


turbulent  d i f fus ion  with a maximum a t  the  point a t  which the t o t a l  po ten t i a l  
temperature i s  minimum (negative fo r  convective i n s t a b i l i t y ) .  The t o t a l  
po ten t i a l  temperature may be wr i t t en  a s  

e = (1  + acos $1 
. Z  2 

(3) 

where $ i s  the  phase funct ion 

+ = lur + mz - kct  (4) 

and a i s  a measure of wave amplitude (a > 1 f o r  convective i n s t a b i l i t y ) .  

We now multiply (2)  by e n ,  average hor izonta l ly ,  and note t h a t  a l l  t k i p l e  
co r re la t ions  a-mall by v i r t u e  of the assumed negative co r re la t ion  of vn and 
8 '. Solving w' e n ,  assuming steady-state sa tura t ion,  and subs t i tu t ing  i n t o  
( f )  y ie lds ,  a f t e r  some manipulation, 

Al ternat ively ,  i f  w e  w r i t e  

'and define a pos i t ive  coe f f i c i en t  

0 s - L % z A  
V 

then (5) becomes 6 

-. This expression r e l a t e s  a l l  of the wave and turbulence contr ibut ions  t o  the mean 
turbulence f l u x  of po ten t i a l  temperature. I n  p a r t i c u l a r ,  we note  t h a t  both wave 
and turbulence f luxes  include a countergradient d i f fus ion  term due t o  the - - --- occurrence of a maximum turbulent d i f fus ion  i n  regions of minimum 6 These 

- 
Z *  countergradient terms reduce the  t o t a l  down-gradient f l u x  of heat (and 

const i tuents)  expected on the bas i s  of a miform turbulent diffusion.  

The magnitude of t h i s  e f f e c t  can be i l l u s t r a t e d  by assuming a d i s t r i b u t i o n  
f o r  turbulent  d i f fus ion  of the form 

(1 - cos 41 n v = v  
0 2 , )  

( 9 )  7 

fo r  n 2 0  so t h a t  

The magnitudes of the turbulence and t o t a l  (waxe plus turbulence) f luxes a r e  
shown f o r  var ious  values  of n (and negl ig ible  v,,) i n  Figure 1 with dashed and 
s o l i d  l i n e s ,  respectively.  Note t h a t  w e n  f o r  r e l a t i v e l y  small n (broad 
d i s t r i b u t i o n s  of turbulent  d i f fus ion) ,  the  countergradient terms r e s u l t s  i n  an 
appreciable reduction of the t o t a l  f l u x  expected fot a uniform turbulent 
d i f fus ion  (with n = 0 ) .  In  the case where v and vh contribute equally t o  the 
down-gradient wave f lux ,  it i s  possible t o  show tha t ,  while the reduction of the 
t o t a l  f l u x  may be s ign i f i can t ,  the t o t a l  f l u x  remains down-gradient fo r  a l l  
a and n 2 0 (FRITTS and DUNKERTON, 1984). Additionally,  t h i s  theory predic ts  



Figure 1. Variation of the turbulent (- - -1 and ne t  (-1 
r a t e  of change of mean po ten t i a l  tenperature normalized 
by the  turbulent t ranspor t  of the  mean fo r  the case of a  
v e r t i c a l  turbulent  d i f f u s i v i t y  alone. Note t h a t  even 
small values of n  cause s ign i f i can t  reductions i n  the 
net  f lux.  

Prandt l  numbers i n  the mean and per turbat ion equations much l a rge r  than unit$ 
fo r  nonuniform turbulent d i f fus ion,  a s  an t i c ipa ted  by CKAO and .SCHOEBERL 
(1984). 

These r e s u l t s  imply t h a t ,  while a  l a rge  turbulent d i f fus ion  may be required 
f o r  the d i s s ipa t ion  of gravi ty  wave and t i d a l  motions, a  subs tan t i a l ly  smaller 
e f f e c t i v e  d i f fus ion  may act  t o  mix mean gradients  of po ten t i a l  tenperature and 
const i tuents .  The reason i s  t h a t  intense turbulence (and d i f fus ion)  i s  expected 
i n  precise ly  those regions of the gravity-wave f i e l d  i n  which the t o t a l  
gradients  of po ten t i a l  temperature and const i tuents  a r e  small o r  opposite t o  
those of the  mean s t a t e .  Thus, i t  may not be su f f i c i en t  t o  i n f e r  a mean 
v e r t i c a l  d i f fus ion  by assuming an average l e v e l  of turbulence applied t o  the  
mean s t a t e .  It may be necessary, instead,  to  i n f e r  the e f fec t ive  v e r t i c a l  
d i f fus ion  from observations of the in tens i ty  and d i s t r i b u t i o n  of turbulent 
l aye r s  a s  we l l  as the  thermal s t ructure .  Such measurements could resolve  the 
discrepancy between the l eve l  of turbulence required t o  d i s s ipa te  observed wave 
motions and t h a t  needed t o  explain middle atmosphere const i tuent  d i s t r ibu t ions .  
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