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ABSTRACT
A large-eddy simulalionmodel is appticd to heeconvec brbbl.s

tion in the atmosphere. Contour Plots of instantancous liclds
and ofconditionally sampLd updmft events arc prcsented l.INTRODUCTION
basc'l on 160 x 160 x 48 grid cclls. lt turns out thai in the ca se Clider pilots as well as sailplane d csigners, need data on
of homogeneous surfacc heatinE convection bclow 0.5 zi js the structure of the convective bohdary layer (CBL). Knowl-
organiz€d alonglincs forning a spoke pattern. Under inho edgc about thc spatial distibution and intensity of verti.al
mogencous .onditjons, this pattcrn is lcss pronounccd. I vr motions cnablcs an optimizcd choicc of fliSht level, .ruising
iatcd updrafts prevail inthc upper.hinneys by small sale sp€ed and circling spccd, which is the basis of successful
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iong distan.e .ross .ountrv flights. Engin..rs promis iur,
therimplovemeht ofwingprofilcs as soon as pilots.onmir
themscLvcs to disti!.t aii spccds adapted ro the sF.cific
conditions of thcrmal .on vcction.

Since about 1970, rapid se,rsors onboard theair..aft arcat
the met.oioLogists'disposal to answcr a part of the abovc
questions in t.yms of spcctra of vcrrn.al vclocity, tehpcra,
ture and humidity along horizont.l flight legs (Lens.hos
and Steph.ns, 1980, Hafner, 1985). As a rcsult, we hav-" a
fairly conpl.l. knowlcdScof th(: vcrii.al profiles ofse.lnd-
and third-ordcr momcnt s of L! rbulcnt nuctua tions, horizon,
tal sp€.tra and ofprobabilitv distributions ofvertical vcloc
ity and temperatne fluchrations at a given heighi.

Duiing th. past fcw yeas, tso s.icntificgroupshaveb.!n
worklng on the thr@-dim.nsional timc dependcntnum.ri
cal simulation of theCBL, stjmulatcd by thcuenr dev.Lop,
ment of super .omputer, (Mocng .nd Wyngaard, 1988,

Nicuwstadtand DcValk, t987and Maen,Igil7). AI oftlem
tscthct{hniqucof larg.rddysimularion(LES).This mcthod
has r.ached th. status of a third colunrn (besidcs fiet.i and
laboratory expcrimcnts) in boundary layer..:s.ar.h, opcn-
ing thc option of "field prograns on the conp;te.,,
(wyngaard, 19i14).

Werepod on LES of thc CBL ov.i flat terrain with srrong
tfi€lmal convectiory due to hcating bon the surface wjrh
ireak wind. This type of CBL is refen.d to ar rhc free
.on vcction .ase. Wc first prcscnt resutts under the cond irion
of homoSeneous surface hcating and, attcrwards, discuss
specific diff eren.cs caused by spatially variabte surfacc h€at
flux. In both cascs, the air motion exhibits the cohcrenr
structure of convL.ctive .irculations composed oI buoyant
updraft and.!mpcnsativcdowndraughts.'lheCBl" jscapped
by an inversion laycr of height z with stably stratiticd ai.
abovc. As shown by Deardorff (1970), the conve.tive vcloc,
ity and tcnperaturc s.ates are w.=(881e")' i 3; T.=q/w- and
whcrc i3 - I /Tis thcvolumetriccxpansion cocfficicnrand e"
d€notcs the srria.c 'lcmperaiurc flux." Thc .onverivc
timescalct.=z /w.dcsciibcshow longab!oyanL pluneison
its waylioh thcground toihcinvesion.Foroursimulaiior!
wc sclected valucs rypi.al for a slnny dav in sorthem
Ccrmany:Q"=0.06 K ms r, zL=l600 n, (B-1/300 K ) whjch
implics w.=1.46 ms', T.=0-041K. and t.=1096s.

2.TIIE CBL IN TI]RMS OF \'ERTICAL PROFILES
Buoyant plum.s are by far thc most markcd structural

€lehen$ of thc C8L. Thry start at th. g.ound and run
throughthc whol.depth of thjs Laycrand penerrato inr{) thc
stablc Iayer a1dt. Th.y cary both the highcst tcnninal velo.-
ity and maximum L.:mpcratu.e deviations. Most of rhe th
emodynam i$ o f ahnosphcric conv.ction .an bc a ttributcd
to th.m. Figure I rularcs thc tcmperatrk er(ss olan indi
vidual thcrmal to verti.il profilcs of sohc well knoiln
second mom.nts as vL.rtical hea t nux,horizonLrland !e.licaL
vclocity vadan.es and tcnpcraturc variancc.

Thcconputed hean lcmpcnturcprofil. shows nr rh.sur
fa.e laycr strongly unslabh stratification while b(:t*cu
0.3 z. and 0.5 z thc tcnpera Llrc gradicnt is onty $'cakly nc:'Ja-
tivc. At about 0.5 7,thc tcmp.ratue grad ien t cha ngcs its sign
$thatthcuppcrhalf otthcCBLcxhibitsin r.rsingsrrtilj!y.
The posittun of maximum gradicnt is ncar 1.1 2,.

Rclativeto thenrcan profilean ind ivid ual plumc is starrcd
atthc ground, due toa tcmp.rature su.plus .om pa rcd to the

VALUME XIV NO, 4

mcan sur.oundings oiAT. While nsing 
^T 

js djminjrhcd by
rubllL'nt diffusion, which proccss carses thc hearing ofthe
hhJ.I8l .Abov,. /,.h. .no.-rr- F.rrrp., ..roJir'o1.
..1-\',dur,dl.\ In, .t. oFrn,.,r .r.d.rtrr..riol \..,o.,1.. o/.

^Tbccomes 
negativernd th. updraft is no longcrbuoyani.

F!rth.rrisihgiscarried byinerria,duetorhchigltalnountof
p,-ir'v. \.,rr.Jl mon, r r S-in,d il tn,.tuh.r n i\.J
lry,,. Th. uv. ^l-... rrrr L. ,wnd (t i. ,\1 . ut rt-,. I \,1, 01
calscs strcnScst neAativc valucs of dT aL 1.1 z .onncded
with adc\tuaic ncgaiivc buoyancy whi.h stopJ thc move

Figur.l. .

Thc profile of <T 
'?> 

sim ply can bc intcrpret.d as an ihage
oflhc prcfi1c ofdT. Large variances arc obscrvcd ncai the
ground and above z, whil. thc middlc portion of the CBL
shows only shalivalucs of <T'>. Due to strongbuoyancy,
plumes are mosl accclcnlcd neal the grolnd, r'hich is
refle.L.d by thc jncrcasc of <w:> frcm zeio at thc grolnd io
ihe maximum valuc at about 0.42,. ln the upper laycrs Lhc

vc ical vclocjty varianc. is de..eased gtad ually by dillusion
and abovc 0.82j rapidly by the additbnal clfcct ncgativc

Honzonial motions ar. w.ak r than updrrfts be.ause
th€y are a se.onda.y phenomcnon and not dircctly for.cd.
N.vcrtheless, the profile of <u':> shows an absolutc maxi-
mumncarthesurfa.eand a sccondarynaximDnl just b!'low
zj. Both mi-\ima reflect a pattern of thcrmal.irculation with
centres jn rhe strcn8 updrafts a nd hoizonral lslistribution
ofmomentuh in thc surfaccand inversion laycrs.

The positive hc'ar flux in thc lowcr levels is also dominated
by buoyant plumes which combinc positive tempcraturc
fluctGtion with positive tompcnturc flu.tuatior. B.trvcu
0.5 z and 0.8 ?, heat is transport.d against the negarivc

fjladient of mean tcmpcratur., which cai €asily bc und..
stood by the posilivr: dT ofthc strong conve.tive clemcnts.
Hcatfluxchanges sign together rvith AT. Ncgativevalues ol
,wT! abov. this lcv.l are reinfor.ed by (arm sinking mo
tions which comp.nsate the penetrative convcction and
which arc rcfcrrcd to as.nt.ainment ofai. ftom thc stable
layc into thc mixed laycr.

3. THE LARCE-EDDY SIMULATION METHOD
The LES uses a finite differen.e method to integrate the

thedimensional gdd-volumc avcragcd Navicr-Stokcs
equations. TheOverbe.k-Aoussineqapproximaljon is uscd,

l
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i.e. dcnsity is assumed to be constdt cxccpt ior buoyan.e,
and temperatureT.oresponds to thc potcntial temPerature

Since the dlnamicsof atmosph(iri. fre onvection roughly
covers a rangeofsixorders ofmagnitude (fewkilomctcre to
few mjllimeters) only thc largc (convective) and me$tuF
brilent scales of motion are rcsolved bythc gdd. Microtur
bulent subgrid sale (SCS) Ruxcs arc d erermined from alg.-
braically approximat€d sccond-ordcr closure (SOC) trans
port-equations- All essential.oef ficicnts of thc Scgmodel
arederermincd from theinertial{onvcctivc subrangc ih.oty
of lo.allyisotropicturbulen.e. Theinfl ucnc. of varying SCS

model assumptions and nod.l coctfi.ientson the rcsolv.d
scate structures are di$usscd in S.hmidt (19i18), d.tails of
nmencalmethods arc dcscribcd in S.hmidtand Schumann
(1989). The computational domain ettends horizontally and
v$lically over a finitc domain of size X x X x z, wh.rc X =
8000n =5zj and z = 2400 = l.5z,.Thcsinulation 

's 
pcrforn.\1

with a computarional grid of160x 160 x 48 cclls, whjch tully
e\ploil.lhe ( dp-( rty or d ( l.lAY \Mf.omPu'er.

3.1 BoundarY Conditions
Since,in this papcr, we @n fine oursclves on thc windless

(in mean) cascand, since the larg.st conveciive s.ales of thc
ord€i ofzl dc contained several timcs jn the comPutational
domain, priodicity is assumed at thc lateral boundarles.
Convection is drivcn by the heat flux Q" which determin s

the SCS flux at the bottom- Th€ v.rtical fluxes ofhorizontal
momentum arc cvaluated frcm thc Monin obukhov rcla-
tionshipr which givcs us theoPPortuniiyto siudy theinnu
en@ofvaryingmuShncss hcight 2,, on the.onvcction. A ra-
diation boundary ondition at ihe toP of the computational
domain prevcnts spurious rencctions of gravjty wavcs

3.2Iniiial Conditions
Westar.ed oursimulalion B'ith thc following initial condi

tions:ihe mixed lay.r, rcPresented by constant temPeraturc
is capped by a layet ofuniform stabjlityrvith a tcmPcnlure
gradient of 3K/1000fr. The initial lon Peratuie and vclocity
fic1d s ontain random disturbanccs to initiate thc convcciion
with very low amplitudes of 0.11 . and 0.1 w. .esPectivcly To
reach an asymPtotic slate a modcl timc of t/t,-6 iscxPccted
tobc suJfi cient-Sinc. thcconve.tivclavcrwill deePcn d!ring
this time, we starl with z - 1350m to end uith ihc Planned
valuc ofz,= 1600 = 2zl3 at the timc o f evaluation-

4. RESULTS

Ba sed on various cvalua tions, jnclud ing PloG of insianta-

..JU. \clo, il\ .'nd r' TP,ldrun eld' d om'u rr murie,

,",h*'"rrw' p"'n or' ldl onrur' iun' uco":"Jlr.dr
rol,1 . ,nd r,rju"rr 'l Inrr! r \P'.Lrd s' oor ''r' J rdrrc-

cohplctc Picturc of thc stru.ture of the CBL

4.1 lnslantaneous Fields
l-,cun 2 .l o$' orLJU_ P o(5 ol vrtr'' \rJo iD Jr d ol

"-i...,,,'e Ilu.ruorr.c. r "n dtbiLrdr! \'rl .d rJ ' '\-
rionl The vclo.ity ficld exhibits some strong and na(ow
uporJfr-, wn,.h t .t nd ov I rl'c hholc \ Bl l' rhF loa(l
leicl-. .orr" p.nd'*.1.r',po'iive\a'uF inth, r'TPUtz

r. rc 
',eld. 

$hil" n.,r lh, ,r\nF on lrvet thr I 'ir8 Jr- i'
.oolcr th;n th. surroundjng in the same lcvel Both the

vclocity and th. lemPcniure contoun shos sevcral local
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Fbure 2.

maxima, which wc caLlbubblcs jn the 
'.rpd 

ratt s. A compuier
movic g.ncratcd from a scqucncc olsuch plots shows thal a

couple of snall scalc bubblcs risc iNidc quasj stcady up-
draf ts in sequence. Thc b!bbles are rising more quicN.ly than
thcavcraScupdraft,thcirlifctimcscalcs arcof ordcr0.1t..

Thc rathq nariow updnfts arc suroundcd by laryc arcas
of downdrafts whi.h form lor ontinuity. This can bc sccn in
Figur€ 2 and also in Figurc 3, which prcscnts }orizontal
crcsnsNtions of thc sanc ficlds at two hci8ht lcvcls. The
imbalance of updrafts and downdrafts implics a skewed
v.ro.r') d.trb,rr ^n. A plnr will nFpr,.li1E r no-o
frequenLly than rising ajr, but nowhere ls the sinking as

strongas therisingin theplumecenters.This isalso rcfi.ctcd
by Figure 4 which shox s the area fraction and Dean velo.j-
iics in thc updrafts and downdnfls. Noic th{: high and
almostconstantiisingvclociticsat about0.25 <=z/zj <= 0.75

whi.h implics thatthis hcight jntc al offcrs thc bcst chincc
to rise by ciicljng. In thc uppcr third ofthcCllLthc intcnsity
ofupdrafG decays rapidly (S.humann and Schmfit,198E).
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Anoth.. icaLu,c of CRL 3 v.*nil morion \!eli inorn k)
Ehl,rp,luFF hr,n rr , d,uJ,.r.i1(.r, i :r, r\.1LJr
lcvcl) small scal. motj',n is dorninani. Nrve.ahck:ss, the
surlace I!ycr is well org.rnl2ed rathcr thn n c h.1dt:c: It)lyg(Jnil
+nkc-pattcrns chdri.nrizc rhc srruchrr! of .onvccrron ncar
the surtu(o. Th. plu.rn is rhat ofopen..lls uith a sinking
n(tion.t thccell's..ntLr 'l hc polygond I pau.rn is induccd
bv x,r Jorvndraits r'[i.h suppr.ss upw.rd molionso\cr
$ost ol Lhe surfrc{r i nd .l riv(r tho su.ta.e llolv radially.rway
f()B ttn centcr .i .lolvid.nft. the air thcn @nverg.s to
wirds lines and it app.nrs.l!itenrrr)ral lhat lhcselines loh
p(,1)E{'n.ls, due lo irnprling dolrndr its (se Figrit! 5).
Du. to ihc convergcn(! and to the tcxnlc,raturo surplus
gain&l lhouSh th{rcl{Fc.{)nt.rd to thch,rlcd surfa.c t}cair
.iscs along the spik.s. lhrJc arc ulso a fcw mea{rrcmcnts
*,irn:h sho* that nrnrtir. surra.erjs'ng moLn is organ'zed
rathcr along narrow sllke5 ihan in moru or lcss isolltL{
ihrtrmals (Wa Uin gton, 191i3).-l-ha t mightlrea lrint to pilors k)
chnng. ihcir hctiL oI circllng wh.n trihg unfortunit.ly
trappcd in heights ofless than 0.2; z -

l.ul"(.d s,nJ .*il" pluh,:s,.mo,, tr^rn lnc mdro up-
driftsdonol merEc togother, butdicout whjlcrisnrgagainst
do$'ndrafts the polygonnlstructuEot tbc surfacc iaycr is
lost in ihc hiddlc and Lrpper portion of ihe CBt.. I he spikcs
beomcdivided and thc hubs tunsout to belhc roKolthe
updrafts and plumL,s in thc !fpcr nixud lavrr. But, also in
this rc8n,n, thc lpdrafts s.ldom show the idcaliz(:l tuunC
.tuss sa]lion. They, instcad, are highly convoluk'd d!o to
stiong latcral cnt.ainhcnt.

Entrainmcni is nlso an ihportanL proccss Lri lhc in1!rfa.e
bet(en mixd !ay(trand stablelayor: lnrgethcm.,ls lornrcd
within thc upd.alts penctrat. into thestablc lnyc. r'nd 4tPort
relatively ool air into th! stablc layar. They cause ld rge scale

downward movcmenis of wispsof.xtrudd wa.nl air. Doth

lhc largcr upward pcnctriitinS thcrnals and the downward
moving wisps.ontribukr to thccnininmc'nt h.at flDx.

ln thc stabl.laycr penctrating convc.ttun c:.iLos a faint
gravity wave rcgimc. Thc amplitudes of thd ({) sPonding
vprli.nl motions,rc insi.lc thc isoline incremcnt of tha w-
plot. r,lcverthole's, high-amplitude larSc-solc remP€.alure
fluctuatio ns .ccum ula rc d ue to thestrcngly stablc siraiilica
tioo for which lhethsmal dissipation ratc is small. Gnvity
waves ontopofthecBL (oltcn refcrred toas th.rmal wav€t
which a.e strong cnoDgh to carry a sailPlanq need differunt
.onditions: Thcy have bltn observ.d in thc Prescnce of a

Figure 5. O.ganization of t\tygonal spjkes at thc .inl of
competing downd.a fts in the surfa.c Iayc'r.

mjnimum m.an flo!v a.companicd by a sh€arzonc near thc
ihvcrsion l.yer (Clark and Haul1989.

4.2 Inhomogcneous Surfa.e Henting
Wc also studid rhc ettc.i of spatial variationi of thc

surfacch.at rl!x as is t)?ical formosi ofrhenitrrit topog-
raphi!s. ln lhis nuhorical oxpcrimeni q 

I 
in thc r.rstrm part

ofthcdomain ishalfofth. heat flux in tfie{astern pari while
the mcan valucof qquals the h€at fl ux in lhe honogcnous
casc (sec FiSur€ 6). Alt thc othor physical and geomerrical
paramctes remain unaffc(t.d compared ro rhc last s(tion.

l:=91

5.0

5.0

=-ro.3'-i o"

east

!.
t

, r,l 2.5

O 
".r

o s.,

o 2.5

Fisure 4. Mean arca fra.tion of uPdrafts (full curvc)and
downdrafts (dashed) and mean verlical rr}l(rcities within lhe
areas. Thc errcrba$ indicatc the scattcr ofthe results within
5.=tw-/21(=8 (Schumann and Scrm idt, 1989).
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Thc tlow pattern in thc casc of diff crcniial heating cxhibits
somc spe.ilic propertiesas r.flccted by somc .ontour plois
IL--.7.1^w ,wh re \./r-PdrF\.rrr''l T^ ', build

ut liougnly 'p.l. n un ,o . ' c '"bl h,-.r {rr1 : :rq

motion ovcr the last.rn half of the domain an.l sinking
motion over thc less hcatcd western Parr' This largc s.ale
p-r',ili-.',p,,Pn!.oo\'n l..-lcr\Fn l.J"'i'h'
s.dl ! r, rreJ d-.J .l "A l.-(fl!\e-rulun\..i-- nur'

iniense vcrtical motions, but also list the invcrsion to a highcr
lcvel.omparcd to aros of lmallcr q.,.

'Ihc spoke Pattcm obs€n'cd in the lowcr altini.l.s of the

iromogjnously heatca CBt,is nowmoditied: At tn(: lev€lof

0.1252, (Figure 8a) thc alr i, rising with varyjng sPccd along

lhe .c;tcr line ol thc snong hcat nux arca On thc oPPosiie

sid e, the tcnetal motion js sinking intersPerscd w ith spotlike

plumes. Convection organized in sPokes oraLong lin.s pre-

\.'.1- .n rh, .r,'r.or" , 8iun.5rr.e rr' in\'1':oa '' a

sloped planc Oigure 8 rcfcrs lo thc average invcrsio n hciShi)
/ ' JDvr^ul).u r! h..!'.',..iunu l'- J^,rllotil
IiBUr.qb:Whrl' ,h, .h wJ ,,1n pad nr ,h"d"." I 'h,s'
or11 u"-1 w,al rpur(j., , \' n' .'. no,iun' r\". ' urrh'
,rJbl rovcr l! !,,orrirn dr.d. nl,rrpr(rnrn 'r'r'l \rl
exhibic strong uPwatd motion along a linc onlv Partially
iurned into isolatcd the nals.

25

0

0

Figure 8.

a.03t':'1

l::::.1

0.2

J-= O7SziJ_
zi

0.6

2.5 \ lzi 5

fieur.7. lnhomohFlc"u'h(,tjn6: { un't ut PloF ol\cdr'dl
u""o, i,r ", ". 'o, ^1, 

u"t'u' / / drd lnr|rrlimc'r/1.-li'1
initialization in a vcrtical plane. Countou! line increncnls

corrcspond to thosc in Figurc 2.
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4.3 Condilionally Averaged Updnlts
Th. (orlour plots ol Figurcs 2 and 3 show thcinstrntanc-

ous shape ofliw updrafts. The threc-dimcnsional LLS data
of thehomogcncousnn allow forthccvaluation ortlr.m.:.n
spatialstructurc ofthe CBL. lo achicvclhis, we l,iv..ondi'
tionallysampkd d,.ntsof updrafts(and dot!ndrafts),urjng
vertical v.1o.i!y as an irdicator function. Dctails ol this

sampljltg mcthod arc dcs(ribed ln Schmidt and s.nirm,nn
(1989). Flgurc9 dcpicis six.ontour plots in avertical Planc
thrcugh the axis of symmci.y telated to Posiiivo $'+vents
wlth aihrcshold cqual to thc r.m.s veloclty atthc rcference

level z"=2,/2. Thc rcsults rcPrcscnt mean values i)!.r 4)0
rime steps from t/t. = 6 to 7. lf we assumc Urat thc lif.'tim(: df
small s.al. thermals is o f ord er 0.1 t, thm wc ave.age ovcr ap-
prcximatcly 160 independcnt cvcnls.

Thc conditn)nally averagcd updratts hav€ largc verti.al
ielo.ity (maximum value = 2.0w.). Thehodzontal radius is
approximahly 0.337-,. Iiislng is conelated with horiTontal
velocitics whi.h shot! maximain the surlacc iaycr (inflow)

and just belo$' 2, (outnow). A sccondary naximu of u just

abovc the rcfcrcncc lcvel also indicates motion away lrom

2.0

3.0

.lrt rt.j+.:
;_{i*r'$::-. -l|{th'"i

-.fY-.1
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values are quitc small near rhe surfa!!. Most of this diftoF
cnce can be explain.d by the differcnt conditions for a
buoyant plume io start fron the surfacc. Initialty, it has
maxjmum tcmperature su.plus but zero veitical vel@ity.
The updraJts caus€ negative tcmpcnturcflu.tuations inthe
interfa.ial laycr, where most olthc tcmpcrarure surplushas
been dissipatcd and the srrauli.ation becom6 morc and
mort positivc.Theupward motion above this levelisdriven
by inenia while rlowcd down by negative buoyancy.

Thc pressure signal is obviousiy most affc.tcd by the
laryc'scale dynami.s of thc updrafts and the prcssure fllc
tuation is ne8ative bclow the th€rmal. This bchavior is ro be
expectcd frcm hydrostalic considcrations, but is also caused
by buoydt bubbles which suck in an from below and from
lh..ide.. lr."urp fl ucludl,on. r,.um.d po.ir,ve md\imur
nar the inversjon, presumably becalse ofa pressurc head,

due to thermals impinging on theinversion.
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the updnfts and is due to bubbles in the uFtrafts, whi.h
displace air sideway while rising.

The tcmperatue pattern also shows a oherot structure
whi.h extends liom the surfacc up to the inversion. The
maximum tempcratre suplus amounts to 2.7T. in ihe ref
erence lev.l. In contradiction to the T-field, vertical velocity
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