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Rocket obse rva t ions  a t  high l a t i t u d e s  i n d i c a t e  a 
s i g n i f i c a n t l y  co ld  thermal s t r u c t u r e  during summer i n  
t h e  upper mesosphere and lower thermosphere. 
t a i l ed  c o n s i d e r a t i o n s  of r a d i a t i v e  t r a n s f e r  w e  have ob- 
t a i n e d  t h e  i n f r a r e d  hea t ing  r a t e s  i n  t h i s  r eg ion  of t h e  
atmosphere and deduced v e r t i c a l  v e l o c i t i e s  f r o m  t h e s e  
h e a t i n g  rates. 

W e  f i n d  t h a t  s t r o n g  i n f r a r e d  f l u x  convergence i n  t h e  
v i c i n i t y  of 85 k m  r e s u l t s  i n  a h e a t i n g  of about  loo K/day 
and p o s i t i v e  v e r t i c a l  v e l o c i t i e s  of about 5 cm/sec. Such 
v e r t i c a l  v e l o c i t i e s  favor  t h e  formation of n o c t i l u c e n t  
c louds  a t  t h i s  a l t i t u d e .  

From de-  
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V e r t i c a l  Motions i n  t h e  Upper Atmosphere Deduced 
from Rocket Measured Temperatures 

I n t r o d u c t i o n  

Recent h i g h - a l t i t u d e  rocket-grenade experiments a t  Church- 

h i l l ,  Canada, Barrow, Alaska and Kronogard, Sweden have re- 

vea led  some i n t e r e s t i n g  f e a t u r e s  of  t he  temperature  s t r u c t u r e  

i n  t h e  e a r t h ’ s  mesophere and lower thermosphere. These ob- 

s e r v a t i o n s  i n d i c a t e  t h a t ,  a t  high l a t i t u d e s ,  t h i s  r eg ion  of 

t h e  atmosphere is s i g n i f i c a n t l y  w a r m e r  i n  w i n t e r  t han  i n  summer, 

as shown i n  F igu re  I (Theon, Nordberg and Smith, 1966) .  Such 

a temperature  p a t t e r n  cannot be expla ined  by cons ider ing  a 

r a d i a t i o n  ba lance  alone.  It has  been suggested t h a t ,  i n  

w i n t e r ,  dynamical hea t ing  (Leovy, 1964) , chemical hea t ing  

(Kellogg, 1961) and hea t ing  by d i s s i p a t i n g  g r a v i t y  waves 

(Hines,  1963; Leovy, 1966) may p lay  a role i n  e s t a b l i s h i n g  t h e  

thermal  s t r u c t u r e  a t  t h e s e  levels.  I n  summer, however, dy- 

namical cool ing  appears  t o  be the on ly  s i g n i f i c a n t  non-rad ia t ive  

process  involved. 

An examination of r a d i a t i v e  hea t ing  and cool ing  i n  t h e  

s t r a t o s p h e r e  and mesosphere has  been made by Murgatroyd and 

Goody (1958) us ing  t h e  information regard ing  t h e  thermal  s t r u c -  

t u r e  of t h e  atmosphere a v a i l a b l e  a t  t h a t  t i m e .  On t h e  basis 

of t h e i r  hea t ing  rates, Murgatroyd and S ing le ton  (1961) de- 

r i v e d  a mer id iona l  c i r c u l a t i o n  i n  t h i s  r eg ion  o f  t h e  atmosphere. 
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The extremely cold temperature s t r u c t u r e  i n  t h e  v i c i n i t y  

of t h e  mesopause i n  summer, which has  been revea led  by t h e  

r e c e n t  obse rva t ions  prompts u s  t o  re-examine t h e  r a d i a t i v e  

ba l ance  of t h i s  region.  

F o r  t h e  observed summer temperature s t r u c t u r e  a t  Kronogard 

and B a r r o w  (F igures  I1 and 111) t h e  i n f r a r e d  hea t ing  of t h e  a t -  

mosphere a t  t h e s e  l e v e l s  i s  obtained from a d e t a i l e d  r a d i a t i v e  

t r a n s f e r  c a l c u l a t i o n  i n  t h e  1 5  p CO 

t h i s  hea t ing  we d e r i v e  the  v e r t i c a l  veloci t ies  necessary  t o  

and 9.6 p O3 bands. From 2 

main ta in  t h e  observed temperature s t ruc ture ,assuming s o l a r  

u l t r a v i o l e t  hea t ing  i s  absent .  Such estimates of  v e r t i c a l  

v e l o c i t i e s  are c o n s e r v a t i v e , i n  our view, s i n c e  any solar  h e a t i n g  

would only  enhance ver t ica l  motions. 



. 

T h e o r e t i c a l  Cons idera t ions  

From the theory  of r a d i a t i v e  t r a n s f e r ,  i t  i s  p o s s i b l e  t o  

c a l c u l a t e  an equ i l ib r ium temperature s t r u c t u r e  when the  sources 

and s i n k s  of radiative energy wi th in  the atmosphere are  known. 

Conversely,  i f  a thermal s t r u c t u r e  i s  s p e c i f i e d ,  fo r  example, 

f r o m  obse rva t ions ,  and i f  an assumption of quas i -equi l ibr ium 

i s  made, t h e  r a d i a t i v e  hea t ing  and cool ing  rates i n  t h e  a t -  

mosphere can be obtained.  

The basic equat ion  of r a d i a t i v e  t r a n s f e r  relates the n e t  

f l u x  d ivergence  t o  the absorbed and e m i t t e d  ene rg ie s  per  u n i t  

volume and per  u n i t  t i m e :  

ss dl(v,e,z) dv d w  = - sl I ( v , 9 , z ) n ( z ) k ( v r z ) d v  d w  
ds 

+ sl J ( v , z ) n ( z ) k ( v , z )  d v  dw 

where the  symbols have t h e  following meaning: 

frequency of r a d i a t i o n  

s o l i d  angle  

z e n i t h  angle  

geometr ic  p a t h  length  ( d s  = sec 9 dz)  

a l t i t u d e  

number d e n s i t y  of  absorbing molecules  

abso rp t ion  c o e f f i c i e n t  

source  func t ion  

i n t e n s i t y  of  r a d i a t i o n .  
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With the boundary conditions of zero downward flux of 

infrared energy at the top of the atmosphere zH, and a black- 

body surface at the ground zo,the basic equation of radiative 

transfer (1) can be solved to yield at any level zl, the up- 

ward and downward intensities, I?(v,e, z,) and 

I ~ ( v , ~ , z  ) respectively: 1 

-1 

B(v,zo) is the Planck intensity from the ground, and 7(v,Q,(zl - 21) 

represents the transmission of the atmosphere at frequency v 

and zenith angle 8 between levels z and zl: 

where A ( v ,  0 ,  Iz, - zl) is the fractional absorption. 
From expressions (l), (2) and ( 3 )  the intensities and thereby 

the net flux divergence can be evaluated, provided the trans- 

mission function 7 and the source function J are known. A dis- 

cussion of the transmission function is given in the next section. 

The source function J is commonly assumed to be the Plank 

intensity B. 

band at low pressures in the high atmosphere, where molecular 

However, such an assumption fails in the 15 p C02 
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c o l l i s i o n s  are not  f r equen t  enough t o  main ta in  t h e  v i b r a t i o n a l  

energy  levels i n  a Boltzmann d i s t r i b u t i o n .  According t o  C u r t i s  

and Goody (1956) t h e  source func t ion  i n  t h i s  band when t h e r e  i s  

d e p a r t u r e  from local  thermodynamic equ i l ib r ium i s  given by: 

w h e r e  cp is  t h e  r a d i a t i v e  l i fe t ime and X i s  t h e  v i b r a t i o n a l  re- 

l a x a t i o n  l i f e t i m e .  

S ince  the source func t ion  J shown i n  equa t ion  (5)  is  i t s e l f  

dependent on t h e  f l u x  divergence,  JJ-v dvdw, i n  the  1 5  I-1 

band, an  i t e r a t i v e  procedure i s  adopted t o  determine J. 

Radiative t r a n s f e r  i n  t h e  9 .6  p O3 band should be treated 

i n  a s i m i l a r  manner t o  a l l o w  for p o s s i b l e  d e p a r t u r e  f r o m  thermo- 

dynamic equi l ibr ium.  A l ack  of knowledge o f  the  r e l a x a t i o n  

t i m e  f o r  t h e  0 molecule prevents  u s  from doing so, and w e  have 

assumed t h e  v a l i d i t y  of Kirchhoff ' s  l a w  i n  t h e  9.6 p band. A t  

3 

h igh  a l t i t u d e s  t h e  f l u x  divergence of energy i n  the  9.6 p band 

i s  s m a l l  compared t o  t h a t  i n  15  CO, band, so t h a t  such an 

assumption does n o t  lead  t o  

Taking t h e  temperature  

r o c k e t  obse rva t ions  w e  have 

L 

s i g n i f i c a n t  e r r o r .  

s t r u c t u r e  i n  the atmosphere f r o m  

computed t h e  t o t a l  i n f r a r e d  f l u x  

d ivergence  i n  the  15  p C02 band and 9.6 p O3 bands. 

s ta te  c o n d i t i o n s ,  t h i s  t o t a l  f l u x  divergence must be balanced 

by solar  energy abso rp t ion  and dynamical h e a t i n g ,  so t h a t  

Under  s t e a d y  
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where W(z) i s  ver t ica l  v e l o c i t y  

p ( z )  i s  m a s s  d e n s i t y  

C i s  s p e c i f i c  h e a t  at  cons t an t  p re s su re  

g i s  t h e  acceleration due t o  g r a v i t y  

Q ( z )  i s  t h e  solar energy absorbed per  u n i t  volume and 

P 

p e r  u n i t  t i m e  by O2 and 03. 

Equation ( 6 )  can be solved f o r  W(z) provided t h e  o t h e r  

q u a n t i t i e s  involved are s p e c i f i e d .  

The s o l a r  u l t r a v i o l e t  energy absorbed by O2 and O3 can 

be eva lua ted  by spec i fy ing  t h e  absorp t ion  c r o s s  s e c t i o n s ,  s p e c t r a l  

energy d i s t r i b u t i o n ,  and t h e  local concen t r a t ions  of 0 

The ver t ica l  d i s t r i b u t i o n  of these  gases  may be obta ined  f r o m  

photochemical c o n s i d e r a t i o n s  (See, for  example, Prabhakara and 

Hogan, 1965) .  

and 0 3 .  2 
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Transmission Funct ions  

The re la t ive importance of Lorentz and Doppler broadening 

depends upon the  r eg ion  of t h e  atmosphere under c o n s i d e r a t i o n .  

I n  t h e  o p t i c a l l y  t h i c k  l a y e r s  of t h e  l o w e r  atmosphere, where 

c o l l i s i o n s  are f r equen t ,  l i n e  broadening i s  predominantly Lorentz  

i n  c h a r a c t e r .  A t  ve ry  h igh  l e v e l s ,  on t h e  o t h e r  hand, t h e  Doppler 

broadening is  impor tan t ,  while  at  i n t e r m e d i a t e  h e i g h t s ,  a combin- 

a t i o n  of  bo th  Lorentz  and Doppler e f f e c t s  i s  p resen t .  A g e n e r a l  

expres s ion  for  the v a r i a t i o n  of the  abso rp t ion  c o e f f i c i e n t  over  

a s p e c t r a l  l i n e  which takes bo th  phenomena i n t o  account i s  given 

b Y  

H e r e ,  t h e  symbols have the meaning: 

S t o t a l  l i n e  i n t e n s i t y  

U m o l e c u l a r  v e l o c i t y  

V c e n t r a l  f requency o f  l i n e  

C speed of l i g h t  
0 

T,orentz half-width of l i n e  

Doppler half-width of l i n e .  
L 

D 

a. 

U 

For s m a l l  v a l u e s  of  t h e  parameter ci = a /a H a r r i s  (1948) L D' 

h a s  expressed  t h i s  i n t e g r a l  as a power series i n  a, wi th  co- 

e f f i c i e n t s  Hi which are t abu la t ed  as f u n c t i o n s  of the  parameter 

v = ( v -  V o V D  : 
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This  formula t ion  w a s  used t o  eva lua te  kv fo r  c < 0.5. 

t h i s  expres s ion ,  t h e  mean f r a c t i o n a l  abso rp t ion  fo r  a s p e c t r a l  

Using 

i n t e r v a l  i s  

+d/2aD 
'D r 

JJ 

w h e r e  d is t h e  mean l i n e  spacing and u is t h e  o p t i c a l  pa th .  

Equat ion (9) can be so lved  numerical ly  by s u b s t i t u t i n g  the tab- 

u l a t e d  func t ions  Hi i n  equat ion  (8) f o r  kv. 

Van der H e l d  (1931) has  shown tha t  fo r  v a l u e s  of a > 1, the  

mean f r a c t i o n a l  abso rp t ion  f o r  a s p e c t r a l  i n t e r v a l  i s  c l o s e l y  

approximated by the  Ladenburg-Reiche (1913) formula: 

where 

and Io and I1 are t h e  B e s s e l  f unc t ions  of order z e r o  and one 

and of imaginary argument. 

The t w o  equa t ions  (9)  and (10) g i v e  t h e  f r a c t i o n a l  absorp- 

t i o n  due t o  one s p e c t r a l  l i n e .  When broad s p e c t r a l  i n t e r v a l s  

c o n s i s t i n g  of a l a r g e  number of l i n e s  are cons idered ,  t h e  t r a n s -  

miss ion  and a b s o r p t i o n  of a gas  can be r e p r e s e n t e d  by any one 
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of several Sand models.  H e r e  we have adopted a "s ta t i s t ica l"  

band model i n  which t h e  mean l i n e  spac ing  i s  h e l d  c o n s t a n t  

throughout  t h e  band, whi le  t h e  l i n e  i n t e n s i t y  i s  allowed t o  

v a r y  f r o m  i n t e r v a l  t o  i n t e r v a l  w i th in  t h e  band. So, i f  t h e  

mean l i n e  spacing d fo r  t h e  whole band and mean l i n e  i n t e n s i t y  

S for  each one of  t h e  s p e c t r a l  i n t e r v a l s  w i t h i n  t h e  band are 

known, t h e  average t r ansmiss ion  o r  abso rp t ion  i n  each of t h e  

s p e c t r a l  i n t e r v a l s  can be c a l c u l a t e d  f r o m  equa t ions  (9) and (10) .  

The 15 p C02 band w a s  d iv ided  i n t o  s i x  s p e c t r a l  i n t e r v a l s  

of 50 cm-' width f r o m  550 cm-' t o  850 an-'. The Lorentz h a l f -  

width aL of the  l i n e s  i n  t h i s  band i s  given as 0.064 an-' by 

Kaplan and Eggers (1956) for  a temperature of 298O K and a 

p r e s s u r e  of one atmosphere. Yamamoto and Sasamori (1958) have 

u s e d  a mean l i n e  spacing d of 1.55 cm i n  t h e i r  c a l c u l a t i o n  of 

t h e  a b s o r p t i o n  of t h i s  band. Thus ,  a va lue  of t h e  parameter p 

-1 

is determined as 0.24. 

of B ,  ano the r  parameter,  

s p e c t r a l  i n t e r v a l s  from 

and P l a s s  (1963). This  

With t h i s  knowledge of t h e  magnitude 

S/2vaL, w a s  deduced for  the  v a r i o u s  

t h e  t ransmiss ion  tables of S t u l l ,  Wyatt 

parameter i s  given i n  Table IA. 

The 9.6 p O3 band w a s  t r e a t e d  as a s i n g l e  s p e c t r a l  i n t e r v a l  

extending f r o m  990 cm-I t o  1090 an-'. 

an a n a l y s i s  of t h e  9.6 p O3 band area measurements by Walshaw 

(1957) and so had eva lua ted  t h e  parameterse  and S/2vaL for  t h i s  

band. I t  w a s  found t h a t  the va lues  obta ined  by Plass can re- 

produce t h e  band area as measured by Walshaw q u i t e  a c c u r a t e l y  

P l a s s  (1960) had made 
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and so they  w e r e  adopted i n  our  i n v e s t i g a t i o n .  The Lorentz  

ha l f -wid th  of t h e  s p e c t r a l  l i n e s  i n  t h e  9.6 c1 O3 band i s  g iven  

by Goody (1964) as 0.076 c m - l  a t  293O K and 1000 mb.  

v a l u e ,  t h e  q u a n t i t i e s  S and d can  be ob ta ined  (Table I B ) .  

Using t h i s  

The va lue  of t h e  Doppler half-width u D  a t  a temperature  

of  225O K i s  a l s o  given i n  t h e s e  tables for  both  bands. 

Using t h e s e  va lues  of t h e  var ious  band parameters ,  t h e  

f r a c t i o n a l  abso rp t ion  i s  calculated from equa t ions  (9 )  and (10)  

f o r  d i f f e r e n t  pa th  l eng ths  and pressures .  As an i l l u s t r a t i o n ,  

t h e  abso rp t ion  obta ined  f o r  t h e  15 O3 bands,  

p l o t t e d  as a func t ion  of  2nax, i s  shown i n  F i g u r e s  I V  and V. 

I n  t h e s e  f i g u r e s ,  l i n e s  of  cons tan t  va lues  of t h e  parameter a 

are shown. Each of  t h e s e  l i n e s  corresponds t o  a l i n e  of con- 

s t a n t  p r e s s u r e  i f  t h e  temperature remains unchanged a t  225 K. 

For l o w  p re s su res  ( s m a l l  a) t h e  absorp t ion  is  mainly due t o  t h e  

Doppler broadening and, wi th  t h e  i n c r e a s e  of  pa th  l e n g t h ,  t h e  

a b s o r p t i o n  i n c r e a s e s  ve ry  s lowly u n t i l  t h e  wings of t h e  absorp- 

t i o n  l i n e s  g r a d u a l l y  begin  t o  absorb. Then the  a b s o r p t i o n  i n -  

creases i n  square  r o o t  f a sh ion  with pa th  l eng th  u n t i l  t h e  level 

o f  s a t u r a t i o n  i s  reached. 

C02 and 9.6 

0 

I n  c a l c u l a t i o n  of atmospheric t r ansmiss ions  over  long pa th  

l e n g t h s ,  t h e  v a r i a t i o n  of pressure  and temperature  must be 

taken i n t o  account .  Therefore ,  the weight ing procedure de- 

veloped by C u r t i s  (1952) and Godson (1953) w a s  used t o  o b t a i n  

t h e  t ransmiss ion .  The temperature dependence of t h e  l i n e  s t r e n g t h s  
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. .  in t h e  15 CO band is treated i r ?  a way srmrlar to t h a t  used by 

Praphakara and Hogan (1965).  T h e  v a r i a t i o n  of a w i t h  temperature  

is also inco rpora t ed  i n  t h e  c a l c u i a t i o n .  

2 
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R e s u l t s  and Discussion 

W e  have examined t h e  i n f r a r e d  r a d i a t i v e  h e a t i n g  corresponding 

t o  t h e  rocket-measured temperature p r o f i l e s  a t  Kronogard (66c N ,  

29 July, 1963) and B a r r o w  (71° N ,  9 August, 1965) and determined 

t h e  v e r t i c a l  v e l o c i t i e s  i n  t h e s e  cases by t h e  procedure o u t l i n e d  

above. The h e a t i n g  rates and r e s u l t a n t  ver t ica l  v e l o c i t i e s  are 

g iven  i n  F igu res  I1 and 111. 

The convergence of  i n f r a r e d  f l u x  between 70 km and 90 km 

a l t i t u d e  l e a d s  t o  a s i g n i f i c a n t  d i a b a t i c  hea t ing  of t h e  order 

of  l o o  K/day. This  hea t ing  alone impl i e s  v e r t i c a l  v e l o c i t i e s  

of  - 5 cm/sec near  80 km. This  is  a consequence of  a n e a r l y  

a d i a b a t i c  temperature  g r a d i e n t  i n  t h i s  r eg ion  of  t h e  atmosphere. 

C a l c u l a t i o n s  of i n f r a r e d  hea t ing  rates w e r e  made f o r  C 0 2  

v i b r a t i o n a l  r e l a x a t i o n  t i m e s  X of sec and 5 x sec 

(a t  a p r e s s u r e  of 1 atmosphere) t o  i l l u s t r a t e  t h e  e f f e c t  of t h i s  

parameter on t h e  ver t ical  velocit ies.  

fundamental of  C02 (15 ,, band) i s  known t o  a t i o n  t i m e  of  t h e  

w i t h i n  an o r d e r  o f  magnitude, sec t o  sec ( M a r r i o t t ,  

1964) .  This r e l a x a t i o n  t i m e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  pres-  

s u r e  and many have a weak temperature  dependence (Herzfeld and 

L i t o v i t z ,  1959).  W e  have considered only  t h e  p r e s s u r e  depen- 

dence as v a r i a t i o n s  i n  p re s su re  i n  t h e  atmosphere are much l a r g e r  

t han  temperature  v a r i a t i o n s .  I t  can be seen  i n  F igu res  I1 and 

111, t h a t  decreas ing  t h e  r e l a x a t i o n  t i m e  i n c r e a s e s  t h e  i n f r a r e d  

h e a t i n g .  Were t h e  atmosphere i n  a s t a t e  o f  local thermodynamic 

The v i b r a t i o n a l  relax- 

v 2  
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e q u i l i b r i u m  a t  t h e s e  levels,  heat ing rates i n  excess o f  20° K/day 

and ver t ical  ve loc i t ies  i n  excess of 10 cm/sec would be obta ined .  

I n f r a r e d  t r a n s f e r  of  energy i n  t h e  6.3 and f a r  i n f r a r e d  

r o t a t i o n  bands of  H20 w a s  n o t  taken i n t o  account  i n  t h i s  s tudy .  

E s t i m a t e s  of  t h e  w a t e r  vapor conten t  i n  t h e  h igh  atmosphere 

d i f f e r  markedly (see Theon, Nordberg and Smith, 1966).  W e  be- 

l i e v e  t h a t  t h e  presence o f  s i g n i f i c a n t  amounts of w a t e r  vapor 

would on ly  augment t h e  i n f r a r e d  f l u x  convergence i n  t h e  co ld  

r eg ion  of t h e  atmosphere around 85 km, and r e s u l t  i n  l a r g e r  

v e r t i c a l  velocit ies.  

Solar u l t r a v i o l e t  hea t ing  by O3 has  n o t  been considered 

h e r e ,  as t h e  i n t e r a c t i o n  o f  O3 wi th  H 2 0  a t  t h e s e  levels would 

reduce t h e  concen t r a t ion  of  O3 and i ts  hea t ing  effect  q u i t e  dras -  

t i c a l l y  (Hunt, 1966; Hessvedt,  1965). S ince  t h e  amount of H 2 0  

p r e s e n t  nea r  t h e  mesopause i s  u n c e r t a i n ,  elaborate photochemical 

c a l c u l a t i o n s  t o  determine t h e  O3 c o n c e n t r a t i o n  w e r e  n o t  made. 

Any ozone hea t ing  i n  t h e  v i c i n i t y  of t h e  mesopause would c o n t r i b u t e  

t o  i n c r e a s e  t h e  ver t ica l  v e l o c i t i e s .  

I n  v i e w  o f  t h e  u n c e r t a i n t i e s  o f  t h e  h e a t i n g  by H 2 0 i n  the  

i n f r a r e d  and by O3 i n  t h e  u l t r a v i o l e t ,  a d e t a i l e d  de te rmina t ion  

of  t h e  mer id iona l  c i r c u l a t i o n  involving h o r i z o n t a l  h e a t  t r a n s p o r t  

h a s  n o t  been made he re .  

expec t  a t  h i g h e r  levels i n  t h e  summer mesosphere would tend  t o  

compensate i n  p a r t  f o r  t h e  s t r o n g  i n f r a r e d  f l u x  convergence a t  

t h e s e  levels.  However, w e  f e e l  t h a t  t h e s e  estimates of  ver t ical  

The c o l d  a i r  advec t ion  which one might 
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v e l o c i t i e s  of - 5 cm/sec nea r  80 km, al though somewhat l a r g e r  

t han  t h o s e  of Murgatroyd and Single ton  (1961) ,  1 cm/sec, are 

q u i t e  r easonab le  i n  view o f  t h e  extremely co ld  temperatures  ob- 

served  a t  t h e s e  levels. 

The v e r t i c a l  veloci t ies  der ived h e r e  might be r e l a t e d  t o  

t h e  occurrence  of n o c t i l u c e n t  c louds i n  the  v i c i n i t y  of  t h e  

e a r t h ' s  mesopause. An e x t e n s i v e  review o f  n o c t i l u c e n t  cloud s t u d i e s  

i s  g iven  by Fogle  and Haurwitz (1966). Noc t i lucen t  cloud d i s -  

p l ays  are observed t o  be q u i t e  widespread and t h u s  imply t h e  

e x i s t e n c e  of l a r g e  scale vertical  motions.  Charleson (1965) con- 

c ludes  tha t  vertical  ve loc i t ies  of t h e  order of 20 cm/sec are re- 

q u i r e d  t o  s u s t a i n  a cloud of s p h e r i c a l l y  shaped p a r t i c l e s  of 0.1 ,, 
s i z e  w i t h  a mean d e n s i t y  of - 1 . 0  g/cc.  On t h e  o t h e r  hand, Chap- 

man and Kendall  (1965) estimate t h a t ,  i f  t h e  p a r t i c l e s  are of 

need le  o r  f l a k y  form wi th  a mean d e n s i t y  of - 0 .1  g/cc,  v e r t i c a l  

veloci t ies  of  - 1 cm/sec (as suggested by Murgatroyd and S ing le ton  

(1961))  would be s u f f i c i e n t  f o r  cloud formation.  The ver t ical  

ve loc i t ies  of - 5 cm/sec which are suggested by t h i s  s tudy ,  when 

extremely c o l d  temperatures  are p resen t ,  would favor t h e o r i e s  of  

n o c t i l u c e n t  c loud  formation based upon less r e s t r i c t i v e  assumptions 

wi th  regard  t o  p a r t i c l e  shape, s i z e  and dens i ty .  

- 15 - 
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FIGURZ CAPTIONS 

F i g u r e  I: Typ ica l  high l a t i t u d e  summertime and win ter t ime 
t e a p e r a t w e  p r o f i l e s .  These avera  es inc lude  s o u d i n g s  from 
C h u r c h i l l ,  Barrow and Kronogard. f After Theon, Nordberg and 
Smith,  1966.) 

c a l c u  h h r a r e d  h e a t i n g  rate and r e s u l t a n t  v e r t i c a l  v e l o c i t i e s  
( ( A )  ii h t  s o l i d  l i n e s ,  Lo = 10-8 s e c ;  
5 x 10-6 s e c )  a t  Kronogard, Sweden, 

c a l c u  -ared a t e  h e a t i n g  ra tes  and r e s u l t a n t  v e r t i c a l  v e l o c i t i e s  
( ( A )  li h t  s o l i d  l i n e s ,  A, = 10-5 sec; ( B )  dashed l i n e s ,  io = 
5 x 10-6 s e c )  a t  Barrow, Alaska, 

F i  w e  11: Observed summer temperatures  (heavy s o l i d  l i n e )  

( B )  dashed l i n e s ,  X, = 

F i  w e  111: Observed summer tempera tures  (heavy s o l i d  l i n e ) ,  

F i  w e  IV* Absorption by mixed Doppler and Lorentz  l i n e s  i n  

F igu re  V :  Absorbtion by mixed Doppler and Lorentz l i n e s  i n  

t h e  l h i d .  

t h e  4.6~ 03 band. 

The abscissa 2nax = Su/ab, and d/dD= 2.1+6%103. 

The a b s c i s s a  2nux = Su/a,, and d/aD= 66.3. 
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