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This studyevaluates theperformanceandbenefitsof kilometre
andsub-kilometrescale convection permitting simulations over
tropical Australia. Focusing onanextendedMonsoonbreakpe-
riodwecandirectly compareUnifiedModel (UM) andWeather
Research andForecastingmodel(WRF) simulationstoCPOL
radarobservations andsoundings.We showthat thetwomodels
havedifferent behaviour,andbotharedifferent toobservations.
WhereasWRF producesdaily squall lines whetherornot they
occurred inobservations, theUM primarily generatessmallbut
intensestorms.TheUM andWRF producequalitatively different
surfacedensity currents atdifferent times in thediurnal cycle.
Once thedensity currentsarepresent, themodelsalsoshowdif-
ferentbehaviourin relation toconvectiveinitiation. While higher
resolution helps in thedistribution of total precipitation over
thedomain,mostcharacteristics donotchangewith higherreso-
lutions, andmodeldifferencearealways larger thanresolution
differences.While CAPE/CIN doesnotseemtobeimportantto
explainmodeldifferences, ourfindingspoint to theevolution of
density currents in theboundary layer asmostimportantsource
ofmodelerrorsanddifferences.
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1 | INTRODUCTION8

Convection permittingmodelsarenowinwidespreadusefornumerical weatherprediction. Furthermore, they areoftenused9

asa"truth" toassesstheperformanceofclimate or regional models in termsof convective behaviour (e.g. Song andZhang,10

2018;OʼGorman andDwyer, 2018).The general idea is that thehigher theresolution, thebetter the representationofotherwise11

parameterisedsub-gridprocesses.However, thesehighresolution modelsalsohavetheir biases,andmanyprocessesstill have12

tobeparameterisedunless the simulation usesresolution of theorderof tensof meters. The general aim of this study is to13

understandsomeof thebiases in two commonconvection-permittingmodellingsystemsandtheirsensitivity tomodel resolution.14

Duetothecomputationalcostofconvection permittingsimulations, previousstudiesmainly concentrateonspecific events15

in thehistorical record formodelevaluation (e.gSkamarock etal., 1994;Weismanetal., 1997;Lean etal., 2008;Dauhutetal.,16

2015;Hassim etal., 2016). Theseeventsareusually squall lines orotherextreme eventsofhistorical importance, and this17

approachhastheadvantageof showinghowwell agivenmodel (or modelconfiguration) performsin high-impactsituations.18

Anotherstrategy is toapply tracking methodsandthenusestatistical approachestostudymodelbehaviour,suchas3Dreflectivity19

object tracking(e.g. Caine et al., 2013). Stein et al. (2015) developeda similar statistical diagnostics tool for the evaluation20

ofNumerical WeatherPrediction (NWP) modelsusing rainfall and3Dradar reflectivity data,butalso focusedononedayof21

shallow convectionandonedayof deepconvectionover theU.K. (Keat etal., 2019) thenusedthesametechnique toanalyse22

muchlonger timeperiodsover southernAfrica andfound thattheirmodel produceda realistic diurnal cycle in rainfall at1.5km23

horizontal resolution, butthat therewerestill considerablebiases instormsizeandintensity.24

Extremeprecipitation or wind eventsareoften forcedby larger scaleatmosphericdynamics,and it is difficult todetermine25

whether theresponseto largescale forcing or local processeswithin thehigh-resolutiondomain are thecauseofobservedbiases26

(e.g. Vincent andLane, 2016;Peatmanetal., 2015;Wapler et al., 2010). In addition,high-resolutionmodellingon thekilometre27

scale hasbecomestandardfor NWP andthereforeeveryday operational forecasting, not justhigh-impactevents. Therefore,28

wewill concentrateonaperiodwhere large scale dynamical forcing is minimal to study theperformanceof kilometre and29

sub-kilometrescaleconvectionpermittingsimulations. This is similar toanearlier studyby Caine etal. (2013), althoughrather30

thanfocusingonstormstatistics, wewill concentrateonthecausesof differences in observedrainfall andthatproducedby31

convectionpermittingmodels.Here, the roleof relatively coldsurfaceair in triggeringconvectionhas recently come into focus.32

In particular thecreationofsurfacecold pools resulting fromdowndraftsandevaporationaroundexistingconvective activity has33

beenlinked tothetriggering of newconvection anditsorganisationinto larger systems(e.g. Tompkins,2001;Schlemmer and34

Hohenegger,2014).A similar phenomenonisthe land-seabreezewhererelatively cold air movesfromtheoceanoverwarmer35

landduringtheday (sea breeze),andfromthecooler landover theseaatnight (land breeze) (Pielke, 1974).We summarisethese36

mechanismsundertheterm d̒ensity currents̓ in this paper.37

As wewant toevaluate thebehaviourofhigh-resolutionmodelsonshorttimescales (one focuswill be thediurnal cycle)38

andsmall spatial scales, it is important tohaveahighquality observationalproduct tocomparemodeloutputto. For this reason,39

wedefinedour domainaccording to theDarwin C-bandpolarimetric (CPOL) radar datadomain. Besides the advantageof40

having negligible orographicforcing in this domain,CPOL datais conveniently available in 10minute stepsand2.5kmgrid41

spacing(Louf et al., 2019).As to largescaledynamical forcing, weknowthattheweatheroverDarwin ismainly impactedby42

theAustralian monsoonandits regimes (Popeetal., 2009;May andBallinger, 2007). For ourpurposes,wewill concentrateon43

theʻMonsoonBreak/Moist Easterly (5)̓ regime,where largescale forcing is weakestandprecipitation is largely determined44

by thediurnal cycle (Pope etal., 2009).As aconsequence,local processesdeterminetheevolutionof tropical convectionona45

day-to-daybasis in thesesimulations.46

After introducing themodel setupsanddatawhich forms thebasis of our study, we will examine themain biases of47

theconvection-permitting simulations compared toobservations (Section 3), and thenperform an in-depthanalysis of the48

thermodynamicstructure,diurnal cycle, andthe impactoffinerhorizontalgridspacing in Section 4.49
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2 | MODEL SETUP AND DATA50

As mentionedearlier, weare interested ina time periodwhen local processesaremoreimportant totheconvective life cycle51

than largescale atmospheric forcing. Over Darwin, whetherornot this is thecase is largely determinedby thephaseof the52

Australian Monsoon.Thephasewith theweakestlargescale forcing is theMonsoonBreak (phase5ofPopeetal. (2009)), and53

oneof the longestperiodsofconsecutivedaysof MonsoonBreak duringtheCPOL dataperiod (1998-2017)isFebruary 2006.54

We will concentrateonthesixdays betweenFebruary 14-192006.55

Observational datacomes from theDarwin CPOL radar dataset (Louf et al., 2019)on a 2.5kmgrid anda radius of56

150km, which includes 3D radar reflectivity and derived rainfall rates every tenminutes. In addition, we will makeuse57

of the soundingdata atDarwin airport (00 and12UTC daily) asmadeavailable by theUniversity of Wyoming website58

.59

This work is apartof a communityeffortwithin theUnifiedModel ConvectionWorking Group toaddressmodelbiasesand60

systematicerrors for thedevelopmentof thenextgenerationnumerical weatherprediction models.Therefore, weconcentrateon61

simulations runwith the tropical configurationof theRegional Atmosphereversion1 (RA1T, Bush etal., 2019)of thenesting62

suiteof theUK Met Office s̓ Unified Model (UM, Lean et al., 2008) v10.6,with several nests spanningthekilometre and63

sub-kilometrescales (4km-145m). As theconvectivedevelopmentcycle involves manyvariables for which nomeasurementsare64

available, thesamesimulationsarealsoperformedwith theWeatherResearchandForecasting (WRF) modelv3.9 (Skamarock65

etal., 2008) for comparisontoadifferentmodel. Both modelsaresetupsuch thatthecoarsestnestisdriven by ERA-Interim66

reanalysis data (Dee etal., 2011),andnestswithout convective parameterisationusehorizontalgrid spacingsof 4,1.33kmand67

444m,asshowninFig. 1a. Both modelsare runwith 80vertical levels, with themodeltopforWRF at26km,andat38.5kmfor68

theUM.69

TheUM hasanadditional domainwith horizontalgridspacingof 145m,andtheWRF setupincludesa12km horzontal70

grid spacingdomainwith convective parameterisation.Thephysics setupof theUM is setby theʻRA1Tʼ configurationdescribed71

inBush etal. (2019). Thephysics setupforbothmodelsis listed inTable1. TheWRF physical parameterisationsare thesame72

as inVincent andLane (2016)as thesechoiceswere foundtobehavebestover theMaritime Continent. We didnotchangeany73

of themicrophysics orotherschemesin thisstudyastheUMs̓ philosophy is toprovidean a̒s-is̓ configurationandtheemphasis74

of this work is toevaluate themostup-to-dateconfigurationrather thana study of which schemebehavesbestunderwhich75

conditions.76

Toallow for anappropriately longspinupof thenestswhile ensuringthemodelsdon t̓drift toofar fromobservations,we77

raneveryday independently.For eachday,we initialised themodelsat06UTC, andran for42hoursuntil 00UTC of theday78

after. Thefirst18hourswere discardedasspinup, leaving exactly 24hoursbetweenmidnightUTC andmidnightUTC thenext79

day.This accountsfor slight discontinuities in the rainfall timeseriesof Fig. 2at00UTC, butthanksto thechoiceof timeperiod,80

rainfall wasalways close to zeroduring thattime. In addition to thesedaily restartedsimulations, wealso ran free running81

simulations for theentireperiodwith eachmodel(dotted lines in Fig. 2). Thebiasesandtimingerrorsdiscussedlaterwere also82

presentin thefree-runningsimulations, implying thatthe initialisation methodwasnotthedominantcontributor.83

In addition, we foundthat the largest biases in bothmodelsare located over themainland, andwe therefore restrict all84

data to thedomainshowninblack in Fig. 1b. In particular, wenotonly concentrateon landpointsonly, butwealsoremove85

theTiwi Islands, asthe local phenomenonofseabreezeconvergenceover the islands andtheresulting nearly daily occurring86

(duringMonsoonBreak) ʻHector theConvector̓ stormhasbeenstudiedindetail previously (e.gDauhut et al., 2015,2016)andit87

distracts fromthemodelperformanceover themainland.88
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3 | MOTIVATION AND INITIAL EXAMINATION89

3.1 | Timing and intensity of rainfall90

As ameasureofgeneral modelperformance,Fig. 2showsdomain (asdefinedbyFig. 1b)meanprecipitation asatimeseries91

(left) andadiurnalcomposite(right) for CPOL (black), theUM (blue) andWRF (green) attwo resolutions.The supplementary92

material also includes three-dimensionaltimeevolving animationsof the444msimulationsandtheCPOL dataset.The readeris93

encouragedtoconsult thesemovies throughoutthediscussion in thispaper.The CPOL timeseriesconfirmsthatprecipitation94

duringthisperiod is determinedby thediurnal cycle, asnocontinuousrain eventconnectsto thenextday.Another feature is that95

onFebruary 18asquall line crossesthedomain,seenas largepeakin CPOL rainfall a few hoursafter thediurnalpeak thatday.96

This is the reasonfor thesecondpeakin theCPOL diurnal compositeof Fig. 2b. In contrast,WRF (green)generatesa squall line97

everyday,withonly little precipitationduringthepeakhoursof thediurnal cycle in CPOL. The timingof thesquall lines is such98

thata studyof theonereal squall line eventdescribedabovewouldconcludethatWRF capturesobservedrainfall very well. As a99

resultof thepredominanceof squall lines in theWRF simulations, thediurnal cycle of rainfall peaksaround12:00UTC, about100

four hoursafter thediurnal cycle peakinobservations. TheUM showsa ratherdifferent behaviour: It generatesheavy rainfall101

abouttwoto threehoursearlier than theCPOL peak,andthenasecondpeak (which is justas large) during thenightaround102

19:00UTC. We will seelater that thisbehaviouris tightly linked to thegenerationof density currents.Thesenightly peakshave103

different amplitudes in the timeseries (highestonFeb 18), butthis is mainly dueto theapplied landmaskincluding moreor less104

of therainfall, rather thanday-to-dayvariability (seesupplementaryanimationsandlater discussion).105

From Fig. 2 it is clear that thedifferences betweenmodelsandobservationsaremuchlarger thanthedifferencesbetween106

kilometre andsub-kilometresimulations of thesamemodel. This is perhapsnotsurprisingsince thehigher resolution nestsare107

somewhatconstrainedbythecoarser resolution simulations at theboundaries.Nevertheless, wewill see later thatevenwell108

away fromtheboundariesandaftersufficient spinup, turbulencestill actssimilarly, which canbeseene.g. in theboundarylayer109

structure.Another interestingpoint is thatbesidesthemanysimilarities, theearly rainfall peakin theUM isevenearlier in the110

444msimulationthanthe1.33kmresolution runs,aresultwhich agreeswith thefindingsofKeat etal. (2019).111

3.2 | Initiation characteristics112

Fig. 3 (top) showssnapshotsofprecipitationaveragedontotheCPOL grid for February 15,06:00UTC (15:30LST) for (left)113

CPOL, (middle) UM 444mand(right) WRF 444m.Threepoints areevident fromthesesnapshots(theseare representative114

of anyotherdayof thesimulationperiod): 1) Both modelscapturetheconvectionover theTiwi Islands (̒Hector̓ ) ratherwell115

(butnoteagain thattheTiwi Islandswere removedfromall domainaveragesin this paper); 2) CPOL showsinitiation over the116

mainlandbothnear thecoast andfurther inland;3) whereastheUM missescoastal initiation, it hasmorelocalised rainfall inland117

andWRF hasmorecoastal initiation andless inland rainfall at this timeof theday.118

3.3 | Evolution characteristics119

Fig. 3 (bottom) showssimilar snapshotsas describedabove, butnow six hours later, at 12:00UTC (21:30LST). CPOL120

observationsshowaregionofdecayingorganisedconvection (this timeof theday ispast thediurnal cycle peak). While theUM121

alsohasasomewhatextendedregionofnon-zerorainfall, there isasmall centreof intense rainfall within that structure.WRF on122

theotherhandhasproducedasquall line crossingthemainland.123

Fig. 4showssnapshotsfromthesupplementalmoviesofboththeUM (top) andWRF (bottom)at06:00UTC onFebruary124

19.The colouredsurface showsthepotential temperatureaveragedover the lowest1km, thusshowingdensitycurrents (sea/land-125
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breezeandcoldpools) in blueshades.More details aregiven in thefigurecaptionandmoviedescriptions. The importantpoint126

hereis thatbothsnapshotsaretakenat thesametime, buttheseabreezeis muchstrongerandadvancesfaster over themainland127

in theUM thaninWRF. This again showsthatthetwomodelsshowqualitatively different behaviour,andneither of thetwo is128

particularly close toCPOL observations.129

4 | ANALYSIS OF MODEL BEHAVIOUR130

We will nowlink thefasterevolution of thedensity currents tothembeingstrongeranddeeper(Rotunno etal., 1988;Lafore131

andMoncrieff, 1989;WeismanandRotunno,2004),andmoregenerally connectdensitycurrentsandconvective activity in the132

models.133

4.1 | Thermodynamic structure134

Unfortunately, thethermodynamic structure of theatmospherecannotbeinferred from radarmeasurements,andduringthis135

periodsoundingsareonly available forDarwin airport atmidnightandmiddayUTC, which is9:30and21:30local time.This is136

duetotheglobal synchronisation ofsoundings,and issomewhatunfortunate forastudy like ours.Nevertheless, someinsights137

canbegainedfromFig. 5,which showsthepotential temperatureandspecifichumidity profiles forDarwin airport (black), and138

theclosestlandgridpointsfor theUM (blue, left) andWRF (green,right). Each profile correspondstooneday.139

Both modelshaveawarmersurfacethantheobservationsat00UTC, with awell mixedboundarylayer uptoabout600m,140

whereas thesoundingssuggestmuchmorestableconditions. At this time, WRF showsa lot moreday-to-dayvariability in141

theboundary layer thantheUM, andthelatter already producesadistinct superadiabaticsurface layer. Above theboundary142

layer, themodelsmatchthesoundingswell, andtheUM generally also matchestheLFC with observations.Twelve hourslater143

(12UTC, right), theboundarylayer profiles aresimilar to thesoundings,butonly theUM hasdevelopedthesurface inversion,144

whereasWRF still hasawell-mixedboundarylayer. Between theheightsof 1-2km,theUM is consistentlywarmer than both145

WRF andthesoundings.As aconsequence,theLFC is alsoabouttwice ashighasobserved.In contrast,WRF still matchesthe146

observedprofiles well.147

The specific humidity profiles (second andfourthrows) suggestthatbothmodelshavereasonablevalues nearthesurface,148

buttheUM ismorehumidjust abovetheboundarylayer at 00UTC, andit is drier at 12UTC. Being warmeranddriermatches149

thedomainmeandownwardmotion(Fig. 8) aroundthat time(which wewill discussinmoredetail later). Having moremoisture150

available in themorning(00UTC) mighthelp in triggering convectionearlier in the UM. There is no qualitative difference151

between1.33kmand444mresolution for eachmodel.152

Thesupplementarymoviesandsnapshotsof Figs. 6and4clearly showthat thetwomodelsproducevery different potential153

temperaturestructureswithin theboundary layer, in particular theevolution of land/seabreezesandcoldpools. Fig. 6shows154

crosssectionsofpotential temperaturesalongthetransectdepictedbythedashedline in Fig. 1bfor444mresolution runsat time155

2006-02-1908:00UTC(17:30 local time). Theseabreezeis easily identifiedby therapidchangeofcolour fromlighter greensto156

darkerblues, andmarkedwith avertical dashedline gives theposition of theseabreezein theUM, andthedottedline for157

WRF. The seabreezein theUM is strongeranddeeper(darker blue coloursclose to thesurface) thanforWRF over themainland158

(roughly righthalf of theplot), which agreeswith theory laid outbyRotunnoet al. (1988) andWeismanandRotunno (2004),159

wholink thestrengthanddepthof density currents to their horizontal propagationspeed(loosely related to the d̒am-break̓160

problem). Ontheother hand, thecold poolbehind theseabreezefront (darkest bluecolours near thesurface near the50km161

mark) is strongerinWRF thantheUM.162

Fig. 4shows snapshotsfor theentiredomainat time2006-02-1906:00UTC(again at444mresolution). Theupdrafts (red163
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volume) in theUM arewell alignedwith horizontalpotential temperaturegradients(colour shading). It is striking howmuch164

warmer themainland is in theUM comparedtoWRF, andhow theupdrafts aremuchfaster ,more localised anddistributed165

throughoutthemainland. Also, behindtheseabreezefront (within theblueishregions), onecanseehowtheUM hasproduced166

multiple small precipitating stormswith andafter thepassageof theseabreeze,whereasWRF only producesweak increases in167

reflectivity butnonoteworthystormsnorprecipitation. We will turnourattentiontothisphenomenonnow.168

Fig. 7 (top) presentsastatistical analysis of thesephenomenabyplotting two-dimensionalhistogramsofgrid cells binned169

according tostrengthofpotential temperaturegradientandupdrafts. The potential temperaturegradientbins areconstructed170

fromhourly maximaoftheaverage |+✓|=
q
(@x✓)2 +(@y✓)2, computedatthegrid scale, within thefirstkilometre abovethe171

surface. Vertical velocity is binnedby takingthehourly maximumofw >0.01m/s andaveragedbetween500mand2km. The172

potential temperaturegradientrepresentsdensity currentsas it maximisesalong thefronts of land-seabreezesandcold pools,173

whereasupdraftvelocity isusedasadiagnosticfor convective initiation. With thechoiceof temporalandspatialfiltering this174

techniqueallows for bothacertain timelag betweenthepassageof density currentsandtheupdraftsbeingforced abovethose175

currents.176

For theUM (top left), thereare two regimes:One iswhere theprimarymaximumis located,which is at low+✓and low177

vertical velocity w, andcorrespondstostochastic turbulence.Thesecondregime isanalmostlinear relation between+✓andw178

creating a longtail in thedistributionsof bothw and+✓.Thefirst, stochastic turbulent regime is alsopresent in thehistogram179

for WRF (topright), butthere isan importantqualitative difference to theUM: There is asecondarypeakinw atpotential180

temperaturegradientsofabout0.25-0.5K/km(betweentheblack vertical lines). In this range,w is mostly independentof+✓,181

suggestingthatsomedifferent process isatwork comparedtowhat is happeningin theUM. For potential temperaturegradients182

greaterthanabout0.5K/km,WRF showsagain asimilar behaviour totheUM in that thereis analmostlinear relationbetween183

w and+✓.184

Looking at thespatio-temporaldistribution of the three identified+✓regimes above,weshowin thebottomhalf ofFig. 7185

snapshotsof+✓,filteredby (left) +✓< 0.25K/km, (centre) 0.25K/km<+✓<0.5K/km, and(right) +✓>0.5K/km, for theUM186

(left half) andWRF (right half). Threesnapshotsareshown:(top) 02UTC, (middle) 12UTC, and(bottom)22UTC. Aswith187

Fig. 3, theseareexamplesofagiven day (February 14),but theyarerepresentativeofall days.188

It is clear thatfor theUM, thepre-convectivestate(02UTC) is characterisedbyweak+✓over theoceanandvery steep +✓189

over the land, as thefilter in +✓appearsalmostequivalent toa land-seamask.Given the linear relationship betweenw and+✓190

discoveredbefore, weconclude that these temperaturegradientsover the landinitiate convection tooearly andspreadall over191

the landmasses(note thateventhoughFig. 7only showsco-occurrence,thesupplementaryanimationsfirmly suggestcausality).192

Theconvection is vigorous andefficient in annihilating the temperaturegradients,asalreadyby 12UTC almostexclusively193

weak+✓is present,effectively making theentire landmassonegiant coldpool. During this time, themeanvertical motionover194

land isdownward (at least in the lower troposphere,seeFig. 8). This coldpool expandsover theoceanatnight (22UTC) as195

astronglandbreezeandcreates intense convective activity whenthecoldpools fromthedifferent landmassescollide. This196

explains thesecondlatepeak in diurnal rainfall in Fig. 2.Throughout thediurnal evolution, themid-rangepotential temperature197

gradientsdonotplay anymajor role for theUM.198

In starkcontrast,WRF only hassteep +✓close to thecoastearly in theday ,which is closely related to theseabreeze199

(rightmostcolumn,02UTC). Over the restof the land, intermediate+✓dominatesat thispre-convectivepoint in time. Thus,200

convectiondoesnotinitiate as vigorously as in theUM early in theday andismainly associatedwith theincomingseabreeze201

(again we refer to thesupplementalanimationsandthesnapshotsinFig. 4). AroundmiddayUTC (evening local time), thereare202

important potential temperaturegradientsassociatedwith thesquall line, buttherearealso intermediatevalues of+✓throughout203

thedomain,which, according tothehistogramsdiscussedabove,cangenerateawide variety of updraftstrengths.This might204

favour thecreationof larger scaleconvective systems,butfurtheranalysis is required for suchconclusions.The late landbreeze205

front (22UTC) is similar to thatof theUM butsomewhatweaker andthereforeresults in lessprecipitationover theoceanduring206
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thenight.207

4.2 | Diurnal cycle208

Fig. 7discussedabovesuggeststhat there is aqualitative difference in howthetwomodelsarerespondingtodensitycurrents.209

Fig. 8exploresanotherpossiblerelation, namely vertical velocity andbothCIN andCAPE (which are routinelyusedasproxies210

for convective activity). For abroaderanalysis, Fig. S2 in thesupplementarymaterial showsthesameplotbutwith reflectivity211

insteadof vertical velocity andʻMCAPE/MCINʼ . The differenceis thatMCAPE/MCIN arecomputedfromthelocation of212

maximum✓ewithin the lowest3kmateachgridpoint,while CAPE/CIN arecomputedfromthesurfaceeverywhere, butthe213

conclusionsremainunaltered. As with all otherdomainaverages,only gridpointsover themainlandcontribute totheseplots.214

As expected,theUM showsmuchlarger values of w fromthesurface toabout15kmbetweenabout03-07UTC (about215

12-16local) andasecondarypeaklateatnight/earlymorning(18:30-21UTC/04-06:30local). In contrast,WRF hasweaker (but216

still early) w which thenpersistsuntil thepassageof thesquall line 10:00-15:00UTC.There is alsoaclear difference in depthof217

theearly shallow w peak(starting around02UTC), which reachesabout2.5km in theUM butismuchflatterinWRF andof218

longerduration. Ononehand, the longer time scales andshallower depthsof convective developmentagainsuggest abroader219

spectrumofprocessesdeterminingw inWRF thanin theUM, buton theotherhand,it alsofitswith thepicture thatlow-level220

density currentsin theUM determineits convectivebehaviour: First, theyproducestrongerlow-level updraftswhich facilitate221

initiation ofdeepconvection, thencold pools formandexpand,resulting in thesecondaryupdraftpeakataround20:00UTC.222

At the time of the day when WRF preferentially produces intensesquall lines, the UM producesdomain-averaged223

downdrafts,which areprobably linked to thevigorousconvection around06UTC andalreadystartaround09UTC at lower224

levels andreachtheentireatmosphereabovetheboundarylayer by15UTC. This explainswhy it is drier andwarmerthanboth225

WRF andtheDarwin airport soundingsasdiscussedinFig. 5. It is interesting thatthis timeperiodfalls exactly into thetimeof226

thedaywhentheCPOL diurnal rainfall peaks.227

Both CAPE andCIN arequitesimilar betweenWRF andtheUM uptoabout09UTC (18:30local time), which includesthe228

time around05-07UTCwhen theUM producesvigorous convective activity butnotWRF. Thismakesit difficult to attributethe229

differentbehaviourtodifferencesin CAPE and/orCIN -if anything,CAPE is slightly smallerandCIN slightly largerfor theUM230

thanforWRF, whichwouldmaketheUM less likely to producedeepconvectionthanWRF. Later in the day,thepassageof the231

squall line inWRF reducesCAPE andat thesametime increasesCIN ,which explainswhy thereisnoconvective activity232

duringthenightwhenthe landbreezesfromthemainlandandtheTiwi Islands collide (which is causingthe secondpeak in233

theUM). Note that thereareslightly different choices invariables for thisanalysis, butwe found thatsimilar conclusionshold234

whencompositingthediurnal cycle of reflectivity ratherthanvertical velocity, andusingʻMCAPE/MCINʻ ratherthansurface235

CAPE/CIN. This is shownin thesupplementarymaterial.236

In anattempttobetterunderstandthedifferences betweenthetwomodelsataround06UTC, Fig. 9showsthesameprofiles237

asFig. 5, butat06UTC (without theobservedsoundingsdueto their unavailability). Thevertical profiles for (left) specific238

humidity and(right) potential temperatureof bothmodelsareshownonthesameplot for easierdirect comparison.239

For bothresolutions, thehumidity (left column) is very similar betweenthe twomodels,including at thesurface.Above the240

boundary layer, onecouldmakeacase that theUM is somewhatwarmer (right column), butnotonall days. At sub-kilometre241

scale resolution (bottomrow), theUM hasadeeperboundary layer thanWRF, about700mcomparedtoabout300-400m.This242

combinedwith thediscussion of the+✓vs. w relationship in Fig. 7andthediscussion of thesoundingsin Fig. 5mighthint to243

differences in boundary layer behaviour,suggestingthat futurework shouldconcentrateoneither further increasing resolution244

(bothhorizontalandvertical) toproperly resolveboundarylayer physics, and/orinvestigatethebehaviourofWRF with different245

boundary layer schemes.246
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4.3 | Horizontal resolution sensitivity247

After studying thediurnal cycle, wedevote thelast section to theexaminationof the full six-daysimulationsasawhole,with an248

emphasisontheeffectsof increasedhorizontal resolution.249

So far,wehaveseenthatthedifferencesbetweentheUM andWRF aremuchlarger thanthedifferencesbetweensimulations250

with different horizontal resolution of thesamemodel. Focusing onthe UM only, we showin Fig. 10the 6-dayrainfall251

accumulation (i.e. total precipitation) over the six-dayperiod investigatedin thiswork. We nowalso includea145mresolution252

simulationwhich weonly performedwith theUM andwithin asmallerdomain.The smallerdomainwaschosentobearoundan253

areaofcomplexcoastlinesasshownin Fig. 1 tocheckwhetherit wouldproducemorecoastal convectionasseenin CPOL.254

All resolutionshavemuchhigherpeaktotalprecipitation thanCPOL, andextendedregionswhere little tonorain falls over255

theentiresimulationperiod. The radarobservations(top left) showamuchdifferentpicture, wheresomerain falls everywhere256

within thedomainover thesix days. Togetherwith thefindingsof Section 3.3andFig. 11describedbelow, this suggests a257

dominanceofsingle small scale stormsin theUM, whereas inobservations largersystemspassover thedomain.This is similar258

totheconclusionsof Stein etal. (e.g. 2015);Keat etal. (e.g. 2019)whoappliedstormsizestatistics toUM andradardata.259

Fig. 11analyses totalprecipitation in adifferent way,by creatinghistogramsofnumberofgrid pointswithin thedomain260

which contain agiven total precipitation for the24hours after spinup. For this analysis, all model datawas conservatively261

re-griddedontotheCPOL grid. There is aqualitative differencebetweenthe1.33kmsimulation (green) andall othersimulations262

(andCPOL): Whereas thekilometre-scalesimulationshowsapeakatzeroprecipitation (i.e. mostof thegridcells remaindry),263

all othercurvesdonothaveanycompletelydry cells, andshowahighproportionof light rain. As resolution increases, thepeak264

of thePDF gradually movestowardsthepeaklocation ofCPOL. However, both the444mand145msimulationshaveamuch265

larger tail with highamountsof rainfall thantheCPOL dataset.Closer inspection reveals thatthe tailsoriginate fromthesecond266

rainfall peakin thediurnal cycle (Fig. 2), whicharemostlyduetocolliding density currentsasdescribedabove.Thus, increasing267

resolutiondoesgivesomeimprovementonthelow rainfall sideof thedistribution, buttheprecipitation bias linked todensity268

currents is exacerbated.Hence, we shouldbecautiousaboutthebenefitsofhorizontal resolutions of theorderof 100m. We269

concludefromourwork that therearesystematicmodelerrorswhich donotvanishwith higherresolution, andalthoughthere270

seemstobeastepchangebetween1.33kmand444mhere, resolutions of theorderof 100mshowlittle improvementoverthose271

of theorderof 500m. Therefore, it is probably better to investigate thosemodelerrorswith sub-kilometrebutnotO(100m)272

simulations astheyshowthesameerrorsbutare less demandingin bothCPU timeandstoragerequirements.273

A similar conclusion canbedrawnfrom thekinetic energyspectra(following Skamarock (2004), Fig. 12) andthesimilarly274

computedspectraof+✓(Fig. 13). Again thedifferencesbetweenthemodelsare larger thanbetweenresolutions. In particular,275

WRF showsahighereffective resolution (definedasthe lengthscalebelow which theenergyspectrumdeviates fromthepower276

law of the inertial range)atequalgridspacing,andtheUM hasdistinctly enhancedenergycontentat thesmallest scales,2?x,277

i.e. therightendpointsof thelines in Fig. 12(?x denoteshorizontalgridspacing). The latter is aknownfeatureofhigh-resolution278

models(Errico, 1985;Skamarock, 2004), butit ismuchmorepronouncedfor theUM (solid lines for theUM vs. dashedfor279

WRF inFig. 12). While Fig. 12representsanaverageover theentire simulation, Fig. 13showsthediurnal cycle ofnear-surface280

+✓spectrumfor all modelconfigurations. Note thatherethespectrahavebeennormalisedtothetimemeantoshowthediurnal281

cycle moreclearly, i.e. we show log10 (T/hT i), whereT is the spectrumof+✓within thelowest kilometreover theentire282

modeldomainasa functionof timeandh·idenotes timemean.283

Thesespectrashowhowsimilar all sixdays arewithin eachsimulation andhowincreasedresolution doesnotchangethe284

picturequalitatively. For theUM, eachday theperiodofgenerallyhigher+✓spectrum(left column, redshading) is initiated285

with an increasedpeakat thesmallestscales,seenbythedownwardcurving (i.e. earlier appearance)of therightsideof thered286

shading. In contrast,WRF doesshowthe initial peakin thesmallest scales (right column), butthisdoesnotdirectly connect287

with theevolutionof the largerscales in thespectrum.Thisearly peak is theconvectiveactivity related to theseabreeze(best288
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seenin thesupplementalmovies), where theUM producesmany independentsmall scalestormsbutWRF only producesaslight289

increase in reflectivity butnotmuchrainfall. Theprimarypeak in theUM appearsduringearly afternoonlocal time ,whereasit290

is muchlater in theday forWRF, where it is connectedto thesquall lines producedby thatmodel. In thissense,thespectraof291

+✓againshowthe tight relationshipbetweenlow level densitycurrentsandrainfall over themainland.292

5 | SUMMARY AND CONCLUSIONS293

We have runkilometre andsub-kilometrescale convection permitting simulations over several daysandduringa periodof294

predominantly locally forcedconvective activity. Theaimof thiswas toexposethe triggeringandgrowthofconvection insuch295

models, rather thanstudying howthey behavewhenstrongly forced by high impact/extremeeventssuchassquall lines, as296

the latter can drownmodel-specificbehaviour andbiases within theresponseto large-scale forcing or otherextremeevents.297

Understandingsuchintrinsic behaviourshouldthenbetterallow for biascorrections, which in turnmakesmodelsmorereliable298

andbetterperformingevenin strongly forcedsituations. ThedomaincentredaroundDarwin Australia hasbeensetupin sucha299

way thatdirectcomparisontohighquality radarobservationsandtwice daily soundingswaspossible. Theboundaryconditions300

camefromERA-Interim reanalysis. Twodifferentmodels, namely theUnified Model (UM) andtheWeatherResearchand301

Forecasting (WRF) model,were runinnestedconfigurationswhichwere as similar aspossible.302

Even thoughconfiguredwith thesameboundaryconditionsandduringatimeof locally forcedconvection, thetwomodels303

behavevery differently, producingdifferent rainfall comparedtoeachotherandalso the radarobservations(Fig. 2). While some304

measuresindicate aperformance improvementwith higher resolution, suchas totalprecipitation over thedomain (Fig. 11),305

the differences between resolutions with the samemodel are much smaller than the differences betweenmodels at same306

resolution, indicating that themainsourcesof thediscrepancies toobservationscomefrom systematic errors in eachmodel,307

rather thaninsufficient resolution of particular processes.Oneimportantexceptiontothismightbetheboundary layer, aseven308

oursub-kilometreresolution simulations (at 444mand145m) donot fully resolve thethree-dimensionalboundary layer physics.309

Indeed,we foundindications thatboundarylayer physics is oneof themostimportantsourcesof thedifferent behaviourbetween310

thetwomodelsandobservations(Figs. 5and9).311

OneobviousdifferencebetweentheUM andWRF canbefoundin thesimulatedkinetic energyspectra(Fig. 12): TheUM312

hasadisproportionateamountof energy atthesmallest(2?x) scales, andit alsohasa lower effective resolution thanWRF. This313

mightberelated to the theabundanceofsmall andindividual objectsof intenseconvectiveactivity oftenobservedin convection314

permittingsimulationswith theUM (Hanley et al., 2015) (andsometimesreferredtoasʻblobbiness̓ ).315

A seconddifference is that theUM hasa direct relationship betweenthedepthandstrengthofdensity currents andvertical316

velocity, whereasWRF producesa rangeofupdraft strengthsabovesimilar potential temperaturegradients(Fig. 7). TheUM317

producesstrongdensity currentsearly duringthedayandover the land, resulting in early onsetof convection. Interestingly,318

CAPE andCIN donotexplainthedifferentbehaviour(Fig. 8).319

This studycannotdeterminewhich of the twomodelsisbetterperformingforsituationsof locally forced tropical convection320

over the land, neitherwas it designedtodoso.Rather, bothmodelshave intrinsic behaviourwhich theyrepeatdayafter dayof321

simulation, andneither isparticularly close toobservations. Rather, it points to furthernecessaryworktounderstandtheeffects322

of resolution, dynamical coreandboundarylayer parameterisations.For instance, there is anopportunity to test thedifferent323

boundarylayer schemesinWRF, andalso themidlatitude(“M”) versionof theRegional Atmospheresetupsof theUM (Bush324

etal., 2019), andthe impactofnear-surfacevertical resolutionshouldbe investigated. Either way, it seemsclear thatsimply325

increasingmodel resolutiondoesnot resolve thebiasesin diurnal rainfall.326
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TA B L E 1 WRF andUM physicssetup.

Physics WRF UM

Version 3.9 10.6/RA1T

Planetary boundarylayer MYJ TKE Lock et al. (2000) andBoutle et al. (2014)

Surface layer MO (Janjić Eta) JULES (Best etal.,2011)

Microphysics WSM 6-classgraupel basedonWilson andBallard (1999)

Longwave radiation RRTM basedonEdwards andSlingo (1996)

Shortwave radiation Goddard basedonEdwards andSlingo (1996)

Cumulus (12km only) Kain-Fritsch N/A

Timestep [s] (4km,1.33km,444m,145m) 10,313,1
1
9, N/A 120,40, 12,4

Vertical levels (top) 80(25km) 80(38.5km)

Boundary andinitial conditions ERA-Interim, updatedevery 6hours.

Run length,spinup 6 independent42hoursimulations initiated at06UTC.

First 18hoursdiscardedforspinup, last 24hoursusedfor analysis.
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(a) Domainsetup.Forbothmodels,theoutermostdomainis nestedinsideERA-
Interim reanalysis, and the setup includes convection-permittingnests of hori-
zontalgrid spacings of 4km, 1.33km, 444mand145m (UM only). WRF is set
upwith anadditional outernestof12kmwith parameterisedconvection.

(b) Land maskused for “domain average” in this study
(the islands where removed intentionally, seemain text).
TheredcrossmarksDarwin Airport, wherethesoundings
are taken. The gray dashedline denotesthecrosssection
in Fig. 6.
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FIGURE 3 InstantaneousrainratesfromCPOL (left), UnifiedModel (centre)andWRF (right) in theafternoon(top)
andat
night (bottom)at ?x=444 mandfor onegivenday.Thesesnapshotsaresimilar for all days.
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F IGU RE4 3Dsnapshotsofsurfacepotentialtemperature(colourshading),reflectivity (white volume;>10dBZ), CAPE
(black contoursat 3,4,5x103J/kg), updrafts(red volume) andprecipitation (purple “peaks”) for theUM (top) andWRF
(bottom). Thesnapshotscorrespondto06:00UTC on2006-02-19.Animationsof the full sixdays ofsimulations canbefoundat
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F IGU RE5 (First andsecondrow) Vertical potentialtemperatureprofilesatDarwin airport (or the closestlandgridpoint)
for theUM (left, blue),WRF (right, green) andsoundingdata(black). (third andfourthrow) Vertical specifichumidity profiles
at thesamelocation. Dashedhorizontal lines representthelevel of freeconvection (LFC). Plotted is oneline perday,at00UTC
(left) and12UTC (right) tomatchtheballoonsoundings.SoundingdatafromtheUniversity ofWyoming
( ).
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FIGURE6 2Dsnapshotsof444mresolutionpotentialtemperaturealongadiagonalcrosssectiongoingfromthetopleft to
thebottomright cornerof thedomain,as shownby thedashedline in Fig. 1b). UM is shownontopandWRF on thebottom,and
bothsnapshotscorrespondto08:00UTC on2006-02-19.Thesea breezehasadvancedfaster in theUM (dashedvertical line)
thanWRF (dottedvertical line). It is alsostrongeranddeeper,which isagreementwith the theoryofWeismanandRotunno
(2004). The intense cold poolbehind theseabreezefront (darkest colours near thesurfacearound50kmmark) is relatedto
Hectorover theTiwi Islands.
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F IGU RE7 (top) Two-dimensionalhistogramsofupdrafts(vertical velocity w >0.01m/s) versushorizontalpotential
temperaturegradient |+✓|. Both axesare logarithmic. See text fordetails. (bottom) Domain snapshotsfor 2006-02-14andUTC
02:00(prior toonsetof convection), 12:00(after thepassageof theseabreeze) and22:00(land breeze)of+✓for (left)
log10(+✓) <@3.6(0.25K/km), (middle) @3.6< log10(+✓) <@3.3(0.5K/km) and(right) log10(+✓) >@3.3.All days show
very similar evolution. For theUM at22UTC themiddleandrightpanelslooksimilar as thereis essentially only onenarrow
region of significant |+✓|along theedgeofthe land breeze.
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F I GU R E8Diurnal compositeof domainaveragedvertical velocity (shading),surfaceCAPE (dashedblueline) andCIN
(solid blueline) averagedover allmainlandpointsfor (left) theUM and(right) WRF and(top) 1.33kmand(bottom)444m
resolution. Note that thevalues for CIN wheremultiplied by10tousethesamey-scale.
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F IGU RE9 Soundingsas in Fig. 5, butat 6:00UTC, wherenoballoonsoundingsareavailable. Specific humidity is shown
onthe left, andpotential temperatureontheright. The toprowis for 1.33kmandthebottomrowfor 444mresolution.
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F IGU RE10Totalprecipitation over thesix-dayperiodinvestigatedin thisworkwithin thesmallest(andhighest
resolution) domainfor (top left) CPOL radarobservationsandtheUM at (top right) 1.33km, (bottom left) 444m,and(bottom
right) 145mresolutions. Note that theseplotsareshownontheirnative gridswithin thesmallestdomainwhich correspondsto
the145mdomain(minus 20gridpoints oneachside toremoveboundaryeffects).
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FIGURE 11 PDFs of UM (colours)andCPOL (black) totalprecipitationfromFig. 10,butnowconservativelyinterpolated
ontotheCPOL 2.5kmgrid. Only the1.33kmsimulation (green) showsapeakatzeroprecipitation, butall simulationshavea
muchlargerhigh-precipitationtail thantheCPOL dataset(black).



M. JUCKER etal. 21

1101001000
length scale [km]

103

104

105

106

107

108

109

En
er
gy
de
ns
ity
[m
3 /
s2
]

UM 4
W ! " 4
UM 1#33
W!" 1#33
UM 0#44
W!" 0#44
UM 0#14

k-5/

F I GU R E 12 Kinetic energyspectrafor theUM (solid) andWRF (dashed)4km (blue), 1.33km(green), 444m(red) and
145m(magenta) simulations.The shortsolid black line showsthek@5/3 slope.Theeffective resolution (where thewavespectra
beginto fall off) is higher forWRF, andtheUM hasamorepronouncedenergysurplusat2?x. Spectra are computedfollowing
Skamarock (2004), andareaveragedin space (full domainbetween3and9kmheight) andtime.
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F IGU RES1 Click onimagesto seemoviesonYouTube.Themoviesare full 6-dayanimationsof the (top)UM and
(middle) WRF 444msimulationsshowingsurfacepotentialtemperature,reflectivity, vertical velocity, precipitationandCAPE.
(bottom)Thesamebutfor theCPOL dataset,which meansthereisonly reflectivity andprecipitation. Fromthesemovies it is
very clear howthetwomodelsbehavevery differently, andhowbotharedifferent again fromobservations.
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F I GU R E S2 SameasFig. 8, butshowingthediurnal compositeofreflectivity [dBz] ratherthanvertical velocity, and
MCAPE/MCIN insteadofCAPE/CIN.
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