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Abstract.Agreatchallengeinclimatemodelingishowto
parameterizesubgridcloudprocesses,suchasautoconver-
sionandaccretioninwarm-rainformation.Inthisstudy,we
useground-basedobservationsandretrievalsovertheAzores
toinvestigatetheso-calledenhancementfactors,Eautoand
Eaccr,whichareoftenusedinclimatemodelstoaccount
fortheinfluenceofsubgridvarianceofcloudandprecipi-
tationwaterontheautoconversionandaccretionprocesses.
EautoandEaccrarecomputedfordifferentequivalentmodel
gridsizes.ThecalculatedEautovaluesincreasefrom1.96
(30km)to3.2(180km),andthecalculatedEaccrvaluesin-
creasefrom1.53(30km)to1.76(180km).Comparingthe
prescribedenhancementfactorsinMorrisonandGettleman
(2008,MG08)totheobservedones,wefoundthatahigher
Eauto(3.2)atsmallgridsandlowerEaccr(1.07)areusedin
MG08,whichmightexplainwhymostofthegeneralcir-
culationmodels(GCMs)producetoo-frequentprecipitation
eventsbutwithtoo-lightprecipitationintensity.Theratiosof
theraintocloudwatermixingratio(qr/qc)atEaccr=1.07
andEaccr=2.0are0.063and0.142,respectively,fromob-
servations,furthersuggestingthattheprescribedvalueof
Eaccr=1.07usedinMG08istoosmalltosimulateprecipi-
tationintensitycorrectly.BothEautoandEaccrincreasewhen
theboundarylayerbecomeslessstable,andthevaluesare
largerinprecipitatingclouds(CLWP>75gm−2)thanthose
innon-precipitatingclouds(CLWP<75gm−2).Therefore,
theselectionofEautoandEaccrvaluesinGCMsshouldbe
regime-andresolution-dependent.

1 Introduction

Duetotheirvastarealcoverage(Warrenetal.,1986,1988;
HahnandWarren,2007)andstrongradiativecoolingeffect
(Hartmannetal.,1992;Chenetal.,2000),smallchangesin
thecoverageorthicknessofmarineboundarylayer(MBL)
cloudscouldchangetheradiativeenergybudgetsignificantly
(HartmannandShort,1980;Randalletal.,1984)orevenoff-
settheradiativeeffectsproducedbyincreasinggreenhouse
gases(Slingo,1990).ThelifetimeofMBLcloudsremains
anissueinclimatemodels(YooandLi,2012;Jiangetal.,
2012;Yooetal.,2013;Stanfieldetal.,2014)andrepre-
sentsoneofthelargestuncertaintiesinpredictingfuturecli-
mate(Wielickietal.,1995;Houghtonetal.,2001;Bonyand
Dufresne,2005).
MBLcloudsfrequentlyproduceprecipitation,mostlyin

theformofdrizzle(Austinetal.,1995;Wood,2005a,2012;
Leonetal.,2008).Asignificantamountofdrizzleevaporates
beforereachingthesurface,forexample,about∼76%over
theAzoresregioninthenortheastAtlantic(Wuetal.,2015),
whichprovidesawatervaporsourceforMBLclouds.Due
totheirpristineenvironmentandtheirproximitytothesur-
face,MBLcloudsandprecipitationareespeciallysensitive
toaerosolperturbations(PlatnickandTwomey,1994).Thus,
accuratepredictionofprecipitationisessentialinsimulating
theglobalenergybudgetandinconstrainingaerosolindirect
effectsinclimateprojections.
Duetothecoarsespatialresolutionsofthegeneralcir-
culationmodel(GCM)grid,manycloudprocessescannot
beadequatelyresolvedandmustbeparameterized.Forex-
ample,warm-rainparameterizationsinmostGCMstreatthe
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condensedwateraseithercloudsorrainfromthecollision–
coalescenceprocessthatispartitionedintoautoconver-
sionandaccretionsubprocessesinmodelparameterizations
(Kessler,1969;TripoliandCotton,1980;Beheng,1994;
KhairoutdinovandKogan,2000;LiuandDaum,2004).Au-
toconversionrepresentstheprocessofdrizzledropsbeing
formedthroughtheself-collectionofclouddropletsandac-
cretionrepresentstheprocesswhereraindropsgrowbycol-
lectingclouddroplets.Autoconversionmainlyaccountsfor
precipitationinitiation,whileaccretionprimarilycontributes
toprecipitationintensity.Autoconversionisoftenparam-
eterizedasfunctionsofclouddropletnumberconcentra-
tion(Nc)andcloudwatermixingratio(qc),whileaccre-
tiondependsonbothcloudandrainwatermixingratios(qc
andqr)(Kessler,1969;TripoliandCotton,1980;Beheng,
1994;KhairoutdinovandKogan,2000;LiuandDaum,2004;
Wood,2005b).Themajorityofpreviousstudiessuggested
thatthesetwoprocessescanberepresentedbypower–law
functionsofcloudandprecipitationproperties(seeSect.2
fordetails).
InconventionalGCMs,thelackofinformationonthesub-
gridvarianceofcloudsandprecipitationleadstotheun-
avoidableuseofthegrid-meanquantities(Nc,qc,andqr,
wheretheoverbarhenceforthdenotesgridmean)incalcu-
latingautoconversionandaccretionrates.MBLcloudliquid
waterpath(CLWP)distributionsareoftenpositivelyskewed
(WoodandHartmann,2006;Dongetal.,2014a,b);thatis,
themeanvalueisgreaterthanthemodevalue.Thus,the
meanvalueonlyrepresentsarelativelysmallportionofsam-
ples.Also,duetothenonlinearnatureoftherelationships,
thetwoprocessesdependsignificantlyonthesubgridvari-
abilityandco-variabilityofcloudandprecipitationmicro-
physicalproperties(WeberandQuass,2012;Boutleetal.,
2014).InsomeGCMs,subgrid-scalevariabilityisoftenig-
noredorhardcodedusingconstantstorepresentthevari-
abilitiesunderallmeteorologicalconditionsandacrossthe
entireglobe(PincusandKlein,2000;MorrisonandGettle-
man,2008;Lebsocketal.,2013).Thiscouldleadtosys-
tematicerrorsinprecipitationratesimulations(Woodetal.,
2002;Larsonetal.,2011;Lebsocketal.,2013;Boutleet
al.,2014;Songetal.,2018),whereGCMsarefoundtopro-
ducetoo-frequentbuttoo-lightprecipitationcomparedtoob-
servations(Zhangetal.,2002;Jess,2010;Stephensetal.,
2010;NamandQuaas,2012;Songetal.,2018).Thebiasis
foundtobesmallerwhenusingaprobabilitydensityfunc-
tion(PDF)ofcloudwatertorepresentthesubgrid-scalevari-
abilityinautoconversionparameterization(Beheng,1994;
Zhangetal.,2002;Jess,2010),ormorecomplexly,byinte-
gratingtheautoconversionrateoverajointPDFofliquidwa-
terpotentialtemperatureandtotalwatermixingratio(Cheng
andXu,2009).
Processrateenhancementfactors(E)areintroducedwhen
consideringsubgrid-scalevariabilityinparameterizinggrid-
meanprocessesandtheyshouldbeparameterizedasfunc-
tionsofthePDFsofcloudandprecipitationpropertieswithin

agridbox(MorrisonandGettleman,2008;Lebsocketal.,
2013;Boutleetal.,2014).However,thesevaluesinsome
GCMparameterizationschemesareprescribedasconstants
regardlessofsurfaceormeteorologicalconditions(Xieand
Zhang,2015).Boutleetal.(2014)usedaircraftinsitumea-
surementsandremotesensingtechniquestodevelopapa-
rameterizationforcloudsandrain,inwhichtheynotonly
considerthesubgridvariabilitiesunderdifferentgridscales
butalsoconsiderthevariationofcloudandrainfractions.
Theparameterizationwasfoundtoreducetheprecipita-
tionestimationbiassignificantly.Hilletal.(2015)mod-
ifiedthisparameterizationanddevelopedaregime-and
cloud-type-dependentsubgridparameterization,whichwas
implementedtotheMetOfficeUnifiedModelby Walters
etal.(2017),whofoundthattheradiationbiasisreduced
whenusingthemodifiedparameterization.Usingground-
basedobservationsandretrievals,XieandZhang(2015)pro-
posedascale-awarecloudinhomogeneityparameterization
thattheyappliedtotheCommunityEarthSystem Model
(CESM)andfoundthatitcanrecognizespatialscaleswith-
outmanualtuningandcanbeappliedtotheentireglobe.
Theinhomogeneityparameterisessentialincalculatingen-
hancementfactors,sincetheyaffecttheconversionratefrom
cloudstorainliquid.XieandZhang(2015),however,did
notevaluatethevalidityofCESMsimulationsfromtheirpa-
rameterization;theeffectofNcvariabilityortheeffectof
covarianceofcloudsandrainontheaccretionprocesswas
notassessed.Mostrecently,Zhangetal.(2018)derivedthe
subgriddistributionofCLWPandNcfromtheMODIScloud
product.Theyalsostudiedtheimplicationofsubgridcloud
propertyvariationsforthesimulationofautoconversion,in
particulartheenhancementfactor,inGCMs.Forthefirst
time,theenhancementfactorduetothesubgridvariationof
Ncwasderivedfromsatelliteobservation,andresultsreveal
severalregionsdownwindofbiomassburningaerosols(e.g.,
GulfofGuinea,eastcoastofSouthAfrica),airpollution(i.e.,
EastChinaSea),andactivevolcanos(e.g.,KilaueainHawaii
andAmbaeinVanuatu)wheretheenhancementfactordue
toNciscomparableorevenlargerthanthatduetoCLWP.
However,onelimitationofZhangetal.(2018)istheuseof
passiveremotesensingdataonly,whichcannotdistinguish
cloudandrainwater.
Dongetal.(2014a,b)and Wuetal.(2015)reported

MBLcloudandrainpropertiesovertheAzoresandpro-
videdthepossibilityofcalculatingtheenhancementfac-
torsusingground-basedobservationsandretrievals.Inthis
study,ajointretrievalmethodtoestimateqcandqrprofiles
isproposedbasedonexistingstudies(AppendixA).Mostof
thecalculationsandanalysesinthisstudyarebasedonthe
MorrisonandGettelman(2008, MG08hereafter)scheme.
Theenhancementfactorsinseveralotherschemesarealso
discussedandcomparedwiththeobservationalresults,and
theapproachinthisstudycanberepeatedforothermicro-
physicsschemesinGCMs.Thispaperisorganizedasfol-
lows:Sect.2includesasummaryofthemathematicalfor-
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mulasfrompreviousstudiesthatcanbeusedtocalculateen-
hancementfactors.Ground-basedobservationsandretrievals
areintroducedinSect.3.Section4presentsresultsanddis-
cussions,followedbyasummaryandconclusionsinSect.5.
TheretrievalmethodusedinthisstudyisinAppendixA.

2 Mathematicalbackground

AutoconversionandaccretionratesinGCMsareusually
parameterizedaspower–lawequations(TripoliandCotton,
1980;Beheng,1994;KhairoutdinovandKogan,2000;Liu
andDaum,2004):

∂qr

∂t auto

=Aqc
a1Nc

a2
, (1)

∂qr

∂t accr

=B(qcqr)
b, (2)

whereA,a1,a2,B,andbarecoefficientsindifferent
schemeslistedinTable1.qc,qr,andNcaregrid-meancloud
watermixingratio,rainwatermixingratio,anddropletnum-
berconcentration,respectively.Becauseitiswidelyused
inmodelparameterizations,thedetailedresultsfromthe
KhairoutdinovandKogan(2000)parameterizationthathas
beenusedintheMG08schemewillbeshowninSect.4,
whileasummarywillbegivenforotherschemes.
Ideally,thecovariancebetweenphysicalquantitiesshould
beconsideredinthecalculationofbothprocesses.How-
ever,qcandNcinEq.(1)arearguablynotindependently
retrievedinourretrievalmethod,whichwillbeintroducedin
thissectionandAppendixA.Thus,weonlyassesstheindi-
vidualrolesofqcandNcsubgridvariationsindetermining
theautoconversionrate.qcandqr,ontheotherhand,arere-
trievedfromtwoindependentalgorithms,asshowninDong
etal.(2014a,b), Wuetal.(2015),andAppendixA.The
effectofthecovarianceofqcandqronaccretionratewill
beassessed.
Atthesubgridscale,thePDFsofqcandNcareassumedto

followagammadistributionbasedonobservationalstudies
ofopticaldepthinMBLclouds(Barkeretal.,1996;Pincus
etal.,1999;WoodandHartmann,2006):

P(x)=
αν

(ν)
xν−1e−αx , (3)

wherexrepresentsqcorNcwithgrid-meanquantityqcor
Nc,representedbyµ,α=ν/µisthescaleparameter,σ

2is
therelativevarianceofx(=variancedividedbyµ2),and
ν=1/σ2istheshapeparameter.νisanindicatorofcloud
fieldhomogeneity,withlargevaluesrepresentinghomo-
geneousandsmallvaluesindicatinginhomogeneouscloud
fields.
Byintegratingautoconversionrate,Eq.(1),overthegrid-
meanrate,Eq.(3),withrespecttosubgrid-scalevariationof

qcandNc,theautoconversionratecanbeexpressedas

∂qr

∂t auto

=Aµa1qcµ
a2
Nc

(ν+a)

(ν)νa
, (4)

wherea=a1ora2.ComparingEq.(4)to(1),theautocon-
versionenhancementfactor(Eauto)canbegivenwithrespect
toqcandNc:

Eauto=
(ν+a)

(ν)νa
. (5)

InadditiontofittingthedistributionsofqcandNc,wealso
triedtwoothermethodstocalculateEauto.Thefirstistointe-
grateEq.(1)overtheactualPDFsfromobservedorretrieved
parametersandthesecondistofitalognormaldistribution
forsubgridvariabilityashasbeendoneinotherstudies(e.g.,
Lebsocketal.,2013;LarsonandGriffin,2013).Itisfound
thatallthreemethodsprovidesimilarresults.Inthisstudy,
weuseagammadistributionthatisconsistentwithMG08.
Also,notethat,inthecalculationofEautofromNc,theneg-
ativeexponent(−1.79)maycausesingularityproblemsin
Eq.(5).Whenthissituationoccurs,weperformdirectcalcu-
lationsbyintegratingthePDFofNcratherthanusingEq.(5).
Toaccountforthecovarianceofmicrophysicalquantities

inamodelgrid,itisdifficulttoapplyabivariategammadis-
tributionduetoitscomplexnature.Inthisstudy,thebivariate
lognormaldistributionofqcandqrisused(Lebsocketal.,
2013;Boutleetal.,2014)andcanbewrittenas

P(qc,qr)=
1

2πqcqrσqcσqr 1−ρ
2
exp−

1

2

1

1−ρ2

lnqc−µqc
σqc

2

−2ρ
lnqc−µqc
σqc

lnqr−µqr
σqr

+
lnqr−µqr
σqr

2

, (6)

whereσisstandarddeviationandρisthecorrelationcoeffi-
cientofqcandqr.
Similarly,byintegratingtheaccretionrateinEq.(2)from
Eq.(6),wegettheaccretionenhancementfactor(Eaccr)of

Eaccr= 1+
1

νqc

1.152−1.15
2

1+
1

νqr

1.152−1.15
2

exp(ρ1.152 ln1+
1

νqc
ln(1+

1

νqr
)). (7)

3 Ground-basedobservationsandretrievals

ThedatasetsusedinthisstudywerecollectedattheDepart-
mentofEnergy(DOE)AtmosphericRadiationMeasurement
(ARM)MobileFacility(AMF),whichwasdeployedonthe
northerncoastofGraciosaIsland(39.09◦N,28.03◦W)from

www.atmos-chem-phys.net/18/17405/2018/ Atmos.Chem.Phys.,18,17405–17420,2018



17408 P.Wuetal.:Evaluationofautoconversionandaccretionenhancementfactors

Table1.Theparametersofautoconversionandaccretionformulationsforfourparameterizations.NA–notavailable.

A a1 a2 B b

KhairoutdinovandKogan(2000) 1350 2.47 −1.79 67 1.15

LiuandDaum(2004) 1.3×10β66,

whereβ66= (rv+3)/rv
2
andrvisthe

meanvolumeradius;
modificationwasmadebyWood(2005b)

3 −1 NA NA

TripoliandCotton(1980) 3268 7/3 −1/3 1 1

Beheng(1994) 3×1034forNc<200cm
−3

9.9forNc>200cm
−3

4.7 −3.3 1 1

June2009toDecember2010(formoredetails,pleaserefer
toRémillardetal.,2012,Dongetal.,2014a,andWoodet
al.,2015).Thedetailedoperationalstatusoftheremotesens-
inginstrumentsatAMFissummarizedinFig.1ofRémil-
lardetal.(2012)anddiscussedinWoodetal.(2015).The
ARMEasternNorthAtlantic(ENA)sitewasestablishedon
thesameislandin2013andprovideslong-termcontinuous
observations.
Thecloud-topheights(Ztop)weredeterminedfromthe

W-bandARMcloudradar(WACR)reflectivityandonly
single-layeredandovercastlow-levelcloudswithZtop≤
3kmwereselected(thedetailedselectioncriteriacanbe
foundinDongetal.,2014a,b).Cloud-baseheights(Zbase)
weredetectedbyalaserceilometer(CEIL)andthecloud
thicknesswassimplythedifferencebetweencloud-topand
cloud-baseheights.Thecloudliquidwaterpath(CLWP)
wasretrievedfrommicrowaveradiometer(MWR)bright-
nesstemperaturesmeasuredat23.8and31.4GHzusinga
statisticalretrievalmethodwithanuncertaintyof20gm−2

forCLWP<200gm−2and10%forCLWP>200gm−2

(Liljegrenetal.,2001;Dongetal.,2000).Precipitatingsta-
tusisidentifiedthroughacombinationofWACRreflectivity
andZbase.AsinWuetal.(2015),welabeledthestatusof
aspecifictimeas“precipitating”ifthe WACRreflectivity
belowthecloudbaseexceeded−37dBZ.Notethediffer-
encesofthereflectivitythresholdsusedhereandinother
studies.Forexample,thesewere−15dBZinSauvageot
andOmar(1987),−17dBZinFrischetal.(1995),−19to
−16dBZinWangandGeerts(2003),and−30dBZorlower
inKolliasetal.(2011).Thethresholdusedinthisstudyis
setatthecloudbaseratherthanfortheentirecloudlayeras
intheabovementionedstudies.The−37dBZthresholdisa
statisticalvaluefrom WACRobservationsovertheAzores
presentedbyWuetal.(2015,Fig.2a),inwhichitisfound
thatusingahigherthresholdwillmissasignificantnumber
ofdrizzlingevents,especiallythecloudswithvirga.
TheARMmergedsoundingdatahavea1mintemporal
and20mverticalresolutionbelow3km(Troyan,2012).In
thisstudy,themergedsoundingprofilesareaveragedto5min
resolution.Pressureandtemperatureprofilesareusedtocal-

culateairdensity(ρair)profilesandtoinferadiabaticcloud
watercontent.
Clouddropletnumberconcentration(Nc)isretrievedus-

ingthemethodspresentedinDongetal.(1998,2014a,b)
andisassumedtobeconstantwithheight.Verticalprofilesof
cloudandrainliquidwatercontent(CLWCandRLWC)are
retrievedbycombiningWACRreflectivityandCEILattenu-
atedbackscatter,andbyassumingadiabaticgrowthofcloud
water.AdetaileddescriptionispresentedinAppendixAwith
theresultsfromaselectedcase.TheCLWCandRLWCval-
uesaretransformedtoqcandqrbydividingbyairdensity
(e.g.,qc(z)=CLWC(z)/ρair(z)).
Theestimateduncertaintiesfortheretrievedqcandqrare

30%and18%,respectively(seeAppendixA).Weusedthe
estimateduncertaintiesofqrandqcasinputsofEqs.(4)and
(7)toassesstheuncertaintiesofEautoandEaccr.Forinstance,
(1±0.3)qcisusedinEq.(4)andthemeandifferencesare
thenusedastheuncertaintyofEauto.Thesamemethodis
usedtoestimatetheuncertaintyforEaccr.
Theautoconversionandaccretionparameterizationsdomi-

nateatdifferentlevelsinacloudlayer.Autoconversiondom-
inatesaroundthecloudtop,wheredrizzledropsformbythe
self-collectionofclouddroplets,andaccretionisdominantin
themiddleandlowerpartsofthecloudwhereraindropsgrow
bycollectingclouddroplets.Inaccordancewiththephysical
processes,weestimateautoconversionandaccretionratesat
differentlevelsofacloudlayerinthisstudy.Theaveraged
qcvalueswithinthetopfiverangegates(∼215mthick)are
usedtocalculateEauto.TocalculateEaccr,weusetheaver-
agedqcandqrwithinfiverangegatesaroundthemaximum
radarreflectivity.Ifthemaximumradarreflectivityappears
atthecloudbase,thenfiverangegatesabovethecloudbase
areused.
TheARMmergedsoundingdataarealsousedtocalcu-

latelowertroposphericstability(LTS=θ700hPa−θ1000hPa),
whichisusedtoinfertheboundarylayerstability.Inthis
study,unstableandstableboundarylayersaredefinedasLTS
lessthan13.5Kandgreaterthan18K,respectively,andan
environmentwithanLTSbetween13.5and18Kisdefined
asmid-stable(Wangetal.,2012;Baietal.,2018).Enhance-
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Figure1.ObservationsandretrievalsovertheAzoreson27July2010.(a)W-bandARMcloudradar(WACR)reflectivity(contour)super-
imposedwithcloud-baseheight(blackdots).(b)Theblacklinerepresentsaveragedcloudwatermixingratio(qc)withinthetopfiverange
gates,thebluelinerepresentsaveragedrain(×10)watermixingratiowithinfiverangegatesaroundmaximumreflectivity,andreddotsare
theretrievedclouddropletnumberconcentration(Nc).Dashedlinesrepresenttwoperiodsthathave60kmequivalentsizeswithsimilarqc
butdifferentdistributionsasshownbysteplinesinpanels(c)and(d).Curvedlinesinpanels(c)and(d)arefittedgammadistributionswith
thecorrespondingshapeparameter(ν)shownontheupperright.Ncdistributionsarenotshown.Thecalculatedautoconversion(Eauto,qc
fromqcandEauto,NcfromNc)andaccretion(Eaccr)enhancementfactorsarealsoshown.

mentfactorsindifferentboundarylayersaresummarizedin
Sect.4.2andmaybeusedasreferenceformodelsimula-
tions.Further,tworegimesareclassified:CLWPgreaterthan
75gm−2asprecipitatingandCLWPlessthan75gm−2as
non-precipitating(Rémillardetal.,2012).
Toevaluatethedependenceofautoconversionandaccre-
tionratesonsubgridvariabilitiesfordifferentmodelspatial
resolutions,anaveragewindspeedwithinacloudlayerwas
extractedfrommergedsoundingandusedinsamplingob-
servationsovercertainperiodstomimicdifferentgridsizes
inGCMs.Forexample,2hofobservationscorrespondto
a72kmhorizontalequivalentgridboxifmeanhorizontal
in-cloudwindspeedis10ms−1,andifthewindspeedis

5ms−1,4hofobservationsareneededtomimicthesame
horizontalequivalentgrid. Weusedsixhorizontalequiva-
lentgridsizes(30,60,90,120,150,and180km)andmainly
showtheresultsfrom60and180kmhorizontalequivalent
gridsizesinSect.4.Forconvenience,weuse“equivalent
size”toimply“horizontalequivalentgridsize”fromnowon.

4 Resultsanddiscussions

Inthissection,wefirstshowthedataandmethodsusing
aselectedcase,followedbystatisticalanalysisbasedon
19monthsofdataandmultipletimeintervals.

www.atmos-chem-phys.net/18/17405/2018/ Atmos.Chem.Phys.,18,17405–17420,2018
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Figure2.Probabilitydensityfunctions(PDFs)ofautoconversion(a–d)andaccretion(e–f)enhancementfactorscalculatedfromqc(a–b),
Nc(c–d),andthecovarianceofqcandqr(e–f).Thetworowsshowtheresultsfrom60and180kmequivalentsizes,respectively,withtheir
averagevalues.Blacklinesrepresentprecipitationfrequencyineachbininpanels(a–d)andtheratiooflayer-meanqrtoqcinpanels(e–f).

4.1 Casestudy

Theselectedcaseoccurredon27July2010(Fig.1a)over
theAzores.Thiscasewascharacterizedbyalongperiod
ofnon-precipitatingorlightdrizzlingclouddevelopment
(00:00–14:00UTC)beforeintensedrizzleoccurred(14:00–
20:00UTC).Wuetal.(2017)studiedthiscaseindetailto
demonstratetheeffectofwindshearondrizzleinitiation.
Here,wechoosetwoperiodscorrespondingtoa180km
equivalentsizeandhavingsimilarmeanqcnearcloudtop:
0.28gkg−1forperiodcand0.26gkg−1forperioddbutwith
differentdistributions(Fig.1candd).ThePDFsofqcare
thenfittedusinggammadistributionstogetshapeparame-
ters(ν)asshowninFig.1candd.Smallerνisusuallyas-
sociatedwithamoreinhomogeneouscloudfield,whichal-
lowsmorerapiddrizzleproductionandmoreefficientliquid
transformationfromcloudtorain(XieandZhang,2015)in
regionsthatsatisfyprecipitationcriteria,whichareusually
controlledusingathresholdqr,dropletsize,orrelativehu-
midity(Kessler,1969;LiuandDaum,2004).Perioddhasa
widerqcdistributionthanperiodc,resultinginasmallerν
andthuslargerEauto.Usingthefittedν,theEautofromqc
calculatedfromEq.(5)forperioddislargerthanthatforpe-
riodc(1.80vs.1.33).TheEautovaluesforperiodsdandc
canalsobecalculatedfromNcusingthesameprocedureas
qcwithasimilarresult(2.1vs.1.51).TheEaccrvaluesfor
periodsdandccanbecalculatedfromthecovarianceofqc
andqrandEq.(7).Notsurprisingly,perioddhaslargerEaccr

thanperiodc.ThecombinationoflargerEautoandEaccrin
perioddcontributestorapiddrizzleproductionandhighrain
rateasseenfromWACRreflectivityandqrinFig.A1.
Itisimportanttounderstandthephysicalmeaningofen-
hancementfactorsinprecipitationparameterization.Forex-
ample,ifweassumetwoscenariosforqcwithamodel
gridhavingthesamemeanvaluesbutdifferentdistributions,
(1)thedistributionisextremelyhomogeneous,andthereis
nosubgridvariabilitybecausethecloudhasthesamechance
toprecipitateandtheenhancementfactorswouldbeunity
(thisistrueforarbitrarygrid-meanqcamountaswell);and
(2)thecloudfieldgetsmoreandmoreinhomogeneouswith
abroadrangeofqcwithinthemodelgridbox,whichresults
inagreaterenhancementfactorandincreasesthepossibil-
ityofprecipitation.Thatis,alargeenhancementfactorcan
makethepartofthecloudwithhigherqcwithinthegridbox
moreefficientingeneratingprecipitation,ratherthantheen-
tiremodelgrid.
Usingtheliquidwaterpath(LWP)retrievedfromthe

ModerateResolutionImagingSpectroradiometer(MODIS)
asanindicatorofcloudinhomogeneity, WoodandHart-
mann(2006)foundthatwhencloudsbecomemoreinho-
mogeneous,cloudfractiondecreases,andopencellsbecome
dominant,accompaniedbystrongerdrizzle(Comstocketal.,
2007).Therelationshipbetweenreducedhomogeneityand
strongerprecipitationintensityfoundinthisstudyissim-
ilartothefindingsinotherstudies(e.g., WoodandHart-

Atmos.Chem.Phys.,18,17405–17420,2018 www.atmos-chem-phys.net/18/17405/2018/



P.Wuetal.:Evaluationofautoconversionandaccretionenhancementfactors 17411

mann,2006;Comstocket.,2007;Barkeretal.,1996;Pincus
etal.,1999).
ItisclearthatqcandNcinFig.1barecorrelatedwitheach

other.Inadditiontotheirnaturalrelationships,qcandNcin
ourretrievalmethodarealsocorrelated(Dongetal.,2014a,
b).Thus,theeffectofqcandNccovarianceonEautoisnot
includedinthisstudy.InFig.1candd,theresultsarecalcu-
latedusinganequivalentsizeof180kmfortheselectedcase
on27July2010.InSect.4.2,wewillusetheseapproachesto
calculatetheirstatisticalresultsformultipleequivalentsizes
usingthe19-monthARMground-basedobservationsandre-
trievals.

4.2 Statisticalresult

Foraspecificequivalentsize,e.g.,60km,weestimatethe
shapeparameter(ν)andcalculateEautothroughEqs.(5)and
(7).ThePDFsofEautoforboth60and180kmequivalent
sizesareshowninFig.2a–d.ThedistributionsofEautoval-
uescalculatedfromqcwith60and180kmequivalentsizes
(Fig.2aandb)aredifferentfromeachother(2.79vs.3.3).
ThecalculatedEautovaluesrangefrom1to10,andmost
arelessthan4.Theaveragevalueforthe60kmequivalent
size(2.79)issmallerthanthatforthe180kmequivalentsize
(3.2),indicatingapossibledependenceofEautoonmodel
gridsize.Becausedrizzle-sizeddropsareprimarilyformed
byautoconversion,weinvestigatetherelationshipbetween
Eautoandprecipitationfrequency,whichisdefinedasthe
averagepercentageofdrizzlingoccurrencebasedonradar
reflectivitybelowcloudbase.GiventheaverageLWPover
theAzoresfromDongetal.(2014b,109–140gm−2),the
precipitationfrequency(blacklinesinFig.2aandb)agrees
wellwiththosefromKubaretal.(2009,0.1–0.7fromtheir
Fig.11).Theprecipitationfrequencywithineachbinshows
anincreasingtrendforEautofrom0to4–6,thenoscillates
whenEauto>6,indicatingthatintheprecipitationinitia-
tionprocess,Eautokeepsincreasingtoacertainvalue(∼6)
untiltheprecipitationfrequencyreachesanear-steadystate.
Higherprecipitationfrequencydoesnotnecessarilyresultin
largerEautovaluesbutinsteadmayproducemoredrizzle-
sizeddropsfromautoconversionprocesswhenthecloudis
precipitating.
ThePDFsofEautocalculatedfromNcalsosharesimilar

patternsofpositiveskewnessandpeaksat∼1.5–2.0forthe
60and180kmequivalentsizes(Fig.2candd).Although
theaveragevaluesareclosetotheirqccounterparts(2.54
vs.2.79for60kmand3.45vs.3.2for180km),thediffer-
enceinEautobetween60and180kmequivalentsizesbe-
comeslarge.Theprecipitationfrequencieswithineachbin
arenearlyconstantordecreaseslightly,whichisdifferent
fromtheirqccounterpartsshowninFig.2aandb.This
suggestscomplicatedeffectsofdropletnumberconcentra-
tiononprecipitationinitiationandwarrantsmoreexploration
ofaerosol–cloud–precipitationinteractions.Asmentionedin
Sect.2,qcandNcarealsofittedusinglognormaldistribu-

tionstocalculateEauto.TheresultsareclosetothoseinFig.2
(notshownhere),withaveragevaluesof3.28and3.84,re-
spectively,for60and180kmequivalentsizes.Becausethe
EautovaluescalculatedfromqcandNcareclosetoeach
other,wewillfocusonanalyzingtheresultsfromqconlyfor
simplicityandclarity.TheeffectofqcandNccovariance,as
statedinSect.4.1,isnotpresentedinthisstudyduetothein-
trinsiccorrelationintheretrieval(Dongetal.,2014a,b,and
AppendixAofthisstudy).
ThecovarianceofqcandqrisincludedincalculatingEaccr

andtheresultsareshowninFig.2eandf.Thecalculated
Eaccrvaluesrangefrom1to4,withmeanvaluesof1.62and
1.76for60and180kmequivalentsizes,respectively.These
twomeanvaluesaremuchgreaterthantheprescribedvalue
usedinMG08(1.07).Sinceaccretionisdominantinthemid-
dleandlowerpartsofthecloudwhereraindropssediment
andcontinuetogrowbycollectingclouddroplets,wesuper-
imposetheratioofqrtoqcwithineachbin(blacklinesin
Fig.2eandf)torepresenttheportionofrainwaterinthe
cloudlayer.Inbothpanels,theratiosarelessthan15%,
whichmeansthatqrcanbe1orderofmagnitudesmaller
thanqc.Thedifferencesinmagnitudeareconsistentwith
previousCloudSatandaircraftresults(e.g.,Boutleetal.,
2014).ThisratioincreasesfromEaccr=0to∼2andthen
decreases,suggestingthattheconversionefficiencycannot
beinfinitelyincreasedwithEaccrunderavailablecloudwa-
ter.TheratioofqrtoqcincreasesfromEaccr=1.07(0.063)
toEaccr=2.0(0.142),indicatingthatthefractionofrain
waterintotalliquidwaterusingtheprescribedEaccristoo
low.Thisratiocouldbeincreasedsignificantlyusingalarge
Eaccrvalue,thereforeincreasingprecipitationintensityinthe
models.Thisfurthersuggeststhattheprescribedvalueof
Eaccr=1.07usedinMG08istoosmalltocorrectlysimulate
precipitationintensityinthemodels.Therefore,similartothe
conclusionsinLebsocketal.(2013)andBoutleetal.(2014),
wesuggestincreasingEaccrfrom1.07to1.5–2.0inGCMs.
Toillustratetheimpactofusingprescribedenhancement

factors,autoconversionandaccretionratesarecalculatedus-
ingtheprescribedvalues(e.g.,3.2forEautoand1.07for
Eaccr,MG08;XieandZhang,2015)andthenewlycalculated
onesinFig.2thatuseobservationsandretrievals.Figure3
showsthejointdensityofautoconversion(Fig.3aandb)and
accretionrates(Fig.3candd)fromobservations(xaxis)and
modelparameterizations(yaxis)for60and180kmequiva-
lentsizes.Despitethespread,thepeaksinthejointdensity
ofautoconversionrateappearslightlyabovethe1:1line,es-
peciallyforthe60kmequivalentsize,suggestingthatcloud
dropletsinthemodelaremoreeasilyconvertedintodriz-
zle/raindropsthanintheobservations.Ontheotherhand,
thepeaksintheaccretionrateappearslightlybelowthe1:1
line,whichindicatesthatsimulatedprecipitationintensities
arelowerthanobservedones.Themagnitudesofthetwo
ratesareconsistentwithKhairoutdinovandKogan(2000),
LiuandDaum(2004),andWood(2005b).
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Figure3.Comparisonofautoconversion(a–b)andaccretion(c–d)ratesderivedfromobservations(xaxis)andfromthemodel(yaxis).
Resultsarefor60km(a,c)and180km(b,d)modelequivalentsizes.Coloreddotsrepresentjointnumberdensities.

Comparedtotheobservations,theprecipitationinGCMs
occursathigherfrequencieswithlowerintensities,which
mightexplainwhythetotalprecipitationamountsareclose
tosurface measurementsoveranentiregridbox.This
“promising”result,however,failstosimulateprecipitation
ontherightscaleandcannotcapturethecorrectrainwa-
teramount,thusprovidinglimitedinformationinestimating
rainwaterevaporationandair–seaenergyexchange.
Cloudsinanunstableboundarylayerhaveabetterchance
ofgettingmoisturesupplyfromthesurfacebyupwardmo-
tionthancloudsinastableboundarylayer.Precipitation
frequenciesarethusdifferentinthesetwoboundarylayer
regimes.Forexample,cloudsinarelativelyunstablebound-
arylayerproducedrizzlemoreeasilythanthoseinastable
boundarylayer.Giventhesameboundarylayerconditions,
CLWPisanimportantfactorindeterminingtheprecipita-
tionstatusofclouds.OvertheAzores,precipitatingclouds
aremorelikelytohaveCLWPgreaterthan75gm−2than
theirnon-precipitatingcounterparts(Rémillardetal.,2012).
Tofurtherinvestigatewhatconditionsandparameterscan
significantlyinfluencetheenhancementfactors,weclassify
low-levelcloudsaccordingtotheirboundarylayerconditions
andCLWPs.
TheaveragedEautoandEaccrvaluesforeachcategory

arelistedinTable2.BothEautoandEaccrincreasewhen
theboundarylayerbecomeslessstable,andthesevalues
becomelargerinprecipitatingclouds(CLWP>75gm−2)
thanthoseinnon-precipitatingclouds(CLWP<75gm−2).

Table2.Autoconversion(leftvalues)andaccretion(rightvalues)
enhancementfactorsindifferentboundarylayerconditions(LTS>
18Kforstable,LTS<13.5Kforunstable,andLTSwithin13.5
and18Kformid-stable)andindifferentLWPregimes(LWP≤
75gm−2fornon-precipitatingandLWP>75gm−2forprecipi-
tating).

LWP≤75gm−2 LWP>75gm−2

LTS>18K 2.32/1.42 2.75/1.52
13.5≤LTS≤18K 2.61/1.47 3.07/1.68
LTS<13.5K 4.62/1.72 6.94/1.86

Inmodelparameterizations,theautoconversionprocessonly
occurswhenqcorclouddropletsizereachesacertainthresh-
old(e.g.,Kessler,1969;LiuandDaum,2004).Thus,itwill
notaffectmodelsimulationsifavalidEautoisassignedto
Eq.(1)inanon-precipitatingcloud.TheEautovaluesinboth
stableandmid-stableboundarylayerconditionsaresmaller
thantheprescribedvalueof3.2,whilethevaluesinunsta-
bleboundarylayersaresignificantlylargerthan3.2,regard-
lessofwhethertheyareprecipitating.AllEaccrvaluesare
greaterthantheconstantof1.07.TheEautovaluesinTable2
rangefrom2.32to6.94andtheEaccrvaluesvaryfrom1.42
to1.86,dependingondifferentboundarylayerconditions
andCLWPs.Therefore,assuggestedbyHilletal.(2015),
theselectionofEautoandEaccrvaluesinGCMsshouldbe
regime-dependent.
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Figure4.Autoconversion(redline)andaccretion(blueline)en-
hancementfactorsasafunctionofequivalentsizes.Theshadedar-
easarecalculatedbyvaryingqcandqrwithintheirretrievaluncer-
tainties.Thetwodashedlinesshowtheconstantvaluesofautocon-
version(3.2)andaccretion(1.07)enhancementfactorsprescribed
inMG08.

Toproperlyparameterizesubgridvariabilities,theap-
proachesofHilletal.(2015)andWaltersetal.(2017)canbe
adopted.TouseMG08andotherparameterizationsinGCMs
aslistedinTable1,properadjustmentscanbemadeaccord-
ingtothemodelgridsize,boundarylayerconditions,and
precipitatingstatus.Asstatedinthemethodology,weused
avarietyofequivalentsizes.Figure4demonstratesthede-
pendenceofbothenhancementfactorsondifferentmodel
gridsizes.TheEautovalues(redline)increasefrom1.97
atanequivalentsizeof30kmto3.15atanequivalentsize
of120km,whichare38.4%and2%percentlowerthanthe
prescribedvalue(3.2,upperdashedline).Afterthat,theEauto
valuesremainrelativelyconstantat∼3.18whentheequiv-
alentmodelsizeis180km,whichisclosetotheprescribed
valueof3.2usedinMG08.Thisresultindicatesthatthepre-
scribedvalueinMG08isappropriateforlargegridsizesin
GCMs.TheEaccrvalues(blueline)increasefrom1.53at
anequivalentsizeof30kmto1.76atanequivalentsizeof
180km,increasesof43%and64%,respectively,largerthan
theprescribedvalue(1.07,lowerdashedline).Theshadedar-
easrepresenttheuncertaintiesinEautoandEaccrassociated
withtheuncertaintiesintheretrievedqcandqr.Whenequiv-
alentsizeincreases,theuncertaintiesdecreaseslightly.The
prescribedEautoisclosetotheupperboundaryofuncertain-
tiesexceptforthe30kmequivalentsize,whiletheprescribed
Eaccrissignificantlylowerthanthelowerboundary.
ItisnotedthatEautoandEaccrdepartfromtheirprescribed

valuesinoppositedirectionsastheequivalentsizeincreases.
Formodelswithfinerresolutions(e.g.,30km),bothEauto
andEaccraresignificantlydifferentfromtheprescribedval-
ues,whichcanpartiallyexplaintheissueof“too-frequent”
and“too-light”precipitation.Underbothconditions,theac-
curacyofprecipitationestimationisdegraded.Formodels

withcoarserresolutions(e.g.,180km),theaverageEautois
exactly3.2,whileEaccrismuchlargerthan1.07whencom-
paredtofiner-resolutionsimulations.Insuchsituations,the
simulatedprecipitationwillbedominatedbythetoo-light
problem,inadditiontobeingregime-dependent(Table2),
andasinXieandZhang(2015),EautoandEaccrshouldalso
bescale-dependent.
Alsonotethatthelocationofground-basedobservations

andretrievalsusedinthisstudyisintheremoteocean,where
theMBLcloudsmainlyforminarelativelystableboundary
layerandarecharacterizedbyhighprecipitationfrequency.
Eveninsuchenvironments,however,GCMsoverestimate
theprecipitationfrequency(AhlgrimmandForbes,2014).
Tofurtherinvestigatehowenhancementfactorsaffectpre-

cipitationsimulations,weuseEautoasafixedvalueof3.2
inEq.(4)andthencalculatetheqcneededformodelsto
reachthesameautoconversionrateasobservations.Theqc
differencesbetweenmodelsandobservationsarethencalcu-
lated,whichrepresenttheqcadjustmentinmodelstoachieve
arealisticautoconversionrateinthesimulations.Similarto
Fig.1,thePDFsofqcdifferences(model–observation)are
plottedinFig.5aandbfor60and180kmequivalentsizes.
Figure5cshowstheaveragepercentagesofmodelqcadjust-
mentsfordifferentequivalentsizes.Themodeandaverage
valuesforthe30kmequivalentsizearenegative,suggest-
ingthatmodelsneedtosimulatelowerqcingeneraltoget
reasonableautoconversionrates.Lowerqcvaluesareusu-
allyassociatedwithsmallerEautovaluesthatinducelower
simulatedprecipitationfrequency.Onaverage,thepercent-
ageofqcadjustmentsdecreaseswithincreasingequivalent
size.Forexample,theadjustmentsforfinerresolutions(e.g.,
30–60km)canbe∼20%oftheqc,whereasadjustmentsin
coarse-resolutionmodels(e.g.,120–180km)arerelatively
smallbecausetheprescribedEauto(equalto3.2)isclose
totheobservedones(Fig.4),andwhenequivalentsizeis
180km,noadjustmentisneeded.Theadjustmentmethod
presentedinFig.5,however,maychangecloudwatersub-
stantiallyandmaycauseavarietyofsubsequentissues,such
asalteringcloudradiativeeffectsanddisruptingthehydro-
logicalcycle.TheassessmentinFig.5onlyprovidesaref-
erencetotheequivalenteffectoncloudwaterbyusingthe
prescribedEautovalueascomparedtothosefromobserva-
tions.
AllabovediscussionsarebasedontheprescribedEauto

andEaccrvalues(3.2and1.07)in MG08,whereasthere
arequiteafewparameterizationsthathavebeenpublished
sofar.Inthisstudy,welistEautoandEaccrforthreeother
widelyusedparameterizationschemesinTable3,whichare
givenonlyfor60and180kmequivalentsizes.Thevalues
oftheexponentineachschemedirectlyaffectthevalues
oftheenhancementfactors.Forexample,theschemeinBe-
heng(1994)hasthehighestdegreeofnonlinearityandhence
thelargestenhancementfactors.TheschemeinLiuand
Daum(2004)isverysimilartotheschemeinKhairoutdinov
andKogan(2000)becausebothschemeshaveaphysically
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Figure5.qcneededformodelstoadjusttoreachthesameauto-
conversionrateasobservationsfor(a)60kmand(b)180kmmodel
equivalentsizes.Positivebiasesrepresentincreasedqcrequiredin
models,andnegativebiasesmeandecreasedqc.Theaverageper-
centagesofadjustmentsfordifferentequivalentsizesareshownin
panel(c).Notethatthepercentagesintheverticalaxisarenegative.

realisticdependenceoncloudwatercontentandnumbercon-
centration(Wood,2005b).Foradetailedoverviewanddis-
cussionofvariousexistingparameterizations,pleasereferto
LiuandDaum(2004),Liuetal.(2006a),Liuetal.(2006b),
Wood(2005b),and MichibataandTakemura(2015).A
physical-basedautoconversionparameterizationwasdevel-
opedbyLeeandBaik(2017),inwhichtheschemewas
derivedbysolvingthestochasticcollectionequationwith
anapproximatedcollectionkernelthatisconstructedusing
theterminalvelocityofclouddropletsandthecollisionef-
ficiencyobtainedfromaparticletrajectorymodel.Dueto
thegreatlyincreasedcomplexityoftheirequation,wedo
notattempttocalculateEautoherebutitshouldbeexam-
inedinfuturestudiesduetothephysicallyappealingLeeand
Baik(2017)scheme.

5 Summary

Tobetterunderstandtheinfluenceofsubgridcloudvariations
onthewarm-rainprocesssimulationsinGCMs,weinves-
tigatedthewarm-rainparameterizationsofautoconversion
(Eauto)andaccretion(Eaccr)enhancementfactorsinMG08.
Thesetwofactorsrepresenttheeffectsofsubgridcloudand
precipitationvariabilitieswhenparameterizingautoconver-
sionandaccretionratesasfunctionsofgrid-meanquanti-
ties.EautoandEaccrareprescribedas3.2and1.07,respec-
tively,inthewidelyusedMG08scheme.Toassessthede-
pendenceofthetwoparametersonsubgrid-scalevariabili-

Table3.Autoconversionandaccretionenhancementfactors(Eauto
andEaccr)fortheparameterizationsinTable1,exceptforthe
KhairoutdinovandKogan(2000)scheme.Thevaluesareaveraged
for60and180kmequivalentsizes.NA–notavailable.

Eauto Eaccr

60km 180km 60km 180km

LiuandDaum(2004) 3.82 4.23 NA NA
TripoliandCotton(1980) 2.46 2.69 1.47 1.56
Beheng(1994) 6.94 5.88 1.47 1.56

ties,weusedground-basedobservationsandretrievalscol-
lectedattheDOEARMAzoressitetoreconstructthetwo
enhancementfactorsindifferentequivalentsizes.
Fromtheretrievedqcandqrprofiles,theaveragedqcval-
ueswithinthetopfiverangegatesareusedtocalculateEauto,
andtheaveragedqcandqrwithinfiverangegatesaround
maximumreflectivityareusedtocalculateEaccr.Thecalcu-
latedEautovaluesfromobservationsandretrievalsincrease
from1.96atanequivalentsizeof30kmto3.18atanequiv-
alentsizeof150km.Thesevaluesare38%and0.625%
lowerthantheprescribedvalueof3.2.Theprescribedvalue
inMG08representswellthelargegridsizesinGCMs(e.g.,
1802km2grid).Ontheotherhand,theEaccrvaluesincrease
from1.53atanequivalentsizeof30kmto1.76atanequiv-
alentsizeof180km,whichare43%and64%higherthan
theprescribedvalue(1.07).ThehigherEautoandlowerEaccr
prescribedinGCMshelptoexplaintheissueoftoo-frequent
precipitationeventswithtoo-lightprecipitationintensity.The
ratiosofraintocloudliquidwaterincreasewithincreasing
Eaccrfrom0to2andthendecreasethereafter;thevalues
atEaccr=1.07andEaccr=2.0are0.063and0.142,further
underscoringthattheprescribedvalueofEaccr=1.07istoo
smalltosimulatecorrectprecipitationintensityinmodels.
Tofurtherinvestigatewhatconditionsandparameterscan
significantlyinfluencetheenhancementfactors,weclassified
low-levelcloudsaccordingtotheirboundarylayerconditions
andCLWPs.BothEautoandEaccrincreasewhenthebound-
arylayerconditionsbecomelessstable,andthevaluesare
largerinprecipitatingclouds(CLWP>75gm−2)thanthose
innon-precipitatingclouds(CLWP<75gm−2).TheEauto
valuesinbothstableandmid-stableboundarylayercondi-
tionsaresmallerthantheprescribedvalueof3.2,whilethose
inunstableboundarylayerconditionsaresignificantlylarger
than3.2regardlessofwhetherornotthecloudisprecipitat-
ing(Table2).AllEaccrvaluesaregreaterthantheprescribed
valueof1.07.Therefore,theselectionofEautoandEaccrval-
uesinGCMsshouldberegime-dependent,whichalsohas
beensuggestedbyHilletal.(2015)andWaltersetal.(2017).
Thisstudy,however,didnotincludetheeffectofuncer-
taintiesinGCMsimulatedcloudandprecipitationproperties
onsubgrid-scalevariations.Forexample,wedidnotconsider
thebehaviorofthetwoenhancementfactorsunderdiffer-
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entaerosolregimes,aconditionwhichmayaffectthepre-
cipitationformationprocess.Theeffectofaerosol–cloud–
precipitationinteractionsoncloudandprecipitationsubgrid
variabilitiesmaybeofcomparableimportancetometeoro-
logicalregimesandprecipitationstatusanddeservesfurther
study.Otherthanthelarge-scaledynamics,e.g.,LTSinthis
study,upward/downwardmotionatsubgridscalemayalso
modifycloudandprecipitationdevelopmentandaffectthe
calculationsofenhancementfactors.Theinvestigationofthe
dependenceofEautoandEaccronaerosoltypeandconcen-
trationaswellasonverticalvelocitywouldbeanaturalex-
tensionandcomplementthecurrentstudy.Inaddition,other
factorsmayalsoaffectprecipitationfrequencyandintensity
evenunderthesameaerosolregimesandeveniftheclouds
havesimilarcloudwatercontent.Windshear,forexample,
aspresentedinWuetal.(2017),isanexternalvariablethat
canaffectprecipitationformation.Furtherstudiesareneeded
toevaluatetheroleofthecovarianceofqcandNcatsubgrid
scalesonEauto,whichisbeyondthescopeofthisstudyand
requiresindependentretrievaltechniques.

Dataavailability.Theground-basedmeasurementswereobtained
fromtheAtmosphericRadiation Measurement(ARM)program.
Thedatacanbedownloadedfromhttp://www.archive.arm.gov/
(lastaccess:8March2016).
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AppendixA:Jointcloudandrainliquidwatercontent
(LWC)profileestimation

Ifatimestepisidentifiedasnon-precipitating,theCLWC
profileisretrievedusingFrischetal.(1995)andDonget
al.(1998,2014a,b).TheretrievedCLWCisproportionalto
radarreflectivity.
Ifatimestepisidentifiedasprecipitating(maximumre-
flectivitybelowcloudbaseexceeds−37dBZ),theCLWC
profileisfirstinferredfromtemperatureandpressurein
mergedsoundingbyassumingadiabaticgrowth.Marinestra-
tocumuluscloudsareclosetoadiabatic(Albrechtetal.,
1990),whichassistscloudpropertyretrievals(e.g.,Rémil-
lardetal.,2013).Inthisstudy,weusetheinformationfrom
rainpropertiesnearcloudbasetofurtherconstraintheadia-
baticCLWC(CLWCadiabatic).
AdoptingthemethodofO’Connoretal.(2005), Wuet
al.(2015)retrievedrainpropertiesbelowcloudbase(CB)
forthesameperiodasinthisstudy.InWuetal.(2015),rain-
dropsize(mediandiameter,D0),shapeparameter(µ),and
normalizedraindropletnumberconcentration(NW)arere-
trievedfortheassumedrainparticlesizedistribution(PSD):

nr(D)=NWf(µ)
D

D0

µ

exp[−
(3.67+µ)D

D0
]. (A1)

Toinferrainpropertiesabovecloudbase,weadopttheas-
sumptioninFieldingetal.(2015)thatNW increasesfrom
belowCBtowithinthecloud.Thisassumptionisconsistent
withtheinsitumeasurementin Wood(2005a).Similarto
Fieldingetal.(2015),weuseconstantNWwithinthecloud
iftheverticalgradientofNW isnegativebelowCB.Theµ
withinthecloudistreatedasconstantandistakenasthe
averagevaluefromfourrangegatesbelowCB.Anotheras-
sumptionintheretrievalisthattheevaporationofraindrops
isnegligiblefromonerangegateaboveCBtoonerangegate
belowCB;thus,weassumeraindropsizeisthesameatthe
rangegatesbelowandaboveCB.
Withtheaboveinformation,wecancalculatethereflec-
tivitycontributedbyrainatthefirstrangegateaboveCB
(Zr(1)),andthecloudreflectivity(Zc(1))isthenZc(1)=
Z(1)−Zr(1),whereZ(1)istheWACRmeasuredreflectiv-
ityatthefirstrangegateaboveCB.Usingtheclouddroplet
numberconcentration(Nc)fromDongetal.(2014a,b),
CLWCatthefirstrangegateaboveCBcanbecalculated
through

Zc(1)=2
6

∞

0

nc(r)r
6dr=

36

π2ρ2w

CLWC(1)reflectivity
2

Nc

exp(9σ2x) (A2.1)

CLWC(1)reflectivity=
Zc(1)π

2ρ2wNc

36exp(9σ2x)
, (A2.2)

whereρwisliquidwaterdensityandnc(r)isthelognor-
maldistributionofcloudPSDwithlogarithmicwidthσx.

Geoffroyetal.(2010)suggestedthatσxincreaseswiththe
lengthscale,andWitteetal.(2018)showedthatσxisalso
dependentonthechoiceofinstrumentation.Thevariationsof
σxshouldbereflectedintheretrievalbyusingdifferentσx
valueswithtime.However,noaircraftmeasurementswere
availableduringCAP-MBLtoprovideσxovertheAzores
region.Theinclusionofsolvingσxintheretrievaladdsan-
otherdegreeoffreedomtotheequationsandcomplicatesthe
problemconsiderably.Inthisstudy,σxissettoaconstant
valueof0.38fromMilesetal.(2000),whichisastatistical
valuefromaircraftmeasurementsinmarinelow-levelclouds.
WethencomparetheCLWCadiabaticandtheonecalculated

fromCLWCreflectivityatthefirstrangegateaboveCB.Ascale

parameter(s)isdefinedass=
CLWCreflectivity(1)
CLWCadiabatic(1)

,andtheentire
profileofCLWCadiabaticismultipliedbystocorrectthebias
fromcloudsubadiabaticity.Thereflectivityprofilefromthe
cloudisthencalculatedfromEq.(A2.1)usingtheupdated
CLWCadiabatic,andtheremainingreflectivityprofilefromthe
WACRobservationisregardedastheraincontribution.Rain
particlesizecanthenbecalculatedgiventhatNWandµare
knownandrainliquidwatercontent(RLWC)canbeesti-
mated.
Therearetwoconstraintsusedintheretrieval.Oneisthat

thesummationofcloudandrainliquidwaterpath(CLWP
andRLWP)mustbeequaltotheLWPfromthemicrowave
radiometerobservation.Anotheristhatraindropsize(D0)
nearcloudtopmustbeequaltoorgreaterthan50µm,and
ifD0islessthan50µm,wedecreaseNWfortheentirerain
profilewithinthecloudandrepeatthecalculationuntilthe
50µmcriterionissatisfied.
Itisdifficulttoquantitativelyestimatetheretrievalun-
certaintieswithoutaircraftinsitumeasurements.Forthe
proposedretrievalmethod,18%shouldbeusedasuncer-
taintyforRLWCfromrainpropertiesin Wuetal.(2015)
and30%forCLWCfromcloudpropertiesinDongetal.
(2014a,b).Theactualuncertaintydependsontheaccuracy
ofthemergedsoundingdata,thesensitivityofWACRnear
cloudbase,andtheeffectofentrainmentoncloudadiabatic-
ityduringprecipitation.Arecentaircraftfieldcampaign,the
AerosolandCloudExperimentsintheEasternNorthAtlantic
(ACE-ENA),wasconductedduring2017–2018withatotal
of39flightsovertheAzores,neartheARMENAsiteonGra-
ciosaIsland.Theseaircraftinsitumeasurementswillbeused
tovalidatetheground-basedretrievalsandquantitativelyes-
timatetheiruncertaintiesinthefuture.
FigureA1showsanexampleoftheretrievalresults.The
mergedsounding,ceilometer,microwaveradiometer,and
WACRareusedintheretrieval.Wheneveroneormorein-
strumentsarenotreliable,thattimestepisskipped,and
thisresultsinthegapsintheCLWCandRLWCasshown
inFig.A1bandc. Whenthecloudisclassifiedasnon-
precipitating,noRLWCwillberetrieved.Usingairdensity
(ρair)profilescalculatedfromtemperatureandpressurein
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FigureA1.Jointretrievalofcloudandrainliquidwatercontent(CLWCandRLWC)forthesamecaseasinFig.1.(a)WACRreflectivity,
(b)CLWC,and(c)RLWC.Theblackdotsrepresentcloud-baseheight.Blankgapsarearesultofthedatafromoneormoreobservations
beingnotavailableorreliable.Forexample,thegapbefore14:00UTCisduetomultiplecloudlayers,whereasweonlyfocusonasingle
layercloud.

mergedsounding,mixingratio(q)canbecalculatedfrom
LWCusingq(z)=LWC(z)/ρair(z).

www.atmos-chem-phys.net/18/17405/2018/ Atmos.Chem.Phys.,18,17405–17420,2018
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