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1. Introduction

It has long beenrecognizedthat shallow cumulusconvection is an important

processmaintainingthe characteristictemperatureand moisturestructureof the

trades.Albrechtetal. (1979)exploredthestructureof thetradesusingtheir2-layer

bulk trade-cumulusmodel.However, theassumptionsinvolved in their modelare

rather complex and causedsome inconsistency, e.g., the existence of virtual

moisture sourceat the inversion as explored recently by Bellon and Stevens

(2005). In this study, we constructa fully-consistent,minimal complexity bulk

trade-cumulusboundarylayer model that has similar dynamic assumptionsto

typical trade-cumulusparameterizationsbasedon a single entraining-detraining

cumulus updraft plume. Then, we will investigate some interesting issuesof

fundamentalimportancefor understandingand parameterizingshallow cumulus

cloud fields, especially over the ocean. Specifically, we aim at understanding

(1) the timescales for approach to a steady state,

(2) what regulatesthe equilibrium buoyancy and vertical velocity of shallow

cumuli, which observationsandLES modelsshow to be muchsmallerthanone

predicted from adiabatic parcel ascent,

(3) how steady-stateboundarylayerstructuredependson SST, meansubsidence

rate, andetc..

2. Model structure and key assumptions

Our model is Albrecht-like in structurebut is discretizedin a fully consistent

way that does not suffer from the inconsistency betweeninversion heat and

moistureflux thatAlbrecht’smodelexperienced.Theconservative thermodynamic

variableswe usearetheliquid virtual potentialtemperature( ,

where is liquid potentialtemperatureand ) andtotal specifichumidity

( ). Theconvectinglayerconsistsof a subcloudmixedlayer(ML) and

a cloud layer (CL) with linear gradients,toppedby a sharptradeinversion(see

Fig.1). Turbulent flux in CL is calculatedfrom the massflux parameterization

( ), and vertical variations of cumulus mass flux (

where ‘c’ meanscloud) and in-cloud conservative scalars( ) are uniquely

determinedby specifyingafixedfractionallateralentrainment( ) anddetrainment

( ) rateof a singleupdraftcumulusplume.Thepropertiesof conservative scalars

at the CL base are set to be identical to those of the ML.

Figure 1. Structure of a minimal-complexity, bulk trade cumulus model.

Given a thermodynamicprofile at current time step and two guessesof the

cumulusmassflux at CL base( ), we find tendenciesfor each of the

key 5 prognosticvariables- , , , , and wheresubscriptsM,

H, andI standfor ML, midpointof CL, andinversionbase(seeFig.1).Theseare

calculatedby sequentiallyapplyingthe balanceequationsof (1) ML heatbudget

assumingcontinuityof acrosstheML top, (2) ML moisturebudgetassuming

cloudbaseheight( ) is tiedat thelifting condensationlevel (LCL) of theML air,

(3) CL heat budget, (4) CL moisture budget, and (5) massand heat balance

constraintsin the infinitesimally thin inversionlayer. At time step , we use

thefollowing flux consistency conditionat theinversionbaseto constrainhumidity
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which fully determinesthermodynamicprofile at . Finally, thecorrect

is calculated from the following entrainment closure at the inversion:

. (2)

Equation(2) is a simpleway of relatingtheentrainmentto thetypical buoyancy

of cumulusupdraftsreachingtheinversionbase( ), theideabeing

that is roughly proportionalto their typical ‘overshoot’kinetic energy. By

combining with Eq.(1), Eq.(2) at  can also be written as

. (2a)

For the BOMEX case,a reasonablevalue is A=5 basedon Siebesmaet al.’s

(2003) conditionally sampled estimates from LES simulation.

3. Results - BOMEX Case Study

Weappliedourmodelto theBOMEX case,asteadystatenon-precipitatingtrade

wind cumulus regime. We used fixed values of SST= 300.4 K, large scale

divergence , surfaceexchangevelocity Pa s-1, radiative

cooling rate R = 2 K day-1, Pa-1, and Pa-1. After

modelreachedto thesteadystate,we raisedSSTby 2K. A comparisonwith LES

simulation was also performed.

(a) Transitional Behavior

Figure2 shows thetime evolution of severalkey variables.Within a few days,a

steadystateis achieved over the initial SST. When SST jumps,both and

entrainmentrate ( ) at ML top increaseabruptly. ML temperatureincreases

rapidly in responseto enhancedsurfaceheatflux, while ML humidity decreases

initially dueto strongentrainmentdrying thatmorethatcompensatesfor enhanced

surfacemoistureflux. Interestingly, LES simulationproducedsimilar drying of

ML humidity at theearlystageof transition(not shown). Increasedsurfacefluxes

cause and at the inversionbaseto increase.The PBL deepensandthe

CL becomeswarmer and drier. Comparisonof the two steadystatesindicate

increasedgradientsof theCL thermalandmoistureprofilesin associationwith CL

deepening.

Figure 2. Model simulation of the BOMEX case. SST is raised by 2K at the end of day 15th.

Figure2 alsoshows thedifferencesof adjustmenttime scalesbetweensubcloud

ML andCL properties.In general,thereis rapidadjustmentof theML properties

andcloudbaseheightonatimescalelessthanaday, andamuchsloweradjustment
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of CL propertiesandtradeinversionheighton a divergencetimescaleof several

days.Dueto compensatingentrainmentdrying,ML humidity adjustsmoreslowly

than ML temperature.

Our treatmentof cumulus massflux and in-cloud propertiesas diagnostic

variablesimplicitly assumesthat the time scaleof convective overturningprocess

in theCL is negligibly smallcomparedto theotherthermodynamictime scales.In

orderto checkif this is thecase,we rantheLES for two days,with theSSTjump

at the end of simulationday 1. Figure 3a shows transitionalbehaviors of LES

simulated , updraft fractionalarea( ) andvertical velocity ( ) at the

inversionbase,estimatedfrom conditionally-sampledcumuluscoreupdrafts.

respondsalmostinstantaneouslyto the SSTjump dueto abruptincreaseof .

Soonthereafter, slowly adjuststo its new equilibrium valueas in our bulk

model.In contrast, doesnot show abruptresponse,but graduallyincreasesas

the PBL deepens.Comparisonof and clearly indicatesthat the time

scaleof convective overturningprocessin the CL is shortcomparedto the other

thermodynamic time scales.

Figure3. LESsimulationwith +2K SSTjumpat theendof 24thhr. (a)Cumulusmassflux ( ),

updraft fractional area ( ), and updraft vertical velocity ( ) at the inversion base with bulk-

model simulated , (b) comparison of simulated and parameterized entrainment rates

An independenttestof ourentrainmentparameterization[Eq.(2)] wasperformed

usingthe LES simulation.After calculatingindividual termson the R.H.S.,

wereestimatedusingEq.(2)andcomparedwith estimatedfrom thetendency

of . As shown in Figure 3b, our parameterizationdepictsthe LES simulated

entrainmentratereasonablywell. Equation(2) slightly underestimatesentrainment

rateduring the transitionalperiod,but otherestimationerrors(e.g., identification

of inversion base and top) may contribute to this discrepancy.

(b) Cumulus ‘Penetrative Entrainment - Buoyancy’ Feedback

Figure4 shows the insensitivity of thesteady-statesolutionto largechangesin

the penetrative entrainmentparameterA. As the entrainmentefficiency increases,

nearlythe sameentrainmentrateis sustainedby compensatingdecreasein cloud

buoyancy. This smalldecreaseof cloudbuoyancy canbeachievedby very slightly

warmer  and drier  associated with enhanced entrainment rate.

Figure 4. Vertical profiles of steady state solution for the BOMEX case (before SST jump) with

various choices of the penetrative entrainment efficiency parameter, A.

This illustratesa key feedbackprocessthat regulatesthebuoyancy andvertical

velocity of cumulusclouds. If the soundinghas enoughconditional instability,
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cumuli develop that have vigorousupdraftswhen they reachthe tradeinversion

layer. Theseentrainwarm air which stabilizesthe cumuluslayer, reducingthe

buoyancy andverticalvelocityof cumuluscloudsat thetradeinversionbaseuntil a

balanceis achieved betweenpenetrative entrainmentandmeansubsidenceat the

tradeinversion.The requiredcloud buoyancy for this balanceis so small that the

boundarylayer thermodynamicprofilesandthe meancloud liquid watercontent

aresimilar to thosefoundby assumingcloudshave zerobuoyancy (essentiallythe

A=100 case).

(c) Steady state behavior

Figure5 contourssomeinterestingvariablesfrom steadystatemodelsolutions

overa rangeof SSTanddivergence.Thesteadystatesspanawidevarietyof cloud

layer depths.As expected,weakdivergenceandwarm SSTpromotea deeptrade

inversion, thicker CL depth, and stronger . The inversion-baserelative

humidity, which canregulatethe ‘passive cloudcover’ not associatedwith

thesmallareacoverageof activeupdrafts,tendsto decreaseasSSTincreasesbut is

relatively insensitive to changes in large scale divergence.

Figure 5. Approach to steady state for various SST and divergence.

4. Conclusion

Wehaveconstructeda fully-consistent,minimalistbulk trade-cumulusboundary

layer model basedon a single entraining-detrainingcumulus updraft plume.

Simulatedsteadystateandtransitionalbehaviors testedfor the BOMEX caseare

reasonablysimilar to thosesimulatedby LES.It wasshown thattheimplicit model

assumptionthat the time scaleof convective overturning processis negligibly

small comparedto the other thermodynamictime scalesis valid. Basedon the

simulation results, we argue that the stabilization of temperature profile by

cumulus penetrative entrainment is the key feedback process that keeps the

equilibrium buoyancy of shallow cumuli to be very small.

Therearesomeobviousandimportantextensionswearecurrentlytrying to add,

suchastheinclusionof stratocumuluscloudsandassociatedradiative-convective-

entrainment feedback.
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