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Abstract

Conditional sanrpling is uscd lo locate mix€d layer thcrmals and surfac€ lay€r plumes, as well as their downward moving
companions - downd.afts - in a Iarg€ data set oblained from flights by an instrumentfd motorglid€r in conn€ctive boundary
layers ov€r E] re Peninsula' South Australia. The high resolution and €xc€ll€nt spatial cov€ragc of the data permits a detailed
study of internal structurc. A conpositing t€chniquc is used to construct ar€mge inlr.sections through th€rmals and plumcs
from aircraft runs of given hcights and dir€ctions. Groups of composites are th€n conbincd to form horizontal and verlical
cross-sections, revealing thc flow patterns and distrihufion ofphysical variables within "typical'! thermals and plum€s and their
envnonmenl. Surface ltlcr plumes are found to hav€ slrong laleral inflow patt€rns, in which air from the horizontal plrne
(hannds rround the sid€s and th€n in bchind the microfront prescnt at th€ upstream edge. Mixed laJerthermal tow€rs have a
reiatively simplc form, consisting prima.ilJ oflarg€ columns ofwarm, upward! moving turbulent air, which nlay occasionally
be in a stat€ ofslow clockwise rotation. Finally,lhe results of this study are combinrd into a schemalic composite depicting the
hiehly conplex interactions between ihc convectiv€ plumes ofth€ snrface layerand th€ th€rmal towers ofthe mixcd lay€r.

Introduction
During.lear-sky days over land, sol:rr illumination of the

ea.1h s surlace causes warming of rhc lowesr layers of the
atmosphere. The subsequent molion of con veclive eddies causes
the bre,tkdown ofthe shallow noctum!] boundary laye( which
is then replaced by a r.rpidly growing. inversion--cxppcd
convective boundary lryer {CBL). which may reach heighrs ol
upto 2'3 km. Within this highly Lurbulert region can be identificd
twolayers wilhdislinctly dificrcnrcharactedstics: ln the lowesr
tcnth oflhe CBL, h the surface laycr (SL). which ischaracterized
by a superdiabalic lapse rate and slrong wind shearassociared
with closcness !o the ground. Processes within this layer are
dominrtcd by the proximity of the surfacc rnd its associared
degree olroughness. The remainder ofthc CBL is known as rhe

'nixed 
layer(ML). in which the propenies olrhe surlace play a

smaller role, and rhermrlconvection is the major dr;ving force
forverticalair mov€ments. Hcre, drere is ofien little or no wind
shear. and ihe area-averaged vaiues of potential tempera(ure and
hurn;dity arc nearly constanl wilh heigh!.

The two most common types oi well,defined turbulence
elements or structured eddies prcsent in the CBL are surface
layer plumes and mixed Iayer the.mals. These phenomeD.r
provide the major mechanisms for lhe rransporr of heal and
moislure away tiom the canh's surface, and they are whar glider
pilots summarizing call "lhernals." In ihe following paragraphs,
we willgive a shorr ovcrvicw oiwhat iscurr€ntly known rbout
lheir shape and sizc. In Oe main part of this prpcr we will then
present typical horizonlal and vefiical cross sccrions ofsurface
layer plumcs rnd mixed layer thermals dcrivcd.rs composites
tiom aircrnft truverses.

Surt:rcc hycr plunres rre tr:rvelling llow srructurcs exrending
lhroughour thc dcprh of the SL ard \omcrimcs bcyond (up ro
209, oi th. dislucc to the lnvcrsioni Willi|ms. l99l). Thcl
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have honzonral dinensions of lhe order of l00rn. and are
lransported in the mean wind direction at speeds roughly equal
io that ol the rnern wind at their mid-heighls (Kainal and
Businger, 1970; Kainral, l9T4iWilczakandTillman, 1980).The
presencc olwiDd shear through the SL thus dictares rhat plumes
will be moving faster than ihe mean wind close ro ihe surface.
Thi.. howe\er. doe5 nor rmply rhdr air q Il'in plume' 15 moving
ld.re 

'hJn 
rhe meon wind. ln tdct. the oppo.ire i\ lrue. rrnce

plume air is always rising into regions ol greatcr momentum
(due to the wind shea.). The plu'ne acts in a manner analogous
ro a vxcuum clcJncr. {cooping up the warm sdnme r ,, ir more.
forward through it. Relative to the plume. the suriace air flows
undemeathits leadingcdge, andthen peels upwards al the lrailing
edge. This is similar to air motion at the base ofsmall cumulus
clouds (Telford, 1986). The interception of warm. low€r
nomentum ai. from below with the cooler. faster air ir rises
through, sets up a microfront at the upwind edge of plumes.
These microfronts arc manifest in SLtemperrture records from
towers, as asymmetric "ramp" shapes (See, forexample. Antonia
el al.,l979).

OwiDg to their limiled height abovc ground, meteorological
towers can only provide measurcmcnts for the lowest parts of
the mixed layer, and it is mainly for this.eason that the d€tailed
iorm ofthermals is not as well known as thar oflheir SLcousins.
lhc surface layerplumes. Only in recentyears. has the technology
beconre avail:rble cnabliog scicnlists on lhe grornd (o sdmple
mixed layer slructurcs !! different heighls and posirions
simulla cously. This iechnology has come in thc form ofhigh-
po$ered radars rnd lidars. and is backcd up by thc developmenl
ofmore rnd morc sophisticated Iaboratory:rnd compurer models.
While il is clcar thrL grcal variabiliry exisrs from thennal to
lhermal. il is now ccrtrin lhal they arc grcallr- clongated in the
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venical. oten exlending lh rough-out lhc nrixed layer in the fornr
ofthermal "lowers. The air within thcsc columns is warm and
buoyant in the lowerpad ofthe ML. bur often loses ib buoFncy
in the upper ML, owing 10 mixing ofwrrmerairfrom above thc
inversion inlo lhe areas bcLween therm.rl momentum, howel,er,
ii still sufficienl to cany it to the invcrsion, wher€ it pcnelrares
bricfly into the smoothly nowingairabove. befor€ fnlling back
rnto lhe boundary l0yer rd complelc thc crrculafion.

Wiih the exception ola snallamounr oIturbulent enlrainmenr
al their edges, there is lillle exchange of air belween thermal
bwers and de slow. wide downdrafts bclween lhem in the mixed
hyer. The regions of cross-flow that must exist in order to
complete thechculation are at the top and base ofthe columns.
At lhe base, this is the mechanism by which the warm sL air is
transponed inlothe ML.and processes in the transitional region
betwe€n the layerscan bccome qu;te complex. Thermaltowers.
therefore. contain airoriginating in the surface Iayer, including
the turbulert and conloned remains of SL plumes. Computer
models (Schmidl and Schunann, 1989) have recently suggested
thatthese forn "bubbles" of exceptionally warm (and therefor€
highly buoyaot) air, which may remain intact for long periods.
Since tbey would lravel upwards faster than the rcst of the
column, an object carried wilhin them would also ris€ at r grerter
rale than normal. This mightexplain why glidersjoiningthermals
be low olher gliders circliog highabovecan somerimescrtch up
with the ones higher up-

Although plumes and thermals have been studied byscienlisls
for a number ofyears, there are srill several imponant aspects

oftheir form and behavior which are Iittle understood. One of
these is$eir inr€mal struclure in rhree dimensions. Littledeoil
is presently known regarding the flow fieldsand disrribution of
impodant physical quantiries within and immediately adjacent
roplumesand thermals, and ofthe few sludies that have appeared

on this subjecl. most have con€entnted upon along-wind profiles
ofsurface layerplumes from tower data. Information is lacking
regarding thea€ross-wind structure of surface layerplumes and
most aspecls ofthe structure ofmixed layer thennals.

Aircraft, Experiments and Daaa Processing

The research aircrafr used as the instrumenlation and dala
logging platform for this study was a Grob G-1098 motorglider,
opcrated by the Flinders l stilute forAtmospheric rnd Marine
Sciences (FIAMS). The aircraft is equipp€d with a

comprehensive set of fast rnd sensitive meteorological
insrruments, supponed by a sophislicated data acquisilion and

"realtime" processing system. Most sensors are mounled in or
on the instrumcnr contriner: a pod a(lached unde. the lefl winS
oilhe aircralt. A fulldescription of$e ai.crafl s equipmeor and

instrumenlation. as well as its spccificalions and capabililics,
c.rn be found in Hackcr a'rd Schwcrdrfegcr (1988).

Dala were collected in South Ausrrllia during thc driesr p rr

olsummer(Jrnu.rryto Murch, 1988) overRincks Conscry ion

Park rnd surrcunding rrcas of lhc semi arid cenlr.rl Elrc
Pcninsul! (:rttro\. ll dcsrces .r5 S/ li5 dcgrces 5t) I])
Covering !n rr€r oflbour 7fi1'l UUJ knr. Hincks Par( is a rcgio|
olnative Dullce bushlrn(lsunoundcd by vast arcrs of.lclrcd
.'!r'cu,rurJl l..n,r. fhc.,\rr.,:x l'errhr "l ll,e n, rl (L .(reul',"r i.
ahout l'-lnr.
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Duringsix drys. seriesof"L shaped leSs werc not!n atseverul
heights over bo(h agricukural land and thc conservotion park.
Ascents and dcscents were also flown in order to cstablish thc
hcighr rnd busic structure of the boundary layer. Two g.ound
slations wcrc opemled conrinuously du.ing rhc rimes of thc
flights, recording basic meleomlogical parameiers. jncluding

profiles ofremperature, humidity. wjnd spced and direcrion. Air
pressure, ne( radiarion and cloudconditions were also tabled. A
totalof 102 runs wcre selected for use in $e presen( study-Thc
tolalflight length ofdata used is around 1250 km.

A condilional sampling approach wff adop(ed in oider ro locatc
th€rmals and plumes in the data. As buoyancy (i.e.densiry less
than thal of the ambient air) is rhe most pronounced indicator
for {hermals, w€ chose lhe vinual polcnlial temperature, qv, as

the pdmary indicator series- Vidual potential temp€rature is
defined as q, = q r I r 0.6lr'. where r is rhe warcr vutor mixrng
rntio and q lhe poiential temperature (q = T(p/p)o:$6. whercT i(
air temperalure. p is air pressure and po = l000hPa). q! is
inversely proportional lo d€nsily and is thus a direct fteasure of
th€ buoyancy ofair par€els. Additionally, we then selected only
those parls of the time series which had an upwards a'r
movemenl. A plume/ihermal was thus defined as a section in lhe
rime series, in which qv e)(ceeded a ccnain threshold value and
where w,,,, rhe vert;cal sp€ed of the air. was positive. Such a
section will aho be denoted "warm up" in the following. Using
rhe oppositc criteria to $ose used for the "warm up" seclions.
rhe negatively buoyant downdrafis (denoted cool down") that
occur &lween plumes lnd thermals were also located in order
to study theirstructure as well.

The 'average intemal srructure ofrhe warm up" and "cool
down" events sampled was deternincd in the following way.

For eacb run llown along a pafticulardirection ala given height,
the data fro alllhe plumcs/thermals localed bythe conditional
sumpl'ng analysis were exlracted in segmenb. These segmenls
were then 'strerched" to equal lengths, overlayed and averaged
together, to prduce acomposite intersecrion through a'typi€al"
event for that height and direction. Figure I (Figures begin on
pg.28) shows rhis process in diagrammaric form.

Horizontal Cross"Sections

AII the "composites ialling in similar height and direction

Sroups werc combined together. and plotled into two-
dimensional cross-sections, representing the flow patlems and

ihe distribution of physic.rl quantities associaled with a "typical"
structure and ils immediate environment. Horizontal c.oss-
se€lions will now be presented, showing tfte ftree-component
rvind field in,r horizontal plane surrounding lhc slrucrure, \Nith

thc mean wind vector subtracted. The two horirontal wind
conrponenls rc plolled as arrows with lhe lclocity scale

indicrted lo the sjde of the diagrrm. t h. up-p.rgc direction
rcpr.sents thc direction ollhe nlern hor i/onral\t ind. The venical
vclocity is reprcscnled hy a series oL contoun, plorr.don topoi
rh. lrows (solid ior pdsiliv. \alucs. dolled ior clrriv.). All
.csuhsar. prcsrnt.d h scrlcd lorm t!hieh me|ns lhal all \.trirbl,r\
Icdividcd( s.rlcd ) by fL(xin scrlins paramcLcrs roelinrinrtc
rhc cilicts ol dilltrcir d.plhs oi lhc CBL. roufhrcss ol thc

!rrnrnd. buo\rfr\ ud i]lcrn wind pfttile. A rcrdrrr unflnrili
{ irl, ..Jl,nr -.,r ir rl\ lrrr\lJlelhcr\c.ollh
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as well as lhe conlours and arrows. inlo "real unilsbychoosing
typical values lbr the scaling paramelers. For a midlalitude
summer day with moderale winds. the following vnlues arc
typical: u. (friction velocity) = 0.3-06 m/s; L (srrface layer
depth) = 20-100m: w. (mixed layer scaling velocily) = 1-2 m/sl
Z, (CBL inversion heigh0 = 500-2000m.

Figures 2 to 8 show horizontal cross-sections through
composhe structures at different heights above the ground.
Strn ing nerr thc ground. Figures 2 and 3 show an increase of
surface layerplunrc size with height. acconrpanied by a change
irom along wind to laleml elongation. A dominant and most
interesting feltu.e is the lateral inflow into the plume. which
occurs sLrongly rt bolh levels. To ihe sides and upwind ofthe
centrul updrail, are regions of fast moving air. which, at the
flnnks. tum inwards, fecding cool. high momentum air into dre
center oflhe plume. In the along wind direction, the upw$ds
movement ofslower air from below is evide'rt in a long band.
staning at ihe centerofthe plume rnd exlcnding, in r weakening
fonn. alllhe way to thedownwind end olthe piclurc.The strcngth
oflhis band ofair reduces wilh height.The air with the slowesl
borizontal speed is at the very center of the piclure. which is
irlso the region offastest upwa.ds motion. At the upwind edge
oi the plumc is seen the region of rnicro frontal development,
wirh slrong convergcnce in bolh horizontal directions and
srretching in the vertical direction.

Tbe conesponding downdrufl cross sections are shown in
Figures 4 and 5. These revcrl a prttem ofoutflow at both levels
overan area larger and less elongrled than the plume. with b.oad,
weakdownward flow in the ccntc.In the rcgion conesponding
lo lhe microfronlon the "wlrm up" piclures, is a line ofweakly
,l rergenr floq. ori<nr:ue,1in rhr !, 'n"i $inJdt'errion.

Figures 6. 7.rnd 8 show cross scctions through mixed layer
tbermrls. Comparison of scrles between Figures2/3 and Figures
7/8 reveals tbrlthermals aremuch largerslructuresthan plumes.
Since many SL plumes extend into the mixed layer. the data
lrom which Figure 6 was constructcd comprise r mixtu.e ofboth
types ofphenomena.The resulls xre lhus intcrmedirte betw€en
lhe lwo. and do nol correclly represent eithercase- ft should be
srressed drat this does not indicare rhat thermals and pluncs
coincide one-foFone in this region:the reality is somewhat more
complicated (see Sum'nary and Discussion).

Fo. the.mak in ihe middle ofthe mixed layer (Figure 7) the
prrJominJnl murion ir implv r1 up$ J'd\ one The cros\ sec0on
formed from runs flown above 0.5 Z (Figure 8), how ever.
clearly shows a slow clock wisc rotalion ofthe cent.al the.mal
updraft and its environmcnt. implying !n upward spiraling
motion. This does not imply, howev€r. rhat xll lhermals are
rolating: only rhe 'avcrrgc' casc rnd possibly only in our
pardcular study. Tbcrmals rrc v.rslly vrrirble phenomena, and
the specilic aclivi(y ol r prrticuldr thermal is likely to be
dcpendent upon m.rny lactors. Thesc include ih own rccent
history, itsposition wi$ respect to adjacen t thernuls. horizontal
chrgesin the winddirection profi le through the CB L, and. under
highly non uritb n surface conditions, lhe existence ol "hol
spols" on the ground a,rd chrnges in lopogrxphy. 11 is probably
that the result sholvn here is produced by averaging logcthcr
many non-rclating thenn is with a small nrmbcr oi strongly
rotating thermals.
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V€rtical Cross-Sections

Vertical cross-sections of composite structures in directions
along and acrcss the wind are shown in Figurcs 9 to 14. The
contou.s shown are of Gcaled) polential tempe.atu.e devialions.
rnd, therefore, represent the difference hetween the aclual
temperature ala given localion, rnd rhe averagc temperalure of
all the air al that level (n.b. this is not rhc same as rhe average
po(ential temperature in thc CBL).

Figures 9 and l0 show vicws of r surface layer plumc in the
two orthogonrl directions. The along'wind case (Figur€ 9) is
the piclure thal would be seen by lt suriace laycr towcr
arrangemeni,andcompareswcll withcomposi(ecross-seclions
presented by Wilczak and Businger (1984) in a lower study in
Colorado. The microfrontal convergence is clearly visible at the
right side oflhe plume low down and the airfeeding into it from
upwind clearly dips downwards before entering.In conlrasi,lhe
downwind inflow into the plume has a v€rtical velociiy very
close to zero. ln the frontal zone. the temperature contours are

more closely spaced than on the downwind side. In the acrcss-
wind dir€ction (Figure I0). the plume is clerrly rhinner at the
base and expands with height, whereas in the along-wind
direclion the opposire was true. A smooth, symmetrical inflow
is evident fron bolh sides of the plume, which clcarly dips 1o

downward velocilies prior to entering it in the lowerlevels.
The "cool down" along-wind v€rtical cross-section (Figure

ll) formed fromdala segments representing the environmental
regions belween plumes, complemenls fairly well thal of the
plume (Fisure 9). The downdraft resion is clearly broader and
slowermoving than the plume updmft. Towards the bottom. most
ofthe divergent outflow is downwind and a convergence zone
is evident around -./L= - 2. which probably marks the edge of
the adjacent plume. Upwind of the downwards flow there is
little motion: ihe air is almost completely undisturbed. and the
temperuture devialion is uniformly zero.

ThemiredlJyc"'$r'mup \elIirrll:to\i secrionrdregiren
in Figures 12 and 13.In the region below about 0.22, spu.ious
influences froln surface layer plumes elfcct the result, as

discussed in Seclion 3. Again, it should bc pointed out that the
inference ofa one-for-one linking between the slructures in (he

surface layer and those in the mixed layer would be incorr€ct.
In the cenlerofthe thermals. apattem ofuniform upwards motion
is evident in both cross sections. and there is also an indication
ofslightly divergent flow in the centmlcore ofthe thermal. At
rhe highe n ]e\ eL. in rhe region where rhe slo$ ror:tion appears

in the horizontalcross'seciions. upwa.d flow isevident overan
a.ea wider than the central thermal core. The cool down" picture

'Figu'e l4) shoq,3.low r,n:'ofl1do$ ndmft..ovenng r region
which is markedly larger than thal occupied by thennals.

Sunrmary and Discussion

The resulls discussed above are summrrized in Figure 15.

which shows a schenaric depiclion of processes in bolh the

surfrcc xnd the nixcd l.ryers .rnd. in p|rrticular. thc conrplcx
inlcirclions in thc transirional ldyer (TL) bclwccn rhcsc rwo
lLrycrs. The diagram will now bc uscd 1(] cxpl.rin in .i simplistic
way lhe blrsic proccsscs ol intcraclion belwccn tbc n.ucLurcs of
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The convective eddies of the mixed layer mkc Lhc lorm of
randomly placed thermal towers (thick circles in Figure 15),

each surrounded by a.elurning downw.rrd ilow. These
downflowregions interactwith one anoLher and range in shnpe

and strength according to Lhe distrncc bctween neighboring
towers. The obstruction cncountered by them at the surkce
forces divergent horizontai now away from their bases. Strips
ol (on\ergen.. \uh'equcnrly Iorm ber$een .omoeUirg
downflow regions. rlong the lines joining close-neighbo.
rhermal towels. These convcrgcnc€ lines lbrm rough polygonal
patlems in the surface 1ayer. and rre known as "thermal walls"
(Webb i977i Williams, l99l). Belween the surface and the

mixed layers thus exists aregion ofenhanced horizontal mix ing,

in which the struclurcs of the two layers interac! strongly.
Surface layerplumcs arepulled into groups fiom above by the

action ofrhermal wnl1s, causing stretching and distorlion. Ai
the centerofeach such group is one large plume. which acts as

a "central collector" (Williams. 1991). It is probable that this
"central" plume is located in lhe convergence zone below a

mixed hycr thermal towe., and thus acts as a feeding'
mechanism- Adjacenl surface layer air, including pl mcs and

theirenvironment, rr€ caught in ils enhanced inflow and move
towards it and then up.

The processes depicled in Figure l5 are typical for r day

with lighi to moderate winds. Stronger wind and especially
windshearwithin the mix€d layeroften leads to r much more

pronounced organization of the convectivc clcmentS into

I! is planned 10 use the airc.afi and the processing rlgorilhms
to study the fine structure of individual themals in more dctail
in the future and ro compare th€m wilh the more generalizcd
composites prcsented above.
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FIGUR.E 2. Horizontal cross-section for "warm-up" structure ;n the

surface layer for - z / 1F0.2-0.7. Mean wind direction is up the page.
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FIGURE L A. Figure 2. bur lor - ,, / L = 0 a 1.6
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FIGURE 4. HorizoDtal cross-s€ction for'tool dowo" structurc in
the surface layerat - z/L = 0.2 - 0.7. Mean winddirection is up the
page, conto$s af€ vu.
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FICURE5. As Figure 4. bul for- ,/ L= 0.9.1.6.
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FIGURE 6. Horizontal cross-section of "warm up" sEucture in the
ML for th€ height range 0 .15 < z I 4 < 0.20. Arrows are horizontal
wind deviations, scaled with w*. Contours arc w*.

FICURE 7. As Figur€ 6, but for 0.3 < z / 2,5 0.5.
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FIGURE 8. As Figu'e 6, bur for 0.5 < .? / Z, 0.0.
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FIGURE 9. Vertical cross-section in the along-wind direction of"warm-up" strucrure in the
SL. Ar.ows are wind deviations, scaled with ui . Contours are e / €q.
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FIGURE 10. Vertical cross-section in the xcross-wind dircction of warnr up srruclirre
in thc SL. Arows rre wind deviarn'ns, scaled $ ilh u*. ContouN are e / 8.,.
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FIGURE ll. As Figure 9. but for "cool-down" structure.
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FIGURE 12. Mixed layer "warm-up vertical cross-section in the
along-wind direction. Anows are wind deviaiions, scaled with wi.
Contoursaree/e*.
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12. but in the across-wind direction.

lw-

N;

MEAN WINO INTOPA6E

I'IGUR-E 13. As Figure

lllltrr '.'i'f '..f ,,,I I I h^r'tr ri{'/',.,^/- ., .

,/;))JIlilA:.::,

-fi veerwnc ,,2,

(1111
\1111
1r?fi,
{111
'rilt4
/111,1
h /r 11,

I'i'll'
r\\11 ll

\i i'\.., r J t ! t t t r/// ! r t / t I I I J\r t "
' \''.,.,,, t, t t t t t t t t t t 1 1 1i1 t "'.\ , "2\:
' '1 ", t t t t 1 t I t t l l,t-t I I I I I Ll t "
" \ t,, it', t t ! t t t t lii).,.,,,i,,
\"i i,t t t t t I t ! tr trttt),r,! ",\'\ !,i;;;;;;\ \ i./lr / /,tr"fll'l-l-ll I I It I ! :
"\' \'i'i,,i//r,j JIr / lr't r ri'i l
,,- \\:,.iarr7i il jl.r , i .r 'r /
\''.r \\-.;.,nirzrr ',t'ii';' I '

'\ l\\,iri.,iro', ii:'l"l'
P verrwno xnl

FIGURE 14. As Figure 12. but for "cool down" event.
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TIGURE 15. A diagrammaric depiction ol the processes oi inLerNction bctwcell the suriace and mixed lay.rs. (d) Tlpicxl horizonlal

cross sccrion rltough several Mt- scalc structures in the'l'l-. showing llos,p:ttlems and ilre locllion oilhcnnrl lvallsl (b) Verlicrl
caoss sccrion along the down-wind Iinc A- B: (c) Verlical cross-seclion lkrng the across-!rind line C - D. Note thrt thc horizonlal

scalc is grcally contracted conpared to thc verticrl. and that lhe Nrows rrc nol lo scale.

q

IECHN]CAL SOABING VOLUME 2a NA 4 - O.lober 20A4


