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1. INTRODUCTION 
At mospheric t urb ulenc e spans a huge range of sca les. Turbulent eddi es 
a re i mp orta nt element s i n  the globa l ci rcu lation, i n  synoptic wea ther 
sys tems , i n  regional c irc ula tions , i n  severe st orms, in  c louds, in the at mo
spheric boundary layer, a nd i n  p la nt ca nopi es. I n  i t s  la rge-sca le limi t 
at mospheric turb ulenc e approaches t wo dimensi onali ty, whi le i t s  smaller
sc ale forms a re i nherent ly three-di mensi ona l. These a re dynamica lly and 
st ruc t ura lly qui t e  diff erent vari eties of t ur bulenc e  (Tennekes 1978). 

Three-di mensi ona l t urb ulenc e occ ur s  throughout the a t mosphere. Well 
above the surfac e i t  appears l ocally an d in term itten t1y� in cl ouds, w here 
i t  i s  generated by the energy released through c ondensati on, and i n  c lear 
ai r, due t o  inst abi li ti es associ at ed wi th gravi ty waves and wi nd shear. I 
wi ll focus on the at mospheric b oundary layer, where three- dimensi onal 
t urb ulenc e  occ urs nearly c onti nuously i n  spac e and ti me. There i t  t ransfers 
hea t, moment um, a nd t race c onsti t uent s b et ween ea rth and a t mosphere; 
diff uses p ol lutan ts; and carr ies the wind gus ts tha t l oa d  s tr uc tures , j ost le 
ai rc raft pa sseng ers, move dunes, a nd erode soi l. 

Turb ulenc e  i s  a not ori ously difficult subj ec t .  G enera ti ons of study have 
not revealed many of i t s  i nner sec ret s; as yet there i s  no generally acc ep t ed 
way t o  c alc ulat e i t s  st ruc t ur e  or i t s  t ransport properties. Much of the 
motiva ti on for research on at mospheric t urb ulenc e  st ems from i nt erest i n  
i t s  effec ts ,  and ma kin g  pr ogress in such problems usua lly requ ire s  one t o  
model c ertai n k ey t urbulenc e  physic s. Simulation i s  pr ovi ng invaluable i n  
gener ati ng i mpr oved t urbulence  models ( Sec ti on 7). 

I n  a revi ew of a monograph on t urb ulent diff usi on, Sc orer ( 1 980) wrot e 
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20 6 WYNGAARD 

. . .  because turbulence makes itself more complicated all the time so that no full 
description is possible, most theories are not theories about the turbulence at all, but 
about the consequences . . . .  In the great outdoors we have, particularly in the 
atmosphere, an unending succession of different cases, whereas it is a characteristic of 
the models that they refer only to particular cases. One is always bound to wonder 
whether the models are relevant enough to be worth the bother. . . .  

Hu nt ( 1 98 1) responded 

This approach is dismissed as useless by Professor Scorer . . .  because nature is too 
complicated, he says, it cannot be codified . . .  if we are to follow his advice and discuss 
nature eddy by eddy, how is the government inspector to make his decision and how 

are others to argue with him? 

Thi s  exchan ge hin ts n ot on ly at the con trov ersy that atten ds the model
in g of atmospheri c  tu rbu len ce, bu t also at on e of i ts i mportan t  featu res
the large, persi sten t  excu rsi ons ab ou t i ts stati sti cal mean state, or what I 
call i ts high stochasti c  v ariabi li ty. Thi s  i s  i mportan t  in a wi de v ari ety of 
appli cati ons. There are calls to i nclu de stochasti c  v ari abi li ty i n  ai r qu ali ty 
models ( WeiI1 985) an d in the su bgr id models u sed in large-eddy si mu lati on 
( Secti on 7). I beli ev e i t  i s  sti ll u sefu l  to view S corer' s "un en din g successi on 
of diff erent cases" throu gh simple, less ambi ti ou s models, howev er, and I 
do so here. 

2. THE NATURE OF ATMOSPHERIC TURBULENCE 
The tu rbu lence i n  the atmospheri c  bou ndary lay er i s  only part of a con
tinu ou s spectru m  of atmospheri c  moti ons. C ertai n condi ti on s mu st be met 
i n  order to di scu ss i ts stati stical properties in i solati on from the larger
scale tu rbulence in whi ch i t  i s  embedded. Lumley & P an ofsky ( 196 4) 
su ggest that one such condi ti on i s  that there be a gap in the spectrum. The 
resu lts of Van der Hov en ( 1 95 7), which show a mi ni mum at peri ods of the 
order of one hou r  in the spectru m  of win d speed n ear the groun d, are 
widely ci ted as evi dence of such a gap. It has become stan dard practi ce in 
bou ndary-layer meteorology to treat those fluctuati ons of peri ods less than 
abou t on e hou r as " tu rbu lence" an d t o  consi der t he slower fluctu ati ons as 
part of the mean fi eld. 

I n  the dayti me over land, the len gth scale t of the flu x-carryi ng eddi es 
i s  of the order of the bou ndary-layer depth, say I km, an d the v eloci ty 
scale q i s  typically I m s -I .  The large-eddy Reynolds number Rt = qt jv 
i s  of order 108 , far larger than that i n  typical laboratory tu rbulence. 
The smallest, di ssi pativ e eddi es scale wi th the K olmogorov micro scale 
1J = (v3je)I/4. The di ssi pati on rate per uni t mass e i n  any tu rbulen t fl ow i s  
of order q3jt ( Tenn ekes & Lu mley 1 972), so 1J '" R;3/4t '" 10-3 m .  T he 
Taylor micro scale A ,  defi ned throu gh e = vq2jA2 , i s  0 . 1  m for our 
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ATMOSPHERIC TURBULENCE 207 

condit ions. It typ ica lly mark s  the sma ll-sca le e nd of t he K- 5/3 Kolmogor ov 
iner tia l  subra nge t ha t  appear s a t  wa ve number s K sufficie ntly dista nt fr om 
bot h the e ner gy -containing a nd dissipa t ive ra nge s. 

Ob serva t ions show a n  e xte nsive iner tial range in ve locity spectra (Ka i
ma l e t  aII 972 , Y oung 1 987, Chou & Ye h 1987). The corre sp onding Corr sin 
( 1 95 1) pre diction f or the temperature spe ctrum is confir me d  a t  the lar ger 
sca le e nd of t he inert ia l  ra nge ,  but a "bump " is see n  j ust bef ore t he diffusive 
cutoff (C ha mpa gne e t  a l  1 977). Hill (1 978a) ha s predicte d  such a b ump , 
w hose a mp litude depe nds on the ra t io of m ome ntum and sca lar diff u
sivitie s. T his bump impacts e le ctro ma gne t ic wave pr opa ga tion (Hill 
1 978b). Cospectra of stre ss a nd sca lar flux fa ll fa ster t ha n  1(-5/3 in t he 
iner t ia l  ra nge, consiste nt w ith a n  appr oa ch to loca l  isotr opy a t  lar ger 
wa ve numbcr s. Iner tia l  ra nge spe ctra l consta nts a gree wel l wi t h  t he value s  
mea s ure d in lah ora tory turb ule nce (C ha mpa gne 1 978,  Andrea s 1 987). 

I n  a nalyzi ng data fr om ma ny different fl ow s, i ncl udi ng the at mospheri c 
boundary layer , Champa gne ( 1978) f ound t ha t  t he high-wave number 
ve locity spe ctra l  shape depe nds only on t ur bule nce Rey nolds number R,,; 
the high-wa ve number e nd of t he dissipa tive ra nge become s  f uller w it h  
increa sing R" . Ant onia e t  a l  ( 1986) f ound e vide nce of a nisotr opy in t he 
fine -str ucture da ta fr om modera te R" la bora t ory flows , w it h  no str ong 
indica t ion of a de crea se in t his a nisotr opy in lar ger R" ge op hy sica l  da ta . 
Bra sse ur ( 199 1) has ar gue d  tha t  l ocal isotr opy is, in pr incip le , not p ossible 
unle ss t he e ntire spe ctr um of sca le s  is isotrop ic. 

The notion of per siste nt l ocal a nis otr opy in high R" tur bule nce mer its 
continuing e xper ime nta l e xa mina t ion. As discusse d  by Antonia e t  a l  
( 1986), t his is a technica lly challe nging pr oble m. As R" increa se s, t he fine
str uc t ure fie ld become s  increa singly intermit te nt (F igure 1), increa sing t hc 
diffi culty of a ccura te , statist ica lly re lia ble mea sure me nt s  (Sect ion 3). 

The t hree -dime nsiona l  spa t ia l  struct ure of t he t urb ule nt ve locity fie ld is 
nee de d  i n  a sse ssing the effects of wi nd l oa ding on str ucture s. Such inf or
ma t ion is re la t ively spar se , since it depe nds on t he sta te of the boundary 
layer (Section 4) a nd is diffi cult t o  ob ta in e xper ime nta lly (Se ct ion 3). U se f ul 
model s of spa tial str ucture have bee n  made, however (e .g. Hunt e t  a 1 1 988, 
Kr iste nse n  e t  a l  1 989). F ur t her pr ogre ss on mode ling spa t ia l  str uct ure 
could come thr ough numer ica l  simula tion ( Se ction 7). 

The larger le ngt h sca le s a nd sma ller ve locity sca le s  of a tmosp her ic t ur 
b ule nce ,  compare d  t o  typ ica l  e ngineer ing turb ule nce ,  imp ly t ha t  b uoya ncy 
effe ct s are ap t t o  be more imp or ta nt in t he a t mosp here . I n  t he Boussine sq 
appr oxima t ion, t urb ule nt b uoya ncy f or ce s  per unit ma ss are of order {3J Tv , 
w here {3 = g/ T ,  t he a cce lera tion of gra vity/ mea n  te mpera ture a nd b T, is a 
vir tua l  te mpera t ure de viat ion from t he mea n. [ It is conve nt iona l  (e .g. 
Lumley & Panof sky 196 4) to trea t moist air a s  a perfect gas w ith a ga s 
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20 8 WYNGAARD 
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Figure 1 Probability densities of the streamwise velocity derivative (made dimensionless 

with its rms value) measured at various turbulent Reynolds numbers. As R;. increases the 
probability of very large and near-zero values increases, reflecting the increasing intermittency 

of fine structure. 

cons tan t of dry a i r  bu t ha vin g  a "virtual " tempe ra tu re Tv- tha t  tem 
pe ra tu re which dry a ir would ha ve t o  ha ve in orde r t o  p rodu ce the 
actual dens ity a t  the a ctual p ressu re.] Tu rbulen t ine rtia f orces pe r un it 
mass a re of orde r q2jt. The ir ra tio, fi(5Tvtjq2, is a tu rbulence Richa rds on 
numbe r. In da ytime tu rbulence with q = 1 m s- I and t = 103 m, this is 
(9(1) f or (5 Tv � 0.0 3 K. Sin ce typ ical tempe ra tu re fluctua tion le vels a re a t  
leas t this la rge ,  truly neu tral (i.e . una ffe cte d by bu oyancy) a tm osp he ric 
tu rbulence is ra re . Tu rbulence Ma ch numbe rs a re typ ically small, howeve r, 
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ATMOSPHERIC TURBULENCE 209 

SO tha t  th e changes in d en sity due to dynamic effects a re n egl igible and th e 
a tmosph ere can b e  rega rded a s  oth erwise in comp ressibl e. 

Day time turb ul ence is rea dily susta ined by th e b uoya ncy f orces tha t  
resul t f rom surface h ea tin g  a nd evap ora tion. C onvection fill s th e spa ce 
ava ilabl e so t � Zi, th e d ista nce to th e first in version ba se. At n igh t, ra di
a tive cool in g of th e ea rth 's su rfa ce cau ses a p ositive vertical grad ien t  of 
p oten tial temp era ture e.3 n ea r  th e su rfa ce. ( In ord er to a ccoun t f or th e 
h eigh t  va ria tion of temp era ture in a n  ad iabatic a tmosph ere, we use a 
p oten tial temp era tu re e = con stan t x Tj(P)R/Cp, wh ich is con served in an 
iscn trop ic change.) Vertical d ispla cemen ts t p rodu ce temp era tu re fluc
tua tion s  of ord er -.e.3t and a restorin g  bu oyancy force of order pe.3i. 
Th e largest edd ies su rvivin g th is en ergy d ra in to bu oyancy a re th ose havin g  
in ertia f orces a t  l ea st a s  large, so tha t  q2/! 2 pe.3!. In an equil ib rium, stabl y  
stra tified b ounda ry layer th is impl ies a ma ximum edd y  siz e  t � (q2j PO,3) 1/2. 
T hese simpl e a rg um ents a re consi stent wi th observa ti ons a nd wi th numeri 
cal simu la tion resul ts ( Section 7). 

Both un stabl e and stable stra tifica tion can al so b e  gen era ted b y  h ea t  
tran sf er a t  th e b ounda ry-la yer top. L illy (1968) p rop osed that cl oud- top 
cooling wa s th c ch ief sourcc of turb ulence in thc stra tus-topp ed b ounda ry 
la yer, a n otion tha t  ha s sub sequ en tl y b een expl ored in d eta il by  Dea rd orff 
( 1 980), M oeng ( 19 86), Duynk erk e & Driedonk s ( 1987), Ch en & C otton 
( 1 987), Han son ( 1 987), and Cu rry et al ( 1988). Analogou sl y, en tra in men t  
of l ess-d en se a ir f rom ab ove i s  an alt erna t ive t o  surfa ce cool in g a s  a 
mecha nism f or genera ting a stably strat ified b ounda ry lay er. 

M ean  wind sh ea r is th e sol e  source of turbulent k in etic energy in th e 
n eu tral and stabl y  stra tified b oun da ry la yers, and can al so b e  sign ifi ca nt 
in th e con vective ca se. Additional tu rbulen ce p rodu ction mechan isms a re 
a ssociat ed with h illy t erra in, the circulation s  a round an d phase chan ge 
with in cl ouds, and spa tial va ria tion s  in su rfa ce rou ghn ess. 

As th e surface en ergy b ud get over la nd cha nges in resp onse to th e 
. evolvin g rad ia tive flu x a t  th e su rfa ce, the su rfa ce h ea t  flu x and th e stra ti
fica tion of th e b ou nda ry la yer change a s  well. A cha ra cteristic la rge- edd y  
ti me of the turbulen ce, 't � t/q, can b e  much small er than th e t ime scale 
'b of th ese evol ving b ounda ry con dition s. F or exampl e, in th e daytime 
with t = 10 3 m and q = 1 m S-I, 'tt � 103 s; if'tb is a f ew h ours, th en 
'tt « 'tb' In such ca ses th e tu rb ulen ce can b e  a ssumed to b e  qua si-steady. 

In a coordina te sy stem fixed to th e ea rth, th e momentum equa tion 
con ta in s  a Coriol is term p rop or tional to the vect or p roduct of the earth 's 
rota tion ra te n and th e tu rb ulent vel ocity. Th e ra tio of tu rb ulen t  C oriol is 
and in ertia forces is of order n't = Ro - I, wh ere Ro is a tu rbu len ce Rossb y  
n umb er. Ro is (9(1) in a neutral b ounda ry lay er, so one exp ects some 
stru ctu ral con sequ en ces of tu rbulen t C oriol is f orces th ere (e.g. a d ep en -
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2 10 WYNGAARD 

den ce of tur bu len ce pr oper tie s  on latitu de an d me an win d  dire ction); this 
is confir me d by the numer ical s imu lations of C ole man e t  al ( 1990 a). Since 
neu tr al case s are r are , an d sin ce Ro is subs tan tially lar ger in typ ical con 
vective an d stably str atifie d case s, tur bulen t C or iolis f or ce s  can u su ally be 
ne gle cte d  in the boun dar y  layer . 

T he tur bulen t comp onen t of r adiative flux diver gen ce appe ar s  in the 
e qu ation f or flu ctu atin g  te mper ature . T he time s cale of this r adiative term 
is usu ally lar ge comp are d to the time scale t/q of the le adin g ter ms ,  so 
that the direct effects of r adiative flux divergen ce on the tur bulen ce can be 
ne gle cte d. 

T he boun dar y  layer e volve s  in the down stre am direction as it re sp on ds to 
sp atial var iation s in surf ace tex ture . If the scale of the se surface var iation s  is L, then f ollowin g  the me an motion U the e mbe dde d  tur bu len ce see s 
boun dar y  con dition s  chan gin g with time scale Lb � L/ U. Again , if 
Lt � t/q« L/U, the tur bu len ce will see the se chan ge s as slow. T hu s, we 
can con sider the tur bu len ce to be locally homogene ou s  if tU/(qL) « l. 

3. MEASURING ATMOSPHERIC TURBULENCE 

Un til re cen tly most of our de taile d  kn owle dge of the structure of tur bu len t 
flows came fr om direct me asure men ts, bu t tur bu lence simu lation is n ow 
als o  a fr on tline tool ( Re yn olds 1990). Cer tain tur bu len ce pr oper tie s-the 
pre ssure an d vor ticity fie lds, f or ex amp le -have always been diffi cu lt to 
me asure ( C orr sin 1 963).  Atmosp her ic tur bu len ce offers little re lief ; its 
lar ger sp atial scale make s  it e asier to re solve fine stru cture, bu t comp licate s  
me asure men ts of energy-con tain in g  structure . Me asure men ts over the 
atmosp her ic boun dar y  layer dep th can re qu ire air cr af t  p latf or ms, and 
me asure men ts that re qu ire multip le pr obe s have been all bu t imp ossible .  
Re mote sen sor s su ch as Dopp ler r adar s are n ow be in g u se d  to pr odu ce 
tur bu len ce statistics (e .g. Fr isch e t  al 1989). 

T he high s tochastic var iability of atmosp her ic tur bulen ce le ads to lar ge 
scatter in time aver age s. Our f or mal de scr ip tion s of tur bulence typ ically 
u se en se mble aver age s, bu t time aver age s  are more con ven ien t an d an 
accep table su bs titu te in qu asi-ste ady flows. T he time re qu ire d f or the 
con ver gen ce of a time aver age to the ensemble aver age is we ll kn own . If 
J(t) is a station ar y, r an dom fun ction of time with in te gr al scale L, (12 the 
en se mble var ian ce of the time aver age JT (f or aver agin g period T) abou t 
the en se mble average 7, an df'2 the en se mble var ian ce of J ab ou t 7, then 
one has ( Lumle y & P an ofs ky 1 964) 

T 
( 1) 
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ATMOSPHERIC TURBULENCE 2 1 1 

If one wishes t o  est imate an e nsemble -aver age ve locit y var iance u2, s ay, 
th rough a time ave rag e, ( 1) sh ow s th at 

T 2(K-1HL?)2 
(2) 

whe re K = U4/(U2)2 is the k urt os is of u. In view of the diurnal cycle and 
othe r nonst at ionary infl ue nces, the longest fe as ible aver aging t ime T is of 
the order of one h our. If w e  use the G aussi an value of K = 3, t ake r � t / u 1 
with U 1> th e mean wind spe ed th at advect s  the t urbulence past th e pr obe , 
of 5 m s- \ and use t = 0.3z; (Le ns ch ow & St ank ov 1 986) with Z; = 
1000 m, then Equat ion (2) sh ows th at (J � u2/4. Th us , the uncert aint y  in 
u2 estimate d th rough one h our ave rages is about 1/4 of u2 itse lf. Si nce the 
requi red averaging t ime varies as (J- 2, re ducing the e xpe cte d me as ure me nt 
scatte r t o  th e level att ai nable in e ngi nee ri ng flows- l 0 %, s ay- can requi re 
very long averaging times (or flight legs) in the atmosphere. E quati on (1) 
indicates th at fluxes h ave eve n  more scatter th an var iances , s ince the ir /,2 
val ues are relat ively larg er. 

Exper ie nce confir ms these pre dict ions (Wyngaar d 1 97 3, Le ns ch ow & 
St ankov 1 986). Wh at Mah rt ( 198 9) calls "g lobal i nt ermittency"-a larg e
scale i nh omoge neit y, or pat chiness, of the e nergy-cont ai ni ng turbule nce
can make it parti cularly difficult t o  calculat e  re li able st ati sti cs near th e 
boundary- layer t op (At las et a1 1 986) and unde r  st able st rat ificat ion (Mah rt 
& G amage 1 987). The tende ncy t oward l arge s catte r l imits t he util ity of 
direct me as ure me nts in discr iminat ing among compet ing mode ls (Le n
s ch ow et al 1 980 , Wei l  1 985). It h as also provi ded some of t he i ncenti ve 
t o  use si mulat ion inste ad of direct me as ure me nts (Se cti on 7). 

H ist orically, t urbule nce rese arche rs h ave calibrate d the ir probes and 
th eir mounts in test flows t o  account for the myriad of fact ors infl ue ncing 
the ir per form ance in t ur bule nce (C orrs in 1 96 3). At mos phe ric rese arche rs 
can rarely do this ; th ei r  i nst rume nt plat forms (ships, aircraft , t ow ers , 
booms) are us ually t oo larg e t o  fit int o  wi nd t unnels .  Thus, thei r  inst rume nt 
calibrat ions usually ignore th e fl ow dist ort ion due t o  the measure ment 
plat form. Wie ring a  (1 980) atte mpte d t o  correct t urbule nce st ati sti cs f rom 
the 1968 Kans as fie ld program for fl ow dist ortion caus ed by the i nst rument 
t owe r. Th is h ad bee n a ne glected proble m  in micromete orology, alth ough 
atte nti on h ad bee n  give n  t o  the effects of flow di st orti on on mean wi nd 
measureme nt s  (Wucknitz 1 980). His corre cti ons were ch allenged by Wyn
g aard et al (1982), but th ei r  analysis did confirm th at fl ow -dist ort ion effe ct s  
on t urbulence can be s evere .  It seems possi ble th at s ome of th e long 
running dis putes about prof ile forms and unive rs al const ants in s urface
layer micromete orolog y  (Y aglom 1 977) we re fed in part by the syste mat ic 
e rr ors cause d by flow dist orti on. 
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2 12  WYNGAARD 

Tur bu lence measur ements fr om air craft ar e a ls o  vu lnera bl e  t o  err ors 
fr om flow dist or ti on. Reynolds sh earing str ess measur ed fr om air craft 
nos e  b ooms ca n b e  d egrad ed b y  th e fus ela ge-i nduced fl ow dist orti on ( Wyn
gaard et a1 1985), a nd compr essibi li ty eff ects at air cra ft sp eeds ( Ma ch 
nu mber � 0 .3) ca n i nteract with tur bu lent v elocit y a nd temperatur e fluc
tuati ons t o  cr ea te " fa ls e  flu ctuations" of a cons ervativ e sp eci es d ensit y a nd 
err ors i n  its measur ed flu x ( Wyngaard 1 988). 

4. SIMILARITY STRUCTURE 

Figur e 2 d epicts th e convecti ve bou ndar y la yer -th e common da ytime 
sta te over la nd, driven b y  th e t emp eratur e flux at th e sur fa ce a nd, to a 
lesser extent, the moistur e flu x. It a ls o  exis ts commonly ov er the s ea, wh er e 
th e moistur e flux d ominat es .  An i nv ersi on typica lly s erv es as its t op .  It ca n 
b e  divided i nt o  three r egi ons ( Deard orff 1 979), as sh own i n  Fi gur e 3: th e 
sur fa ce la yer, th e mixed la yer, a nd th e i nt er fa cia l layer. 

Figur e 4 depicts th e stab ly stra ti fied b ou ndar y layer with sur fa ce cooli ng. 
It occurs under clear skies at night, when the radiative loss at the surface 

caus es a stable laps e rat e tha t diffus es upwards wi th time; it a ls o  occurs i n  
war m-air adv ecti on over a cooler sur fa ce. It s ets its own d epth at th e lev el 
wh er e turbulence is extinguish ed b y  th e stratificati on. A varia nt of this 
cas e has negli gib le sur fa ce bu oya ncy flux, with the stab le s tra tifica ti on 
generat ed by h eating fr om ab ove. This ca n be due to th e pr es ence of a low 
i nversi on, for exa mp le, wh os e entrainment b y  th e turbulen ce b elow leads 

v 

Figure 2 A schematic of the convective boundary layer showing its large eddies. convective 
plumes, flat wind profile, and the capping inversion layer. 

A
nn

u.
 R

ev
. F

lu
id

 M
ec

h.
 1

99
2.

24
:2

05
-2

34
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
H

aw
ai

i a
t M

an
oa

 L
ib

ra
ry

 o
n 

09
/1

3/
18

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



z 

ATMOSPHERIC TURBULENCE 2 1 3  

MIXED LAYER 

hO - - ---SURFACE LAYER--- ---- ---

o 
Byw -

C ----- cw-
Figure 3 Top panel: Deardroff's (1979) schematic of the convective boundary layer. Left, 
the profile of mean virtual potential temperature; right, the profile of the virtual temperature 
flux, whose zero crossings define the interfacial layer. Bottom: The profiles of the mean value 
(left) and vertical flux (right) of a conservative scalar constituent. 

t o  a dow nw ard he at flux .  We w ill c all t hi s  t he i nve rsi on-cappe d neut ral 
laye r. 

T he lowest p ort ion ( 10 %, say) of t he bou ndary laye r, w he re t he tur
bu lent flu xe s  are litt le c hange d  from t he ir su rface value s, i s  c alle d  t he 
su rface laye r. Be ing t he most acce ssible t o  me asu re me nt, it is t he be st 
u nde rst ood. The M onin-Obu khov similarity hyp ot he sis holds t hat above 
a stat ist ically homoge ne ou s surface -bey ond t he molecular su blaye r, but 
w ith in the "c onst ant -flu x" laye r-t he st ructu re of t he e ne rgy-c ont ai ni ng 
turbu le nce depe nds only on dist ance from t he su rface (t radit ionally c alle d  
z), t he Bou ssine sq bu oy ancy p aramete r f3 = gj T ,  t he su rface te mpe ratu re 
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2 14 WYNGAARD 

Figure 4 A schematic of the stably stratified boundary layer showing its shallow depth, 
small eddies, and large wind shear. 

flu x Qo, an d t he fricti on ve locity (t he squ are root of t he kine matic su rface 
st re ss) u*. St ati stics made dimen si on le ss wit h scale s z ( len gt h) ,  u* (ve locity) ,  
and T* = - Qo/u* (te mpe rature )  are hyp ot he size d t o  be unive rsal func
ti on s  of t he st abi li ty p aramete r z/ L, w he re L = - u�/kf3Qo i s  t he M oni n
Obu khov length. (The v on K arman const ant k i s  t raditi onally i nclude d.) 

For large in st abi litie s-ne gative z/L v alue s  on t he orde r  of I -some 
su rface- laye r st ati stics show sign s of followin g t he p re di cti on s of free 
conve cti on t he ory , de spite t he p re sence of me an win d she ar an d su rface 
stre ss. Te nne ke s ( 1970 ) coi ne d t he te rm "local free conve cti on" t o  de scri be 
t hi s  re gi me at t he oute r e dge of t he un stable su rface laye r. It can be 
inte rp rete d p hy si cally as t he re su lt of t he in cre asin g in fluen ce of tu rbulent 
bu oy an cy force s wit h hei ght . At some hei ght t he convective tu rbu lence so 
domin ate s  t he mechanical turbulen ce t hat u* drop s out of t he gove rnin g 
p aramete r group . T he scale s  be come Ur = (f3QoZ) 1/3 for ve locity , Tr = Qo/ur 
for te mpe rature ,  and z for le ngth; t he local t urbu le nt Richardson numbe r  
f3Trz/uf i s  i ndepen de nt of z. In t he local free conve cti on limit we e xpe ct 
u� '" uf, (}2", Tl-or equiv alent ly, uVu� '" (Z/L)2/3, (}2/T� '" (Z/L)-2/3. 
T he se p redi cti on s are borne out we ll by obse rvati on s  ( P an ofsky & Dutt on 
1 984 ). 

Me asu re ment s also show an asy mp tote un de r  ve ry stable c onditi ons
at z/L '" 1 .  T he p hy si cal i nte rp ret ati on i s  th at at suffi cie nt hei ght the loss 
of turbu lent kinetic ene rgy t o  buoy ancy limit s  the size of t he large st e ddie s. 
T hey can no longe r  be as large as t he di stan ce to t he su rface , so z lose s  it s 
signi fican ce an d drop s out of t he gove rni ng p aramete r group. T he scale s  
become u*, T*, and L; the me an wind gradie nt au/az, for e xamp le , shou ld 
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ATMOSPHERIC TURBULENCE 2 1 5  

app roac h  u*/L- ore qu ivale nt ly, cPm = (kz/u* )8U/8z � z/L . This be havior 
is obse rve d (P anofs ky & Du tton 1 984 ). 

The M-O hyp ot hes is has broug ht orde r  t o  su rface -laye r  data. It is use
fu l e ve n  at s ites that are less than ide al ( Bru ts ae rt & Sug ith 1 990) .  I t  does 
have s ome defic ie nc ies ;  for e xample ,  it does not admit t he infl ue nce of 
t he large c onvect ive e ddies . T he horizontal tu rbu le nt w ind fie ld in t he 
c onvect ive surface laye r see ms t o  sc ale w ith t he c onvect ive ve loc ity sc ale 
w * = ([3Q OZi) 1/3 rat he r t han u* (P anofs ky & Dut ton 1 984 ). O ne c an specu
late that this mechanism c auses othe r  de viations from M-O s imilarity. 
Anot he r  failu re c once rns sc alar st at is tics . Hill ( 1989) s hows t hat t he 
M-O hyp ot hes is imp lies t hat the c orre lation c oeffic ie nt bet wee n any tw o 
c onservative sc alars tr ans ferre d thr ough t he su rface ( for e xa mp le ,  te m
pe ratu re and w ate r vap or mixing ratio) is 1 .0 in mag nitu de . Althoug h the 
c orre lation c oeffic ie nt is ofte n  obse rve d  to be large , this p re dic tio n is s tric tly 
inc orrect , evide ntly bec ause the M-O hyp othes is neg lec ts su rface -t rans fe r  
p hys ics of scalars .  Kade r & Y ag lom ( 1990) suggest t hat s ome othe r  app ar
e nt de viat ions from M-O s imilarit y  c an be acc ou nte d for by ge ne raliz ing 
it to inc lu de diffe re nt horiz ontal and ve rtic al le ngth  sc ales. Hogst rom 
( 1 990 ) c ontends t hat su rf ace roughness le ngt h  and bou ndary-laye r  depth 
affect neut ral su rface laye r  structure . 

The mid p ortions of the c onvec tive bou ndary laye r  are c alle d  the " mixe d  
laye r" ( Figure 3) bec ause o f  the s trong mixing c harac ter ist ics o f  its bu oy
anc y-drive n  turbu le nce . De ardorff ( 1970 ) suggeste d t hat the g ove rning 
p aramete rs f or turbu le nce in t his laye r are [3 ,  z ,  Z; , and Qo . I n  t his " mixe d
laye r scaling" hyp othes is , s tatis tics made dime ns ionless w ith w*, z, and a 
te mpe ratu re sc ale ()* = Qo/w* are u nive rs al fu nc tions of z/z;. For ex amp le , 
temper ature var iance (}2 is hyp othes ized t o  vary as (}�f(z/z;), w here f is a 
func tion t o  be dete rmine d. Ne ar t he bott om of t he mixe d laye r these 
fu nct ions ofte n ag ree w it h  t he loc al free c onvect ion p redic tion. For 
examp le , for tempe ratu re and ve rt ic al ve loc ity variances we have 
(}2 � Tl '" 8!(Z/Z; )-2f3 , u� � ul � w!(z/z; )2/3, w hic h are observe d (P an
of sk y & Dutton 1984 ). 

As w ith M-O s imilarity, the de taile d  and s ys te matic me asu re me nts 
necess ary to assess t he r ange of validit y of mixe d-laye r sc aling have not 
bee n done . Kust as & Bru ts ae rt ( 1987) found that ove r c omp le x te rrain the 
effec ts of mec hanic al tu rbu le nce due t o  t he te rrain c ou ld not be neg lecte d, 
but others (e .g. Huyu h  et al 1 990 )  have fou nd t hat ove r moderate terrai n  
unde r  sufficie nt ly c onvect ive c ondit ions, mixe d-laye r  sc aling d id c ontinue 
t o  hold. The e nt rainme nt at t he mixe d-laye r  t op influe nces tu rbu le nce 
s tat is tics-p art icu larly those of sc alars -we ll w it hin the mixed laye r 
( Kaimal et a1 1 976, C aug he y  1 982, Hu yuh et aI 1990 ). Te mpe ratu re fluctu 
at ions ,  for e xample , t ypic ally follow t he mixed-l aye r  pre diction onl y u nt il 
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2 I 6 WYNGAARD 

mid-laye r, w he re they  beg in t o  incre ase w it h  he ig ht be cau se of e nt rain
me nt -induce d fluctu at ions; w ate r vap or flu ctu at ions ofte n  dep art soone r  
(F igu re 5). 

One w ay to accou nt for e nt rainme nt effects on scalars is t he "t op -dow n, 
bottom-up" de comp osition of Wyng aar d  & Br ost ( 1 984). T hey  sugge ste d  
t hat any conse rvative scalar fie ld C can be w ri tte n as t he sum o f  a "top
dow n" p art Ct due t o  t he e nt rai nme nt flu x an d a " bott om-up" p art Cb due 
t o  t he su rfa ce flu x.  Mixe d-laye r  scaling de als only w it h  t he lat te r. An 
obviou s hyp ot he sis is t hat Ct scale s  w it h  t he flux CWI at mixe d-laye r top 
(F igu re 3 ), so t hat c� '" (cWI/W*)2g(Z/Z;). T he t op -down fu nct ion 9 can 
diffe r from t he bottom-up fu nct ion! Moe ng & Wyng aard ( 1 984 ) e st imate d 
some of t he t op -dow n scaling fu nct ions throug h large -e ddy simu lati on. 
T he y  fou nd that t he Cl and Cb fie lds are corre late d,  so t hat the fu ll variance 
is c2 = c� + 2CbCt + c�. Fairall ( 1987) u se d  this scaling hyp ot he sis t o  p re dict 
t he be havior of the re fract ive inde x st ructu re p aramete r in t he conve ctive 
boundary l aye r. 

I know of no me asu re me nt s  in a t ru ly neut ral bou ndary laye r- one 
w ith ze ro bu oy ancy flu x th roug hou t. Rare ly are adequ ate time and inve r
sion-free dep th available for its de ve lop me nt t o  a quasi-e qu ilibriu m  state . 
T he st ably st rat ifie d  case w it h  su rface bu oyancy flux (F igure 4 )  has bee n  
docu me nte d ( C aug he y  e t  al 1 979, Nieuw st adt 1 984, Le nschow et al 1 988) 

N 
...... 
N 

Figure 5 Vertical profiles of the variances of temperature (left) and water vapor mixing 
ratio (right) in a convective boundary layer (Lenschow et al 1980). They follow mixed-layer 
scaling at lower levels but show large departures higher up due to the effects of entrainment 
at the capping inversion: 
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ATMOSPHERIC TURBULENCE 2 1 7  

a s  has, t o  a le sse r  e xte nt ,  t he inve rsion-c appe d  neut ral laye r  ( Brost et al 
1 982, Duynke rke & D rie donks 1 988). Nieu w st adt ( 1984 )  has propose d  a 
loc al similarit y  t he ory for t he forme r. He sugge st s  t hat t he appropri ate 
sc ale s  are base d  on t he l oc al kine mat ic she ar st re ss and tempe ratu re flu x. 
The se define a loc al M -O le ng th Lt . He hypot he size s  t hat in analog y  to 
M-O si mil arity, turbulence st ati stic s made dime nsio nle ss with t he "loc al" 
u* and T* are u nive rsal fu nct ions of the dime nsionle ss he ig ht z/Lt . As a 
c losu re hypot he sis, he sugge st s t hat the loc al turbule nce Ric hardson nu m
be r approac he s  a limit ing c onstant . The se not ions have rece nt ly rece ive d  
su pport throug h tu rbu le nce simu lation ( Sec tion 7). 

5. TURBULENT FLUXES 

Tu rbule nce is import ant in mete orolog ic al mode ling (e .g .  nume ric al 
we at her pre dict ion) bec au se it c arrie s large flu xe s- far large r t han those 
due t o  molecu lar diffu sion. W it hin the su rface laye r, for e xample, the kine 
matic mome ntu m fluxe s due t o  molecu lar visc osity and tu rbu le nce are 
vOUj/OX3 and UjU3, re spect ive ly, and sc ale as vu*/kz and u�; for u* = 
0 .3 m s- \ and kz = 3 m the ir ratio is 10- 5. 

A su rface flu x ste ms from a diffe re nce in t he su rface and atmosphe ric 
value s of a prope rty .  The flu x at t he bou ndary-l aye r  t op vani she s if t he 
tu rbu le nce doe s, bu t inte rmitte nt free -st re am tu rbu le nce and c lou ds c an 
support a nonze ro flux t he re. The flu x profile i n  bet wee n depe nds on t he 
natu re of t he me an balance e qu at ion for t he qu ant ity and on t he prope rt ie s  
of t he tu rbu le nce . 

The flux profi le c an some time s  be de duce d from the me an c onse rvat ion 
e qu at ion, u sing only we ak assu mptions about t he tu rbu le nce. C onside r 
t he simple st c ase w he re t he me an of a c onse rvative sc alar c onst itue nt 
c hange s w ith t ime due to flux dive rge nce ,  

( 3) 

I f  the flow is qu asi- ste ady, oC;oz doe s  not c hange w it h  t ime .  This c an 
happe n  w ith pote nt ial te mpe ratu re in a mixe d  laye r  ne ar midday; t he laye r 
w ar ms but the flu x and me an g radie nt do not c hange . ( We mu st t re at the 
inte rf ac ial laye r se parate ly, for it s c hange s c an be of t he opp osite se nse 
w he n  t he co nvec tive bou ndary laye r dee pe ns due to e ntrainme nt and the 
inte rfaci al l aye r rise s. The tempe ratu re t he re dec re ase s  w it h  t ime, f or 
e xample .) This c an also occu r in a st able bou ndary laye r  at nig ht if the 
flux and me an temper atu re g radie nt remain c onst ant as tempe ratu re fall s, 
as c an occur w ith a c onst ant  su rface c ooling rate ( De rbyshire 1990). I t  c an 
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2 1 8  WYNGAARD 

occu r for tr ace c onstitue nt s  as we ll. Equ ati on ( 3) t he n  says t hat oC/ot i s  
indepe nde nt o f  he ig ht , so t he ew p rofil e is line ar; it c an be wr itte n as 

z ew = ew(O) + [ew(h I ) - ew(O)] hI . (4) 

I n  a mi xe d laye r  or an i nve rsi on-c apped neutr al laye r, e nt rainme nt i n  t he 
pre se nce of a sc alar gradie nt maint ains a nonzer o value of ew(1! I), t he flux 
at t he t op (Figure 3). 

As anot her e xamp le ,  c onside r a ste ady me an b alance bet wee n he ig ht
depe nde nt hori zont al advecti on an� flu x dive rge nce: 

Be Bew 
U(z) 

ox 
+ oz = O. ( 5) 

This c an hold for p ote nt ial te mpe rature in t he st ab ly st ratifie d  b ou ndar y  
layer w it h  w ar m-ai r  advect ion over a c olde r  sur face, and i n  t he c onvective 
mixe d  layer f or me d  b y  c old-air advect ion over a w armer su rface. There 
are analog ou s  situ at ions f or tr ace c onstitue nt s. Ag ai n, a we ak c losu re 
hypothesis-that x-independence of the flux implies x-independence of 
t he me an g radie nt -allow s u s  t o  solve for t he flu x p rofi le .  It c an be w ritte n 

cw(h) (= ew = <U>�I Jo U(z')dz' +ew(O), ( 6) 

w here < U) i s  t he laye r-aver age d  U. 
Anot her c ommon situ ati on is a ste ady b alance bet wee n vert ic al advec 

t ion and flu x diverge nce: 

oe oew W(z) 02 + 02 = O. ( 7) 

This occu rs in the mixed l aye r ove r t he se a, w he re drying (or c ooling )  b y  
sub si de nce W b al ance s  moiste ni ng (or heating )  due t o  t he di vergence of 
t he flux due t o  e vap orat ion (or su rf ace he at tr ansfer ). In c ontr ast w it h  t he 
p re vi ou s  t w o  e xamp le s, w here a similarit y  assumpti on ab out t he tu rbu le nce 
allowe d u s  t o  e liminate t he me an g radient f rom t he me an conserv at ion 
e qu at ion and solve for t he flux pr ofi le ,  he re we re qu ire a more spec ific 
closure st ateme nt -e.g . a relat ion bet wee n cw and DC;oz-i n or der t o  
yie ld the flu x p rofi le .  

For me an horizont al mome ntu m, t he si mp le st b alance occur s u nde r 
ste ady, hor iz ont ally homoge ne ou s c ondit ions: 

OUIU3 
-;)- =!(U2-U2g), uX3 

( 8) 
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ATMOSPHERIC TURBULENCE 2 19  

The me an horiz ont al pressure g radie nt (jUzg> -f U1g) is dete rmine d  hydro
st at ic ally by t he mean t emperatu re field. I n  t he abse nce  of horizont al 
g radients of mean tem peratu re (t he barot ropic c as e) t his pressu re g radient 
is inde pe nde nt of x 3. Let us see whet he r t he tu rbu lence mig ht be suffic ie nt ly 
diffus ive t o  als o  maint ain U, and U2 indepe nde nt of X3 above t he su rf ace 
layer, s o  t hat ( 8) and ( 9) c an yield linear fl ux profi les . If me an wind s he ar 
and st ress are relat ed t hrough an e ddy visc os it y  K", qt, we c an integ rat e  
t hat st ress-s hear relat ion t o  find an express ion f or t he mean veloc ity  c hange  
f>U; ac ross a laye r of de pt h h: 

bUi <UiU3) h 
� '" --q;;;- t' i = 1, 2 (10 )  

where t he brac kets denot e  a repres ent at ive valu e  f or t he layer. If t he 
st rat ific ati on is st able ,  q2 '" u� '" <U;U3), t < h, s o  f>U;/u* > 1. This s ays 
t he me an wi nd s he ar c an be larg e. Tn  a st rong ly c onvecti ve laye r, howe ver, 
q2 '" w� » u�, t '" h, s o  bU;/u* < 1 and t he mean wind s he ar can be s mall. 
We c onc lu de t hat only in t he barot ropic, c onvect ive bou ndary laye r  wou ld 
we expect t o  approac h  heig ht -independenc e  of bot h t he mean pressu re 
g radie nt and t he C oriolis te rm in ( 8) and (9) and, he nce , approac h line ar 
st ress profiles . An inte rest ing spec ial c as e  is t he baroc linic (xrvarying 
pressu re g radient )  c as e  wit h  st rong c onvect ion, where t he wi nd profi le c an 
approac h  xrinde pe nde nce s o  t he st ress profi le cu rves st rong ly t o  balance 
t he variable pressu re g radient .  

The flux at t he t op of a mixed layer ( Figu re 3) or an invers ion-c apped 
neut ral layer c an be relat ed t o  t he ent rainment rat e and t he c hang e  in 
mean quanti ties acr oss t he i nt erf aci al l ayer .  Lilly ( 1968) s howe d t hat i n  
t he li mit of small i nte rf ac ial layer t hic kness t he e nt rainment fl ux of a sc alar 
IS 

( 1 1 ) 

He re We = dh,/dt-U3(h,) is t he e nt rainme nt velocit y-t he net rate of 
c hange of laye r dept h  wit h  ti me ,  acc ou nting f or t he me an ve rtic al veloc it y 
at t he planet ary bou ndary laye r  (P BL) t op, and AC = C(hz) - C(h I) is t he 
me an c hange ac ross t he inte rf ac ial layer. De ardorff ( 197 3) e xt ended t his 
t o  momentum flu x: 

i = 1,2. ( 12) 

The int erf ac ial layer c an be quite t hic k [ 20-60 % of t he mixed-laye r dept h, 
acc ording to  De ardorff ( 1 97 9)] .  The e nt rainme nt re lat ions ( 1 1 ) and ( 1 2) 
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220 WYNGAARD 

are t hc n  only app roximate, due t o  t he effect of te rms neg lected in t he ir 
de rivat ion. 

The e nt rainme nt ve loc it y We is qu ite imp ort ant in b ou nd ary-laye r  mode l
ing .  It is t yp ic ally one t o  t w o  orde rs of mag nitude s malle r t han t he c on
vect ive ve loc it y  w*, and one order s malle r t han t he frict ion ve loc it y  u* . It is 
d ifficu lt t o  me asu re in t he fie ld d irect ly t hrough its definit ion dzJdt - W(h 1)' 
s ince t hese quant it ies are usu ally of t he s ame s ize .  Attempts have been 
made t o  c alcu late it t hrough mode ls of inte rfac ial laye r  d ynamics ( Te n
ne kes 1 97 5, Zilit inke vic h 1 97 5, Te nne kes & Driedonks 198 1 ), but no 
defi nit ive t he or y  has e merged . C le arly We depe nds on t he st ructure of t he 
u nde rlying b ou nd ary laye r  as we ll as t he inte rfac ial laye r. 

G ive n c ond it ions at t he su rface and in. t he free atmosp he re, t he p rofile 
of a flu x t hrough t he b ou nd ary laye r  c an be dete rmined b y  an e nt rainme nt 
c ond it ion ( 1 1 ) or ( 12), its c ou nte rp art for t he su rface laye r  (a  d rag law), 
p lus a c losu re for t he flu x w it hin t he b ou nd ary laye r. The p rofile need not 
be monot one ; st ress p rofiles, in p art icu lar, c an have mid -laye r  e xt re ma. 

6. SECOND-MOMENT BUDGETS 

S ome ins ight int o  c losu res for at mosp he ric turbu le nce c an be g ained from 
t he Re ynolds equ at ions for variances and for flu xes . The equ at ion for 
tu rbu le nt ve loc it y c ovariance UiUk in horizont ally homoge ne ous atmo
sp he ric tu rbu le nce c an be wr itte n 

w he re f3i = (0 , 0 ,  - (3) is t he bu oyanc y  vect or . The te rms on t he right s ide 
rep resent, in orde r, s he ar pr oduct ion, tu rbu le nt t ransp ort, p ressu re inte r
act ion, bu oyant p roduct ion, and visc ous d iss ip at ion. Wit h  t he s ame 
app roximati ons, t he equ at ion for t he sc alar flux CUi is 

ocu; = _ (uouac +cuiJU;)_ oU;ujc _ �c op _ f3dJ ot I J OXj J OXj OXj Po OX; I ·  
( 14 )  

He re t he te rms o n  t he r ig ht are g rad ie nt p roduct ion, tu rbu le nt tr ansp ort, 
p ressu re inte ract ion, and bu oyant p roduct ion. We have neg lected t he s mall 
C oriolis te rms and used t he is ot rop ic form for t he molecu lar te rms . 

Equ at ions ( 1 3) and ( 14 ), be ing t he b as is of t he sec ond -orde r-c losu re 
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ATMOSPHERIC TURBULENCE 221 

modeling t ec hnique, have been stu di ed in t he su rface layer an d wit hin t he 
boun dary layer as w ell .  

Under quasi-st eady, loc ally homog en eou s  c on dition s in t he su rfac e 
lay er, an d with t he x , -axi s  aligned with t he surface st ress, ( 13) yields t he 
balanc e of tu rbu lent kin etic en erg y u;u)2: 

__ oU, 0 U;U;U3 1 0 _ -
0= -U,U3-- - - -- - - -PU3+POU3-1i. 

OX3 OX3 2 Po OX3 
( 1 5) 

Micromet eorologi st s t ypi cally n on di men si on ali ze t he en ergy budget (15) 
wit h u* an d kz an d int erpret t he resu lt s t hroug h M-O si mi larity . Sin ce 
U,U3 an d OU3 are ess enti ally equ al t o  t hei r sur face valu es -u� an d Qo, t he 
n on di men si on al shear an d bu oyant producti on t erms in (1 5) become 
simply 

( 1 6) 

so t here i s  litt le un cert aint y in t hese t erms. Of t he remaining t er ms in ( 1 5) 
all but t he pressu re t ran sport have been measu red, allowing it t o  be in ferred 
from t he bu dget i mbalanc e. [ Att empt s t o  measu re t he pressur e t ran sport 
have been m ade ( McBean & Elliot 1 975 ,  D obson 1980) an d ren ew ed 
r ec ent ly (S .  Onc ley of NCAR, person al c ommunic at ion)] . Figur e 6 sket ches 
t he behav ior of t he budg et under c on vecti ve con diti on s as deduced from 
stu di ed su mmari zed by Hog st rom ( 1990). Significant featu res inc lu de t he 
larg e  g ain from pressure t ran sport an d t he larg e  loss t o  tu rbu lent t ran sport 
(throug h  export t o  levels above). Under stable con diti ons th e budget i s  
g en erally ag reed t o  be essenti ally a local balan ce bet w een shear produ cti on 
an d the loss t o  di ssi pat ion and bu oyanc y. 

With t he same approxi mati on s, t he bu dg et s of shear st ress an d vertical 
scalar flu x in t he c on st ant-flu x layer c an be w ritt en from ( 1 3) an d ( 14) as 

O 
OU,U3 20U1 oujul 1 (iii ----aj;) -�--= -U3--- -- -- Ul-+U3- +peUb 

ot OX3 OX3 Po OX3 OXl 

OCU3 2 oC ou�c I op -
O� -- = -U3------c-+pcO. 

ot oX3 OX3 Po OX3 

( 1 7) 

( 1 8) 

In eac h  c ase t he t erms on t he right side represent g radient produ ct ion , 
tu rbu lent t ran sport , pressu re, an d bu oyanc y eff ect s, respecti vely. 

Measu rements of ( 17) an d ( 18) in th e surface layer ( W yng aard ct al 
1 971) show t w o  i mport ant featu res. Fi rst ,  t he di rect ly measu rable t erms
g radient production, tu rbulent t ransport , and buoyan cy -have a large 
i mbalanc e t hat i s  att ri but able t o  pressu re destructi on . Secon d, even under 
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222 WYNGAARD 

gain 
1.5 

o�--------------------� 
loss 

-0.5 

-1.0 

-1.5 

ZlL 
Figure 6 The budget of turbulent kinetic energy in the unstable surface layer. The shaded 

areas represent the spread of measurements from experiments summarized by Hogstrom 
(1990). B represents buoyant production; P, pressure transport; S, shear production; T, 
turbulent transport; and e, viscous dissipation. 

u ns table c onditions the tu rbule nt transp ort is ne gl igible . This me ans that 
to fi rs t  app roximation the s tress and scal ar flux bu dge ts are in l oc al bal ance , 
be ing p roduce d by gradie nt p roduc tion and bu oyanc y  at the rate the y  are 
des troyed  by p ressu re effec ts .  This is qu ite re markable; g iven the s trong , 
ve rtic al ly co he re nt up drafts in the u ns table su rface l aye r, one might have 
e xpec te d  to find s trong transp ort e ffec ts i n  these bu dge ts -as the re are, 
f or e xample , in the tu rbule nt kine tic e ne rgy budge t. One resul t is t hat 
s imple models base d on the s tress and he at flux e qu ations have bee n quite 
successful i n  c alcul ating the s truc tu re of the su rf ace l aye r (Le welle n & 
Tes ke 197 3, Me llor 197 3). Suc h  mode ls e it he r  ne glec t turbu lent t ransp ort 
or model it as a gradie nt diffus ion p rocess; the l atte r  te nds to be inc orrec t 
in this c ase (W yngaard 197 3, Moe ng & W yngaard 1989) bu t is not a 
se rious e rror bec ause of its s mall magnitu de in the s tress and sc al ar flux 
e qu ations . The y  als o  rep rese nt the p ressu re te rm w ith Ro tta's ( 195 1) 
"re tu rn-to-is otrop y" model , w hic h  f or UIU3 and CU3 s ays 

1 (---ap ----ap) U 1 U 3 - Ul - + U3 - "' -- , 
Po aX3 ax, T1 

( 19) 
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ATMOSPHERIC TURBULENCE 223 

op CU3 - c - '" - ( 20) 
Po OX3 '2' 

the 'i be ing turb ule nt time s ca les . Us ing this in mode ls of (17) a nd (18) 
allows one to re pr oduce the obser ved mea n  wind a nd temperature gradi
e nts quite accura te ly. These s imple mode ls ca n a ls o  re pr oduce the effe cts 
of s tability on the mea n  a nd turbule nce pr ofiles in the s urface layer . 

The br oa d  outlines of the turb ule nt kine tic e ner gy b udge t  in the mixe d  
layer are now e vide nt fr om a comb ina tion of a ir craf t, te thered-balloon, 
a nd ta ll tower meas ure me nts (Ka ima l  e t  a1 1 976 , Le ns ch ow 1 9 79, Ca ughe y 
& W yngaar d 1979, Le ns ch ow e t  a 1 1980, Caughey 1982). F ig ure 7 s ke tches 
its beha vior .  The pr incipa l  turb ule nt kine tic e ner gy s our ce is b uoya nt 
pr oducti on, the pri nci pa l loss vis cous dissipa ti on.  Shear pr oducti on is 
s ma ll in bar otr opic conditions ( i.e. whe n  the h or iz onta l  press ure gra die nt 
is inde pe ndent of he igh t). Turb ule nt tra ns por t  is a n  e ner gy s our ce .  

Wy ngaar d (1983) es tima te d the Rey nolds s tress b udge t  in conve ctive 
b oundar y la yers ha ving s ubs ta ntia l bar oclinity a nd, he nce , s ome meas ur
ab le wind shear des pite the s tr ong conve ction. The b udge ts ofla tera l s tress 
U2U3 a nd s treamwise s tress U,U3 were s imilar , be ing to lowes t or der a 
ba la nce be twee n shear pr oduction a nd press ure des tr uction. Turb ule nt 

N , N 

1.0 r------,..-------,..----r-1..-------,------,-----, 

0.8 

0.6 

0.4 

0.2 

o.o�-��-��-�--�--�-�� -1.2 -0.8 -0.4 1.2 
LOSS 

Figure 7 The budget of turbulent kinetic energy in the convective boundary layer, as 
summarized by Lenschow et al (1980). Symbols as in Figure 6. 
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22 4 WYNGAARD 

tra ns por t  a nd b uoya nt pr oduction were cons iderab ly s ma ller . To firs t 
a ppr oxima ti on this is cons is te nt with a n  e ddy-vis cos ity re la tion 

i = 1 , 2 ,  (21 ) 

with K � 0 .1 W *Zi in mid-la yer . This is a res ul t  tha t  s hould be tes te d  
thr oug h  turb ule nce s imula ti on ( Se ction 7). 

The b udge t  of the ver tica l  flux of te mpera ture be ha ves quite differe ntly in 
the mixe d  la yer . Its pr incipa l  ga in ter m is turb ule nt tra nspor t, re prese nting 
impor t fr om bel ow; to firs t a ppr oxima ti on this bala nces the loss to 
molecular des tr uction. The gra die nt pr oduction ter m var ies fr om a s mal l 
ga in in the outer s ur fa ce la yer to near zer o i n  mid mixe d  layer to a loss 
near the top, w here the mea n  pote ntia l te mpera ture gradie nt cha nges s ig n  
a nd the flux be comes counter -gra die nt. Thus, the e ddy diff us ivity for 
te mpera ture has a mid-la yer s ing ular ity, as pointe d  out by  Dear dorff 
( 1966). 

Moe ng & W yngaar d ( 1 984) use d  lar ge -e ddy s imula tion ( LES) to s tudy 
the top-down a nd b ottom-up sca lar flux b udge ts se para tely a nd found tha t  
the s ingular ity occurs only in the b ottom-up case; the top-down e ddy 
diffus ivity is quite well be ha ved .  The b udge ts ha ve other differe nces of 
de ta il , ind uding a differe nt time sca le f or the press ure des tr uction ter m  in 
the two cases . 

The differe nt ver tica l  tra ns por t pr oper ties for s ca lars re lease d a t  the 
b ottom a nd top of a convective b oundar y la yer could be chara cter is tic of 
convection dr ive n  fr om one s ide -in this case , the lower s ur fa ce .  A phys ica l 
inter pre ta tion is tha t  the une ve n dis tr ib ution of b uoya nt pr oduction ( it is 
pr opor tional to the tempera ture flux pr ofi le , which de creases l inear ly with 
he ight) impar ts a dis ti nct s tr ucture to the ver tica l ve loci ty fie ld thr oug hout 
the layer: It has s tr ong, re la ti ve ly infreque nt updrafts a nd wea ker , more 
fre que nt downdrafts . The pers is te nt b uoya ncy for ces ma ke the e ddies 
cohere nt ver ticall y, s o  the La gra ngia n  a utocorrela tion of ver tical vel ocity 
a cts for s ma ll times as if TL is quite large- of the or der of the large-e ddy 
cir cula tion t ime zJw*. [ In fa ct, TL is f or ma lly zer o be ca use the flow is 
b oun de d i n  t he ver ti cal , s o  the a utocorrela ti on changes si gn a t  larger times 
(Te nne kes & Lumle y  1 972).] This b imoda l, time -cohere nt s tr ucture causes 
s ubs ta ntia l differe nces in the tra ns por t  of cons ti tue nts re leased a t  the top 
a nd b ottom of the layer . 

W yngaar d & We il ( 1991) s ugges te d  tha t tra ns por t as ymme tr y  results 
fr om the intera ction a mong the s ke wness of ver tica l  ve locity, i ts a ppare ntly 
lar ge Lagra ng ia n  inte gra l time s ca le ,  a nd a s calar fl ux gra die nt. The y  
deve lope d  the s imple cons titutive e qua tion 

A
nn

u.
 R

ev
. F

lu
id

 M
ec

h.
 1

99
2.

24
:2

05
-2

34
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
H

aw
ai

i a
t M

an
oa

 L
ib

ra
ry

 o
n 

09
/1

3/
18

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



ATMOSPHERIC TURBULENCE 225 
_ 8C S(W2)1/2TL 8cw cw = -K-- - ( 22) 8z 2 8z ' 

where K � W*Zi is a c ons tant e ddy diff usivity, S = w3j(W2)3/2 is the skew
ness of w, and TL is the L agr angian inte gr al time scale .  The y  sh owe d  th at 
(22) qualitative ly re pr oduces the LES res ults for scalar transpor t  in the 
c onvec tive boundar y  l ayer. 

E quations (21 ) and (22) s ugges t th at conve ctive tur bule nce h as quite 
differe nt tr ans por t  pr oper ties for mome ntum and c onservative sc alar con
s titue nts . Perh aps this is re lated to the findi ng (Les ieur 1 990) th at a tur 
bule nt sc alar fie ld c asc ades more quick ly to h igh wave numbers th an does 
the ve locity fie ld. 

Moe ng & W yngaar d  (1 989) use d  LES (Se ction 7) to s tudy the beh avior 
of the tur bu le nt tr ans por t, press ure covar iance , and diss ipation ter ms in 
cer tain of the Reynol ds e quations for the c onve ctive bound ary l ayer . They  
isol ate d the top- down and bottom-up diffusion pr ocesses and f ound th at 
the tr ans por t  ter ms beh ave d differe ntly in the two cases, and not, in 
ge ner al, as gr adie nt diff us ion. The y  f ound th at the press ure covar iance in 
the scalar flux budge t  re prese nte d  not only re turn- to-is otr opy e ffe cts , as 
in (20), but als o impor tant buoyancy effe cts .  

7. SIMULATING ATMOSPHERIC TURBULENCE 
Gi ve n  the diffi culties and l imitations of dire ct me as ure me nts of atmo
spher ic tur bule nce , an attr ac tive s uppleme ntar y  s ource of dat a  is s imula
tion-e xper ime ntal , in labor ator y  flows, or numer ic al, on the computer. 

Corrs in (1 961) speculated on the r ole of "large c ompu ting mach ines" in 
tur bulence rese arch . Af ter es timati ng th at about 1012 gr id poi nts woul d  
be re quire d for a c alc ul ation at ade quate ly lar ge Re ynolds number , he 
wr ote "The fore going es tim ate is e nough to s ugges t the use of an al og 
ins te ad of d igi tal computation; i n  par tic ular , h ow about an analog con
s is ting of a tank of water?" 

I n  the 1970s De ar dorff and W illis be gan a ser ies of e xperiments with 
water i n  a l abor ator y c onvec ti on tank 1 m on a s ide, us ing a l ayer of less 
de nse fluid at typically 20 cm above the he ate d  s ur face to cap the conve c
tion. The tur bule nce s tr uc ture the y  re por te d (W illis & De ar dorff 1974, 
De ar dorff & W illis 1 985, 1 987) bore a s tr ik ing rese mblance to th at of the 
convective atmos pher ic boundar y  layer , des pi te i ts much lower Re ynolds 
number (Re was about 4 x 1 03, four orders of magnitude less th an in the 
atmos phere), the abse nce of me an she ar, and the differe nces in ge ome tr y. 
Th is tank was als o used to s tudy the dis pers ion of tur bule nt plumes , both 
buoyant and nonbuoyant. I ts res ults cause d a maj or re vamping of sh or t-
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226 WYNGAARD 

ra nge d ispe rsion mod eling in th e lowe r  a tmosphe re (We il 1988, Brigg s 
1 988). 

La bora tory simula tion is a lso used in stud ying tra nsport a nd d iffusion 
in sta bly stra tified flows in c omple x  te rra in (Snyde r 1 985). In such a ppli
ca tions it both e nha nce s ba sic unde rsta nd ing of th e ph enomena a nd g ive s 
use ful rule s of th umb for a pplica tions. Turbule nt e ntra inme nt ac ross a 
d ensity interfac e, a n  importa nt problem in g eoph ysica l turbulenc e, ha s 
long bee n  stud ied th rough la bora tory simula tion (Noke s 1 988). Th e neu
tra l  bounda ry la ye r with out stra tifica tion ha s bee n  simula te d  in the la b
ora tory by Ca ldwell e t  a l  ( 1972). Ja yesh e t  a l  ( 199 1 )  ha ve studie d  stra tified 
turbule nce sa ndwich ed be twee n la ye rs of ne utra l  turbule nce, wh ich ha s 
re le va nce to th e sh ear-free interfac ia l la yer. 

Over the pa st th ree decade s the re ha s bee n  increa sing interest in ca l
c ula tion me th od s for turbulent flows. I will sepa ra te the many wa ys in 
wh ich one ca n a ttempt to ca lc ula te turbulenc e  properties into two ca te
g orie s: mode ling a nd simula tion. In "mode ling" one re pre sents turbule nce 
th rough a pproxima te e qua tions tha t  d ispla y beha viora l  simila ritie s to tur
bulenc e. In "simula tion" one uses equa tions tha t  a re d eriva ble from th e 
e xac t set a nd, he nce , re ma in fa ithf ul to the e sse ntia l physic s. While this 
distinc tion be tween mod eling a nd simula tion is not c ommonly a cce pted , 
I th ink it is useful. 

In d isc ussing sec ond -orde r mode ls of a tmosph eric turbule nce , Lumle y  
( 1 983) de sc ribed a turbule nce mode l a s  "a ca libra ted surroga te for tur
bulenc e." Rega rd ing performa nce, h e  wrote "We would th us e xpec t tha t  
th e mode ls would work sa tisfac torily i n  situa tions not too fa r removed 
geome trica lly, or in pa ra me te r va lue s, from the bench ma rk situa tions use d  
to ca libra te the model." 

It now see ms ge ne ra lly, if implic itly, ag reed tha t turbule nce mode ls a re 
not pred ic tive tools. It wa s not a lways so. Quoting Lumle y  aga in, 

Many of the initial successes of the models (in comparison to first order ones) have been 
in more complex flows, involving heat transfer, buoyancy and the like, because the 
relevant physical mechanisms are included. In addition, some of the successes have been 
in flows dominated by inertia or mean buoyancy, where the details of the turbulence 
model are irrelevant. Thus emboldened, the modelers have been overenthusiastic in 
promoting their models for other complex situations, often without considering at depth 
the difficult questions that arise. Consequently, there is some disillusionment with the 
models, a feeling that they embody too many ad hoc assumptions, and that they are 
unreliable as a result. . . .  This reaction is probably justified, but it would be a shame if 
it resulted in a cessation of efforts to put a little more physics and mathematics into the 
models. 

Turbulence mod els will proba bly a lways be importa nt -even if th e 
"turbule nce proble m" is solved . Zema n ( 198 1 )  revie wed rece nt pr og ress 
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ATMOSPHERIC TURBULENCE 227 

in modeling pla netary boundary layer s, a nd pointed out ar eas  wher e  the 
mode ls nee d  improve me nt. I be lie ve that at this time nume rical simulation 
offe rs the be st path to the se improve me nts. 

In large -e ddy simulation only the large st e ddie s  are simulate d; those 
smalle r  than the g rid are mode le d. Since it is be lie ve d to be more important 
to tr ea t the largest e ddie s  re liably, I cla ssif y LES unde r simulation. 

Moeng ( 1986, 1 987), Ma son & Thomson ( 1 987), Nieuwsta dt & de 
Valk ( 1 987), Mason ( 1989), Schmidt & Schumann ( 1989), Syke s & He nn 
( 1989), and Mason & De rbyshire ( 1990) have applie d LES to atmosphe ric 
boundary-laye r  flows. Each use s a code that is broadly similar to that of 
Deardor ff  ( 1972), a lthoug h  ther e  ar e differences in the spa tia l discr etiza tion 
(some use spectral technique s  in the horizontal, some finite diffe rences) 
a nd subgr id closur es. Toda y's larger computer s  a llow a bout 10 6 spa tia l 
grid points in P BL applications, making a 96 x 96 x 96 grid, for e xample , 
quite f ea sible. 

The difficulty of asse mbling suitable data base s on atmosphe ric tur
b ulence (Section 3) ma kes defi nitive testing of a tmospher ic LES r esults 
difficult. De ardorff ( 1974), for e xample , could check only gross aspects of 
his simula tion of Day 33 in the Wangara exper iment agains t  the obser 
vations. Moe ng ( 1 984) te ste d  against an analytical Taylor-Gree n vorte x  
fl ow and the W angara data. Othe rs have use d  laboratory data; Schumann 
and coworke rs, for e xample, use d  the Adrian e t  al ( 1986) conve ction 
studies, a nd Mas on ( 1 989) a nd Nieuws ta dt & de Va lk ( 1987) us ed the 
De ardorff -Willis tank r esults. Fig ur e  8 shows Moe ng's LES results for the 
tur bulence kinetic energ y budg et in the convective boundary layer and 
comparisons of various budge t  te rms with l aboratory and atmosphe ric 
meas urements . 

LES re sults are so de taile d  and comple te that the y can be imme diate ly 
us ef ul in modeling . For exa mple, Eber t et a l  ( 1989) used LES r esults to 
obtain insight into Stull's ( 1 984) closure for conve ctive turbule nce . Moeng 
& W yngaard ( 1 989) used it to a ssess the turbulent tra nspor t  and dis
sipation-rate closure s  use d  in se cond-orde r  mode ls of the atmosphe ric 
boundary la yer . Schuma nn ( 1989) used LES to study turbulent diff usion 
of re active specie s  in the convective boundary laye r. Mason & De rbyshire 
( 1990) r eported the fir st LES s tudies of a s ta bly s tra tified PBL and showe d  
that the e sse nce of ce rtain pre vious mode ls o f  it wa s correct. Thes e  studies 
demonstra te the pote ntial of LES; it is doubtful that any of them could 
have bee n  done through dire ct me asure me nts in the atmosphe re . 

LES as applied to a tmos pher ic tur bulence has s ome limita tions , includ
ing the s ubgrid-sca le (SGS) closur e  a nd limited doma in siz e. LES typically 
us es a var iant of the Smag or ins ki ( 1 963) model of the effects of eddies 
smalle r  than the nume rical grid. W ithin the boundary laye r  the e ne rgy-
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Figure 8 LES results for the turbulent kinetic energy budget in the convective boundary 
layer. Upper panel: complete budget, labels as in Figure 6. Note the overall agreement with 
the experimental results in Figure 7. Lower panel, left: comparisons of Ii and T from LES 
with Deardorff-Willis ( 1985) tank results (squares) and Lenschow et al ( 1980) atmospheric 
results (circles). Lower right: comparison of P from LES with tank results. Figure courtesy 
of C.-H. Moeng, NCAR. 
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ATMOSPHERIC TURBULENCE 229 

containing range is typically well resolved, with a negligible portion of the 
turbulent fluxes carried by the subgrid-scale eddies. Near the lower surface, 
however, this is not the case. Mason (personal communication) has found 
that existing subgrid-scale closures do not perform well there; the mean
field gradients, for example, are systematically larger than measured. He 
attributes this in part to the use of an ensemble-mean subgrid scheme that 
fails to account for the temporally and spatially local variations in the 
subgrid-scale flux divergences, or what is sometimes called "stochastic 
backscatter." 

The subgrid schemes used today are independent of Reynolds number. 
Thus, it is not possible to use today's LES codes to investigate whether 
flow structure depends on Reynolds number. 

The requirement that the energy-containing range be resolved restricts 
LES in boundary-layer applications to domains no larger than about 10 
km in the horizontal. This limits its utility in problems involving surface 
variations; in many such cases one would like to be able to simulate 
domains perhaps an order of magnitude larger. 

Direct numerical simulation (DNS)-which involves the numerical 
solution of the Navier-Stokes equations without closure assumptions-is 
having a huge impact on turbulence research (Hunt 1988, Reynolds 1 990) .  
I t  i s  limited to  flows of  low turbulence Reynolds number, since all eddies 
must be resolved, but with today's machines R, values in the range 50-
100 are possible. Such simulations appear to be on the verge of yielding 
an inertial sub range (Kerr 1 985). DNS is believed to be useful as a predictor 
of flows at larger Reynolds number because of the observation that above 
a threshold value, the energy-containing range structure of turbulent flows 
generally varies only weakly with Reynolds number. 

DNS has only recently been applied to the atmospheric boundary layer. 
Coleman et al ( l 990 b) presented results from the direct numerical simu
lation under neutral, unstable, and stable stratifications. The neutral runs 
showed that Coriolis forces do influence the turbulence; differences as large 
as 20 % in the geostrophic drag coefficient and 70 % in the angle between 
the freest ream velocity and the surface shear stress were found. Longi
tudinal roll cells were found only under mildly unstable conditions; they 
carried about 10 % of the heat and momentum fluxes. The stable results 
supported Nieuwstadt's ( 1 984) local scaling scheme and other models, and 
agreed well with the Mason-Derbyshire (1 990) LES results. The authors 
reported many instances in which their DNS results were very similar to 
those found through LES. 

DNS cannot be used to represent the turbulent fine structure of the 
atmosphere, since that does depend on Reynolds number (Figure 1). One 
caveat on DNS of atmospheric turbulence, then, is that it is not trustworthy 
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230 WYNGAARD 

in any problem that depends significantly on fine structure. Examples 
could include the role of turbulence in droplet coalescence processes in 
clouds (Tennekes & Woods 1 973), and relative diffusion at small sep
arations (Novikov 1 989, Thomson 1 990). 
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