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Summary
Numerical simulations and aircraft measuremcnrs \ho{

rhal thcrnral wd\€s are gravil) waves developing undcr the
prcscncc of lhear in rhe stablc troFsphere abovc x hcated
boundary l.ryer The waves arc hunched when rhermrls rise
lromthc groundand impinge inro rhc stable layer whe.e rhey
acris obstacles rc the mean llon rbus lbrcing the air ro flow
overlhem. Thispaper revjews some bNsic aspecrs of rhermal
wives based on the pxpors of Clark. Haufrnd Kuetrner (l).
Cl,.k and Hauf(2). and Kuettner Hildebra dandClark(3).

l. Introdrction
Conlinuous reports on lhcrmrl or convecti\ e $.rvcsanrcng

lhe soaring comnrunitv and lhe obscrllltio nal evidencc of this
phenomenon. .ts documented in the pxpers t'y Jaeckisch (:r),
(5). Rovesti (6). (7). Kuettner (8) and Lindemann (S). and
pr$enledat OSTIV Congrerses overlhc last rwodecades.led
to rhe initialion of thc Convective Wave Pr(Iccr' al the
Nrtional Center lbr Atmospheric Rescarch in Eoulder
Colorado in 198,1 Thc projcct consisrs ofiiirphne me"sure-
ments and numerical simulaLions. The measuremcnts were
perfbrmcd in Juneduly 1984 nnd June 1985. pafiially over
Colorado. hut mainlr over the plajns ofwestern and c.ntral
Nebraska, using the NCAR instrumcnted Beech King-Air.
The results ofrhcse measurements arc published inKuellner.
Hildehrand. and Clark (l). At the same rime Tcrv Clarkcon,
Jurr.J ru, cfl( I.imJl.,|,'r.." rh..( .rruir,'n uh( .on.
vcctivc waves were reportcd and Dreasurcd with rhe airptane.
Clark s numerical cloud model (10) was run on the CRAY
computcrs rr N_CAR, but alsoat the DFVLR in obcrplaffen
hotln (FR.G.). Results ofthesc cal.ulalions are rcponed in
Clark. Hxul, and Kuether 0). Thc intenrion oflhc prcsent
paper is lo rclicw the basic resuhs of the calcularions and
illustmre ihe . discuss lheir implicatn)ns, and outlinc the
luture work on convective saves.

2. Observations
Thermrl waves. as expericnccd bt gliders, are typical grav

ily waves and rs luch are tound in the stnble tropospheric
la)€r above a hcated planehry boundary layer The Lhcnnal
waves arc observcd t().each down inbthc boundary talcr as
wellas heights u'c1l above the tropopnLrsc. Thennal waves typ

ically cover thc wbole rropopause with ma'(imum updraughrs
belwc€n I 3 nts. Lindemann (9) found a modcrate ro strorg
environmental wind shear ro bc necessart fbr their occur-
rcncc- Gliders observed then wilh andwithoul cumuluscon
vcclion, but obviously, they rrc crsierto derect when clouds
are prcsenl. Tousethe waves tbr gaining altnude, ii is recon
mended io fly from below rhe cloud base a distancc of typi
callyInorcthanonekmagainstlhcprflailingwind. Ifrhermal
waves are prcscnr! asmooth wave lift then allows cllmbing up
to several knr lbov€ cloud lop. Convecdve waves are lound
oler flal to gcntle strucru.ed terrain ard oitcn far a$ay liom
mountains. As a spccial case. thermnl wtves wilh srong
updmughts arc obscrlcdolcr cloud streers, pruvidedthere is
sufficicnt wiod turning betwccn lhe ground and cloud base
(4). 15) Thcse basic ftatures. so faronly reported by gliders,
have essemially been confirmed by the measuremcnrs of
kuetine( etal. (3). They tbund ihe following characrcristics
of convection stvcs:

Wa\€length: 5 15 km 19 km average)
Vc(;cal motion amplitude: j I kr I m/s
Vert;cal wind shear: 3 r l0 r to l0 rs 

'
vcrtical exrent of wavc systems: > 9 km.'
Ncxt, e€ tt, toundershnd thc basic phfsics oflhe thermal

$alc cxcitrlion and. lberelbrc, kxrk at v)rne model resulls.

3. Model simulations
Chrk s modclisrn rnelastic and non-h)drostaric. finrrcdif

lcrcnce nunerical modcl andcan beconfigu.ed in eithcrrwo
orthree spalial dimensions. In this study. \lcpe.formed rwo-
dimcnsionai s imulations tbr cconom ic reasons only. Implica-
lbns olthis will be discLrssed bclosr An essential characteF
islic ofthe nx)del is the inreractilc grid nesting whcre up to
lhree models can bc nelted to zoon in on a special feature
using higher spati!l resolution A detliled model descriprion
is found in Clark (10) and rhe inrereslcd .cader is refarrcd ro
this paper. or 11r thc othen cited in (l). A set of numcrical
,ixpcrinrenrs w:rs pcrlonncd studving thc crccts of(i) shc!.,
(ii) horizonral domain, (iii) condensarion ud e\apo.ation,
and (iv) zoonring in on a singlc ck)ud. In Figurc I we show
resulls lrom one such experirncnt (DRYl) whcrc londensa,
tior was inhibiled and consequcndy no clouds could fomr.
Here, onll one modelis used wirh a grid size of 125 m in the
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I i!u'. L lhe \frtidlrelo it\ lield uI 'i\ timel€\el\ rt' lOU0ll0.l-o
,"1 t'--, th.." .", int€nal.^".i.0.005and0125m. ror

nlar?',.' rnil 'h 
. rFF nclj dnd lI n \ tu' nlare' '(r rhmush rn

ih",.n' $ntour b nd .lru$" r rnh odd rdl i d onruuA I'e'hu$n.
c.s.. tdr, l::lAv,... Rtgi. swhefrvS l,are{ippled Con&'sr_
li;n {as nol llhtntd in this dp€rimtdt tlgtrrc is lak€n lrom Clark.
Hatrf. and Luetlner (l)

horizontaland lcrrical and using a lime slcp of5 s l_hcsizc
ol (lle dolnlin was ]0 knr in dle horizontal and 15 km in the

lertical. Thc shear wilh a nlagnitude of 7.0 x l0 rr was

constart olcr llic tleplh of 1875 Dr rrrd 7!r) rbolc. '1h. 
'!nrl.

tenrFrrlurc, and humidily pr)lrles scrc hkcn lio Rl{r.
merrs on lone 12. l91l.l. ovcr thc caslcrn pliins ol( oloftdo
A scll"ilcvehped conveclivc bouodary lalcr of I 6 knr deprh

was eappod by !o iDlcrsiorr ar tu].3 hjl heigh( C l{uls \tc'c
shallow and dcveloped abo\€ 1.6 knl wlfi n)ps cxtending up

to the invc.sion. Abovc the iDlcrsion, lhc ltmosphcrc was

lcry dry rnd unlondilionrll) slible lhc lropopausc wa-\

fuken at &9.5 km. I h. nrodc] \kns $itb drc initirl prtiles
assumins horizonhl homr)geneity. ercept a 57 whitc noise

variabiliir on lop ol the surftce sensiblc heat llux, Nhich \!rs
assumcd to be 140 Wm :.

4. Th€ basic m€chanis'n
lb illustratc tlrebasi! nrechani$n. we lurkat Llre si\ plalcs

(!) (0 of Figur. 1. showil{ the lcrtic:tl !clocitv lield rt six

conscculile tim. lelels. cacb Ihirtv rinute! rpart frcnr cach

otlrer (Erp.rinrenl l)RYl). Wc sce lhat cd.lies delclop in the

conlectilc hounda.r_ laler. in lhe lbllownrg refcrrcd 1.:) rs
CBL. which. in gencral. arc cqually sPccd Atlcr abour 80

nlinues. they halc rcached thc lop ol the CBI !'d lhen

tJ0

triaure 2, lhe fi€lds of {.ti.al vcleil} v lnd liquid n .r.ont€ni 4,

!r eight tim€ l€vcls (112,136,140.11t4.148,151,156 and l6l) min.) (!nloor
i',ltrul lirI i\I rs nith dotndfutrAhr ids(l< Itrri,sriD
Dkd. Zcmc. lirrs of ratu n(n drr$n, mr rre rn! t onr,u( 0nnl.i
insid, rl.!d. lh0onlon' nttcrvdl{14 is 02 g lg I sith the 0,01 3 [g
conl.ur plolled rsr dotted linr'. indicnlnrg llr tloud outlint. On\ odd

\alkd tun!'n6.r shorn. lii,luft it lrktn lnnn (l!rk. l|ldr. rDd

impingc inlodreMbl.laler Assu ing thnL thc lheflnll\ con

scrvc prn of thcir horjTontal rnomeitunr dLrring asccnt. se
c\pccr rc lind a considcrable diffcrcncc rn wind spccd

bctween thc lherrnal dnd ils environ rent Conscquentl),
.ach thern lacts as an obnarle in thc llow Ihc air is Lrc.d
r" rr'q ,l-'\. .rch hrrr,dl. rl'r' r\rrr.rr r;
NrLion. and. as a re{rlt. a gra!it\ w!\c j\ lluDcbcd inl{) thc

.1"L r')Jr ll.eol.J.l. ll<cr.rl.rr'^r. pr.1:Jc.:rrJ\'ir'r
tron Drcchanrvn lar gravity $'avcs in the stable lrycr rbovc

rhe CtsL. First indicrtions oflaunched graviry waves rppcar

rs !(x)n as theflnrls pcne|ltc into lhe slablc l.tyer' Thc wales

ih.D gru{ continl()usly Thc\ .o!er dre wholc lropos|herc and

exlcnd sell into thc (ratosphcrc as slx)wn on pl!t. (1) aller

t 200 rnln \\t. thcrefur.. mig|l lhink in t.rnrs oft physical

TFa f li\.llcAi i.lAP lla;



piclurc w hcrc we ha\e teo (liiTerc l ilow reg iurcs w ith dynam'
icrlsrruclures oldiffercnl scrlc in c!ch ofthcnr: thcthernrals
nr rhe CBL rnd thc g.avily *avcs in fic {rdposphcrc abd'o.
Both regimcs arc irterrcling. As discussed above. rhcrmals
poncl rci othc rlrble lulcr lod c\(ite 3r!! n] wacs. Grr!
itr sa!r', rr rurn, !.r brel on {he eddies ol the CaL. Sonrc
t{.ldiesgcl ruppo( b} upw td nni(not'.18rrvit} wr!e. s)nrc
arc supptesscd bt do!nsard nnti(n of anulhcr wuve. on.
clbcl of this supporr, suppress!)n mechanism, is lhal lhe
gravit) wavcs fbrcc the CBL ficrlnals to ddoF drr gravily
$d!e horizonl!lscalc.whichisconnnensuratewilhlhedcpth
dl rhc srable latrer betwccn CgL and tmpopause (tu7.1 knr)
lnil which is obviously |lrgrr lh0n the onc of the isolatcd
CBL thcnrals. Thir rcsulls in ar incrcase olspacing rnd size

ol the ficrnrals. as obser\td lronr l=ll0 mir on Wc can \ay
lhat thc gravity wavcs tufle their own Lrcing nrcchanisn.
From r r)rore mrrhematicrlpoinl ol !iew. lhese CBL eddies
.nd rhc rclarcd gftvily \!!ves .llt be cdrNidc.cd as dcep
iorccd nornHl nx)des. Anothcr iealure ol lhis ieed back
nrcJhdnr\nr \h,,uld he 1',r(d lhc !'r\ir) wrtr\ rre moting
upsrrearr rclalii,c ro the; Ixru ary l4vcr soor.t eddics. Duc
n) rbis rclntivc r'elocity, thc interaclion mcchanism gets a

non regular. highly complicared characler and c,n be con-
sidered as a statisrical irrerfcrence mechaniin.

5. The rolc of shear
Itwc reducc rlrc magnirude oflhc shear ro halfol ils lzlue

rhen two lhings hrppen: I)weobscr\e a broader spcctrum ol
scales within lhe troposphcre. and 2) thc anrplitLrde of tbe
domioant grality wa\€ nodes ishalfofits strong sherr\"lue.
the broadening of the spectrum is rlso accomplishcd by .r

changc ol thc relativc sf,ccds of saves and thernrnls. thus
conrplicaring ma(er lo n grcater cr(rcn!. lfth€ shc.rr la)€r is
corfincd to thc CBL only, lnd docs nor rcach into lhe stable
layer. we rlso find gravity $aves. bur rh.ir excilnlion secms
k) be less cfticienr and agnin, r broadcr spectrunr ofscales
appears. When thcre is no shear, the purc thermal ibrcing nill
car$es s{)me dirturbanccs in lhe stlble laycr but no well
dclined gmvily waves. From our inl€stignl i()ns so far *€ m.r}
conchdc rhat thcrmals of the CBL lau nch thermal waves v€ ry
clliciently ifthc shear is srnng (tu7 x l0 '\ r) md iirhc shear
ln}"er d(rcnds fmn $c CBL *€ll ink) lhe skble lnler abolc.

6. Thc role of clouds
So lar no condensati(m $?s all(Ned in rhe sirnulati(ns.

This ind icales that the b.isic mechnnism cxn be considcrcd 0s

rhc pure dlnamical forci S of grrNilv wllves by tbe obsucle
ctfcct ot rNpin!ing thcrnrals. Thcrnul $!ves, dercfdrc. can
occur wilh or wirhout cloud lbrnratn)n. If we illow lbr con-
densrrion. nolhing esscnria I chnnges in rhedynanrics. Clouds
rre shJll(h{ dd rhei' cn€'Srric. as scll a\ m'menrum imp,i(r
on thc wavcs is negligiblc. Clouds are strongly correlated lo
r he CBI --thcrnra ls. as they need pcrma nenl heat and Inoislure
.upporl Cloud\. lheren 'r(. rnar I lhe lhc r rral{ llisrmptnrnl
ro nore thAt rhe clouds do rxrr iniliare fic wales: the lartcr{rc
iniriarcd by thethcrnrals wilh $hich thcclouds arc ssocixled.
Clouds{re;n tho ioteracl ion Trrne bet$cen gravil} \r ,csand

rhern ls. A ll lhcir cha.rcrerist ics as thcir deprh, their heiBht.
shape. liletnnc. etc arc detcr ired in a highly conrplicntcd
,nanncr by thc environnrcntal pn)filcs. which aovcm essen
iially cloud base and dcpth. by the gravity wavcs, which
enhancc or supfrcss rhe thcrmali and $c cloud as well, by the
rhcr rals, which pro!idcs lhe ck'uds wilh heat and moisture
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and .ri lc.rsr clouds are dllecEd by thcir own cner8ciics.
Figure 2 illusrratrs lheserl^temcnts (Exper;mcnt Xl). Hcre.
only a sm.rll ponn'n of rhc wholc domain is shN,n fbr n time
pcriod olei8htecn rl)inutcs. Wc lbcus on $e ck)ud in drc nrid
rllc of I.igure 2a- The cigh( llates 2a-2h illustraE rnapshots
.la ckrd aod itsenviR,trmenr eighr stages d ilslifcrycle.
Howelcr. neithcr sh(iw re lirsl rppcarancc oifie cloud nor
ilsdissnurion. bur focuson theperiod oftinc whe.c thecloud
reachcs ns brycsl sizc. During ih. srme pcriod oflime, thc
horizontal scrle ol the gravily wavcs is increasing as can be
seen b) the broadening ofthe wavc up and downdraulhrs. ll
lrr follo\r rhc *"avc do$ndraughl. which al t=132 min. is
iaund ro bc jusr on the downwind side olfie cbud, olcr rhe
shown Friod of ririe. wc can lisuallt identil) an up$lnd
nxnionofrhis*avedowndruught re loli!€ ro lhc clouds. At thc
be8inning (l-132 min) the do$ ndraught exrcnds down tohalf
ol rhcCBL Al lhe ncxtdisplayedlimc (l-136 min.) thedown'
wind side oflhe cloud is surroundcd W wave downdraught.
wh ich now cxlends well down !o drc groutui Lateroo (t=148)
rhc wave downdraughr leenrs to cominue righr down thro gh

rhc cloud. {t le l of its downwind half. bul sparaled fronr
.l CBL downdraughr. At t=160 n)in., the wllve downdraughl
h s molcd tunher upstream wjlh rcspect lo the cloud carch-
in-a aow another CBL downdraught. shich has all lhe ftne
been upsrrelm of lhc cloud. Most pans of the cloud now are
in an upward nroliolr rnd lhc wave downdraught docs Dolpas!
rhrough the cloud any morc. This vcrbal dcscripaion ofwhal
you cin also see on the eighl plalcs ol Figure 2 shouldjus(
indicate thLtt. at le st in thccase oflhermrl waves.lhe spatial
rclarion hs(\r€en up and do{ndraughN and a singlc cloud
may be ali complicntedas wishcd.In contrastto lhis. wc note
thltl all thc limc lhe cloud is supportcd by a lhermal tiom
bel(s.. The thcmulentcrs rhccloud. noI in rhc middlcof.hc
cloud, bur r liule bit shitied to\rards the upwird side. Nosr
we lookaithc upwind edge ollhe cloud. This parroi$e cloud
is all rhe rimc near () or wirhin the updraughr ofthe CBL€ddy.
It is. rhereli)re, also near!) the upw rdfl(N regionsduetofte
hasic obsucle eficct.Ifthc upwind side olthe cloud Sets also
!r'a\.e suppofi frcm atxwc, rhen all three c'ondiions lead lo an
inrensivc growrh ofthe cloud on its up$ind or upshed side.
rs in our example tbr rhe pcriod betqeen t=132 min. and
l= 148 ffin. Thc chrd by nos, has rdched irs lnrrltesl exrcnl
rnd it then shrinks in agreenrenl with rhe llct that only tv()
or rhrcc condirions arc met now as rhe ckrud is suppressed
lirm rhe *'a\c abok. H(N.docs thc clo[d g(s on ils upshear
sidCl Platcs:(c)-2(e) gilc r tinccxamplc olcumulus grcwlh
in the prcscnce olshear dnd graviry wavcs. which is belicved
k) be rj.'picallbr rhis sruation. Duc lo thc strcngupdftrughton
thc u|$i d lidc ol rhc cloud. nc$ clouds lom thcrc (see

lTo\! in place:c). Ihcy grcw and linally nrcrge vrith thc
Iuin cloud at t=1.18 min. During rhc grN,ing slaSe of rhc
cloud. rhemr\imumwave updrauSht istound I 3 km upwind
lrom the cloud in lgreemcnt with the obscrvatons.

7. Th€ linea. modcl
The samc at,nospheric situali()n! had bccn inlcstigated by

Clark and Hauf(2) using a linear t*o<lilneflsbnal mdlcl. Ir
was found that the exlitalion ol gravitr_ wavei by thermals in
a shearcd en!iroDrnenl is esscnliall] r ]ilrenr process dcspite
differcnccs in ddrail\ nnd ir *as c\,ncluded lhar thc overall
solution of thc air nrolions can be inlerprctd as doninant
ibrccd normrl rodcs of thc wholc rroposphere. including
rhc CBI-
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8. Bffects of two dimensions
As intwodimensions. the airhaslo lbw ovcrcrch thcnnal

and crnnot flow around it. lhe restriction ro two dimcDsions
obviously erhances strongly lhe wrvc initirLion nrcchanism.
Wc do. however, beliele tlut the basic physical proccss is thc
sanrcin 2 Dor hl D. N uDrerical sinrulaiions in3 Dirccrr-
rcntly trndcrMy. Ii the process is basically linear then thc
di licrencc bcrwcen 2 DNndl D is primarily one ot' geomerry.

q Conclusions
Thc numcr ical sinrulrtbns and the airtlane measurenrenls

on thcrnral waves lcrd to thc folbwing conchshns. Some ot'
then nay be considered as prclirninary.

1. The measurenenis and nunerical calculrtbns confirm
the existence ol thermal waves, which had been prclnmsly
documented by gliders only.

2 Thermal or convective $"ves are fte gravity wave com'
foncDt oithe nonnal modes ofthe troposphere. Their hodzon
trl wavelcngrh is appn)xinrately the depth ofthe stable layer.

L Cravity wwcs arc cxcitcd by fie n)rced flow ofthe air
olcr a thcrmal inpinging in thc stablc laycr and a.ting as

:1. Sirong or nroderaie ambient shear provides a suftic;cn(
.ondition for an efficient excitat;on of gravity wa\€s. The
drcnSest save growth is found when a slrong shear extends

5 Gravity w,ves act back on thc ihcnnals ofthe boundary
ln)er forcing them to adott r larger s.rle commensurute
$ i1h lhc wavc's scalc

6. The boundary laycr. under the nrtluence of a heal flux
lionr rirc groLrnd ind in a sheared flo$, can no longer be
t.caled as isolared fiom the stable layer above. lnEractions
hclseeo both la)€rs must be considered tnking into account
rll. 't,rlkl d.Ll e.npor.r \Jla\rli \ . t rlc.. i1 ,'.ri.ir'
Solurions of a pure boundary layer flow akmc arc considcr
.rbl! ditlerent i! magnitudc and scrlc ol thc dcvcloping
nrodes. comprred wilh thosc solutions where n slable layer
abovethcCBL is simulatcd, rs well, and isallowedto interact
wilh thcCBL. lhis holds at leastfbr the specialatmospheric
conditi(Ds rssunrcd in ou r eiperimerrts. lt may be speculatcd
that lhe boundary layer/free atnrosphere interacti(nrs lravc Lo

bc considered ilso in situations quite diffcrcnt liom the ones
prcscnrcd in rhis paper.

7. Boundary layer structures. such as clouds or thennals.
can be coos idered as parts oi soluions detenn ined ir at lcrsl
lhc uhole tropospherc. In p.rrticular, this nreans thrl r cloud
is affected b) eavcs several kilometers abovc its top and

fonsequendy. does not exclusively depcnd on nean charac
reristics ol thc boundary layer alonc. Obviously, parcel

lheories arc unablc to describe thennal ${tve clouds. Jnother
. rd\. .l, JJ.1drJ( refl\rr\ 'I r\. prc\cn!e ol grJ\ rr) q \{\

arc a rcsult of highly compli.rlcd and obvioully nonlmcar

E. The struclffcs in bo(h reginret caD molc relaliveloeach
olher. This givcs thc intenrclion mc.hrnisn the appeatuncc
of a statistical intcrlerence.

9. Thermal wrves cao oc.ur wilh or without cumulus
clouds. Ihc basic wave excitaiton nrcchanisnr is d)namicxl.
Smallcknrds have little impact on the dynamics. l hcy appear
,\ n,arten in ihe flow Clouds. howeler. sccm to have a modi
l_ling ioUuence on thc relative motion bclween $"!es and

CBL eddies. 'l his is preseotly nol )ct understood, rnd is a
subjeci of in!cstigalions.

)1)

10. T!picall)cloudsgrowontheupshearsrde,alrhoughrll
kinils of cloud growLh and dissolutior carr appear

il. lf the rhernrodynamic struclurc of the aimosphere allows
deep convection, energclics ol lhc clouds becomes nrore
inrportant. Clouds then act as x furthcr contributor lo the
dynamics and thennodynanrics of lhe wholc sysrem. First
sinrulations indicate a lnodifyrng hfluencc ol thc rclcrsc of
latcnL hclt on wave characteristics, especially on rhe phasc
specds. Coincidcntal support by a $,ave fron above and a
thernnl tiom bclo\ nray lcNd b development ofa deep con
veclivc cloud out oir sct olapparent similar shallow clouds.

12. Ob,ervdrion.rJrJlo,r,$ill.onr.nr'!', "nrhc ir,e.rigr
lions of giwity waves ibrced by cioud strccts.

I-ast. but not least, it should be stared rhal rhc prcscnL
numcrical nrdels. like the one of Terry Clark, are able to
sinrulatc not only compli.rled processes like the thernul
\a\cs. bur aly) clouds as they atpear !o u!: lunrp),, chaotic.
and ir a hugc larictl ol shapcs.
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