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ABSTRACT 

Using a  set o f  r e s u l t s  o b t a i n e d  from LIDAR measurements d u r i n g  February  t o  A p r i l  1986 a t  Poker 
F l a t  Research Range, Alaska,  a n  i n v e s t i g a t i o n  o f  t h e  p l a n e t a r y  and g r a v i t y  waves i n  t h e  middle  
a tmosphere h a s  been made. The measurement p e r i o d  inc luded  a m o d e r a t e  s t r a t o s p h e r i c  warming which 
reached  i ts  peak r e s p o n s e  a t  65ON l a t i t u d e  on 20/21 February.  The wave a c t i v i t y  was modulated 
g r e a t l y i n  a m p l i t u d e  d u r i n g t h e  s t r a t o s p h e r i c  warming. Themodeled p e r i o d s ,  a m p l i t u d e s  and phases  
of t h e  two pr imary  wave components a g r e e  w e l l  w i t h  t h e  p l a n e t a r y  wave numbers 1 and 2. The peak 
o f t h e  p l a n e t a r y w a v e  ampl i tude  a p p e a r s t o  b e d u e t o t h e  s u m e f f e c t s  o f  t h e c o n s t r u c t i v e  i n t e r f e r e n c e  
o f  t h e  waves. The peak of  t h e  ampl i tude  o f  t h e  p l a n e t a r y  waves on 21 February  cor responds  t o  a  
major  i n c r e a s e  i n  p r o f i l e  s t r u c t u r e  and r e s u l t s  i n  a  s t r a t o s p h e r e  d e n s i t y  g r a d i e n t  t h a t  is 
c o n v e c t i v e l y  u n s t a b l e  o v e r  a  t h i c k  l a y e r .  

INTRODUCTION 

The s t r u c t u r e  p r o f i l e s  inthemiddleatmosphereareknownto be  f r e q u e n t l y a n d  c o n s i d e r a b l y d i s t u r b e d  
i n  t h e  n o r t h e r n  w i n t e r  / I / .  LIDAR sounding from t h e  ground o f f e r s  t h e  new p o s s i b i l i t y  o f  s tudy ing  
t h e  c h a r a c t e r i s t i c s  o f  wave propaga t ion  i n  t h e  p r o f i l e s  o f  d e n s i t y  and t e m p e r a t u r e  f o r  examining 
t h e  consequences  o f  t h e  dynamical  p r o c e s s e s  i n  t h e  middle  atmosphere. 

F romFebruary  1 4 t o M a r c h  9, 1 9 8 6 , t h e d e n s i t y p e r t u r b a t i o n s i n t h e h i g h  l a t i t u d e m i d d l e a t m o s p h e r e  
were measured c o n t i n u o u s l y  by a  l i d a r  /2 ,3 /  a t  Poker  F l a t  Research Range n e a r  Fa i rbanks ,  Alaska. 
During t h e  measurement p e r i o d ,  r o c k e t  measurements were made on a  few d a t e s  i n  o r d e r  t o  compare 
t h e  r e s u l t s  w i t h  t h o s e  o b t a i n e d  by t h e  l i d a r .  

Density Ratio 
F ig .  1. D e n s i t y  r a t i o  a s  a  f u n c t i o n  of d a t e  f o r  10 days  l e a d i n g  i n t o  s t r a t o s p h e r i c  
warming. Below 25 km t h e  p r o f i l e  is  modif ied by p a r t i c l e  s c a t t e r  and s h u t t e r  func t ion .  

The f u l l  n i g h t  mean d e n s i t y  p r o f i l e s  a r e  shown i n  F i g u r e  1 and mean t e m p e r a t u r e  p r o f i l e s  a r e  shown 
i n  F i g u r e  2. C l e a r l y ,  t h e r e  was a  l a r g e  p e r t u r b a t i o n  o f  d e n s i t y  a t  t h e  a l t i t u d e  o f  40-50 km which 
r e a c h e s  a  maximum on 21 February.  T h i s  p e r t u r b a t i o n  cor responds  t o  a  p e r i o d  o f  a  moderate 
s t r a t o s p h e r i c  warming and a p p e a r s t o  c o r r e l a t e w i t h  t h e c o n s t r u c t i v e  i n t e r f e r e n c e ,  o r  t h e  superposi- 
t i o n  o f  p l a n e t a r y  waves. I t  cor responds ,  a s  w e l l ,  t o  a  p e r i o d  o f  ex t reme wave a c t i v i t y  i n  t h e  
s t r a t o s p h e r e  and  t h e  r e l a t i v e  r e d u c t i o n  o f  g r a v i t y  wave a c t i v i t y  i n  t h e  mesosphere. Because of 
t h e  h y d r o s t a t i c  r e s p o n s e o f t h e a t m o s p h e r e , t h e m a x h i n t h e t e m p e r a t u r e p e r t u r b a t i o n i s  observed 
t o  o c c u r  a b o u t  two d e n s i t y  s c a l e  h e i g h t s  ( a b o u t  15 km) below t h e  d e n s i t y  p e r t u r b a t i o n .  

Naujokat and L a b i t z k e  /4 /  have  r e p o r t e d  t h e  s t r a t o s p h e r i c  warming about  t h e  same t i m e  and l a t i t u d e  
b a s e d o n  t h e s a t e l l i t e d a t a .  ~hedynamicalbehaviorof themiddleatmosphereduringa s t r a t o s p h e r i c  
warming was s t u d i e d  by v a r i o u s  a u t h o r s ,  f o r  i n s t a n c e ,  Offermann and Gerndt ,  /5 / ,  McIntyre  and 
Palmer, / 6 / ,  Haynes and McIntyre ,  / 7 / ,  Holton, /8 / ,  Sa lby ,  /9 / ,  etc. I n  t h i s  paper ,  we p l a c e  
emphasizes  on t h e  c h a r a c t e r i s t i c s  o f  t h e  p l a n e t a r y w a v e s  and g r a v i t y w a v e s  d u r i n g  a  s t r a t o s p h e r i c  
warming. F i r s t ,  a  model o f  p l a n e t a r y  waves was developed t o  d e s c r i b e  t h e  p e r i o d s  and phases  of 
t h e  p r i n c i p l e  wave components. A s p e c t r a l  a n a l y s i s  was t h e n  a p p l i e d  t o  t h e  s h o r t  p e r i o d  s i g n a l ,  
which a r e  normal ly  a s s o c i a t e d  w i t h  t h e  g r a v i t y w a v e s .  The a n a l y s i s  shows e x t r a o r d i n a r i l y  s t r o n g  
a c t i v i t y  o f  t h e  s h o r t  p e r i o d  waves was p r e s e n t  i n  t h e  s t r a t o s p h e r e  o n  t h e  d a t e  when t h e  warming 
occur red .  
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F i g .  2. Tempera tu re  a s  a  f u n c t i o n  o f  d a t e .  

CHARACTERISTICS OF THE PLANETARY WAVES 

To f i n d  t h e  p e r i o d s  and phases  o f  t h e  p l a n e t a r y  waves, a  one  d imens iona l  model is  developed t o  
s i m u l a t e  t h e  v a r i a t i o n s  o f  t h e  d e n s i t y  between February 15 and March 9,  1986. 

The model h a s  t h e  f o l l o w i n g  form: 

where D i s  t h e  d e n s i t y  r a t i o ,  x is  t h e  s p a c e  c o o r d i n a t e ,  t i s  t h e  t i m e  paramete r ,  A,=a,+jbi i s  
t h e  complex a m p l i t u d e  and k is t h e  wavenumber i n  x d i r e c t i o n .  

S i n c e  t h e  measurement was done a t  a  f i x e d  p l a c e ,  x can  be  set t o  be  z e r o  i n  t h e  model. Now t h a t  
o n l y  t h e  t i m e  development o f  t h e  wave needs t o  b e  s imula ted ,  t h e  paramete rs  t o  b e  e s t i m a t e d  a r e  
a s  f o l l o w i n g :  

0,: wavefrequency; 
1 

(aI2+bl2) =: waveamplitude; 
b 

a r c t a n ( - 2 )  :wavephase 
61 

The f r e q u e n c i e s  o f  t h e  p l a n e t a r y  waves were determined by s p e c t r a l  e s t i m a t i o n .  S i n c e  t h e r e  were 
o n l y  22 f u l l - n i g h t  mean d e n s i t i e s  a v a i l a b l e ,  an a c c u r a t e  e s t i m a t i o n  was d i f f i c u l t  t o  compute. 
~ h u s  bo th  p a r a m e t r i c  e s t i m a t i o n s  (Maximum Entropy)  and non-parametric e s t i m a t i o n  (Blackman-Tukey) 
were performed and t h e  r e s u l t s  were compared. For  convenience,  t h e  d e n s i t i e s  had been converted 
t o  d e n s i t y  r a t i o s  by u s i n g  t h e  annua l  mean i n  V.S. Standard  Atmosphere (1976)  a s  t h e  b a s i s .  The 
mean of  t h e  d e n s i t y  r a t i o s  a t  each a l t i t u d e  (5-km s t e p s ,  from 25 km t o  65 km) had been s u b t r a c t e d  
s o t h a t t h e  e x p e c t a t i o n s  o f t h e  s i g n a l s  became zeros .  F i g u r e  3  s h o w s t h e  power s p e c t r a  a t  d i f f e r e n t  
a l t i t u d e s  f rom 25 km t o  65 km by Maximum Entropy method. I t  is  i n t e r e s t i n g  t o  f i n d  t h a t  t h e r e  
were s e v e r a l  dominant f r e q u e n c i e s  , f o r  i n s t a n c e ,  f  ,=0.07, f  ,=0.1, f  ,=0.225 and f  ,=0.33. Thus t h e  
f r e q u e n c i e s ,  o,., i n  t h e  model can  be  determined.  The number o f  t h e  f r e q u e n c i e s  s e l e c t e d  a l s o  
i m p l i e s  t h e  number o f  s i n u s o i d s  embedded i n  t h e  d e n s i t y  s i g n a l .  

Frequency (l/day) 
Fig .  3. S p e c t r a l  e s t i m a t i o n  o f  t h e  d e n s i t y  s i g n a l s  a t  d i f f e r e n t  a l t i t u d e s  
(25-65 km) by Maximum Entropy method. 

A computer programwas d e v e l o p e d t o  perform t h e  n o n l i n e a r  f i t t i n g .  With f r e q u e n c i e s  be ing  f i x e d ,  
ampl i tudes  and phases  o f  t h e  f o u r  waves w e r e  r e p r e s e n t e d  by a  pa ramete r  a r r a y  B. A m e r i t  f u n c t i o n  
was d e f i n e d  which depended on t h e  g iven  d e n s i t y  d a t a  a s  w e l l  a s  t h e  paramete r  a r r a y  B. The a r r a y  
Bwas updated b y  t h e  min imiza t ion  o f t h e  merit f u n c t i o n .  S i n c e  t h e m o d e l  was dependent  n o n l i n e a r l y  
on t h e  paramete rs ,  t h e  min imiza t ion  was c a r r i e d  o u t  i t e r a t i v e l y  a f t e r  t r i a l  v a l u e s  w e r e  given.  
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F i g .  4 .  Agreement between modeled and measured d e n s i t y  waves. 

The r e s u l t s  o f  t h e  s i m u l a t i o n  a r e  shown i n  F i g u r e  4, which a l s o  p r e s e n t s  t h e  agreement o f  t h e  
modeled d e n s i t y  v a r i a t i o n s  and t h e  measured ones. The s a t i s f a c t o r y  agreement  i n  t u r n  g i v e s  
c r e d i t i b i l i t y t o t h e  MaximumEntropymethodin power s p e c t r u m e s t i m a t i o n .  I f  a  h o r i z o n t a l  v e l o c i t y  
o f  1 0 m / s  i s  assumed a s  t y p i c a l o f  s y n o p t i c  scales, t h e  f i r s t  two s i n u s o i d s  c o r r e s p o n d t o  p l a n e t a r y  
wave 1 and 2. 

CHARACTERISTICS OF THE GRAVITY WAVES 

To see t h e  wave l e n g t h s  a s  w e l l  a s  t h e  a c t i v i t y  o f  t h e  g r a v i t y  waves d u r i n g  t h e  s t r a t o s p h e r i c  
warming, t h e  power s p e c t r a  o f  t h e  g r a v i t y  waves a t  d i f f e r e n t  a l t i t u d e s  f rom February  18 t o  March 
9 w e r e  e s t i m a t e d  ( t h e m o d e r a t e s t r a t o s p h e r i c  warming occured around February 2 1 ) .  F i r s t ,  weassume 
t h a t  t h e  s m a l l  p e r t u r b a t i o n s  i n  d e n s i t i e s  were s o l e l y  caused by g r a v i t y  waves. Then a  polynomial 
o f  d e g r e e  5 o b t a i n e d  by LSE method was used t o  s i m u l a t e  each o f  t h e  5-minute d e n s i t y  p r o f i l e s .  
The d i f f e r e n c e  o f  t h e  d e n s i t y  p r o f i l e  and i t s  LSE s i m u l a t i o n  was assumed t o  b e  t h e  s i g n a l  o f  t h e  
g r a v i t y  waves. 

The r e s u l t s  o f  t h e  s p e c t r a l  e s t i m a t i o n  a t  d i f f e r e n t  a l t i t u d e  ranges  a r e  shown i n  F i g u r e  5. The 
t y p i c a l  wave l e n g t h  was 15  km. The s t r a t o s p h e r i c  warming p e r i o d s  were Feb.20-21 and Mar.6through 
t h e  end o f  t h e  month ( a v a i l a b l e  i n  t h e  w i n t e r  r e p o r t  o f  Naujokat and L a b i t z k e  / 4 / ) .  
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F i g .  5. G r a v i t y  wave s p e c t r a  on February 18 and 21 showing t h e  i n c r e a s e  i n  i n t e n s i t y  of 
t h e  wave a c t i v i t y  a t  t h e  peak of  t h e  warming. 

F i g u r e  5 p r e s e n t s  t h e  comparison of t h e  g r a v i t y  wave s p e c t r a  a t  d i f f e r e n t  a l t i t u d e  r a n g e s  on t h e  
d a t e s  around t h e  modera te  s t r a t o s p h e r i c  warming. A s t r o n g e r  wave a c t i v i t y  was seen  a t  25-45 km 
t h a n  t h a t  a t  45-65 km on Feb. 21 and d u r i n g  a  recorded  major  warming from March 6 t o  t h e  end of 
t h e  month, w h i l e  o n  t h e  o t h e r  days  t h e  s p e c t r a  showed j u s t  t h e  o p p o s i t e .  

S i n c e  t h e  a m p l i t u d e s  o f  g r a v i t y  waves t e n d  t o  grow w h i l e  t h e  waves a r e  p ropaga t ing  upward, we 
expec ted  t o  s e e  r e l a t i v e l y  g r e a t e r  power s p e c t r a  a t  45-65 km r a n g e  t h a n  t h a t  a t  25-45 km. However, 
F i g  4 shows t h e  c o n t r a r y .  The r e d u c t i o n  i n  t h e  r e l a t i v e  ampl i tude  o f  g r a v i t y  wave a c t i v i t y  a t  
45-65 k m d u r i n g t h e  warn ings  c o u l d  b e  exp la ined  i n  t h e c o n s t r u c t i v e  i n t e r f e r e n c e  o f  t h e  p l a n e t a r y  
waves r e d u c i n g  t h e  s t a b i l i t y  o f  t h e  sur rounding  atmosphere s o  t h a t  t h e  l e v e l  o f  s i g n i f i c a n t  wave 
b r e a k i n g w a s  s u b s t a n t i a l l y  lowered. Such phenomenumhad been d i s c u s s e d  by Lindzen / l o /  and F r i t t s  
Ill/. 



CONCLUSION 

Middle a tmosphere  d e n s i t i e s  measured by a  Rayleigh s c a t t e r  LIDAR d u r i n g  February  and March 1986 
showed s t r o n g  w a v e - l i k e p e r t u r b a t i o n s .  The extended and high r e s o l u t i o n  sequences o f t h e c o n t i n u o u s  
measurements p rov ided  a  s o l i d  b a s e  f o r  t h e  s i m u l a t i o n  of t h e  long  p e r i o d  v a r i a t i o n s  a s  w e l l  a s  
t h e  i n v e s t i g a t i o n  o f  t h e  g r a v i t y  wave a c t i v i t y .  

T h e w a v e - l i k e v a r i a t i o n s  o f t h e  dens i tyweremodeled  s a t i s f a c t o r i l y w i t h  a  s u p e r p o s i t i o n  of s e v e r a l  
s i n u s o i d s .  P e r i o d s  o f  t h e  s i n u s o i d s  were found t o  be  14,10,4 and 3 days  by spec t rum a n a l y s i s  a t  
t h e  f i x e d  a l t i t u d e s .  P a r a m e t r i c  e s t i m a t i o n  ( l i k e  MEM) is  a t t r a c t i v e  w i t h  s h o r t  d a t a  records .  

The s p a t i a l  spec t rum a n a l y s i s  o f  t h e  g r a v i t y  waves showed s t r o n g  g r a v i t y  wave a c t i v i t y  a t  25-45 
k m d u r i n g  s t r a t o s p h e r i c  warming. The l a c k  o f  g r a v i t y  wave a c t i v i t y  a t  45-65 km impl ied  t h a t  t h e  
level o f  s i g n i f i c a n t  wave break ingwas  lowered below50 k m d u r i n g t h e e v e n t .  T h i s  cou ld  be  explained 
due  t o  t h e  c o n s t r u c t i v e  i n t e r f e r e n c e  o f  t h e  p l a n e t a r y  waves which modulated t h e  s t a b i l i t y  of t h e  
s u r r o u n d i n g  atmosphere.  

While t h e  s o u r c e  f o r t h e  s t r a t o s p h e r i c  warming must be f r o m t h e  l a r g e  energy s o u r c e o f t h e  p l a n e t a r y  
waves, t h e  mechanism f o r  t h e  e v e n t  may be a  l a r g e  s c a l e  u p s e t  o f  a tmospher ic  s t a b i l i t y .  I t  may 
be  t h a t  t h e  c o n s t r u c t i v e  i n t e r f e r e n c e  of t h e  p l a n e t a r y  waves r e s u l t  i n  such  l a r g e  d e n s i t y  
p e r t u r b a t i o n s  t h a t  t h e  s t a t i c  s t a b i l i t y  o f  t h e  s t r a t o s p h e r e  is  u p s e t .  I n  f a c t ,  p l a n e t a r y  wave 
b r e a k i n g c o u l d  b e t h e  p h y s i c a l  p r o c e s s  t h a t l e a d s t o t h e  l a r g e  amount o f  s m a l l  s c a l e w a v e  s t r u c t u r e  
observed n e a r  t h e  peak o f  t h e  e v e n t  ( t h e  l a r g e  v o r t i c i t y  i n c r e a s e ) .  The p l a n e t a r y  wave breaking 
would g e n e r a t e  a  r a n g e  o f  s c a l e s  o f  s h o r t e r  waves and v o r t i c e s  a s  t h e  atmosphere r e - e s t a b l i s h e s  
e q u i l i b r i u m ,  and i n  a d d i t i o n  t h e  c o n t i n o u s  phase s h i f t  between t h e  p r i n c i p l e  components would 
a l s o  c o n t r i b u t e t o t h e r a p i d i t y  o f t h e r e t u r n t o  n o r m a l w i n t e r c o n d i t i o n s .  Theobserved te rnpera tu re  
i n c r e a s e ,  f o r  which t h e s e  e v e n t s  a r e  named, may be  j u s t  t h e  normal response  o f  t h e  a d i a b a t i c  hea t ing  
duetothehigherdensityatabouttwo s c a l e h e i g h t s  above, caused by t h e c o n s t r u c t i v e  i n t e r f e r e n c e  
o f  t h e  waves. 
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