbandindSpectraRadiometridMeasurementdvailableon NSF/NCAR
Researchircraft, whichis availableon-line at http://raf.atd.ucaedu/Buletins/bulletin25.html.
Calibrationof the Heimannpyrometersis carriedout periodicallyin the RAF calibrationlaboratory

Table7: Speci cationsfor MCR.

Channel [ m] [ m] Application

1 0.640 0.063 andcloudmapping
2 0.761 0.001

3 0.763 0.001

4 1.06 0.07

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: 9.6-11.5 m
Range: -50-400C
Resolution: C (dependingn surfacetemperature)

Respons@ime: 0.3s(adjustable)
Field of View: 2

usinganEppley Laboratoriesinc. InfraredBlackbodySourceModel BB16T. Thisblackbodytargetdisplays
a temperatureaccurag and uniformity of 0.1 C over a temperaturgangeof 10 to +60 C and hasan
emissvity of 0.995.

5) SATELLITES:

Varioussatellitedatawhich wascollectedaspartof the studyis takulatedin Table9.

Table9: Satellitedatasets.

Platform SensofTypes DataTypes

GOES ImagerandSounder Binary dataandimages
NOAA AVHRR,AMSU,HIRS,SSU,MBU  Binary dataandimages
DMSP SSM/landVisible/InfraredSensor Binary dataandimages

QuikSCAT  Scatterometer Binary data
ERS-1 Scatterometer Images

TRMM Microwave Imager Binary data
Terra MODIS Binary data
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