1. Introduction

It haslong beenrecognizedthat shallav cumuluscorvectionis an importantf
processmaintainingthe characteristidemperatureand moisturestructureof the
tradesAlbrechtetal. (1979)exploredthestructureof thetradesusingtheir 2-layer|
bulk trade-cumulusnodel. However, the assumptionsnvolved in their modelare;
rather complex and causedsome inconsisteng, 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 assumptionso
typical trade-cumulugparameterizationbasedon a single entraining-detrainini
cumulus updraft plume. Then, we will investigate some interestingissuesof
fundamentaimportancefor understandingand parameterizingshallov cumulus
cloud fields, especiallyver the ocean. Specificallwe aim at understanding

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

(2) what regulatesthe equilibrium buoyang and vertical velocity of shallav
cumuli, which obserationsand LES modelsshawv to be much smallerthanone|
predicted from adiabatic parcel ascent,

(3) how steady-statboundarylayerstructuredepend®n SST meansubsidenc
rate, ancetc.

2. Model structure and key assumptions

Our modelis Albrecht-like in structurebut is discretizedin a fully consisten|
way that does not suffer from the inconsisteng betweeninversion heat and|
moistureflux thatAlbrecht's modelexperiencedThe conserative thermodynamit
variableswe usearetheliquid virtual potentialtemperaturg,, = 6, ({1 + n ),
where®, is liquid potentialtemperatur@ndn = 0.61) andtotal specifichumidity
(a, = qy, +q)). Theconvectinglayerconsistof a subcloudmixedlayer(ML) and
a cloud layer (CL) with linear gradients toppedby a sharptradeinversion(se€]
Fig.1). Turbulent flux in CL is calculatedfrom the massflux parameterizatio|
(wa =g M. da,—a)), and vertical variations of cumulus massflux (M.
where ‘¢’ meanscloud) and in-cloud conserative scalars(a,;) are uniquely|
determinedy specifyinga fixedfractionallateralentrainmente) anddetrainmen|
(8) rateof asingleupdraftcumulusplume. The propertiesof conserative scalarg
at the CL base are set to be identical to those of the ML.
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Figure 1 Structure of a minimal-compliy, bulk trade cumulus model.

Given a thermodynamigrofile at currenttime stept and two guessef the
cumulusmassflux at CL base(M g), we find tendenciedor eachM, g of the|
key 5 prognosticvariables- 8y v, A m. 8y, 1+ O, - @nd p; wheresubscripts,
H, and| standfor ML, midpointof CL, andinversionbase(seeFig.1). Theseare|
calculatedby sequentiallyapplyingthe balanceequationsof (1) ML heatbudgef]
assumingcontinuity of 6, acrossthe ML top, (2) ML moisturebudgetassumin
cloudbaseheight(pg) is tied atthelifting condensatiottevel (LCL) of theML air,
(3) CL heatbudget, (4) CL moisture budget, and (5) massand heat balancq
constraintsn the infinitesimally thin inversionlayer At time stept + At, we use|
thefollowing flux consisteng conditionattheinversionbaseto constrairhumidity
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jump across the ML top(@, g),
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is calculated from the folleing entrainment closure at thevérsion:

- v
We = ATGIM B

Equation(2) is asimpleway of relatingthe entrainmento the typical buoyang/
of cumulusupdraftsteachingheinversionbase(év'| = 95, = WJ), theideabeing
that éw is roughly proportionalto their typical ‘overshoot’kinetic enegy. By
combining with Eq.(1), Eq.(2) at+ At can also be written as

A8, =8, 1) + (8, =8y,1) = 0. (2a)
For the BOMEX case,a reasonablevalue is A=5 basedon Siebesmeet al.'s|
(2003) conditionally sampled estimates from LES simulation.
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3. Results- BOMEX Case Study

We appliedour modelto theBOMEX casea steadystatenon-precipitatingrade]
wind cumulus regime. We used fixed values of SST= 300.4 K, large scalg
divergenceD = 3[1L0°°, surfaceexchangevelocity o, =01 Pas?, radiative
cooling rate R = 2 K day?, & = 2(010° Pal, and 5 = 2.7010° Pal. After
modelreachedo the steadystate we raisedSSTby 2K. A comparisorwith LES
simulation vas also performed.

(a) Transitional Behavior

Figure2 shavs thetime evolution of severalkey variables Within a few days,a|
lsteadystateis achieved over the initial SST When SST jumps, both M, g and|
entrainmentrate (w, g) at ML top increaseabruptly ML temperaturéncrease
rapidly in responseo enhancedurfaceheatflux, while ML humidity decreasej
initially dueto strongentrainmentirying thatmorethatcompensatefor enhance:
surface moistureflux. Interestingly LES simulation producedsimilar drying of
ML humidity at the early stageof transition(not shavn). Increasedsurfacefluxes)
causeM, | andw, | attheinversionbaseto increaseThe PBL deepensandthe
CL becomeswarmer and drier. Comparisonof the two steadystatesindicate]
increasedyradientf the CL thermalandmoistureprofilesin associatiowith CL
deepening.
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Figure 2 Model simulation of the BOMEX case. SST is raised by 2K at the end of day 1!

Figure?2 alsoshaws the differencef adjustmentime scalesbetweensubcloud
ML andCL propertiesin general thereis rapid adjustmenof the ML propertieq
andcloudbaseheightonatimescaldessthanaday, andamuchslower adjustmen|

of CL propertiesandtradeinversionheighton a divergencetimescaleof several
days.Dueto compensatingntrainmentirying, ML humidity adjustsmoreslowly
than ML temperature.

Our treatmentof cumulus massflux and in-cloud propertiesas diagnostid
variablesimplicitly assumeshatthe time scaleof corvective overturningprocess
in the CL is negligibly smallcomparedo the otherthermodynamitime scalesin
orderto checkif thisis the casewe ranthe LES for two days,with the SSTjump
at the end of simulationday 1. Figure 3a shaws transitionalbehaiors of LES
simulatedM, |, updraftfractionalarea(o,, ;) andvertical velocity (w, ) at the|
inversionbase estimatedrom conditionally-sampledumuluscoreupdrafts.M |
respondsaimostinstantaneousiyo the SSTjump dueto abruptincreaseof o ;.
Soonthereafter M | slowly adjuststo its new equilibrium valueasin our bulk
model.In contrastw,, ; doesnotshav abruptresponsebut graduallyincreasesis|
the PBL deepensComparisonof Mg | andw, , clearly indicatesthat the time
scaleof convective overturningprocessin the CL is shortcomparedo the other
thermodynamic time scales.
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Figure3. LES simulationwith +2K SSTjump attheendof 24thhr. (a) Cumulusmassflux (M ;),
updraft fractional areaot; | ), and updraft ertical \elocity (w ) at the inersion base withuk-

model simulated; |, (b) comparison of simulated and parameterized entrainment rate

An independentestof our entrainmenparameterizatiofEq.(2)] wasperformed
using the LES simulation. After calculatingindividual termson the R.H.S., w, |
wereestimatedisingEq.(2)andcomparedvith w, ; estimatedrom thetendenyg
of p,. As shavn in Figure 3b, our parameterizatiordepictsthe LES simulated
entrainmentatereasonablyvell. Equation(2) slightly underestimatesntrainmen|
rateduring the transitionalperiod, but other estimationerrors(e.g., identification|
of inversion base and top) may contitié to this discrepagc

(b) Cumulus ‘Renetrative Entrainment - Bugyancy' Feedbak

Figure4 shaws the insensitvity of the steady-stateolutionto large changesn
the penetratie entrainmenparametei. As the entrainmenefficiency increases
nearlythe sameentrainmentateis sustainecby compensatinglecreasén cloud
buoyang. This smalldecreasef cloudbuoyang canbeachieredby very slightly

warmer8,, and drier, associated with enhanced entrainment rate.
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h'F\gure 4 Vertical profiles of steady state solution for the BOMEX case (before SST jump)
various choices of the 1t éitiency .

This illustratesa key feedbackprocesshat regulatesthe buoyang/ andvertical
velocity of cumulusclouds. If the soundinghas enoughconditional instability,

cumuli develop that have vigorousupdraftswhenthey reachthe tradeinversion
layer. Theseentrainwarm air which stabilizesthe cumuluslayer, reducingthe
buoyang andverticalvelocity of cumuluscloudsat thetradeinversionbaseuntil a
balanceis achieved betweenpenetratie entrainmentand meansubsidenceat the
tradeinversion. The requiredcloud buoyangy for this balanceis so smallthatthe
boundarylayer thermodynamigrofiles and the meancloud liquid water content
aresimilar to thosefound by assumingcloudshave zerobuoyang (essentiallyjthe
A=100 case).

(c) Steady state behavior

Figure5 contourssomeinterestingvariablesfrom steadystatemodelsolutions
overarangeof SSTanddivergence The steadystatesspana wide variety of cloud
layer depths As expected weakdivergenceandwarm SST promotea deeptrade
inversion, thicker CL depth, and stronger M. g. The inversion-baserelative
humidity, RH;,, which canregulatethe ‘passize cloud cover’ not associatedvith
thesmallareacoverageof active updrafts tendsto decreasasSSTincreasesut is
relatively insensitie to changes in lge scale diergence.
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Figure 5 Approach to steady state farious SST and dergence.
4. Conclusion

We have constructed fully-consistentminimalistbulk trade-cumulu®oundary
layer model basedon a single entraining-detrainingcumulus updraft plume.
Simulatedsteadystateandtransitionalbehaiors testedfor the BOMEX caseare
reasonablyimilarto thosesimulatedby LES. It wasshawn thattheimplicit model
assumptionthat the time scale of corvective overturning processis negligibly
small comparedto the other thermodynamidime scalesis valid. Basedon the
simulation results, we argue that the stabilization of tempeature profile by
cumulus penetative entrainmentis the key feedbak processthat keepsthe
equilibrium huoyancy of shallow cumuli to be very small

Therearesomeobviousandimportantextensionsve arecurrentlytrying to add,
suchastheinclusionof stratocumulugloudsandassociatedadiative-corvective-
entrainment feedback.
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