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ABSTRACT OF T H E S I S  

THE STRUCTURE OF ATMOSPHERIC PARAMETERS I N  WAVENUMBER-SPACE 

Zonal harmonic analysis o f  geopotential  heights was performed a t  

each f i f t h  degree o f  l a t i t u d e  from 2 0 ° N  t o  85ON and a t  fourteen standard 

pressure leve ls  from 1000 mb t o  10 mb f o r  each day o f  1971. Computed 

parameters include the f i r s t  twelve harmonic amplitudes, phase angles 

of contour heights, geostrophic wind components, k i n e t i c  energies o f  the 

zonal and meridional geostrophic f low, and the meridional f luxes o f  r e l -  

a t i v e  wester ly  momentum. Two types o f  ca lcu la t ions were used t o  compute 

monthly means, thereby a l lowing the in t roduct ion o f  "standingi' and 

" t ransient"  wave cont r ibut ions.  

The most dominant feature  o f  the seasonal amplitude d i s t r i b u t i o n s  

was the disappearance o f  the strong wavenumbers one and two i n  the 

stratosphere fo l lowing the spring breakdown o f  the po lar  n igh t  vortex. 

Wavenumbers one through three dominated the zonal k i n e t i c  energy 

spectrum i n  January and July, and a lso  the meridional k i n e t i c  energy 

spectrum a t  high l a t i t udes  and leve ls .  An appreciable pa r t  o f  the 

meridional k i n e t i c  energy was contained i n  the wavenumber band from 

f i v e  through twelve a t  lower and mid- la t i tudes o f  the troposphere. 

The standing and t rans ient  components o f  the wave energy showed 

preferred modes wi th ,  i n  general, the t rans ien t  waves predominantly 

responsible f o r  the meridional k i n e t i c  energy and the standing waves 

responsible for  a major pa r t  o f  the zonal k i n e t i c  energy. 

The development o f  a s t ra tospher ic  sudden warming was analyzed i n  

the same manner, but on a d a i l y  basis. When amplitudes o f  wavenumbers 

one and two were high there occurred a not iceable wester ly  t i l t  w i t h  





height .  Waves two and three  appear t o  ga in  energy a t  the expense o f  

wave one and the mean zonal current  as the  p o l a r  n i g h t  vortex begins 

t o  break down. 

David Wackter 
Atmospheric Science Department 
Colorado S t a t e  Univers i ty  
For t  Col 1 ins,  Colorado 80523 
Spring, 1976 
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INTRODUCTION 

Upon examination of Northern Hemisphere weather maps one character- 

istically observes planetary scale waves superimposed on a basic zonal 

current. Through the use of zonal harmonic analysis these perturbations 

of varying time and space scales can be studied selectively. 

Harmonic analysis of the geopotential height field of an isobaric 

surface (or the f leld of any other meteorological parameter) is a math- 

ematical technique used for determining the importance of various scales 

of atmospheric disturbances as a function of latitude and pressure 

1 eve1 . The s i gn i f i cance of i nd i v i dual wavenumbers (where the wavenumber 

k is defined as the number of wave cycles around a given latitude circle) 

with respect to daily, seasonal, or interannual variations of the general 

circulation can also be determined. This is accomplished here by the 

analysis of computed spectral modes of appropriate meteorological para- 

meters, namely the amplitudes and phases of standard pressure level 

heights, and derived quantities, that is the geostrophic wind contribu- 

tion to the zonal and meridional kinetic energies and the meridional 

transport of relative westerly momentum. 

An extensive bibliography and summary of previous works in the 

wavenumber-space domain has been compi 1 ed by Van Mi eghem (1 961 ) . Most 

of the earlier works were hindered by the laborious and time consuming 

calculations necessary for harmonic analyses. Also, harmonic analyses 

generate large quantities of statistics which require further analysis, 

and for these reasons the vertical and meridional structure of differing 

scales of atmospheric disturbances have been studied theoretically and 

empirically in only very limited space and time domains, 



Thus, E l  iasen (1958) analyzed t h e  m i d - l a t i  tude contour he igh t  

f i e l d s  a t  1000 mb and 500 mb on a d a i l y  bas is  f o r  a  pe r i od  o f  s i x  weeks. 

Van Mieghem, e t  a1 . (1960) s tud led  t h e  monthly normal geostrophic  f l o w  

pa t te rns  a t  t he  500-mb l e v e l  f o r  every f i f t h  degree o f  l a t i t u d e  from 

20°N t o  70°N f o r  each of t he  twelve months. More recen t l y ,  t he  v e r t i c a l  

s t r u c t u r e  o f  p lane ta ry  sca le  waves i n  January has been inves t iga ted  by 

van Loon, e t  a l .  (1973) f o r  seven Januaries, ten  standard l e v e l s  from 

near t he  e a r t h ' s  sur face  t o  10 mb, and f o r  each f i f t h  degree of l a t i t u d e  

n o r t h  o f  10°N. lwashima (1973) s tud ied  four  s t ra tosphe r i c  l e v e l s  a t  

each f i f t h  degree o f  l a t i t u d e  n o r t h  of 3 0 " ~  f o r  121 consecut ive days, 

and Sato (1974) analyzed s i x  pressure l e v e l s  f o r  e i g h t  w in te rs  (each 

cons i s t  i ng o f  three-month means) and two l a t  i tudes. For comparat i v e  

purposes some o f  t he  r e s u l t s  o f  these and o ther  papers w i l l  be mentioned 

b r i e f l y  i n  con tex t  w i t h  t h e  r e s u l t s  o f  t h i s  i nves t i ga t i on .  

On t h e  bas is  o f  p rev ious  s tud ies  of t h e  general c i r c u l a t i o n  us ing 

harmonic ana lys is ,  t h e  spec t ra  o f  atmospheric d is turbances i n  t h e  t ropo-  

sphere have been roughly  d i v i ded  (Van Mieghem, 1973) i n t o  t h ree  sub- 

d i v i s i o n s  as fo l l ows :  

i )  the  quas i - s ta t i ona ry  p lane ta ry  waves, w i t h  zonal wavenumbers 

from one through fou r  which a r e  forced p r i m a r i l y  by t h e  d i s -  

t r i b u t i o n  o f  con t inen ts  and oceans ( k  = 2 ) ,  mountain b a r r i e r s  

and topographic fea tures  ( k  = 3) ,  and the  d i s t r i b u t i o n  o f  

heat sources and s inks;  

i i )  t h e  long t r a n s i e n t  waves, w i t h  zonal wavenumbers f i v e  through 

ten, which a r e  produced p r i m a r i l y  by t h e  b a r o c l i n i c  i n s t a b i l i t y  

o f  t h e  c i rcumpolar  f low,  and hence, a r e  l i n k e d  t o  t h e  var ious 



generat ions of  and conversions between a v a i l a b l e  p o t e n t i a l  
I I 

energy and k i n e t i c  energy; and 

i i i) t h e  t r a v e l  i ng  synopt ic  sca le  systems o f  m id - l a t  i tude (wavenum- 

bers g rea te r  than ten) which a r e  generated and d i ss ipa ted  i n  

the lower layers  o f  the  troposphere, l o s i n g  i n t e n s i t y  f a i r l y  

r a p i d l y  w i t h  he igh t .  

I t  might  a l s o  be mentioned here t h a t  Ker tz  (1956) performed harmonic 

analyses of t he  cont inent-ocean d i s t r i b u t i o n  a t  every t e n t h  degree o f  

l a t i t u d e  and found a predominance o f  wavenumbers one and two i n  t h e  North- 

e rn  Hemi sphere. 

A d i f f i c u l t y  w i t h  s tud ies  of  t he  general c i r c u l a t i o n  us ing  harmonic 

ana l ys i s  a r i s e s  from t h e  l ack  o f  r e l i a b l e  meteoro logica l  data over l a r g e  

areas o f  sparse observat ions.  The l ack  o f  data r e s u l t s  i n  e r r o r s  inherent  

i n  sub jec t i ve  analyses through the  smoothing o f  synopt ic  sca le  fea tures .  

The smal ler  scales o f  motion corresponsing t o  h igher  frequency d i s t u r -  

bances a l s o  a re  sys tema t i ca l l y  f i l t e r e d  ou t  when us ing  pe r i od  means w i t h  

t ime scales on the  order  o f  a month, season, o r  year.  

Since h igh  wavenumber v a r i a t i o n s  a re  p r e t t y  much smoothed ou t  by 

an inadequate data network, zonal harmonic analyses c u r r e n t l y  seem best  

s u i t e d  t o  t he  study o f  l a rge  sca le  phenomena. However, t he  computations 

here have been c a r r i e d  through wavenumber twelve i n  o rder  t o  account f o r  

what w i l l  be assumed as the  t o t a l  var iance o f  t h e  f l o w  pa t te rn .  

O f  course, t h e  l eng th  o f  an i n d i v i d u a l  harmonic wave v a r i e s  w i t h  

t he  cos ine o f  t he  l a t i t u d e .  Th i s  i s  tabu la ted  f o r  a few wavebumbers and 

l a t i t u d e s  i n  Table 1.1. 



Table 1.1. V a r i a t i o n  o f  wavelength (km) w i t h  l a t i t u d e  f o r  k  = 1,2,3,6 
and 12 a t  20, 40, 60 and 80 degrees l a t i t u d e  
( L ~  = 2nEcos$, where E i s  t he  e a r t h ' s  rad ius) .  

k 

The pr imary purpose o f  t h i s  study was t o  i n v e s t i g a t e  the  important 

modes o f  atmospheric d is turbances by s tudy ing  d a i l y  and seasonal d i f f e r -  

ences i n  l a t i t u d i n a l  d i s t r i b u t i o n  and v e r t i c a l  s t r u c t u r e  o f  var ious  param- 

e t e r s  i n  wavenumber-space. The monthly means o f  zonal and mer id ional  

k i n e t i c  energ ies and o f  momentum f l u x  were ca l cu la ted  i n  two ways i n  

o rder  t o  determine t h e  importance o f  day-to-day v a r i a t i o n s  o f  t he  wave 

motions. The data f o r  January a re  presented i n  more d e t a i l  t o  enable a 

more complete spec t ra l  representa t ion  o f  t h e  f l o w  pa t te rns  dur ing  a 

r a t h e r  s t rong s t r a t o s p h e r i c  sudden warming ( ~ a r n e t t ,  e t  a l . ,  1971). 

Data f o r  January, A p r i l ,  Ju ly ,  and October a re  presented as t y p i c a l  f o r  

t he  respec t ive  seasons. Th is  assumption, a l though somewhat crude, a t  

l e a s t  e l im ina tes  the  redundant ve rbos i t y  t h a t  would have been requ i red  

t o  present  t he  data i n  i t s  e n t i r e t y .  

Zonal harmonic analyses a r e  performed f o r  each day a t  each f i f t h  

degree o f  l a t i t u d e  from 20°N t o  8 5 ' ~  and a t  four teen pressure l e v e l s  

ranging from 1000 mb t o  10 mb f o r  t he  e n t i r e  year 1971. To s i m p l i f y  

mat ters t he  data from o n l y  t en  pressure l e v e l s  were s tud ied  i n  the  f i n a l  



ana lys is .  Monthly means o f  t h e  f i r s t  twelve ampl i tudes and phase angles 

were then computed f o r  each o f  t he  twelve months. 

I t  appears des i rab le  a t  t h i s  p o i n t  t o  descr ibe  i n  some d e t a i l  t h e  

numerical procedures which were used t o  d e r i v e  var ious  q u a n t i t i e s  from 

the  bas ic  data ( t h a t  i s ,  t he  he igh ts  o f  t he  pressure surfaces a t  each 

ten th  degree o f  long i tude around a g iven  l a t i t u d e  c i r c l e ) .  



COMPUTATIONAL PROCEDURES 

2.1 Four ie r  Analys is  of Geopotent ial  Height. 

Since the  he igh t  o f  a pressure l e v e l  Z(A) a long a l a t i t u d e  c i r c l e  4 

i s  a c y c l i c  f u n c t i o n  o f  long i tude (A) w i t h  a per iod  o f  2n, a Four ie r  

approximation can be assumed i n  t h e  form 

n 
Z (A )  s a. + X (akcos kh + bksi n kh) 

k= 1 

( ~ i  1 debrand, 1950). The zona 1 wavenumber k de f ines  t h e  number o f  waves 

around the  e a r t h  a t  a g iven l a t i t u d e  ( i t  should be remembered t h a t  each 

wave cons i s t s  o f  a r i d g e  and a t rough).  The value o f  n i s  determined by 

one h a l f  the  number of data po in t s .  

The c o e f f i c i e n t s  o f  t he  Four ie r  expansion, ak and bk, can be c a l -  

cu la ted  from empi r ica l  data i f  Z(A) i s  known a t  a d i s c r e t e  se t  o f  equa l l y  

spaced po in t s  over t he  fundamental per iod  i n t e r v a l  [0,2a] going east- 

ward around the  hemisphere from t h e  prime meridian. I f  2N p o i n t s  a re  

designated a t  longi tudes 0, a/N, 2a/N,. . . , ( 2 ~ - l ) n N ,  then we have 2N 

independent values of Z which can be expected t o  determine the  coef-  

f i c i e n t s  o f  t he  terms i n  Equation 1.1. The abscissa ranges from 0 t o  

I T  
2a - -and  can be denoted by the  subscr ip t  r, as 

N 

I f  the l e a s t  squares c r i t e r i o n  i s  u t i l i z e d  along w i t h  the  orthogo- 

n a l i t y  o f  s ines and cosines, the  f o l l o w i n g  r e l a t i o n s  can be der ived:  



2N 
I z(A,) s i n  khr. bk = a 

r = l  

The Fou r ie r  se r i es  o f  Equation 1 . 1  can a l s o  be w r i t t e n  i n  another 

form which i s  convenient f o r  our purposes: 

where t h e  amplitude, Ak, and t h e  phase angle, h k ,  are  r e l a t e d  t o  t h e  

Four ie r  c o e f f i c i e n t s  as fo l l ows :  

The ampl i tude Ak i s  t h e  spec t ra l  c o n t r i b u t i o n  t o  t h e  he igh t  f i e l d  w i t h  a 

wavelength o f  L = 
k 2* k  

' (where E i s  t h e  e a r t h ' s  rad ius)  w i t h  a 

d i s t r i b u t i o n  corresponding t o  t h e  phase angle. 

The r idges  o f  t he  k ' t h  harmonic a re  determined from the  harmonic 

c o e f f i c i e n t s ,  and w i l l  be found a t  long i tudes  

Conversely, t h e  troughs o f  t h e  k ' t h  harmonic w i l l  be found a t  long i tudes  

hT = hR + r / k .  The f i r s t  r i d g e  ( t rough)  t o  t h e  east  o f  the  Green- 

wich Mer id ian w i l l  then be t h e  f i r s t  p o s i t i v e  va lue o f  hR (hT). 

2.2 Computation o f  Geostrophic Winds i n  t h e  Spectra l  Domain. 

The wind components f o r  t h e  zonal (westward) and mer id ipna l  (nor th -  
I 3. . 

ward) d i r e c t i o n s ,  us ing the  geostrophic  assumption, and spher ica l  



coo r d  I nates become 

where g i s  the accelerat ion of g rav i t y ,  f i s  the C o r i o l i s  parameter 

(2Sl s i n  $) ,  Sl i s  the ear th ' s  angular ve loc i t y ,  A i s  the longitude, $ i s  
I 

l a t i t ude ,  and E i s  the ea r t h ' s  radius. I 
I 

The decomposition o f  u and v i n t o  Fourier ser ies i s  s im i l a r  t o  tha t  

fo r  z(A) around a given l a t i t u d e  c i r c l e  (see Equation 1.1): 

n . . 
u (A) = a: + 1 (a: cos kA + bz s i n  kA) 

k= 1 
. . 

v(A) = Z (a: cos kA + b i  s i n  kA) 
k= 1 

where the mean meridional wind component around a l a t i t u d e  c i r c l e  (aV) 
0 

i s  zero because o f  the geostrophic assumption. The coe f f i c i en t s  a:, bz, 

v v 
ak, and bk are found from the determinations o f  ak and bk by subs t i tu t ing  

Equation 1.1 i n  Equations 2.1 along w i t h  the Four ier  ser ies f o r  u and v 

( ~ q u a t l o n s  2.2 and 2.3). The resu l t i ng  formulae are: 

b; = -gk 
f E  cos $ ak' 

I n  the actual computations, the coe f f i c ien ts  defined i n  Equations 

2.4 and 2.5 were found from the di f ferences o f  ak and bk a t  two consecu- 

U t i v e  la t i t udes .  The computed values of a t  and bk, then, re fer  t o  the 

intermediate la t i t udes  22.5ON, 27.5ON, etc. To determine the 



1 ,  
c o e f f i c i e n t s  def ined i n  Equations 2.6 and 2.7 a t  the same l a t i t u d e s ,  

the  means o f  bk and ak a t  two consecut ive l a t i t u d e s  were used i n  the  

v v 
computations o f  a and bk, respect ive ly .  The values f o r  f and cos $I i n  k 

Equations 2.4 - 2.7 are  a l s o  determined f o r  the  in termediate l a t i t u d e s .  

2.3 Spectra l  K i n e t i c  Energy and F lux  o f  R e l a t i v e  Wester ly Momentum. 

Because the ac tua l  wind i s  nea r l y  geostrophic i n  middle and h igh  

l a t i t u d e s  and above the  p lanetary  boundary layer ,  we can compute der ived 

q u a n t i t i e s  l i k e  the  k i n e t i c  energy of the wind components and the nor th-  

ward f l u x  of r e l a t i v e  wester ly  momentum t o  a reasonable degree of 

accuracy us ing  the  geostrophic assumption. 

2 -2) 
The mean k i n e t i c  energy per u n i t  mass ( i n  u n i t s  o f  m s around a 

g iven l a t i t u d e  c i r c l e  and a t  a g iven pressure l e v e l  can be expressed as 

where the  f i r s t  term i s  t he  k i n e t i c  energy o f  the  zonal f low,  and the  

second term i s  t he  k i n e t i c  energy o f  t he  mer id ional  f low.  Also, the  

k i n e t i c  energy per u n i t  volume (or  k i n e t i c  energy dens i ty )  can be 

formed by m u l t i p l y i n g  the k i n e t i c  energy times the  dens i ty .  

Taking each term o f  Equation 3.1 separate ly  and s u b s t i t u t i n g  the  

appropr ia te  Four ie r  se r i es  from Equations 2.2 and 2.3, we o b t a i n  f o r  

t he  zonal k i n e t i c  energy (assumed as per u n i t  mass) 

n 2 
cos k l  + b: s i n  k l ) ]  d l  

k= 1 

I 
! 
I 
I 
I 

I I 

which can be s i m p l i f i e d  us ing Parseva l ' s  theorem t o  ob ta in  

S 
8 I 

I 



energy component, we ge t  

I n  t h i s  equat ion eU i s  t he  k i n e t i c  energy o f  t he  zonal f l o w  averaged 
0 

around a g iven l a t i t u d e  c i r c l e .  The eU 's  a r e  the  zonal k i n e t i c  energies k  

produced by each harmonic wave. S i m i l a r l y  f o r  t he  mer id iona l  k i n e t i c  

8 ' 
I ' 

.. - 1  

where eV i s  zero s ince  the  mean geostrophi c mer id iona l  wind i s  zero. 
0 

I t  i s  now e a s i l y  shown by s u b s t i t u t i n g  the  mer id ional  wind c o e f f i -  

c i e n t s  ( ~ q u a t i o n s  2.6 and 2.7) i n t o  Equat ion 3.3 t h a t  t he  spec t ra l  

k i n e t i c  energy of  t he  mer id iona l  f l o w  i s  p ropo r t i ona l  to  the  square o f  

the  product  o f  t he  zonal wavenumber k  t imes i t s  amplitude, and i nve rse l y  

p ropo r t i ona l  t o  the  square o f  t he  cos ine o f  the  l a t i t u d e  and f2: 

! .. 
The northward f l u x  o f  r e l a t i v e  wes te r l y  momentum (again, per  u n i t  

I 

mass) i s  determined from the  f o l  lowing equat ion: 

n ZIT 
- c =  I - c k  uvdh. 

k= 1 
0 



By s u b s t i t u t i n g  the  Fou r ie r  se r i es  f o r  u and v, and then s i m p l i f y i n g  we 

f i n d  

For a phys ica l  i n t e r p r e t a t i o n  t h i s  equat ion i s  changed i n t o  a d i f f e r e n t  

form. I f  Equations 2.4-2.7 a r e  s u b s t i t u t e d  f o r  t he  c o e f f i c i e n t s  and the  

d i f f e r e n t i a t e d  form o f  Equat ion 1.7, 

* I  2 2 
ak abk/a@ - bk aak/a$ = k(ak + bk)ahk/a$, 

i s  introduced, Equat ion 3.6 takes on the  f o l l o w i n g  form: 

T = k 2 cos ql (%)'aAk,a@. 

This  equat ion expresses the well-known f a c t  t h a t  t he  s ign  o f  t h e  f l u x  of 

r e l a t i v e  wes te r l y  momentum i s  determined by t h e  t i l t  o f  the  t rough and 

r i d g e  l i n e s  w i t h  l a t i t u d e  (Palm& and Newton, 1969). Because o f  t h i s  

geometr ic consequence, we can have a f l u x  o f  r e l a t i v e  wes te r l y  momentum 

poleward w i thou t  a n e t  mass f l u x  o f  a i r  a t  a g iven l eve l .  Th is  l a t t e r  

s i t u a t i o n  occurs i n  t he  Northern Hemisphere when p lane ta ry  sca le  waves 

a r e  o r i e n t e d  from southwest t o  nor theas t  and consequently, northward- 

moving a i r  p a r t i c l e s  a r e  associated w i t h  a g rea ter  west wind component 

than a re  southward-moving p a r t i c l e s .  A corresponding sou the r l y  f l u x  

occurs w i t h  waves t i l t e d  from southeast t o  northwest. Wavenumber two 

f requen t l y  has t h i s  o r i e n t a t i o n  and, consequently, produces a southward 

f l u x  whi l e  a t  the  same t ime the  ne t  f l u x  (.Irk, k = 1 - 12) i s  northward 

(see Sect ion 3.3). 

2.4 Averag i ng Notat  i on  . 
Synopt ic  experience has taught  us t h a t  t he  long p lane ta ry  waves tend 

t o  be quas i - s ta t i ona ry  p e r s i s t i n g  i n  p r e f e r r e d  geographic l oca t i ons  on 



monthly normal weather char ts .  Monthly means of  atmospheric parameters 

can be determined i n  a number o f  d i f f e r e n t  ways, sometimes producing 

c o n t r a s t i n g  r e s u l t s  depending on the  form o f  the  terms being averaged. 

The monthly mean Fou r ie r  c o e f f i c i e n t s  of  t he  geopoten t ia l  he igh t  f i e l d  
' I .  I 

can be determined i n  two d i f f e r e n t  ways, and because o f  the  l i n e a r i t y  o f  

t he  formulae, w i t h  i d e n t i c a l  r e s u l t s :  
8 . .  $ 8  

i )  By computing a and Fk (where the  bar  denotes a monthly mean) k 

d i r e c t l y  from the  monthly mean values o f  the  he igh t  f i e l d s ;  

and 

ii) By computing a and b d i r e c t l y  f rom the  d a i l y  l a l u a s  o f  a k k k 
l 

and bk. 

The monthly mean ampl i tudes and phase angles a r e  determined from 

the  monthly means o f  t he  c o e f f i c i e n t s ,  a and bk, r a t h e r  than from the  
k 

mean o f  t he  d a i l y  amplitudes. As would be expected, t he  ampl i tude o f  

t he  monthly mean wave (computed from a and Fk) i s  general l y  smal l e r  than k 
2 2 1 / 2  t he  monthly mean of  the  d a i l y  amplitudes ( ~ l i a s e n ,  1958), o r  (ak + bk) 

The d i f f e r e n c e  between t h e  two types o f  mean ampl i tudes g ives a measure 
I '  I 

o f  t he  day-to-day v a r i a b i l i t y  o f  the  waves. 

u v u  S i m i l a r l y ,  t he  Fou r ie r  c o e f f i c i e n t s  (ak, ak, bk, and b;) o f  the  

monthly mean geostrophic  winds can be determined i n  two d i f f e r e n t  ways 

w i t h  i d e n t i c a l  r e s u l t s  because the  geostrophic  wind r e l a t i o n s  a r e  l i n e a r :  

i )  From the  d a i l y  values o f  ak and bk; o r  ~ . , . 
- 

i i )  D i r e c t l y  f rom a and bk. k 

Two d i f f e r e n t  methods can a l s o  be used i n  determin ing the  monthly 

means o f  the  spec t ra l  modes o f  the  k i n e t i c  energies and r e l a t i v e  wes te r l y  

momentum f l u x :  



I 
i )  By computing d a i l y  values o f  these q u a n t i t i e s  from the  d a i l y  

values o f  t h e  Fou r ie r  wind c o e f f i c i e n t s  and then computing 

t h e  monthly means o f  t h e  q u a n t i t i e s ,  which w i l l  now be denoted 

w i t h  a s i n g l e  bar: q, 3, and Tk; o r  

i 1) D i r e c t l y  from the  monthly means o f  t he  wind c o e f f i c i e n t s ,  

=u '=V - - 
which w i l l  now be denoted w i t h  a double bar :  ek, ek, and T ~ .  

The s ing le -bar red  and double-barred monthly mean energies and r e l a -  

t i v e  momentum f l uxes  have d i f f e r e n t  values because o f  t h e  n o n - l i n e a r i t y  

o f  t h e  formulae d e f i n i n g  them. The d i f f e r e n c e  between t h e  two types o f  

means f o r  a g iven  parameter g ives  a measure o f  t he  i n t e n s i t y  o f  t h e  day- 

to-day v a r i a t i o n s  (o r  var iance i n  t ime) o f  t he  spec t ra l  modes o f  t he  

f l o w  and pressure pa t te rns  f o r  a  g iven  month. Th i s  i s  probably  best  

seen by an example: 

Consider the  spec t ra l  term o f  the  mer id iona l  k i n e t i c  energy, eV k ' 

As mentioned e a r l i e r ,  f o r  a  g iven l a t i t u d e  t h i s  term i s  propor- 

2 2 t i o n a l  t o  Ak = ak + b2 The squared ampl i tude o f  the  monthly mean k '  

wave is (xk12 = (zk) + ( F ; ~ ) ~ ,  and the  month ly  mean squared ampl i- 
7 - - 

I f w e n o w t a k e t h e  tude from the  d a i l y  ampl i tudes i s  Ak = ak + bk. 

d i f f e r e n c e  between t h e  p ropo r t i ona l  i t i e s  ( f o r  t he  two types o f  mean 

mer id iona l  k i n e t i c  energy), we see t h a t  f o r  a  g iven l a t i t u d e  
- 

=V 2 
( - e a A - (  . I t  can e a s i l y  be shown t h a t  t h i s  d i f f e r -  

ence represents t he  var iance o f  t h e  spec t ra l  ampl i tude over a 

pe r i od  o f  averag i ng (panofsky and Br i er ,  1958, p. 209) . An analy-  

s i s  o f  t h i s  type, then, w i l l  a l l o w  us t o  determine which harmonics 

c o n t r i b u t e  s i g n i f i c a n t l y  t o  t he  d a i l y  v a r i a t i o n s  o f  t he  pressure 

I 
and f low pa t te rns ,  and which harmonics a r e  more p e r s i s t e n t .  



might be noted here t h a t  another measure of t he  var iance i s  a l s o  

e a s i l y  computed from e i t h e r  the  amplitudes o r  t he  mer id ional  k i n e t i c  

energies: t h a t  i s ,  the  var iance o f  he igh t ,  z(X), around a l a t i t u d e  

c i r c l e  (which i s  equ iva len t  t o  the  sum o f  the  square o f  each o f  the  

harmonic ampl i tudes).  Th is  i s  poss ib le  s ince  the  harmonics are  a l l  

uncorre lated (Haney, 1961) so no two harmonics can exp la in  the  same p a r t  

o f  the  var iance o f  Z. The t o t a l  var iance was here assumed t o  be pro- 

duced by the  f i r s t  twelve harmonics. The f r a c t i o n  o f  t he  t o t a l  var iance 

a t t r i b u t a b l e  t o  the  f i r s t  m harmonics can now be determined from the  

f o l l o w i n g  formula: 

I n  t h i s  paper, the  s ing le -bar red  q u a n t i t i e s  w i l l  be re fe r red  t o  as 

the  " t o t a l "  quan t i t y ,  w h i l e  the  double-barred q u a n t i t i e s  a re  c a l l e d  the  

"standing" o r  "s ta t ionary"  con t r i bu t i ons .  Then the  d i f f e r e n c e  between 

the  types o f  means wi 1 1  be re fe r red  t o  as the  " t rans ien t "  component. 

The d a i l y  harmonic c o e f f i c i e n t s  can a l s o  be Four ie r  analyzed w i t h  

respect t o  t ime as was done by Deland (1973) and then analyzed f o r  t h e  

movement o f  the  t r a v e l i n g  wave components. ! I '  

2.5 Data. - 
The data used i n  t h i s  study was obta ined on tape from the Nat ional  

Center f o r  Atmospheric Research (NCAR) and consis ted o f  "cleaned1' 

Nat iona l  Meteoro logical  Center (NMC) data i n te rpo la ted  from the 1977 

p o i n t  NMC octagonal g r i d  t o  each 5 t h  degree o f  l a t i t u d e  from 20°N t o  



85ON, and t o  each 10" o f  longi tude.  Dai l y  data ( a t  OOGMT) f o r  t he  year 

1971 were then Fou r ie r  analyzed a t  each o f  these l a t i t u d e s  and f o r  t he  

f o l l o w i n g  pressure surfaces: 1000 mb, 850 mb, 700 mb, 500 mb, 400 mb, 

300 mb, 250 mb, 200 mb, 150 mb, 100 mb, 70 mb, 50 mb, 30 mb, and 10 m,b, 

The Fou r ie r  c o e f f i c i e n t s  f o r  t he  f i r s t  twelve harmonics were then 

re ta ined  on magnetic tape. From t h i s  bas i c  data se t ,  t h e  parameters 

descr ibed p rev ious l y  were derived. 

Fur ther  i n fo rma t i on  about NCAR data sets,  and the  o b j e c t i v e  analy- 

s i s  methods used i n  determin ing meteoro logica l  f i e l d s  on a r e g u l a r l y  

spaced g r i d  by app ly ing  co r rec t i ons  t o  a f i r s t  guess can be found i n  

Jenne (1975) and Cressman (1959) , respec t ive ly .  



3. MONTHLY MEAN QUANTlTl ES 

Some of t h e  pr imary ob jec t i ves  o f  t h i s  study were t o  ob ta in  a 

b e t t e r  understanding o f  d a i l y  and seasonal v a r i a t i o n s ,  v e r t i c a l  s t ruc -  

tu re ,  and l a t i t u d i n a l  d i s t r i b u t i o n ,  o f  long wave atmospheric d i s t u r -  

bances, p a r t i c u l a r l y  a t  middle and h igh  l a t i t u d e s .  Therefore the  data 

and parameters discussed p rev ious l y  w i l l  be presented here f o r  t he  month- 

l y  mean q u a n t i t i e s ,  w i t h  p a r t i c u l a r  emphasis on the  months o f  January and 

Ju l y .  When appropr iate,  comparisons w i l l  be made between data presented 

here and t h a t  o f  o ther  authors f o r  s i m i l a r  q u a n t i t i e s  and per iod  means. 

3.1 1. 
Obviously, no t  a l l  o f  t he  zonal harmonic wave spectrum can be 

i n te rp re ted  i n  phys ica l  terms. However, there  a re  c h a r a c t e r i s t i c  fea- 

tu res  o f  the  atmosphere which can be expla ined by d i s c r e t e  wavelengths. 

But, as mentioned i n  the  In t roduc t ion ,  i t  i s  genera l l y  accepted t h a t  the  

quas i -s ta t ionary  p lanetary  sca le  waves a re  forced by the  d i s t r i b u t i o n  

o f  cont inents,  oceans, mountains, heat sources, and heat s inks.  The 

smal ler  sca le  t r a v e l i n g  waves produced by b a r o c l i n i c  i n s t a b i l i t y  a re  t o  

a l a rge  degree smoothed when monthly means o f  t he  Four ie r  c o e f f i c i e n t s  

a re  computed. Thus a l a rge  percentage of t he  height  var iance around a 

l a t i t u d e  c i r c l e  i s  determined by the  longest waves. Th is  i s  r e f l e c t e d  

i n  Tables 3.1 and 3.2 which show the  cumulat ive spec t ra l  percentage 

o f  t he  t o t a l  he igh t  var iance f o r  waves 1-2 and 1-6 i n  January  a able 3.1) 

and J u l y   a able 3.2). The variances were computed using Equation 4.1 

(Chapter 2) f o r  the  double-barred mer id ional  k i n e t i c  energies. An 

examination o f  the  tab les  reveals some i n t e r e s t i n g  features.  As noted 

by Haney (1961), the  l a rge r  p a r t  o f  the  monthly mean he igh t  var iance 

along a l a t i t u d e  c i r c l e  can be accounted f o r  by the  f i r s t  few harmonics. 



Table 3.1. Percent o f  January monthly mean he igh t  var iance accounted 
f o r  by (a) t he  f i r s t  two harmonics, and (b) t h e  f i r s t  s i x  
harmonics. 

L a t i t u d e  82.5 

L a t i t u d e  82.5 



Table 3.2. Percent o f  J u l y  monthly mean he igh t  var iance accounted f o r  by 
(a) t he  f i r s t  two harmonics, and (b) t he  f i r s t  s i x  harmonics. 

L a t i t u d e  82.5 72.5 62.5 52.5 42.5 32.5 22.5 

L a t i t u d e  82.5 72.5 62.5 52.5 42.5 32.5 22.5 



I 
Th is  becomes even more pronounced poleward and a t  h igher  l e v e l s .  For 

example, i n  January t h e  f i r s t  two harmonics averaged f o r  a l l  l e v e l s  i n  

Table 3.1, account f o r  64.75% o f  t h e  t o t a l  var iance a t  22.5ON and 99.81% 

a t  82.5ON. The increase w i t h  he igh t  i s  no t  q u i t e  as pronounced w i t h  

83.41%, averaged f o r  a l l  l a t i t u d e s  i n  Table 3 . l a  a t  700 mb, and ranging 

up t o  86.02% a t  10 mb. The f i r s t  s i x  harmonics i n  January nea r l y  always 

account f o r  more than 95% of  t h e  t o t a l  he igh t  var iance.  The corresponding 

values i n  J u l y  show t h a t  t he  f i r s t  two waves account f o r  less  of t he  

t o t a l  var iance than they d i d  i n  January, and w h i l e  t he  f i r s t  s i x  waves 

s t i l l  account f o r  l ess  o f  t he  t o t a l  var iance than they d i d  i n  January, 

they do account f o r  more than 90% o f  the  J u l y  t o t a l  he igh t  var iance i n  

most cases. 

The importance of  h igher  wave numbers a t  lower l a t i t u d e s  i s  i n  p a r t  

a t t r i b u t a b l e  t o  t h e  increasing wavelength o f  a g iven  wave number w i t h  

decreasing l a t i t u d e .  The summer s h i f t  emphasizing sho r te r  wavelengths 

i s  a consequence o f  the  d i sp ropo r t i ona te  summer decrease i n  ampl i tudes 

o f  t h e  long waves w i t h  respect t o  t h e  sho r te r  waves. Some o f  t h i s  

ampl i tude data w i l l  be shown, subsequently, i n  t h i s  sect ion.  

An i n t e r e s t i n g  f e a t u r e  o f  t h e  f i r s t  harmonic (k= l )  i s  t h a t  i t  

descr ibes the  asymmetry o f  t h e  zonal f l o w  w i t h  respect  t o  t he  pole,  o r  

analogously, t h e  e c c e n t r i c i t y  w i t h  respect t o  t h e  l a t i t u d e  c i r c l e s  

(LaSeur, 1954). Hence, t h i s  harmonic i s  t h e  o n l y  one which a l l ows  f l o w  

across t h e  pole. 

The meaning o f  t h e  second harmonic can be descr ibed as t h e  e l l i p -  

t i c i t y  o f  t h e  c i rcumpolar  f low,  which can be r e a d i l y  seen by superimposing 

t h e  second harmonic on t h e  mean zonal cu r ren t  (o r  zero o rder  harmonic). 

The amount o f  e l l i p t i c i t y  i s  determined by t h e  ampl i tude, and t h e  
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l ong i tude o f  t h e  peak ampl i tude i s  determined by t h e  phase angle. The 

remaining harmonics d e f i n e  t h e  t r u e  wave- l ike character  o f  atmospheric 

pe r tu rba t i ons  as can be observed on synopt ic  weather cha r t s .  

F igures 3.1 - 3.4 d e p i c t  t h e  v e r t i c a l  and l a t i t u d i n a l  s t r u c t u r e  o f  

t h e  f i r s t  f ou r  harmonic waves from monthly means c h a r a c t e r i s t i c  o f  t he  

f o u r  seasons f o r  1971 ( ~ a n u a r y ,  Apr i 1, Ju l y ,  and ~ c t o b e r )  . Shown a r e  

the  ampl i tude d i s t r i b u t i o n s  o f  t he  f i r s t  f ou r  harmonics and the  phase 

angle d i s t r i b u t i o n s  o f  t h e  f i r s t  t h ree  waves. The phase angles p l o t t e d  

r e f e r  t o  t h e  long i tude ( i n  degrees) o f  t h e  f i r s t  r i d g e  l i n e  east  o f  

Greenwich. 

I n  F igure  3 . la  t h e  h ighes t  ampl i tudes f o r  wave number one i n  Janu- 

a ry  a r e  found i n  t h e  p o l a r  s t ratosphere,  reaching 800 meters a t  70°N and 

a t  t h e  10 rnb l e v e l .  The l a t i t u d e  o f  t h i s  maximum ampl i tude remains con- 

s t a n t  through the  troposphere, w i t h  a secondary t ropospher ic  maximum oc- 

c u r r i n g  s t  35ON and near t h e  250 mb leve l .  The long i tude o f  the  r i d g e  

( ~ i g .  3 . lb )  corresponding t o  t h e  h igh  ampl i tude p a r t  o f  wave one dur ing  

January has a s l i g h t  wes te r l y  t i l t  w i t h  he igh t  and i s  located over t he  

northwestern corner  o f  Nor th  America where the  ampl i tude ( ~ i g .  3. la) i s  

large,  i .e .  a t  h igh  l a t i t u d e s .  The corresponding trough, then i s  located 

i n  t he  v i c i n i t y  o f  Scandinavia. The s p a t i a l  d i s t r i b u t i o n  of  waves one 

and two correspond q u i t e  w e l l  w i t h  the.asymmetry and e l l i p t i c i t y  o f  mean 

January c i rcumpolar  f l o w  pa t te rns  a t  h igh  l a t i t u d e s  i n  t he  troposphere 

(Palm6n and Newton, 1969; p. 68) and i n  t he  s t ra tosphere  (Cra ig,  1965; 

p. 45). The abnormal l y  h igh  amp1 i t u d e  located i n  t he  s t ra tosphere  (as 

compared t o  seven year means by van Loon, e t  a1 . , 1973) i s  probably  

co inc iden t  w i t h  t h e  asymmetry o f  t h e  p o l a r  n i g h t  vor tex ,  which happened 

t o  experience a ra the r  s t rong sudden breakdown and reversa l  i n  mid-month 
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Figure  3.1 P ressu re / l a t i t ude  d i s t r i b u t i o n  of monthly mean January amp- 
1 i tudes (gpm) and corresponding phase angles o f  t he  f i r s  t r i d g e  l i ne 
east  o f  Greenwich ( from 0 t o    IT) f o r  wavenumbers : one, (a) and (b) , 
respec t i ve l y ;  two, (c) and (d) ; three,  (e) and ( f )  ; and the  wave f o u r  
amp1 i tude, (9). 
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which was preceded by an extremely s t rong asymmetric p a t t e r n  o f  t h e  

c i rcumpolar  f low.  Rocket measurements have shown t h a t  t h e  j e t  core  of 

t h e  po la r  n i g h t  w e s t e r l i e s  e x i s t s  i n  t h e  lower mesosphere near 40°N 

( ~ u r g a t r o y d ,  1969), suggest ing t h a t  t h i s  wave probably  extends h i g h  i n t o  

t h e  s t ra tosphere  having a sou the r l y  t i l t  w i t h  he igh t .  The v e r t i c a l  t i l t  

o f  t h e  phase angles i s  determined i n  these diagrams by observ ing t h e  

change o f  t h e  phase angle i n  t h e  v e r t i c a l  a t  a  g iven  l a t i t u d e .  Another 

f e a t u r e  o f  these diagrams i s  t h e  convergence o f  t h e  phase angles a t  

c e r t a i n  l a t i t u d e s  and l e v e l s  which obv ious ly  must correspond t o  p o i n t s  

where the  ampl i tude o f  t he  wave i s  zero. 

The secondary wave one amp1 i tude maximum ( ~ i g .  3. l a )  near 35ON and 

250 mb appears s l i g h t l y  t o  t h e  n o r t h  o f  t h e  mean l a t i t u d e  o f  t h e  sub- 

t r o p i c a l  wes te r l y  j e t  stream. A t  t h i s  l a t i t u d e  t h e  phase angle o f  wave 

one ( ~ i ~ .  3 . lb)  s h i f t s  q u i t e  markedly t o  t h e  west w i t h  he igh t .  The r i d g e  

l i n e  a t  35"N v a r i e s  from 60°E l ong i t ude  a t  100 mb t o  90°W (270°E) lon-  

g i t u d e  a t  t he  150 mb l e v e l .  Since a wes te r l y  t i l t  o f  t h e  long waves w i t h  

he igh t  can produce an upward propagat ion o f  wave energy from t h e  t ropo-  

sphere t o  the  s t ra tosphere  ( ~ i  r o t a  and Sato, 1969) , i t  appears t b a t  wave 

one i n  t he  monthly mean may do l i kew ise .  

Return ing t o  F igure  3. lb ,  we see t h a t  w i t h i n  t h e  troposphere the  

t i l t  o f  t h e  r i d g e  l i n e s  w i t h  l a t i t u d e  reverses from a southwest t o  no r th -  

east t i l t  south o f  about 50°N l a t i t u d e  t o  a southeast t o  northwest t i l t  

a t  h igher  t ropospher ic  l e v e l s  n o r t h  o f  50°N. The mer id iona l  t i l t  o f  t he  

r i d g e  l i n e s  i s  determined from these diagrams by observ ing t h e  change 

o f  t h e  phase angle w i t h  inc reas ing  l a t i t u d e  a t  a  g iven  pressure l e v e l .  

As mentioned p rev ious l y  ( ~ q .  3.7: Chap. 2) t h e  consequences o f  these 

geometr ic o r i e n t a t i o n s  produce a mer id iona l  f l u x  o f  r e l a t i v e  wester ly  



momentum. The magnitude, s i g n  and d i s t r i b u t i o n  o f  these f l u x e s  are  

presented i n  Sect ion 3.3. 

The amp1 i t u d e  d i s t r i b u t i o n  f o r  wavenumber two ( ~ i g .  3 . 1 ~ )  i n  Jan- 

uary resembles t h a t  of  wavenumber one p r i m a r i l y  because the  reg ion  o f  

maximum ampl i tude increases upward i n t o  t h e  s t ratosphere.  However, t h e  

l a t i t u d e  o f  t h i s  peak f o r  wave two i s  about t e n  degrees south of t he  

wave one peak, and t h e  magnitude i s  o n l y  about h a l f  as large.  There a l s o  

appears t o  be a l a t i t u d i n a l  s h i f t  o f  t he  wave two peak between the  t ropo-  

sphere and the  st ratosphere,  w i t h  respec t ive  peaks a t  5 0 ' ~  and 6 0 " ~ .  

Another i n t e r e s t i n g  p o i n t  r e l a t i n g  d i s t r i b u t i o n s  o f  t h e  peak ampl i tudes 

o f  waves one and two i s  t h e  apparent negat ive  c o r r e l a t i o n  w i t h  respect t o  

l a t i t u d e  i n  t h e  troposphere: 1.e. t h e  wave two maximum a t  50°N and 250 

mb i s  located a t  t h e  corresponding minimum p o s i t i o n  f o r  wave one. Wave 

one appears t o  dominate the  p o l a r  s t ratosphere,  p o l a r  troposphere, and 

sub t rop i ca l  troposphere, w h i l e  wave two appears t o  predominate i n  t h e  

m i d - l a t i t u d e  troposphere. Compared t o  t h e  phase angle d i s t r i b u t i o n  o f  

wave one, t h e  phase angle o f  wave two i n  January ( ~ i g .  3.2d) i s  f a i r l y  

constant  w i t h  he igh t ,  i n  agreement w i t h  t he  f i n d i n g s  o f  van Loon, e t  a l .  

(1973) from long term monthly (January) means. However, there  i s  a 

no t i ceab le  t i l t  o f  t h e  r i d g e  l i n e s  from southeast t o  northwest i n  t h e  

middle troposphere suggest ing a southward f l u x  of r e l a t i v e  wes te r l y  

momentum a t  most l e v e l s  i n  t h e  troposphere between about 40°N and 70°N. 

The p o s i t i o n s  o f  t he  troughs o f  t h i s  wave a r e  j u s t  t o  t he  east  o f  t h e  

Himalayas i n  Asia and j u s t  east  o f  t h e  Nor th American cont inent  a t  h igh  

l a t i t u d e s .  ( l t  should remembered t h a t  t he  t rough p o s i t i o n s  a r e  s h i f t e d  

by one-hal f  o f  t he  wavelength from t h e  r i d g e  p o s i t i o n s  depic ted i n  these 

diagrams.) 



The peak anipl i tude o f  wave th ree  i n  January ( ~ i g .  3 . le )  i s  con- 

s i de rab l y  smal ler  than t h a t  o f  waves one and two, e s p e c i a l l y  i n  t h e  

s t ra tosphere  where, a t  h i g h  l a t i t u d e s ,  more than 95% o f  t he  he igh t  

var iance can be accounted f o r  by t h e  f i r s t  two harmonics (Table 

3.1). Wave th ree  i n  t h e  middle s t ra tosphere  (around 10 mb) has a double- 

peaked d i s t r i b u t i o n  w i t h  maximums a t  about 6 0 ' ~  and 3 5 O N .  The t ropo-  

spher ic  peak appearing a t  40°N and 250 mb i s  j u s t  t o  t he  south o f  t h e  

peak f o r  wave two, and t o  t h e  n o r t h  o f  t h e  secondary peak fo r  wave one. 

There i s  very 1 i t t l e  v e r t i c a l  v a r i a t i o n  o f  t h e  phase angles (F ig .3 . l f )  

w i t h  he igh t  except i n  t h e  po la r  regions (nor th  o f  60°N) where the re  

i s  an eastward v e r t i c a l  t i l t  i n  t he  lower s t ratosphere.  However, t h e  

ampl i tude o f  wave th ree  i n  t h i s  reg ion  i s  q u i t e  smal l .  There a l s o  appears 

t o  be a southwest t o  nor theas t  t i l t  o f  t h e  r i dges  a t  most l e v e l s  south o f  

4S0N, and southeast t o  northwest t i l t  a t  h igher  l a t i t u d e s .  

The ampl i tude o f  wave f o u r  (Fig. 3.19) i n  January i s  smal ler  s t i l l  

than wave three,  w i t h  i t s  peak s h i f t e d  s l i g h t l y  f u r t h e r  south o f  t h e  

peak ampl i tude f o r  wave three.  I n  f a c t ,  t he  percent  o f  t he  t o t a l  he igh t  

var iance due t o  wave fou r  a t  i t s  l e v e l  and l a t i t u d e  o f  peak ampl i tude 

i s  less  than f o u r  percent .  

An account of t he  annual v a r i a t i o n  f o r  1571 can be obta ined through 

a perusal o f  t h e  ampl i tude and phasediagrams f o r  January, A p r i l ,  J u l y  

and October (Figs. 3.1 - 3.4). Some o f  t h e  i n t e r e s t i n g  fea tu res  w i l l  

be descr ibed here. 

There i s  a d r a s t i c  change i n  t h e  mean ampl i tudes o f  t h e  f i r s t  two 

harmonics w i t h  t he  onset o f  sp r i ng  ( ~ i g .  3.2). By Apr i  1,  t h e  p o l a r  

n i g h t  vo r tex  has broken down, w i t h  t h e  f i r s t  two waves r e t a i n i n g  o n l y  

about 10% o f  t h e i r  mid-winter  i n t e n s i t i e s  a t  10 mb. However, w h i l e  wave 



two has decreased i t s  ampl i tude i n  t h e  troposphere, t h e  f i ' r s t  wave has 

increased i n  magnitude i n  t h e  troposphere, where again, a double-peaked 

d i s t r i b u t i o n  e x i s t s .  One peak, again loca ted  i n  t h e  v i c i n i t y  o f  t h e  sub- 

t r o p i c a l  j e t  a t  30 -35 '~  and 200 mb, has approx imate ly  t h e  same magnitude 

as i t  d i d  f o r  wave one i n  January. However, i t s  cen ter  i s  located a t  a 

pressure l e v e l  50 mb h igher ,  poss ib l y  i n  response t o  an expansion o f  t h e  

troposphere (o r  1 i f t  i ng of  t h e  tropopause) s ince t h e  tropopause l e v e l  

possesses an annual v a r i a b i  1 i t y  (Palm& and Newton, 1969). The o the r  

peak f o r  wave one, a t  5S0N and 300 mb, i s  a t  t h e  l a t i t u d e  where wave one 

was a minimum and wave two a maximum i n  January. Again t h e  peak ampl i -  

tudes f o r  wave one and wave two appear a t  d i f f e r e n t  l a t i t u d e s .  

The phase angle d i s t r i b u t i o n  o f  t he  f i r s t  harmonic i n  A p r i l  (Fig.  

3.2b) has considerably  d i f f e r e n t  c h a r a c t e r i s t i c s  than i t  d i d  i n  January. 

The most obvious d i f f e r e n c e  i s  t he  absence o f  any t i l t  i n  t he  v e r t i c a l  

where the  ampl i tude o f  wave one has any s i g n i f i c a n t  magnitude. Also, 

t he  two ampl i tude peaks i n  t he  troposphere mentioned p rev ious l y  possess 

r idges  which a re  180' ou t  o f  phase w i t h  each o ther  ( i .e .  a r i d g e  appears 

i n  t h e  western P a c i f i c  a t  low l a t i t u d e s  and a t rough a t  mid-high l a t i -  

tudes).  There i s  a subs tan t i a l  southeast t o  northwest (ho r i zon ta l )  t i  1 t 

of  t h e  phase angles a t  m i d - l a t i t u d e s  throughout t he  troposphere and 

lower s t ra tosphere  as can be v e r i f i e d  by observ ing t h e  change o f  t he  

phase angle i n  F igure  3.2b between 4 0 ' ~  and 70°N a t  any pressure l e v e l .  

Where t h e  ampl i tude o f  wave two i n  A p r i l  (Fig. 3 . 2 ~ )  i s  h ighes t  t he  

phase ang le  (Fig. 3.2d) i s  no t  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  January 

values. The ampl i tudes  o f  t h e  t h i r d  and f o u r t h  harmonics (Figs. 3.2e 

and g) i n  A p r i l  have v i r t u a l l y  t h e  same i n t e n s i t i e s  as they d i d  i n  January. 

Furthermore, the l a t i t u d i n a l  d i s t r i b u t i o n  o f  t h e  peak ampl i tudes o f  t h e  
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f i r s t  t h ree  waves i n  A p r i l  i s  such t h a t  t he  domain o f  each harmonic 

ampl i tude peak i s  i n  a d i f f e r n t  l a t i t u d e  b e l t .  Thus, r e l a t i v e  maxima f o r  

wave one occur a t  5S0N and 30-3S0N, wave two a t  70-7S0N, and wave th ree  

a t  40°N. 

An i n t e r e s t i n g  feature of the  long waves i n  J u l y  (Fig. 3.3) i s  t h a t  

f o r  wave one the  r i d g e  1 ines are  i n  many cases d isp laced 180' f rom the  

January values. This  i s  p a r t i c u l a r l y  t r u e  i n  regions where the  ampli tude 

i s  high. This  v a r i a t i o n  from w in te r  t o  summer would be expected i n  view 

o f  the  seasonal reversal  o f  the  r o l e s  o f  t he  cont inents  and oceans as 

l a rge  sca le  heat sources and sinks. van Loon, e t  a l .  (1973) and El iassen 

(1958) a l s o  found a d i f f e r e n c e  of phase between extreme seasons f o r  wave 

one a t  the surface, but  d imin ish ing  upward i n t o  the  middle troposphere. 

They concluded t h a t  wave one was forced p r i m a r i l y  by l a rge  sca le  heat 

sources and s inks  near t h e  surface, and by orographic fea tures  a t  h igher  

l e v e l s  i n  the  troposphere. A s i m i l a r  conclus ion was deduced by Van 

Mieghem e t  a l .  (1959 and 1961). 

I n  Ju ly ,  t he  peak amplitudes o f  wave two (Fig. 3.3c), a t  70°N and 

3 5 O ~ ,  occur a t  t hesame la t i t udes  and l e v e l s  as those o f  wave one. Waves 

th ree  and fou r  (Figs. 3.3e and 3.39) have t h e i r  peak J u l y  ayp l i tudes  

f u r t h e r  south, a t  55-60°N and 30°N and are  more nea r l y  o f  the  same magni - 
tude as waves one and two a t  a l l  l e v e l s  than they were i n  January. It i s  

i n t e r e s t i n g  t o  no te  t h a t  the f i r s t  f ou r  waves i n  J u l y  possess double- 

peaked d i s t r i b u t i o n s ,  w i t h  the  souther ly  maxima i n  the  v i c i n i t y  o f  35"N. 

A f t e r  the  f a l l  equinox, t he  p o l a r  s t ratosphere gradua l ly  loses i t s  

source o f  heat and begins t o  cool .  At  the  same time, t he  low l a t i t u d e  

st ratosphere i s  s t i l l  being heated by so la r  r a d i a t i o n  ~ r o d u c i n g  a s t rong 
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temperature g rad ien t  near 6 5 O N .  Consequently t h e  p o l a r  n i g h t  wester1 ies  

suddenly appear and begin t o  ampl i fy  i n  October. Th is  phenomenon consis-  

t e n t l y  appears on monthly mean cha r t s  and i s  o f t en  asymmetric w i t h  respect 

t o  t h e  po le  and e l l i p t i c a l  i n  shape. This  corresponds t o  an increase i n  

ampl i tude o f  t he  f i r s t  two harmonic waves i n  the  s t ratosphere i n  October, 

as can be seen i n  F igures 3.4a and 3 . 4 ~ .  Simultaneously, a  sou ther ly  

s h i f t  o f  waves one through f o u r  i s  detected i n  t he  troposphere. Again, 

t h e  f i r s t  wave s h i f t s  t o  t h e  west w i t h  he igh t  i n  m id - l a t i t udes  (Fig. 

3.4b), w i t h  t he  v e r t i c a l  d i s t r i b u t i o n  of  t he  o the r  waves remaining f a i r l y  

constant .  

_ - , #  A l though t h e  ampl i tudes g i v e  va luab le  in fo rmat ion  regard ing the  

i n d i v i d u a l  harmonic waves, a b e t t e r  understanding o f  t he  general c i r c u l a -  

t i o n  necess i ta tes  a look  a t  t h e  parameters w i t h  more dynamic s i g n i f i c a n c e  

discussed prev ious ly ,  namely, t h e  zonal and mer id iona l  k i n e t i c  energies 

and the  mer id iona l  t r anspo r t  o f  r e l a t i v e  wes te r l y  momentum. 

3.2 Zonal and Mer id ional  K i n e t i c  Energy Spectra. 

As discussed i n  Chapter 2, t he  zonal and mer id iona l  components o f  

t h e  monthly mean k i n e t i c  energy spectra a re  computed i n  two d i f f e r e n t  

ways: t he  "s ing le-barred"  mean q u a n t i t i e s  from t h e  d a i l y  harmonic 

c o e f f i c i e n t s ;  and the  "double-barred" mean q u a n t i t i e s  computed from t h e  

monthly mean harmonic c o e f f i c i e n t s .  The der ived  energies have the  u n i t s  

tn2/s2, and the re fo re  a r e  propor;ional t o  t h e  k i n e t i c  energy f o r  a g iven  

a i r  dens i t y  o r  k i n e t i c  energy per  u n i t  mass. I n  t h i s  sec t i on  we s h a l l  

d iscuss the  percentages of  i n d i v i d u a l  wave number energies as p a r t  o f  

t he  t o t a l  spectrum (assumed as t h e  sum o f  t he  spec t ra l  energies f o r  wave 

number one through twelve) f o r  g iven  l a t i t u d e s  and l e v e l s  i n  January, 

and subsequently make comparisons t o  analogous c a l c u l a t i o n s  i n  Ju ly .  
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Then, t he  annual d i s t r i b u t i o n  of i n d i v i d u a l  wave number energies and 

t h e i r  v e r t i c a l  s t ruc tu res  w i l l  be analyzed. 

The percentages a r e  a measure o f  t h e  r e l a t i v e  importance of each o f  

t he  f i r s t  twelve waves. Only some o f  t h e  s t a t i s t i c s  from the  s ing le -  

barred energies w i l l  be presented here however, s ince  the  s ingle-barred 

means best represent t h e  t o t a l  (s tanding p lus  t r a n s i e n t )  c o n t r i b u t i o n  o f  

each harmonic. Since t h e  t o t a l  energy spectrum i s  ca l cu la ted  from the  

f i r s t  twelve wave numbers, i t  excludes the  k i n e t i c  energy o f  t he  mean 

zonal cu r ren t  (k=0) which, i n  general,  i s  considerably g reater  than the  
8 .  

f 

o ther  spec t ra l  terms, p a r t i c u l a r l y  i n  the  v i c i n i t y  o f  t he  major j e t  

s t  reams. 

I n  Table 3.3 t he  spec t ra l  percentages o f  zonal, mer id iona l ,  and 

t o t a l  (zonal p lus  mer id iona l )  k i n e t i c  energy a re  presented f o r  each o f  

t he  f i r s t  twelve wave numbers a t  500 mb and 50 mb a t  se lected l a t i t u d e s  

f o r  January and Ju l y .  Th is  t a b l e  shows again t h e  predominance o f  t he  

long waves a t  h igh  l eve l s  and l a t i t u d e s ,  p a r t i c u l a r l y  f o r  t he  zonal 

k i n e t i c  energy. I n  t he  troposphere a t  sub-polar l a t i t u d e s  the  mer id ional  

k i n e t i c  energy spectrum genera l l y  has peak values i n  t he  wave number 

range from fou r  t o  seven i n  bo th  January and Ju ly ,  w h i l e  t he  zonal 

k i n e t i c  energy spectrum i s  s t i l l  dominated by the  f i r s t  t h ree  waves. 

I n  J u l y  t he re  i s  a no t i ceab le  s h i f t  towards h igher  wave numbers f o r  bo th  

the  zonal and mer id ional  k i n e t i c  energies. Also a t  22.5'N the  shor te r  

waves (k=8 through 12) conta in  an appreciable p a r t  o f  t he  t o t a l  merid- 

iona l  k i n e t i c  energy spectrum. I n  January these f i v e  waves account f o r  

36.8 and 29.4 percent of t he  mer id ional  k i n e t i c  energy a t  500 mb and 

50 mb, respect ive ly .  The corresponding values f o r  t h e  double-barred 

mer id ional  k i n e t i c  energies, (not  shown) a re  22.9 and 7.4 percent,  



Table 3.3. Spectral percentage of zonal, meridional , and t o t a l  (zonal) 
p lus meridional) k i n e t i c  energies t o  the assumed t o t a l  o f  
the  respect ive quan t i t i e s  (meaning the sum of waves one 
through twelve) a t  500 mb f o r  (a) January and (b) Ju ly  
single-barred monthly means. 

(a) ,January: 500 mb 

Wave Zonal Meridional Total  Wave Zonal Meridional Tota l  



Table 3.3 (continued) 

(a) January: 500 mb 

Wave Zonal Meridional Total Wave Zonal Meridional Total 

(b) July: 

Wave Zonal Meridional Total Wave Zonal Meridional Total 



Table 3 . 3  (continued) 

(b) July: 

Wave Zonal Meridional Tota l  Wave Zona 1 Mer id  i ona 1 Tota 1 



respec t i ve l y .  From these data i t  can be concluded t h a t  t he  t r a n s i e n t  

p a r t  o f  t h e  sho r te r  waves produces more o f  t h e  mer id iona l  k i n e t i c  energy 

than t h e  standing p a r t  a t  22.5'. Th i s  r e s u l t  w i l l  be expounded upon 

l a t e r  i n  t h i s  sec t ion .  I ! !  ., 

F igures 3.5 - 3.8 dep i c t  t h e  mer id iona l  cross sec t ions  o f  t h e  

January double- and s ing le -bar red  zonal and mer id iona l  k i n e t i c  energ ies 

f o r  wavenumbers one and two, t h e  sum o f  waves one through four ,  and 

t h e  sum o f  waves one through twelve. These f i g u r e s ,  a long w i t h  some 

o thers  t h a t  w i l l  be presented l a t e r ,  a r e  p l o t t e d  us ing t h e  smoothed 

ve rs ion  o f  an NCAR subrout ine  c a l  l e d  CONREC (see Adams, e t  a1 . , 1975), 

which was mod i f ied  s l  i g h t l y  t o  t rans form t h e  v e r t i c a l  (pressure) 

coordinate. Th i s  contour package sometimes produces spur ious r e s u l t s ,  

l i k e  c ross ing  isop le ths ,  and d i s c o n t i n u i t i e s .  N a t u r a l l y ,  t h e  reader 

should over look  these obvious d iscrepancies.  The coord inates used 

i n  these f i g u r e s  a r e  l a t i t u d e  (abscissa) decreasing t o  t h e  r i g h t  f rom 

82. SON t o  22.5ON and pressure (o rd ina te)  decreasing upward from 1000 mb 

2 2 
t o  10 mb. The contour i n t e r v a l  i s  10 m /s . Po in ts  o f  r e l a t i v e  maxima 

and minima a r e  denoted by H and L, respec t i ve l y .  

By examining F igure  3.5 i t  becomes immediately apparent t h a t  

diagrams b and d (s  ing le -bar red  energies) have considerably  h igher  

magnitudes than diagrams a and c (double-barred energ ies) .  The top  

two diagrams (a and b) d e p i c t  t he  wave one zonal k i n e t i c  energy, and 

the  bottom two diagrams ( c  and d )  dep ic t  t he  wave one mer id iona l  k i n e t i c  

energy. The d i f f e r e n c e  between the  diagrams on the  r i g h t  and the  l e f t  

g ives  the  magnitude o f  t he  k i n e t i c  energy o f  t h e  t r a n s i e n t  waves, w h i l e  

t he  diagrams on the  l e f t  g i v e  the  s t a t i o n a r y  wave c o n t r i b u t i o n  t o  t he  

k i n e t i c  energy. The d i s t r i b u t i o n s  o f  t he  two types o f  means a re  very 



s im i l a r  w i t h  maximums and minimums corresponding q u i t e  we l l ,  The 

largest  r e l a t i v e  d i f fe rences f o r  the wave one zonal k i n e t i c  energy 

(b minus a i n  Fig.  3.5) occur i n  the troposphere nor th  o f  the mean 

subtropical  j e t  stream near 40-45ON. I n  t h i s  region the t rans ient  

and s ta t ionary  components o f  the wave one zonal k l  net  i c energy appear 

t o  be near ly  equal i n  magnitude. I n  most o ther  regions, the t rans ien t  

con t r ibu t ion  o f  wave one t o  the t o t a l  zonal k i n e t i c  energy o f  wave one 

i s  roughly ha l f  as la rge as the s ta t ionary  cont r ibut ion.  

Other in te res t ing  features o f  the wave one zonal k i n e t i c  energy 

d i s t r i b u t i o n  i n  January are the maximum values i n  the stratosphere 

near 5OPN and the minimum values throughout the atmosphere near 70°N 

i n  Figures 3.5a and 3.5b. 

The wave one meridional k i n e t i c  energy ( ~ i g .  3 . 5 ~ :  double-barred; 

and Fig. 3.5d: single-barred) shows a pronounced increase w i t h  height 

and la t i t ude .  From Equation 3.4 (chapter 2), the spectra l  meridional 

k i n e t i c  energy i s  propor t iona l  t o  the amplitude squared over s i n  2@ 

squared. The fac to r  l / s i n2  24 var ies from 3 a t  22.5ON down t o  1 a t  

4 5 O N  and then up t o  14.9 a t  82.s0N. This increase from 45' t o  the po le  

along w i t h  the h igh amplitude o f  wave one i n  the po la r  stratosphere i s  

responsible f o r  the meridional k i n e t i c  energy d i s t r i b u t i o n  o f  Figures 

3 . 5 ~  and 3.5d. The di f ference between theses two diagrams shows t ha t  

the r e l a t i v e  importance o f  the t rans ien t  p a r t  o f  wave one i n  determining 

the meridional k i n e t i c  energy i s  less than what i s  observed f o r  the zonal 

component and decreases w i t h  e levat ion.  

I n  Figure 3.6 the January wave two k i n e t i c  energies are shown, 

reveal ing a c o n s i d e r a b l y d i f f e r e n t p i c t u r e  from the wave one d i s t r i b u -  

t ions.  The peak zonal energy of wave two (~ ig .3 .6b)  appears centered 
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F igure  3.5 P ressu re / l a t i t ude  d i s t r i b u t i o n  o f  the  January wave one: (a) 
double-barred zonal k i n e t i c  energy; (b) s ing le -bar red  zonal k i n e t i c  
energy; (c) double-barred mer id iona l  k i n e t i c  energy; and (d) s i ng le -  
barred mer id ional  k i n e t i c  energy. l sop le ths  a re  a t  increments o f  
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Figure 3.6 Same as Figure 3 .5  except for wavenumber two. 



on t h e  sub t rop i ca l  j e t  stream, w h i l e  t h e  peak mer id iona l  energy 

( ~ i g .  3.6d) i s  loca ted  i n  t h e  v i c i n i t y  o f  t he  p o l a r  n i g h t  j e t  stream. 

The t r a n s i e n t  p a r t  of t h e  t o t a l  wave two zonal k i n e t i c  energy i s  f a i r l y  

constant  throughout t h e  atmosphere w i t h  a magnitude o f  roughly  20 

m2/s2 except a t  60°N where a minimum occurs, near 45ON i n  t h e  s t r a t o -  

sphere where a maximum occurs, and very c lose  t o  t h e  surface. On t h e  

o the r  hand, t he  t r a n s i e n t  p a r t  o f  the  t o t a l  wave two rneridional k i n e t i c  

energy i s  a t  l e a s t  tw i ce  as l a rge  as the  s t a t i o n a r y  p a r t  a t  a l l  l a t i t u d e s  

and l eve l s .  

Figures 3.7 and 3.8 show the  zonal and mer id iona l  k i n e t i c  energy 

d i s t r i b u t i o n s ,  respec t i ve l y ,  f o r  bo th  types o f  means summed over wave- 

numbers one through fou r  and one through twelve. The predominance o f  

waves one and two ( ~ i g s .  3.5 and 3.6) shows up remarkably w e l l ,  p a r t i c -  

u l a r l y  i n  t he  s t ratosphere.  The l a r g e s t  d i f f e rences  between the  f i r s t  

f o u r  waves and f i r s t  twelve waves appear (by an ana l ys i s  o f  F ig.  3.6) 

t o  be due t o  t he  mer id iona l  k i n e t i c  energy o f  t he  sho r te r  t r a n s i e n t  

waves throughout most o f  t he  troposphere. Th i s  i s  bes t  seen from 

F igure  3.8 by a g raph ica l  sub t rac t i on  o f  b  from d r e s u l t i n g  i n  t he  

mer id iona l  k i n e t i c  energy o f  the  sho r t  waves (wave numbers f i v e  through 

twelve) .  The mer id iona l  k i n e t i c  energy o f  t h e  sho r t  t r a n s i e n t  waves 

can be obta ined by g raph ica l  s u b t r a c t i o n  o f  t he  mer id iona l  k i n e t i c  

energy o f  t he  sho r t  s t a t i o n a r y  waves ( c  minus d) from t h e  former 

cquantity (d minus b).  The r e s u l t  i s  
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Figure  3.7 Sum of January (a) double-barred zonal k i n e t i c  energy by 
waves one through four,  (b) s ingle-barred zonal k i n e t i c  energy by waves 
one through four,  (c) double-barred zonal k i n e t i c  energy by waves one 
through twelve, and (d) s ingle-barred zonal k i n e t i c  energy by waves one 

2 2 through twelve. l sop le ths  a r e  a t  increments of 10 rn /s . 
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Figure 3.8 Same as Figure 3.7 except f o r  meridional k i n e t i c  energy. 



The t rans lent  waves o f  a1 1 lengths (Fig, 3.8: d minus c) appear respon- 

s i b l e  f o r  the major pa r t  o f  the tropospheric meridional k i n e t i c  energy 

w i t h  the long waves (1-4) predominating i n  po lar  l a t i t udes  (north o f  

about 6S0N) and the shorter  waves (5-12) elsewhere. The meridional and 

zonal k i n e t i c  energy cont r ibut ions by the short  standing waves are  

n e g l i g i b l e  throughout the atmosphere; and wh l le  the zonal energy con- 

t r i b u t i o n  by the shor t  t rans ien t  waves (from analysis o f  Fig. 3.7) 

i s  small, what there i s  appears most concentrated i n  the v i c i n i t y  o f  

the subtropical  j e t  stream. 

I n  the summer, t h e l a r g e  scale perturbat ions o f  the atmospheric 

c i r c u l a t i o n  have subsided considerably, and the atmosphere's k i n e t i c  

energy i s  correspondingly smaller. For t h i s  reason, on ly  the sum o f  

waves one through four  and one through twelve o f  the Ju ly  k i n e t i c  energy 

components w i l l  be presented here. 

From Figure 3.9 the t rans ien t  waves (d minus c) are responsible 

for  most of  the zonal k i n e t i c  energy i n  Ju ly  w i t h  the long t rans ient  

waves (b minus a) accounting f o r  roughly h a l f  o f  the t o t a l  zonal k i n e t i c  

energy excluding t ha t  o f  the mean zonal current  (k=O). Also, the 

stratosphere contains very l i t t l e  eddy k i n e t i c  energy. However, during 

Ju ly  a strong easter ly  zonal f low ex is ted i n  h igh leve ls  o f  the 

stratosphere, p a r t i c u l a r l y  a t  lower la t i tudes.  During Ju ly  the mean 

k i n e t i c  erergy per u n i t  mass f o r  t h i s  zonal f low a t  10 mb and 22.S0N 

2 2 amounted t o  277 m /s . 
Again i n  July, the meridional k i n e t i c  energy i n  the troposphere 

(Fig. 3.10) i s  produced mainly by the t rans ient  shorter  waves a t  lower 

la t i t udes  and by the t rans ien t  long waves a t  po lar  l a t i t udes .  
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Figure  3 . 9  Same as F igure  3 . 7  except f o r  J u l y .  
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Figure 3.10 Same as Figure 3.7 except for  the  July meridional k i n e t i c  
energy. 
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Van Mieghem, e t  a1 (1959, 1960) a l s o  computed zonal and mer id iona l  

k i n e t i c  energy spectra from monthly normal geostrophic winds a t  t he  

500 mb l e v e l .  They analyzed t h e  f i r s t  t h ree  waves f o r  each o f  t h e  

twelve months 'and a t  each f i f t h  degree o f  l a t i t u d e  from 20°N t o  70°N. 

The i r  data i s  i n  t he  form o f  k i n e t i c  energy i n  a  zonal r i n g  o f  one 

cerlLibar t h i ~ k o e s ;  and one meter of mcrIdiona1 width,  so t h a t  t he  cosine 

c t  the l a t i t u d e  times the  energ i -  presented here a re  p ropo r t i ona l  t o  

t h e i r  values. Since tos$ va r ies  from .91 a t  25ON t o  .42 a t  65ON ( t h e  

range o f  t h e i r  diagrams) a  comparison can be made a l lowing f o r  the  

sh r ink ing  o f  the  l a t i t u d e  c i r c l e s .  The i r  r e s u l t s  show many s i m i l a r i t i e s  

w i t h  the  monthly mean spect ra l  d i s t r i b u t i o n s  f o r  the year 1971 (not  

shown). For example, the  maxima appear t o  be w e l l  def ined, w i t h  the  

I l a rges t  maxima occu r r i ng  i n  m id - l a t i t udes  i n  the  w in te r  f o r  a l l  th ree  

waves. The minima a r s  n u t  very w e l l  defined, e x i s t i n g  p r i m a r i l y , + i r  
1 

broad l a t i t u d e  bands throughout the  warmer months. To a  s t rong um 

o f  spec t ra l  zonal k i n e t i c  energy the re  o f ten t imes corresponds 

maximum of spec t ra l  rneridional k i n e t i c  energy genera l l y  from 10-15' 
I ' 

o f  l a t i t u d e  f u r t h e r  poleward. 
I 

Sato (1974) computed k i n e t i c  energy d e n s i t i e s  f o r  an ana lys is  o f  

the  v e r t i c a l  s t r u c t u r e  o f  p lanetary  sca le  waves. This  was a l s o  done 

here by m u l t i p l y i n g  the  computed spec t ra l  energies by the  standard a i r  

d e n s i t i e s  ( from the  U.S. Standard Atmosphere Supplements, 1966). Th is  

1 g ives us a  measure o f  energy per  u n i t  volume and compensates f o r  the  

decrease o f  a i r  dens i t y  w i t h  height .  Sato o f t e n  observed a  node- l ike 

s t r u c t u r e  o r  r e l a t i v e  minimum o f  wave one k i n e t i c  energy dens i t y  near 

100 mb and 60°N du r ing  the w i n t e r  months. He ascr ibes t h i s  phenomenon 

t o  in te r fe rences o f  v e r t i c a l l y  propagating waves and the  ex is tence o f  
; ' I I ' 



a c r i t i c a l  l e v e l  through which t h e  wave does no t  propagate (h igh  v e l o c i t y  

s t ra tosphe r i c  zonal winds),  As i n  h i s  study maximum wave energies per 

u n i t  volume i n  1971 appear a t  t h e  300 mb l e v e l  w i t h  gene ra l l y  decreasing 

values i n  t he  s t ratosphere.  I n  January, a t  72.5ON a  node- l i ke  s t r u c t u r e  

does appear near t h e  100 mb l e v e l  f o r  t h e  wave one zonal p l u s  mer id iona l  

I ?  I 
k i n e t i c  energy d e n s i t i e s  (not  shown). However, i t  does no t  occur a t  

any o f  t he  o ther  l a t i t u d e s  o r  f o r  any o f  t he  o the r  waves analyzed i n  

t h i s  study. 

3 . 3  Transpor t  o f  R e l a t i v e  Wester ly Momentum. 

Most o f  t he  theo r i es  o f  the  maintenance o f  t he  general  c i r c u l a t i o n  

o f  the  atmosphere a r e  founded on the  p r i n c i p l e  o f  mer id ional  and v e r t i c a l  

exchange o f  abso lu te  angular momentum. Most o f  the  t o t a l  mer id ional  

t r anspo r t  o f  t h i s  q u a n t i t y  i s  a  t r anspo r t  o f  r e l a t i v e  angular momentum, 

t he  r e s t  i s  a  t r anspo r t  o f  ear th-angular  momentum ( ~ o r e n z ,  1967). The 

v e r t i c a l  t r anspo r t  o f  momentum seems t o  be dominated by the  f l u x  o f  

e a r t h  angular  momentum (Palm& and Newton, 1969), and whi l e  t he  v e r t i c a l  

f l u x  o f  r e l a t i v e  wes te r l y  momentum i s  smal ler  than t h i s ,  i t  has been 

found t h a t  i n  w i n t e r  t he  mean mer id iona l  c i r c u l a t i o n  produces a v e r t i c a l  

f l u x  o f  r e l a t i v e  wes te r l y  momentum which i s  an order  o f  magnitude l a r g e r  

than t h a t  by  t he  monthly mean eddies (Oort and Rasmusson, 1971). 

Furthermore, S r  i vatsangam (1976) has developed a  technique us ing harmonic 

ana l ys i s  t o  compute v e r t i c a l  f l u x e s  o f  r e l a t i v e  wes te r l y  momentum by 

the  i n d i v i d u a l  waves. However, t he  v e r t i c a l  exchange by smal ler  scales 

o f  motion cannot be adequately s tud ied  through the  use o f  zonal harmonic 

ana lys is .  

I n  t h i s  sect ion,  t he  mer id iona l  f l u x  o f  r e l a t i v e  wes te r l y  momentum 

by h o r i z o n t a l  atmospheric wave motions w i l l  be presented, keeping i n  



mind t h a t  t he  computational procedures used here au tomat ica l l y  e l i m i n a t e  

t h e  momentum t ranspor t  by the  d i r e c t  mer id iona l  c e l l s  s ince  they a re  

ent  i r e l y  non-geostroph i c  ( ~ o r e n z ,  1967) . 
The mer id ional  f l u x  o f  r e l a t i v e  wester ly  momentum can best  be 

determined by computing the  s ingle-barred monthly means. Wi th t h i s  

approach the  c o n t r i b u t i o n s  t o  the  momentum f l u x  by t r a n s i e n t  and standing 

atmospheric disturbances are  reta ined.  The d i s t r i b u t i o n  o f  t he  spec t ra l  

f luxes ,  then, can be e a s i l y  separated i n t o  t h e i r  t r a n s i e n t  and s t a t i o n -  

a r y  component s. 

Fol lowing Oort and Rasmusson (1971), t he  t o t a l  merid iona l  f l u x  

( t h a t  i s ,  the  s ingle-barred f l u x )  can be d i v ided  i n t o  th ree  pa r t s :  

i )  The f l u x  r e s u l t i n g  from t r a n s i e n t  waves (s ingle-barred f l u x  

minus double-barred f l u x ) ;  

ii) The f l u x  r e s u l t i n g  from standing waves (double-barred f l u x ) ;  

and 

i i i )  The f l u x  r e s u l t i n g  from the  mean mer id ional  c i r c u l a t i o n  

(which i s  zero here because o f  the  geostrophic assumption). 

The s ing le -  and double-barred r e l a t i v e  wester ly  momentum f l uxes  

have been computed f o r  each month o f  1971 and f o r  wave numbers one 

through twelve us ing Equation 3.6 i n  Chapter 2. The f l uxes  presented 

here represent the zona l l y  averaged f l u x  across a p a r a l l e l  o f  l a t i t u d e  

and should be m u l t i p l i e d  by cos $I t o  be propor t iona l  t o  the t o t a l  f l u x  

across any l a t i t u d e .  

To a i d  i n  t he  i n t e r p r e t a t i o n ,  t he  s ing le -  and double-barred momen- 

tum f l u x  data f o r  t h e  i n d i v i d u a l  waves one through three,  and the  sum o f  

waves one through fou r  and one through twelve are  presented here us ing 

p ressu re - la t i t ude  diagrams s i m i l a r  t o  Figures 3.5 - 3.10. 



F igu re  3.11 dep l c t s  t h e  January f l u x  o f  r e l a t i v e  wes te r l y  momentum 

by wave one (a and b),  wave two (c and d),  and wave th ree  (e and f )  due 

t o  t h e  s tanding p a r t  o f  t h e  waves ( l e f t )  as w e l l  as t h e  t o t a l  f l u x  

( r i g h t )  f o r  each wave. ,The d i f f e r e n c e  between t h e  s ing le -  and double- 

barred f l u x e s  f o r  a g iven  wave g i ves  t h e  magnitude and d i r e c t i o n  o f  t h e  

f l u x  produced by t h e  t r a n s i e n t  p a r t  o f  t h e  wave ( p o s i t i v e  values 

i n d i c a t e  a northward f l u x  w h i l e  negat ive  values i n d i c a t e  a southward 

f l u x ) .  For t h i s  reason, when t h e  s ing le -bar red  f l u x  has a lower va lue  

than t h e  double-barred f l u x ,  i t  can de deduced t h a t  t he  t r a n s i e n t  wave 

i s  t r anspo r t i ng  wes te r l y  momentum southward. Furthermore, t h e  d i r e c t i o n  

o f  t he  s tanding and t r a n s i e n t  wave f l u x e s  a r e  o f t e n  d i a m e t r i c a l l y  

opposed. 

I t  can be seen i n  F igu re  3.11 t h a t  t h e  t o t a l  January wave one f l u x  

o f  momentum (b) i s  d i s t r i b u t e d  very s i m i l a r l y  t o  t h e  s tanding wave 

c o n t r i b u t i o n  (a) .  The f l u x  i s  smal l  and p r i m a r i l y  northward a t  lower 

l a t i t u d e s  i n  t he  troposphere, southward i n  p o l a r  regions, and r a t h e r  

s t rong northward i n  t he  v i c i n i t y  of t h e  po la r -n igh t  j e t .  It i s  a l s o  

apparent f rom these diagrams t h a t  t he  t r a n s i e n t  wave one f l u x  (b minus 

a) i s  somewhat smal ler  than the  standing wave one f l u x  and oppos i te  i n  

d i r e c t i o n .  The wave two f l u x  (d) i s  d i r e c t e d  s t r o n g l y  t o  t he  south i n  

t he  troposphere, w i t h  most of  t h i s  f l u x  by t h e  s tanding wave component 

(c ) .  The t r a n s i e n t  wave two (d minus c) produces a northward f l u x  i n  

t h e  s t ra tosphere  o f  about equal magnitude t o  t he  s tanding p a r t  o f  wave 

one. The standing p a r t  o f  wave th ree  (e) con t r i bu tes  very  l i t t l e  t o  t he  

t o t a l  wave th ree  f l u x o f  momentum ( f ) ,  w h i l e  t h e  t r a n s i e n t  p a r t  ( f  minus 

e) produces a northward f l u x  which i s  s t rong i n  t he  mid-st ratosphere 
I 
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Figure  3.11 January mer id ional  f l u x  o f  r e l a t i v e  wester ly  momentum by 
wave (a) one (doubl e-barred) , (b) one (s i ng l  e-barred) , (c) two (double- 
barred),  (d) two (s ingle-barred) ,  (e) t h ree  (double-barred), and ( f )  
th ree  (s ingle-barred)  . Sol i d  1 ines i n d i c a t e  northward (o r  zero) f l u x ;  
dashed 1 ines i n d i c a t e  southward f l u x .  l sop le th  i n t e r v a l  i s  10 m2/s2. 
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Figure 3 . 1 1  Continued. 



near 50°N and i n  the troposphere near 4 0 ° ~ ,  but  weak elsewhere. The 

wave four  f 1 ux (not shown) i s  q u i t e  small everywhere. 

The t rans ient  par ts  o f  waves three, f i ve ,  and s i x  together account 

f o r  57% o f  the t o t a l  t rans ien t  eddy f l u x  (assumed t o  be the same as the 

t rans ient  f l u x  by waves one through twelve) and 44% o f  the t o t a l  f l u x  

(single-barred f l u x  by waves one through twelve) a t  200 mb and 37.5"N. 

Waves f i v e  and s i x  a t  t h i s  l a t i t ude ,  w i t h  a wavelength o f  6352 km and 

5293 km, approximate the scale o f  m id - la t i t ude  synoptic disturbances. 

I n  Figure 3.12 the sum o f  the momentum f luxes i n  January by waves 

one through four  and one through twelve are presented. The t o t a l  f l u x  

d i s t r i b u t i o n  by waves one through twelve (d) shows three very d i s t i n c t  

regions: d i rec ted northward near the subtropical  j e t  and i n  the s t ra to -  

sphere, and d i rec ted southward i n  the troposphere nor th  o f  about 47.S0N. 

These regions happen t o  correspond w i t h  areas o f  st rong wester ly  zonal 

f low i n  the Northern Hemisphere. The sharp d i v i d i ng  l i n e  between 

northward and southward t rans fe r  o f  r e l a t i v e  wester ly  momentum near 

47.5 '~  i n  the troposphere corresponds t o  the abrupt s h i f t  i n  the ho r i -  

zontal t i l t  o f  the r idge and trough l i nes  nor th  of the mean l a t i t u d e  

o f  the po lar  f r o n t  (from Equation 3.7, Chapter 2). 

The magnitude, d i rec t ion ,  and d i s t r i b u t i o n  of the t o t a l  double- 

barred f luxes o f  r e l a t i v e  wester ly  momentum (meaning the sum o f  the 

f i r s t  twelve wave f luxes i n  Fig. 3 . 12~ )  agree we l l  w i t h  the zona l ly  

averaged t o t a l  s ta t ionary  eddy t ransports i n  January computed by Oort 

and Rasmusson (1971) from observed winds. For example, i n  the tropo- 

2 2 
sphere they found a peak souther ly  f l u x  a t  300 mb and 65"N o f  28 m /s , 

2 2 
and a peak nor ther ly  f l u x  a t  200 mb and 30°N o f  19 m /s . Furthermore, 
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Figure 3.12 January meridional f lux  of r e l a t i v e  wester ly  momentum by 
waves (a) one through four (double-barred), (b) one through four  (single- 
bar red) ,  (c) one through twelve (double-barred), and (d) one through 
twelve (single-barred).  



they found a  peak northward f l u x  by t rans ien t  eddies a t  300 mb and 30°N 

2 2 
of 19 m /S (comparable t o  d  minus c  i n  Fig. 3.12). 

Qu i t e  a  b i t  o f  add i t iona l  information can be obtained from a 

perusal o f  the four diagrams i n  Figure 3.12. The long standing waves 

(k=l through 4) account f o r  near ly a1 1 o f  the standing wave f l u x  o f  

r e l a t i v e  wester ly  momentum i n  January. The d i f fe rence d  minus b  i n  

Figure 3.12 gives the momentum f l u x  by waves f i v e  through twelve and 

shows tha t  these shorter  waves are con t r ibu t ing  s i g n i f i c a n t l y  t o  the 

t o t a l  f l u x  j u s t  t o  the nor th  o f  the mean subtropical  j e t  stream 

(near 3 5 ' ~ ) .  I n  f ac t ,  they account f o r  roughly 50% of the t o t a l  northward 

f l u x  i n  t h i s  region. The computed mean t ransfers  show waves f i v e  through 

seven t o  be p r ima r i l y  responsible f o r  t h i s  f l u x ,  w i t h  the higher wave- 

numbers con t r ibu t ing  n e g l i g i b l e  amounts. The importance of the t rans ien t  

waves can a lso  be determined by looking a t  the di f ferences between the 

diagrams f o r  the single-anddouble-barred values o f  the f l u x .  The most 

pronounced di f ferences ( f o r  t rans ient  waves one through twelve: d  minus 

c) appear near the subtropical  j e t  where the t rans ient  waves o f  a1 1 

sizes account f o r  roughly 75% of the t o t a l  f l u x  o f  r e l a t i v e  wester ly  

momentum. O f  t h i s  quant i ty ,  the short  t rans ient  waves (w i th  wave- 

numbers from f i v e  t o  twelve) are responsible f o r  60%. The con t r ibu t ion  

by the long t rans ien t  waves (b minus a) accounts f o r  roughly h a l f  o f  

the f l u x  i n  the v i c i n i t y  of the po la r  n igh t  wester l ies,  w i t h  the peak 

values about f i v e  t o  ten degrees of l a t i t u d e  south o f  the main f l u x  by 

the long s ta t ionary  waves (which account f o r  most of the other ha1 f ) .  

The long t rans ien t  waves i n  the po lar  troposphere t ransport  wester ly  

momentum northward. 



I n Apr i 1 (not shown) several changes i n the f 1  ux pat  t e rn  appear. 

The s t ra tospher ic  po lar  vor tex has weakened t o  the extent t ha t  i t  i s  no 

longer an agent i n  the ove ra l l  t ransport  o f  r e l a t i v e  wester ly  momentum. 

Throughout the mid- l a t  i tude troposphere, the short  (k=5 through 12) 

t rans ien t  waves t ranspor t  a  greater  percentage o f  r e l a t i v e  momentum i n  

A p r i l  than i n  January. The t rans ien t  pa r t  o f  wave one produces a  

northward t ransport  i n  po lar  l a t i t udes  o f  the upper troposphere. The 

region o f  southward f l u x  noted i n  January comprises on ly  a  15' l a t i t u d e  

b e l t  i n  A p r i l  and i s  produced mainly by t rans ient  eddies ( ha l f  by wave 

two; the r e s t  by a  combination o f  other waves). 

I n  Ju ly  (Fig. 3.13) the shorter  waves (d minus b) con t r ibu te  an 

even greater  percentage than i n  A p r i l  o f  the t o t a l  f l u x  o f  momentum 

which i t s e l f  i s  q u i t e  neg l i g i b l e  except i n  the upper troposphere south 

of about 50°N. Again, most o f  the northward f l u x  i s  by t rans ien t  eddies 

o f  various scales, but  general ly  f o r  wavenumbers greater than three 

( t h i s  doesn't show up i n  the f i gu res  but i s  q u i t e  c lear  i n  the computed 

data). Comparisons o f  the Ju ly  standing and t rans ien t  meridional f luxes 

o f  r e l a t i v e  wester ly  momentum (c and d  minus c, respect ively)  a l so  

agree q u i t e  we l l  w i t h  Oort and Rasmusson's (1971) mean Ju ly  ca lcu la t ions.  

For example, Oort and Rasmusson found a  maximum nor the r l y  f l u x  by 

2  2  s ta t ionary  waves o f  14.8 m /s a t  200 mb and 30°N, and a  peak nor the r l y  

2  2 f l u x  by t rans ient  waves amounting t o  20.7 m /s a t  200 mb and 40°N. 

By October (not shown), a  f l u x  d i s t r i b u t i o n  very s im i l a r  t o  t ha t  o f  

January develops, although sh i f t ed  s l i g h t l y  north.  The s ta t ionary  

par ts  o f  waves one and three, and the t rans ien t  pa r ts  of waves f i v e  

through seven accomplish most o f  the  la rge northward t ransport  o f  

r e l a t i v e  wester ly  momentum in .m id - la t i t udes  of the troposphere. The 



wester ly  winds o f  the  stratospher ic  polar-night  vortex have begun t o  

develop with long wave perturbat ions transport ing r e l a t i v e  wester ly  

momentum northward. A southerly f l u x  i n  the  po lar  troposphere can be 

a t t r i b u t e d  t o  the s ta t ionary  p a r t  o f  wave one and t h e  t r a n s i e n t  p a r t  

of wave four .  
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Figure  3.13 Same as F igure  3.12 except f o r  J u l y .  



4. STRATOSPHERIC SUDDEN WARMING OF JANUARY, 1971 

A phenomenon c a l l e d  a major s t ra tospher i c  sudden warming occurs i n  

midwinter  when a poleward movement o f  p lanetary  sca le  thermal systems 

(advect ing warmer a i r  i n t o  p o l a r  regions) r e s u l t s  i n  a reversal  o f  the  

p o l a r  c i r c u l a t i o n  a t  10 mb o r  below (Quiroz,  e t  a l . ,  1975). At times, 

"minor" warmings occur w i thout  producing a c i r c u l a t i o n  reversa l  i n  the  

st ratosphere below the  10 mb l e v e l  (Qui roz, 1975). 

The dynamics o f  these warmings haven' t  been completely explained, 

y e t  i t  seems p l a u s i b l e  t h a t  t he  f o r c i n g  i s  d i r e c t e d  from the  troposphere 

i n t o  the  stratosphere, a p o i n t  stressed by a number o f  authors ( J u l i a n  

and Labitzke, 1965; Murakami, 1965; M i  1 l e r ,  1970). 

Matsuno (1970, 1971) developed a l i n e a r  dynamic model o f  t h e  s t r a t o -  

spher ic  sudden warming which p r i m a r i l y  cons is ts  o f  upward propagation o f  

waves w i t h  zonal wave numbers one o r  two and t h e i r  i n t e r a c t i o n s  w i t h  

zonal winds. The s t ra tospher i c  sudden warmings a r e  complicated phenom- 

ena, but  he suggests o n l y  t h ree  c h a r a c t e r i s t i c  fea tures  dur ing  the  

course o f  t he  event:  

i )  t he  deformat ion  and subsequent breakdown o f  the h i g h  v e l o c i t y  

po la r -n igh t  wester ly  vor tex;  

i i )  a reversal  o f  t he  normal w in te r  mer id ional  temperature g rad i -  

ent  produced by excessive warming near t he  pole;  and f i n a l l y  

i i i )  t he  onset o f  e a s t e r l y  winds a t  p o l a r  l a t i t u d e s .  

This  sequence o f  events f a i r l y  w e l l  describes a warming event i n  general 

terms, y e t  w i t h  each s t ra tospher i c  sudden warming event a unique a l though 

s i m i l a r  synopt ic  s i t u a t i o n  i s  revealed. 



4.1 Synopt ic Discussion. 

The d a i l y  Northern Hemisphere maps o f  temperature and geopoten t ia l  

he igh ts  a t  t h e  50 mb l e v e l  publ ished i n  t he  Meteorologische Abhandlungen 

o f  t he  Free U n i v e r s i t y  o f  Ber l  i n  (1971) dep:ct q u i t e  c l e a r l y  t h e  develop- 

ment of  t h e  sudden warming du r i ng  January 1971. F igure  4.1 reveals  t h e  

50 mb contour  he igh ts  and isotherms i n  t h e  no r the rn  hemisphere f o r  1 

January and 19 January 1971. 

On 1 January a s t rong wes te r l y  vo r tex  ex i s ted  which was consider-  

ab l y  asymmetric, o r  e c c e n t r i c  w i t h  respect t o  t h e  po le  (Fig. 4 , la) .  

Coldest temperatures (below -8o0C) were loca ted  a t  h igh  l a t i t u d e s  

(70' - 75"N) near t h e  long i tude sec tor  o f  Scandinavia. A warm tongue 

( - 4 0 ' ~ )  e x i s t e d  a t  approximately 6 0 ' ~  near t h e  Ber ing Sea, w h i l e  the  

i n t e r p o l a t e d  temperature a t  t h e  po le  was about -75'C. This  basic  f l o w  

p a t t e r n  ex i s ted  f o r  severa l  days, f i n a l l y  beginning t o  s p l i t  on 8 

January w i t h  a w e l l  developed two-wave c i r c u l a t i o n  p a t t e r n  being estab- 

l i s h e d  by 10 January. I n  con junc t ion  w i t h  t h i s  t he  c o l d  and warm centers 

mentioned above each sp l  i t  and d iverged a long about t h e  70°N para1 l e l  

w i t h  a tongue o f  warm a i r  d i r e c t e d  toward t h e  n o r t h  pole.  The two main 

troughs a t  about 6 5 ' ~  over  eas tern  Canada and c e n t r a l  S i b e r i a  became 

c u t  o f f  from the  zonal f low,  consequently producing e a s t e r l y  f l o w  on 

t h e i r  no r the rn  s ides.  At t h i s  t ime t h e  zona l l y  averaged f l o w  a t  h i g h  

l a t i t u d e s  was s t i l l  wes ter ly ,  but  o n l y  s l i g h t l y  ( i .e . ,  t he  p o l a r  v o r t e x  

had broken down). Th is  can be seen a t  10 mb and 7 2 . 5 ' ~  i n  F igure  4.2 

as a sharp decrease o f  t h e  z o n a l l y  averaged geostrophic  f l o w  between 

9 and 1 1  January. On 10 January t h e  50 mb temperature a t  t he  po le  had 

warmed t o  about -67'C, and by 19 January a temperature o f  about - 4 0 ' ~  

ex i s ted  a t  t h i s  l e v e l  over t h e  p o l e  ( ~ i ~ .  4 . l b ) .  Th is  warming reversed 
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Figure 4 .1  50 mb Northern Hemisphere synoptic charts  f o r  (a) 1 January 
1971 and (b) 19 January 1971. So l id  l i n e s  a r e  contour he ights  (decame- 
t e r s )  and dashed l i n e s  a r e  isotherms ( O C ) .  A f t e r  Free Univ.  o f  B e r l i n ,  1971. 





t he  normal zona l l y  averaged temperature grad ien t  s u f f i c i e n t l y  t o  a l l o w  

e a s t e r l y  winds t o  predominate a t  h i g h  l a t i t u d e s  (see a l s o  Barnet t ,  1974). 

This  can a l s o  be seen i n  F igure 4.2 as a reversa l  o f  t he  zonal f l o w  w i t h  

maximum e a s t e r l y  winds occu r r i ng  on 19 January a t  72.5ON and 20 January 

a t  62.5'~. The c u t  o f f  vo r tex  over S ibe r ia  then began t o  move northwest- 

ward w h i l e  t he  vo r tex  over Canada f i l l e d .  By e a r l y  February, a s t rong 

circumpolar wester ly  f l o w  was again establ ished.  

4.2 Amp1 i tudes and Phases o f  t he  Lonq Waves. 

As i n  the case o f  the  January monthly means, the  d a i l y  geopotent ia l  

he igh t  f i e l d s  f o r  January, 1971 can be represented t o  a good approxima- 

t i o n  by the  amplitudes and phases o f  t h e  f i r s t  two zonal harmonic waves 

i n  the  stratosphere. The day-to-day v a r i a t i o n s  o f  t he  amplitudes and 

phases f o r  waves one and two a t  t h ree  s t ra tospher i c  l e v e l s  (10 mb, 70 mb, 

and 200 mb) and a t  one mid-tropospheric l e v e l  (500 mb) a t  70°N a re  

p l o t t e d  i n  Figures 4.3 and 4.4. 

I n  e a r l y  January the ampli tude o f  wave one (F ig .  4.3a)is q u i t e  h igh  

a t  a l l  l eve l s ,  as i s  apparent on t h e  synopt ic  maps. On 5 January the  

ampli tude o f  wave one begins t o  decrease, except a t  10 mb where t h i s  

doesn' t  occur u n t i l  8 January ( t h e  minor f l u c u t a t i o n  on 10 January being 

disregarded). Throughout e a r l y  January t h e  amp1 i t u d e  o f  wave one shows 

a st rong increase w i t h  he igh t .  I t s  f l u c t u a t i o n s  a t  upper l e v e l s  appear 

t o  l ag  behind the  lower l e v e l s  w i t h  r e l a t i v e  minimums a t  500 mb, 200 mb, 

70 mb, and 10 mb occu r r i ng  on t h e  l o t h ,  l o t h ,  l l t h ,  and 19th o f  January, 

respect ive ly .  Re la t i ve  maximums a t  these same l e v e l s  reach t h e i r  peak 

on the  16th, 16th, l g t h ,  and 22nd, respect ive ly .  These dates should no t  

be construed as absolute s ince some o f  t he  minor f l u c t u a t i o n s  a re  prob- 

ab l y  due t o  observat ional  and ana lys is  e r r o r s .  
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Figure 4 .3  January day-to-day v a r i a t i o n  o f  the wave one (a) amp1 i tude 
and (b) longitude o f  the  f i r s t  r idge  l i n e  east  of Greenwich a t  10 mb 
(sol i d  1 ine)  , 70 mb (dashed 1 ine )  , 200 mb (dashed-dotted 1 ine)  , and 
500 mb (dotted 1 i ne) a t  70°N. 



This same behavior i s  e x h i b i t e d  by wave two (Fig. 4.4a) w i t h  r e l a -  

t i v e  maxima occu r r i ng  on t h e  13th a t  500 mb, t h e  14th a t  200 mb, the  14th 

a t  70 mb, and t h e  15th and 17th a t  10 mb. The wave two minima a l s o  l ag  

behind a t  upper l eve l s .  This  same phenomenon i s n ' t  apparent f o r  wave 

th ree  but  i t  i s  i n t e r e s t i n g  t o  no te  t h a t  t he  amplitudes o f  waves two 

and th ree  increase as the  ampli tude o f  wave one decreases, This  appar- 

en t  negat ive c o r r e l a t i o n  has a l s o  been observed du r ing  o the r  s t r a t o -  

spher ic  sudden warmings (see, f o r  instance Hi r o t a  and Sato, 1969). The 

a m p l i f i c a t i o n  o f  wave two commencing on 6  January p a r a l l e l s  the  synopt ic  

development o f  a  two wave p a t t e r n  becoming es tab l ished by 10 January. 

It remains a  quest ion whether o r  no t  t h i s  represents non l inear  baro- 

t r o p i c  i n t e r a c t i o n s  o f  t h e  long waves, s ince  Matsuno's (1971) model 

simulates a  warming event f a i r l y  w e l l  us ing  l i n e a r i z e d  equations f o r  

waves one and a l s o  f o r  wave two. 

During the  e a r l y  p a r t  o f  t h e  1971 s t ra tospher i c  warming (through 

7 January) the  phase angle o f  wave one ind ica tes  a  westward t i  1 t w i t h  

he igh t  ( ~ i g .  4.3b). A t  70°N on 1  January the  r i d g e  a t  500 mb i s  centered 

over nor theastern Canada, w h i l e  a t  10 mb the  r i dge  i s  located some 100' 

o f  long i tude f u r t h e r  west o r  over t he  Alaska-Canada border. Wave one i s  

s t a t i o n a r y  a t  a l l  l e v e l s  between 3-7 January, as the  ampli tude reaches 

i t s  peak values. However as t h e  ampli tude increases again l a t e r  i n  the  

month (15-20 January), the  r i d g e  re tu rns  t o  i t s  o r i g i n a l  p o s i t i o n .  I n  

the  meantime (9-14 ~ a n u a r y )  the  r i d g e  had moved f i r s t  eastward and then 

westward w i t h  t h i s  movement being most pronounced a t  t he  lower l e v e l s  

where the  ampli tude was smal l .  

Wave two i n  January ( ~ i ~ .  4.4b) e x h i b i t s  an absence o f  t i l t  i n  the  

v e r t i c a l  when the  amp1 i t ude  i s  h igh  (10-17 January), and the  wave moves 
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F i g u r e  4.4  Same as F i g u r e  4 . 3  except f o r  wave two. 



s lowly  towards the  west du r ing  t h i s  per iod.  The increase w i t h  he igh t  o f  

the  wave two ampli tude i s  n o t  q u i t e  as pronounced as t h a t  o f  wave one. 

During t h e  per iod  8-17 January, t he  zona l l y  averaged wester ly  f l o w  

i n  the  st ratosphere i s  decreasing and a t  some p o i n t  producing favorab le  

cond i t i ons  f o r  v e r t i c a l  wave propagation ( ~ h a r n e y  and Draz in ,  1961). 

However a t  t h e  same t ime and a t  some o the r  he igh t  a c r i t i c a l  l e v e l  can 

e x i s t  upon which the  v e r t i c a l l y  propagating wave i s  absorbed and hence 

reducing the  normal increase o f  wave ampli tude w i t h  he igh t  (Matsuno, 

1971) . , 

The v e r t i c a l  s t r u c t u r e  o f  these long waves i s  shown on pressure- 

l a t i t u d e  diagrams s i m i l a r  t o  those presented i n  the  prev ious chapter. 

I n  these f i g u r e s  the  contour i n t e r v a l  i s  20 meters f o r  amplitudes less  

than 300 meters, bu t  changes t o  50 meters a t  amplitudes above 300 meters 

f o r  c l a r i t y .  F igure 4.5 shows the  ampli tude d i s t r i b u t i o n  f o r  wave one 

on selected days dur ing  t h e  month o f  January. I n  t he  troposphere, t h i s  

wave loses i n t e n s i t y  through the  e a r l y  p a r t  o f  t he  month w i t h  a peak 

amp1 i tude o f  o n l y  107 meters a t  45ON and 300 mb on 13 January. By t h i s  

date, wave one appears in tense o n l y  i n  t he  st ratosphere w i t h  peak ampli-  

tudes c o n s i s t e n t l y  observed between 65ON and 70°N a t  the  10 mb l e v e l  

through 17 January. At t h i s  t ime the  wave i n t e n s i f i e s  a t  lower l e v e l s  of 

t he  st ratosphere w i t h  the  maximum ampli tude a t  t he  30 mb l e v e l .  This  

may be the  response t o  an e a s t e r l y  wind regime (which had developed a t  

p o l a r  l a t i t u d e s  by t h i s  t ime) o r  t o  a c r i t i c a l  l e v e l  which p r o h i b i t s  any 

upward propagation o f  t h e  wave. 

Wave two (Fig. 4.6) has a r a t h e r  small ampl i tude i n  e a r l y  January, 

but  i t  begins t o  i n t e n s i f y  i n i t i a l l y  i n  t he  m i d - l a t i t u d e  troposphere on 

6 January and then exp los i ve l y  between 7-12 January through the  



Figure 4 .5  Wave one amplitude d i s t r i b u t i o n  f o r  every 6 t h  day o f  
January. Contour i n t e r v a l  o f  20 m except 50 m a t  amplitudes above 300 m. 
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F i g u r e  4.5 Continued. 



stratosphere and a t  higher l a t i t udes  i n  the troposphere, The diagram f o r  

13 January ( ~ i g .  4.6) exempl i f i e s  the  d i s t r i b u t i o n  o f  wave two a t  i t s  

most intense stage. The highest amplitude i n  the stratosphere during 

the  per iod 9-17 January appears f i r s t  a t  50 mb, then a t  30 mb, and 

f i n a l l y  a t  10 mb where the peak amplitude ex i s t s  f o r  the  remainder o f  

the month. Wave two has a s im i l a r  development t o  wave one i n  tha t  a f t e r  

the per iod o f  highest amplitudes a t  a l l  l eve ls  the wave becomes qu i t e  

weak i n  the troposphere, but w i t h  a r e l a t i v e  maximum near 4 5 ' ~  and 300 

mb ( i  .e., wave one, 13 January; and wave two, 19 January) which subse- 

quently ampl i f ies .  Fol lowing t h i s  amp l i f i ca t i on  both waves one and 

two have more than one peak a t  various l a t i t udes  i n  the troposphere. 

The ampl i tude o f  wave three ( ~ i g .  4.7) shows considerably more 

v a r i a b i l i t y  during the  month o f  January than e i t h e r  wave one o r  two. As 

w i t h  wave two, the peak amplitude o f  wave three i n  the stratosphere 

decreases d r a s t i c a l l y  between 6-7 January. The wave then begins t o  

ampl i f y  on 9 January, reaching a peak of  over 300 meters a t  65'N and 

10 mb by 15 January ( the sequences o f  these events can be seen i n  Fig. 

4.7 but not  f o r  the spec i f i c  days mentioned here). During most o f  the 

month two peaks ex i s t ,  one i n  the troposphere and one i n  the s t ra to -  

sphere. The former appears near 300 mb between 35-65'~ (o f ten w i t h  

two peaks: one each a t  higher and lower m id - l a t i  tudes). 

The shorter  waves (w i th  wavenumbers greater  than o r  equal t o  four )  

damp out qu i t e  rap id l y  i n  the stratosphere wh i le  occasional ly  reaching 

ampl i tudes o f  greater  than 200 meters i n  the troposphere f o r  waves 4-6. 

4.3 K ine t i c  Enerqy and Relat ive Momentum Flux. 

This sect ion i s  concerned w i t h  the d i s t r i b u t i o n  and va r ia t ions  i n  

time o f  the k i n e t i c  energy o f  the f i r s t  three harmonic waves as wel l  as 
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Figure 4.7 Same as F igure  4.5 except f o r  wave three.  



t h e  k i n e t i c  energy o f  t he  bas ic  zonal cu r ren t ,  and the  long wave f l u x e s  

o f  r e l a t i v e  wes te r l y  momentum du r ing  t h e  course o f  t he  s t ra tosphe r i c  

sudden warming. 

Reca l l i ng  t h e  formula f o r  t h e  k i n e t i c  energy o f  t h e  zonal cu r ren t  

( t he  f i r s t  term on t ! ;e r.h.s o f  Equation 3.2, Chapter 2) ,  

u  
where a  i s  s imply t h e  geos t roph ic  wind associated w i t h  t he  mer id ional  

0  

g rad ien t  o f  contour he igh ts ,  we can r e l a t e  t h e  k i n e t i c  energy diagrams 

presented here w i t h  t h e  geostrophic  wind v e l o c i t i e s  o f  t he  bas ic  zonal 

cu r ren t .  For example, F igure  4.8 shows the  p ressu re - l a t i t ude  d i s t r i b u -  

t i o n s  o f  e i  f o r  se lec ted  days du r i ng  t h e  month. On 1 January t he  zonal 

f l o w  o f  t h e  sub- t rop ica l  j e t  stream, centered a t  about 32ON and 200 mb, 

2  2  
conta ins  a  k i n e t i c  energy per u n i t  mass o f  g rea te r  than 1200 m /s , 

corresponding t o  a  z o n a l l y  averaged wind o f  nea r l y  50 m/s. Th is  

extremely h igh  wind speed and i t s  subsequent decrease t o  t he  values o f  

7 January (corresponding t o  a  zonal l y  averaged wind of  nea r l y  35 m/s) 

imply a  ra the r  l a rge  f l o w  o f  energy o r  conversion t o  a  d i f f e r e n t  form. 

The po la r -n igh t  vo r tex  i n  t h e  s t ra tosphere  reaches i t s  g rea tes t  

i n t e n s i t y  e a r l y  i n  January w i t h  maximum zonal k i n e t i c  energy near 60°N 

2 2  
and a t  t h e  10 mb l e v e l .  The values here reach 1000 m /s on 4 January 

(not shown i n  Fig. 4.8) a f t e r  which t ime t h e  p o l a r  vor tex  begins t o  

break down. The r e l a t i v e  maximum i n  F igure  4.8 on 19 January a t  h igh  

l a t i t u d e s  and l e v e l s  i s  produced by t h e  e a s t e r l y  wind regime which began 

t o  appear near t he  p o l e  on 13 January. The maximum on 19 January co r re -  

sponds t o  a  z o n a l l y  averaged peak e a s t e r l y  wind o f  about 18 m/s a t  the  

10 mb l e v e l .  
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Figure  4.8 K i n e t i c  energy of t he  zon 1 cu r ren t  (k=O) f o r  every 6 th  day 9 2 o f  January. Contour i n t e r v a l  o f  50 m /s  . 



The wave one zonal and mer id ional  k i n e t i c  energy d i s t r i b u t i o n  f o r  

se lected days through the  month (Figs, 4.9 and 4.10) a r e  q u a l i t a t i v e l y  

s i m i l a r  i n  s p a t i a l  appearance t o  t h e  monthly mean diagrams ( ~ i g s .  3.9 

and 3.10). However, t he re  i s  a l a rge  day-to-day v a r i a b i l i t y  o f  the  

magnitudes. The zonal k i n e t i c  energy o f  wave one ( ~ i g .  4.9) shows an 

increase w i t h  he igh t  du r ing  t h e  e a r l y  p a r t  o f  t h e  month, w i t h  a tongue 

o f  minimum k i n e t i c  energy again extending v e r t i c a l l y  near 6 5 ' ~ .  Small 

e r r o r s  i n  the  o r i g i n a l  data a re  probably responsib le f o r  p a r t  o f  the  

anomalously h i g h  k i n e t i c  energy values n o r t h  o f  7 0 ' ~  i n  t he  st ratosphere 

on 7 January. However, i t  must be remembered t h a t  t he  k i n e t i c  energies 

a r e  computed as the  square o f  t he  geostrophic winds so, a t  l e a s t  q u a l i -  

t a t i v e l y ,  the  h ighest  wave one zonal energy occurs on 7 January i n  h igh  

l a t i t u d e s  a t  the  10 mb l e v e l ,  a f t e r  which i t  decreases through 19 Janu- 

a ry .  W i th in  the  troposphere, the  zonal energy values a re  s u b s t a n t i a l l y  

lower than i n  t he  st ratosphere throughout the  f i r s t  h a l f  o f  t he  month, 

w h i l e  increasing dur ing  the  l a t t e r  h a l f .  Furthermore, t he  day-to-day 

v a r i a t i o n s  o f  t he  wave one zonal k i n e t i c  energy are  more pronounced i n  

the  troposphere than i n  t he  stratosphere. 

As w i t h  t h e  wave one zonal k i n e t i c  energy, t he  mer id ional  k i n e t i c  

energy ( ~ i g .  4.\0) a t t a i n s  h ighest  values on 7 January a t  10 mb. The 

d i s t r i b u t i o n  does not  vary as much throughout the  month, however, except 

i n  t he  troposhere a t  h igh  l a t i t u d e s ,  

The northward f l u x  o f  r e l a t i v e  wester ly  momentum f o r  wave one (Fig. 

4.11) e x h i b i t s  some i r r e g u l a r  f l u c t u a t i o n s  throughout t he  month. The 

h ighest  values again occur i n  t h e  p o l a r  s t ratosphere,  but  the  d i r e c t i o n  

o f  t h e  f l u x  a l t e rna tes  several t imes dur ing  the  month as the  mer id ional  

t i l t  o f  t h e  t rough and r i dge  l i n e s  o f  wave one vary. The peak f l u x  a t  



Figure 4.9 K ine t i c  energy o f  the zonal f low by wave one for  every 6 th  
day of January. Contour i n t e r va l  o f  10 m2/s2 .  



Figure 4.10 Same as Figure 4.9 except f o r  the  rneridional f low. 
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Figure 4.11 Meridional f l u x  o f  r e l a t i v e  wester ly  momentum by wave one 
f o r  every 6 t h  day o f  January. Sol i d  1 ines ind icate  northward (or zero) 
f l u x ;  dashed 1 ines ind icate  southward f l u x .  Contour i n t e r v a l  o f  10m 2/52. 



10 mb i s  northward through the f i r s t  e igh t  days o f  the month, southward 

from 9-14 January, then northward again through 27 January, and f i n a l l y  

southward f o r  the l a s t  few days o f  the month. The f i r s t  change o f  s ign 

appears a t  near ly  the same t ime as the vortex s p l i t t i n g  as wel l  as when 

the wave one ampl i tude (Fig, 4.3a) decreases rap i d  1 y. 

Figures 4.12 - 4.14 depict  d a i l y  d i s t r i b u t i o n s  o f  the wave two 

zonal k i n e t i c  energy, meridional k i n e t i c  energy, and northward f l u x  o f  

r e l a t i v e  wester ly  momentum, respect ive ly .  The wave two zonal k i n e t i c  

energy ( ~ i g .  4.12) increases rap id l y  i n  the troposphere between 4 Janu- 

ary and 7 January, a t  the same t ime t h a t  the k i n e t i c  energy o f  the mean 

zonal f l ow decreases rap id l y  ( ~ i g .  4.8), and then i n  the stratosphere by 

13 January, again a consequence o f  the vortex s p l i t t i n g  and ampl i f i ca-  

t i o n  o f  wave two. Also on t h i s  day loca l ized high zonal k i n e t i c  energy 

values occur simultaneously near 10 mb and 30°N f o r  wave one, wave two, 

and the basic zonal current .  Through the remainder o f  the month the 

wave two zonal k i n e t i c  energy general ly  decreases i n  the stratosphere 

and f luc tuates  i n  the troposphere. The wave two meridional k i n e t i c  

energy (Fig. 4.13) ampl i f ies explos i v e l y  between 7- 13 January throughout 

the atmosphere a t  high l a t i t udes  and then decreases rap id l y  i n  the tropo- 

sphere and more gradual ly  i n  the stratosphere dur ing the remainder o f  

the month. I n  the troposphere, however, the wave two meridional k i n e t i c  

energy reappears w i t h  some magnitude towards the end o f  January. The 

wave two f l u x  o f  r e l a t i v e  wester ly  momentum (Fig. 4.14) becomes very 

h igh i n  magnitude around 13 January and t ransports wester ly  momentum 

southward through most o f  the troposphere and northward through most o f  

the mid-stratosphere dur ing t h i s  period. By 19 January, when the zonal 

f l ow i s  reversed, t h i s  wave t ransports r e l a t i v e  wester ly  momentum 



Figure 4 . 1 2  Same as Figure 4 .9  except by wave two. 





Figure  4 .14  Same as  F igure  4.11 except by wave two. 



southward i n  the  st ratosphere.  By comparison o f  Figures 4.11 and 4.14 

we see t h a t  t he  d i r e c t i o n s  o f  f l uxes  due t o  waves one and two are oppoc 

s i t e  i n  d i r e c t i o n  i n  t he  st ratosphere on 13 January and on 19 January 

w i t h  the  f l u x  by each wave changing d i r e c t i o n  dur ing  t h i s  per iod.  This  

r e s u l t s  i n  a smal ler zona l l y  averaged ne t  t ranspor t  f o r  t he  two waves 

than might be expected from the  i nd i v idua l  wave f l uxes .  

The energies and momentum f l uxes  o f  wave th ree  (not  shown) a re  

genera l l y  smal ler  i n  magnitude and more v a r i a b l e  from day t o  day than 

the  corresponding q u a n t i t i e s  f o r  waves one and two. I n  general a g reater  

percentage o f  t he  k i n e t i c  energy and momentum f l u x  due t o  wave th ree  i s  

a t  lower l a t i t u d e s  than i n  t he  cases o f  waves one and two, w i t h  the  peak 

values predominantly i n  the  troposphere. 

Ju l  ian  and Labi tzke (1965) found a ne t  t r a n s f e r  o f  zonal k i n e t i c  

energy t o  eddy k i n e t i c  energy i n  t he  lower s t ratosphere dur ing  the  e a r l y  

p a r t  o f  t he  1963 s t ra tospher i c  warming, and lwashima (1974) a t t r i b u t e d  

p a r t  o f  t he  increase of eddy k i n e t i c  energy which he measured dur ing  the  

warming stage o f  t h e  1967-68 s t ra tospher i c  sudden warming t o  a v e r t i c a l  

f l u x  o f  energy from the  troposphere t o  the  st ratosphere ( p r i m a r i l y  by 

wave two) s ince the  d i p  i n  k i n e t i c  energy o f  t h e  zonal f l o w  was no t  

l a rge  enough t o  account f o r  t h e  increase o f  eddy k i n e t i c  energy i n  the  

stratosphere. Th is  appears t o  be the  case here a lso,  s ince the zonal 

k i n e t i c  energy ( ~ i g .  4.8) decreases d r a s t i c a l l y  from 7-13 January w h i l e  

the wave two zonal and mer id iona l  k i n e t i c  energies ( ~ i g s .  4.12 and 4.13) 

increase f i r s t  i n  t he  troposphere between 1-7 January, and then i n  the  

st ratosphere between 7-13 January. O f  course, t h i s  development by wave 

two i s  a l s o  revealed on t h e  synopt ic  cha r t s  as a s p l i t t i n g  o f  the 



stratospheric  circumpolar vortex and establishment o f  a strong two 

wave pat tern .  



5. SUMMARY AND CONCLUSIONS 

From t h e  monthly mean data f o r  1971 several  d i s t i n c t  s p a t i a l  and 

temporal v a r i a t i o n s  o f  hemispheric sca le  atmospheric parameters i n  t he  

wavenumber domain were determined. The bas ic  data o f  t h e  i n v e s t i g a t i o n  

cons is ted  o f  t h e  f i r s t  t h i r t e e n  harmonic c o e f f i c i e n t s  o f  geopoten t ia l  

he igh ts  computed by d a i l y  Fou r ie r  analyses o f  geopoten t ia l  he igh ts  a t  

36 g r i d  p o i n t s  around 14 l a t i t u d e  c i r c l e s  from 20°N t o  8S0N and a t  10 

pressure l e v e l s  from 1000 mb t o  10 mb. The parameters computed from 

these c o e f f i c i e n t s  a re  t h e  amplitudes, phase angles o f  t h e  harmonic 

waves, k i n e t i c  energ ies per  u n i t  mass o f  t h e  zonal and mer id iona l  geo- 

s t r o p h i c  wind components, and mer id iona l  f l u x e s  o f  r e l a t i v e  wester ly  

moment um . 
Two types o f  c a l c u l a t i o n s  were used t o  compute monthly means o f  t he  

nonl inear  ( k i n e t i c  energy and momentum f l u x )  parameters (Chapter 2.4). 

F i r s t ,  t h e  parameters were computed d i r e c t l y  from the  monthly mean har-  

monic c o e f f i c i e n t s ,  and then t h e  same parameters were computed d a i l y  

f rom t h e  d a i l y  harmonic c o e f f i c i e n t s  and averaged f o r  t h e  month. I t  was 

then poss ib le  t o  analyze t h e  i n t e n s i t y  o f  t h e  day-to-day v a r i a t i o n s  o f  

t h e  d i f f e r e n t  scales o f  mot ion by l ook ing  a t  t he  d i f f e r e n c e s  between the  

two types o f  means. 

The importance o f  t h e  long waves (k - < 4) i n  t h e  monthly mean general 

c i r c u l a t i o n  du r i ng  t h e  w i n t e r  season was v e r i f i e d  by inspec t ion  o f  t he  

ampl i tude and var iance d i s t r i b u t i o n s  du r i ng  t h e  month o f  January which 

showed an inc reas ing  predominance o f  t h e  longest  waves a t  h igher  l a t i -  

tudes and l e v e l s  (chapter 3.1) .  I t  was a l s o  found t h a t  t h e  r a t i o  of t he  



amplitudes o f  the short waves t o  the long waves increased from win ter  t o  

spr ing and remained f a i r l y  h igh i n  the summer. 

The dominant feature  of the seasonal amplitude d i s t r i b u t i o n s  was 

the  disappearance o f  the strong waves 1 and 2 i n  the stratosphere i n  

conjunction w i t h  the f i n a l  breakdown o f  the po lar  n igh t  vor tex (chapter 

3.1). There appeared t o  be on ly  smal l amp1 i tude wave a c t i v i t y  i n  the 

stratosphere i n  July,  wh i le  i n  the troposphere waves 1-6 appear f a i r l y  

act ive.  Wave one i n  Ju ly  was found i n  many cases t o  be 180 degrees out 

o f  phase w i t h  the January wave suggesting thermal fo rc ing  (chapter 3.1). 

The spectra of zonal and meridional geostrophic k i n e t i c  energy were 

analyzed f o r  January and Ju ly  reveal ing the zonal k i n e t i c  energy spec- 

trum t o  be dominated by waves one through three i n  both months (Chapter 

3.2). An appreciable pa r t  of the meridional k i n e t i c  energy spectrum i s  

contained i n  the wavenumber band from f i v e  through twelve a t  lower and 

mid- lat i tudes o f  the troposphere i n  January and July.  But a t  h igh 

l a t i t udes  and leve ls  waves one through three dominated the meridional 

k i n e t i c  energy spectrum (Chapter 3.2). 

I n  January roughly two t h i r d s  o f  the con t r ibu t ion  o f  wave one t o  

the zonal k i n e t i c  energy i s  produced by the standing pa r t  o f  the wave 

except i n  the v i c i n i t y  j u s t  no r th  o f  the subtropical  j e t  where the 

t rans ient  component i s  near ly equal i n  magnitude (Chapter 3.2). The 

wave one meridional k i n e t i c  energy increases w i t h  l a t i t u d e  and height, 

and i s  produced mainly by the standing wave component. Also during 

January, the wave two zonal k i n e t i c  energy i s  produced mainly by the 

t rans ien t  component. I n  general, the t rans ient  waves appear responsible 

f o r  the major pa r t  of the tropospheric meridional k i n e t i c  energy w i t h  

the long t rans ien t  waves (one through four )  predominating i n  polar  



l a t i t u d e s  and the  shor te r  t r a n s i e n t  waves ( f i v e  through twelve) dominat- 

ing elsewhere. On t h e  o the r  hand, most of t he  zonal k i n e t i c  energy 

(other  than t h a t  of t he  mean zonal cu r ren t )  can be accounted f o r  by the  

long standing wave elements i n  both the  troposphere and t h e  st ratosphere 

(Chapter 3.2). 

I n  Ju ly ,  t he  t r a n s i e n t  eddies a re  responsib le f o r  most o f  t he  

t ropospher ic  zonal and mer id ional  k i n e t i c  energies, w i t h  the  long 

t r a n s i e n t  waves accounting f o r  roughly h a l f  o f  t he  t o t a l  zonal wave 

k i n e t i c  energy. The mer id ional  k i n e t i c  energy i n  J u l y  i s  produced 

main ly  by shor te r  t r a n s i e n t  waves a t  lower l a t i t u d e s  and by long t ran-  

s i e n t  waves a t  p o l a r  l a t i t u d e s .  The st ratosphere conta ins very l i t t l e  

eddy k i n e t i c  energy i n  Ju ly ;  however, a f a i r l y  s t rong e a s t e r l y  mean 

zonal f l o w  e x i s t s  (Chapter 3.2). 

The long standing waves account f o r  nea r l y  a l l  t h e  standing wave 

t ranspor t  of r e l a t i v e  wester ly  momentum i n  January and Ju l y ,  w i t h  wave 

two i n  January p r i m a r i l y  responsib le fo r  t h e  s t rong souther ly  f l u x  i n  

the  troposphere n o r t h  of t he  po la r  f r o n t  j e t .  The t r a n s i e n t  p a r t s  o f  

waves f i v e  through seven account f o r  a l a rge  p a r t  of t he  northward f l u x  

o f  r e l a t i v e  wester ly  momentum near t h e  subt rop ica l  j e t  w h i l e  t he  standing 

p a r t  o f  wave one and the  t rans ien t  p a r t  of  wave two together  account f o r  

most o f  the  n o r t h e r l y  f l u x  i n  t h e  st ratosphere (chapter 3.3). 

The f l u x  o f  r e l a t i v e  wester ly  momentum i n  J u l y  i s  much smal ler  than 

i n  January and i s  produced p r i m a r i l y  by t r a n s i e n t  waves w i t h  wavenumbers 

greater  than three. 

The s t ra tospher i c  sudden warming of January 1971 was preceded by 

a very s t rong zonal cu r ren t  which became asymmetric w i t h  respect t o  

t he  pole, fo l lowed i n  t ime by a st rong two wave p a t t e r n  ( a c t u a l l y  two 



c u t - o f f  lows, o r  v o r t i c e s )  producing warming near t he  p o l e  and e a s t e r l y  

winds a t  h igh  l a t i t u d e s  (Chapter 4.1) Both waves one and two e x h i b i t e d  

wes te r l y  v e r t i c a l  t i l t s  o f  t h e  troughs and r i dges  when t h e  ampl i tudes 

were h i g h  (Chapter 4.2). Waves two and t h r e e  appear t o  g a i n  energy a t  

t h e  expense o f  t he  zonal c u r r e n t  and poss i b l  y o the r  waves (Chapter 4.3) . 
The ampl i tude of  wave th ree  shows considerably  more v a r i a b i l i t y  than 

e i t h e r  waves one o r  two. The sho r te r  waves a r e  i n s i g n i f i c a n t  i n  t h e  

s t ratosphere,  and o f  s i g n i f i c a n t l y  smal ler  magnitude than waves one and 

two i n  t h e  troposphere. 

During t h e  course o f  t h e  s t ra tosphe r i c  sudden warming r e l a t i v e  

wes te r l y  momentum i s  t ranspor ted  southward by wave one and northward 

by wave two j u s t  p r i o r  t o  t h e  onset o f  e a s t e r l y  winds w h i l e  reversed 

r o l e s  appear a f t e r  t h i s  (chapter 4.3). 

I t  appears from t h i s  study t h a t  harmonic ana l ys i s  i s  a usefu l  

t o o l  i n  t h e  understanding o f  var ious  scales of atmospheric wave motions, 
' I  ' 

p a r t i c u l a r l y  i n  t he  upper troposphere and st ratosphere.  
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Zonal harmonic analysis of geopotential heights was performed at each fifth degree of 
latitude from 20'~ to 8S0N and at fourteen standard pressure levels from 1000 mb to 10 mb 
for each day of 1971. Computed parameters include the first twelve harmonic amplitudes, 
phase angles of contour heights, geostrophic wind components, kinetic energies of the zona 
and meridional geostrophic flow, and the meridional fluxes of relative westerly momentum. 
Two types of calculations were used to compute monthly means, thereby allowing the intro- 
duction of "standing" and "transient" wave contributions. 

The most dominant feature of the seasonal amplitude distributions was the disappear- 
ance of the strong wavenumbers one and two in the stratosphere following the spring break- 
down of the polar night vortex. 
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Wavenumbers one through t h r e e  dominated t h e  zonal k i n e t i c  energy spectrum i n  
January and Ju ly ,  and a l s o  t h e  meridional k i n e t i c  energy spectrum a t  high l a t i t u d e s  and 
l e v e l s .  An appreciable  p a r t  of t h e  meridional k i n e t i c  energy was contained i n  t h e  
wavenumber band from f i v e  through twelve a t  lower and mid- la t i tudes  of t h e  troposphere.  

The s tanding and t r a n s i e n t  components of t h e  wave energy showed pre fe r red  modes 
with,  i n  general ,  t h e  t r a n s i e n t  waves predominantly respons ib le  f o r  t h e  meridional 
k i n e t i c  energy and t h e  s tanding waves responsible  f o r  a major p a r t  of  t h e  zonal 
k i n e t i c  energy. 

The development of a s t r a t o s p h e r i c  sudden warming was analyzed i n  t h e  same 
manner, but on a d a i l y  bas i s .  When amplitudes of wavenumbers one and two were h igh  
t h e r e  occurred a no t iceab le  wester ly  t i l t  with height .  Waves two and t h r e e  appear 
t o  gain energy a t  t h e  expense of wave one and t h e  mean zonal cur ren t  a s  t h e  po la r  
n igh t  vor tex begins t o  break down. 


