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Summary 

The following study investigates the planetary wave 
dynamics of stratospheric sudden warmings in the northern 
hemisphere for a large number of observed events that 
occurred during winters from 1970-75 and 1978-81.  The 
analysis describes wave propagation and zonal flow 
interaction from the troposphere upwards to near 5 0  km, and 
in some years to near 8 0  km. Analysis is primarily 
concentrated in the stratosphere and mesosphere using 
meteorological parameters derived from Selective Chopper 
Radiometer (SCR) measurements on Nimbus 4 and 5 and 
Stratospheric and Mesospheric Sounder (SAMs) measurements 
on Nimbus 7 .  National Meteorological Center data are used 
below 30 km. Three primary topics are covered in this 
study: ( 1 )  the interaction of zonally propagating and 
quasi-stationary planetary waves during warming events: (2) 
planetary wave influence on zonal flow near the 
stratopause; and (3) planetary wave propagation to near 80 
km as seen from SAMs data. This final report consists of 
draft manuscripts on each topic. 

In ( l ) ,  filters are applied to one particularly good 
winter of daily planetary wave data to separate westward 
and eastward propagating components from the 
quasi-stationery (QS) component. For waves 1 and 2, the QS 
component is prominent during the warming process. The 
propagating components attain their largest amplitude in 
the polar stratosphere (30 mb, 6 5 % )  near the end of the 
warming process. At this time, interference between QS and 
propagating components produces vacillations in 
Eliassen-Palm (EP) wave flux, EP flux divergence and zonal 
flow. In the meridional plane, the propagation of the 
amplifying QS wave 1 and 2 components are compared to the 
indexes of refraction ((2.) derived from zonal flow. 
Upward propagating waves are refracted towards large values 
bf Q,. However, waves retain some of their propagation 
characteristics of lower altitudes and do not directly 
propagate up the gradient of Q.. Periods of strong 
upward wave propagation into the stratosphere have 
associated minimal latitude-gradients of Q. in the lower 
stratosphere. 

In ( 2 ) ,  the relationship between zonal flow change 
near the stratopause ( 1  mb), and upward propagating wave 

. activity in the lower stratosphere ( 5 0  mb), and polar zonal 
temperature tendency (2 mb) is explored using Transformed 
Eulerian Mean diagnostics applied to large stratospheric 
volumes. Some 14 wave events from 1970-75 and 1978-81 are 



compared, and a composite relationship among the above 
variables is calculated at various stages of the 
stratospheric warming process. The 5-day zonal flow change 
is given as a function of observed wave forcing and of the 
stratospheric temperature tendency which indirectly gives 
the strength of the residual circulation. The very rapid 
mid-winter breakdown in zonal flow of the mesospheric jet 
may have practical applications for. space shuttle and 
hypersonic flight. Prediction of 1-mb zonal flow is 
investigated using measurements of vertically propagating 
wave activity in the lower stratosphere and zonal 
temperature tendency in the upper stratosphere. 

In (3), the mesospheric limit of vertical wave 
propagation is examined using two winters of SAMs data. 
Wave 1 appears to propagate upward and decelerate zonal 
flow in mid-latitudes to altitudes near 70 km, wave 2 to 
altitudes of 60 km. During large wave events, evidence of 
a two-cell residual circulation exists similar to the model 
results of Dunkerton, et al. (1981). Above 65 km, a region 
of EP flux divergence frequently occurs during winter, 
leading to wave-forced acceleration of zonal flow averaging 
about 5 ms.'day*'. The primary source of this 
divergence is wave 2, whose vertical propagation is 
generally restricted in the easterly shear region above the 
mesospheric wind maximum in high latitudes. The EP flux 
divergence above 65 km is poorly correlated with zonal-flow 
change, indicating that other mechanisms of flow change 
such as gravity wave dissipation and diabatic cooling are 
likely to be more important. 
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I The I n t e r a c t i o n  of Quasi -S ta t ionary  and Zonally Propagat ing 
I 

I P1 ane ta ry  Waves Duri ng W i  nter,  1973-74 

, 
~ Denis G .  Dartt 

Abstract  

E l  iassen-Palm d i a g n o s t i c s  of  the  primary p l ane ta ry  waves and t he i r  
i n t e r a c t i o n  w i t h  the zonal f low a r e  described from the  midd le  t roposphere  t o  
the upper s t r a t o s p h e r e  dur ing  winter, 1973-74. 
waves a r e  fur ther  decomposed i n t o  quas i - s t a t iona ry  and zona l ly  propagat ing 
components and the  dynamics o f  each component i s  analyzed. 
wave a c t i v i t y  c o n s i s t s  of  a m p l i f i c a t i o n  and propagat ion t o  the upper 
s t r a t o s p h e r e  of  wave 1 i n  l a t e  December, wave 2 d u r i n g  January and wave 1 
aga in  i n  l a t e  February.  A l l  wave e v e n t s  have a s t rong  q u a s i - s t a t i o n a r y  
component of  E l  iassen-Palm ( E P )  wave f l u x .  The propagat ing components 
c o n s t r u c t i v e l y  and d e s t r u c t i v e l y  i n t e r f e r e  w i t h  t he  q u a s i - s t a t i o n a r y  component 
t o  produce p u l s e s  o f  upward EP f l u x  i n  the  manner described by Sa lby(1984) .  
For  wave 1, t h e  westwfrd propagat ing component i s  l a r g e s t  and a t t a i n s  an 
amp1 itude of  about  40 /.the quas i - s t a t iona ry  component approximately ten days  

components do no t  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  the observed EP f l u x .  

a c t i v i t y  and the  p a t h s  o f  propagat ion t o  the upper s t r a t sophe re .  An index o f  
r e f r a c t i o n  a n a l y s i s  based on zonal wind i n d i c a t e s  t h a t  the upward propagat ing 
waves a r e  h o r i z o n t a l l y  r e f r a c t e d  towards maximum values  of Q,,,. However, the 
waves r e t a i n  sone of t he i r  propagat ion c h a r a c t e r i s t i c s  of  lower levels and do 
no t  d i r e c t l y  propagate  u p  the g r a d i e n t  of Qm. Pe r iods  o f  s t r o n g  upward wave 
propagat ion  i n t o  the s t r a t o s p h e r e  have a s soc ia t ed  minimal l a t i t u d e  g r a d i e n t s  
of Qm a t  50 mb. 

Using f i l t e r s  the p lane ta ry  

The sequence o f  I 
I 

I 
I 

I fo l lowing  the quas i - s t a t iona ry  maximum. By themselves,  the propagat ing  
I 

I 

Cross - sec t ions  of quas i - s t a t iona ry  EP f l u x  reveal  the l o c a t i o n s  of  wave 

I 
I 
I 

i 
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1. In t roduct ion  

The  purpose of th is  paper i s  t o  discuss the a p p l i c a t i o n  of 
E l  iassen-Palm p lane ta ry  wave d i a g n o s t i c s  t o  one winter of p a r t i c u l a r l y  
good p lane tary  wave d a t a ,  1973-74. In  th is  winter, Nimbus 5 S e l e c t i v e  
Chopper Radiometer der ived  temperature  and geopotent ia l  he igh t  f i e 1  d s  i n  
the  upper s t r a t o s p h e r e  a r e  combined w i t h  NMC da t a  below 30 km t o  ana lyze  
p lane tary  wave propagat ion and wave-zonal mean flow i n t e r a c t i o n  from 
0-50 km. 

quas i - s t a t iona ry  and primary eastward and westward zonal propagat ing 
components and an a n a l y s i s  of  t he i r  c o n t r i b u t i o n  t o  the  winter dynamics. 

The  completeness of d a i l y  d a t a  a l low a sepa ra t ion  of the 

T h e  ensuing d i scuss ion  d e s c r i b e s  the propagat ion of p l ane ta ry  
waves 1 and 2 and the f o r c i n g  of the zonal flow by these waves i n  terms 
of 5-day average E l  iassen-Palm ( E P )  f l u x  parameters  throughout  the 
winter .  
quas i - s t a t iona ry  and zonal ly  propagat ing components a long  w i t h  an 
assessment of  their  importance t o  the  winter dynamics. 
c r o s s - s e c t i o n s  of  quas i - s t a t iona ry  wave E P  f l u x e s  f o r  the major events 
a r e  discussed w i t h  regard  t o  sou rces  of  wave a c t i v i t y  and p a t h s  of  

i s  used t o  i n d i c a t e  how the  zonal wind  f i e ld  may in f luence  the 
propagation of  the major waves. 

I 

T h i s  i s  fol lowed by a d i scuss ion  on the  sepa ra t ion  of  

1 
F i n a l l y ,  

I 

I 

propagation t o  the  uppe r  s t r a t o s p h e r e .  An index of r e f r a c t i o n  a n a l y s i s  I 

I 

Support ing d a t a  and a n a l y s i s  of dynamics d u r i n g  the 1973-74 
win ter  i nc lude  the studies by Qu i roz  (1975) ,  McGregor and Chapman (1979) 
and Labitzke and Goretzki (1992).  Qu i roz  gives a synopt ic  ! 
i n t e r p r e t a t i o n  of  s t r a t o s p h e r i c  warmings us ing  d a t a  from NOAA 

s a t e l l i t e s .  McGregor and Chapman (1979) d i s c u s s  the behavior  of 
plane tary  waves 1 and 2 i n  temperature  i n  the upper s t r a t o s p h e r e ;  
Labitzke and Goretzki (1982) give a d e t a i l e d  chronology of  sensible hea t  
and momentum fluxes a t  30 mb. 

I 
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2. Data - 

A1 1 parameters were computed from daily planetary wave 
coeff ic ients  of height a n d  temperature. T h i s  calculation was performed 
for seveil l a t i tude  c i r c l e s  (25, 35, 45, 55, 65, 75, 79"N) and 11 
a l t i t udes  (850, 500, 200, 100, 50, 30, 10, 5, 2, 1, and 0.4 mb) f o r  the 
winter season, November 1983 to  March 1984. For  the six lowest leve ls ,  
wave amplitude and  phase are  based on NMC gridded values interpolated to  
20' longitude intervals.  Zonally averaged east-west winds below 100 mb 
were derived fron NMC wind  grids; otherwise a l l  wave analysis for  wind 
i s  based on the geopotential height f i e l d  u s i n g  the geostrophic 
approximation a s  described by E l  iasen (1958). Wave coeff ic ients  a t  the 
f ive  upper levels  a re  based on temperature f i e l d s  derived s t a t i s t i c a l l y  
from NMC 70-mb temperature and various nonl inear combinations of SCR 
channel radiances from Nimbus 4 and 5. The regression coefficients 
u t i 1  ized i n  the temperature analysis were derived from co-located 
rocket sonde temperature, NPlC 1 0-mb temperature and smoothed sate1 1 i t e  
radiances. Hovland and Wilcox (1979a, 1979b) give a detailed discussion 
of the regression and  g r i d d i n g  procedures. The upper level geopotential 
height fie1 d s  were derived hydrostatically u s i n g  the NMC 10-mb height 
f i e l d  and the s t a t i s t i c a l l y  derived upper-level temperature f ie lds .  

3. ComDutations of EP Diaanostics 

The respective horizontal ( H )  and  vertical  ( Z )  EP f l u x  components 
f o r  each wave were defined ( a f t e r  Palmer, 7981) by: 

I F H  = - p s  exp (-z/Ho)ro cos d ( u  v 

where u ' v '  and  v 'e '  are  the respective longitudinally integrated 
meridional transport of zonal momentum ( u '  and potential temperature 
( e ' )  by the neridional w i n d  ( V I )  for a given wave; z = -Holn(p/iOoO) 
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i s  a vertical coordinate defined i n  terms of pressure ( p )  a n d  constant 
scale height, Ho = 6400 m; iz i s  the vertical  lapse of zonal 
potential tenperature, 8 i s  la t i tude  and  ro = 6370 km, the ea r th ' s  
radius; p S  = 1000 g m-3, a reference 1000 mb density, and 
f = 2n sin 8 ,  the Coriolis parameter. 

The divergence of the EP f l u x  components i s  given by: 

where the subscripts 8 and z indicate par t ia l  derivatives w i t h  respect 
t o  la t i tude and al t i tude.  
forcing tern i n  the momentum equation based on the transformed Eulerian 
mean formula t ion  (Palmer, 1981). 

Equation ( 3 )  defines the planetary wave 

The momentum equation i s  given by: 

whereuZ i s  the time derivative of zonal wind  and r* i s  the meridional 
component of the residual c i rculat ion which in t r ins ica l ly  opposes the 
planetary wave forcing term (O'Neill and Youngblutt, 1952). 

I n  the EP f l u x  analysis below, the discussion i s  based on time 
his tor ies  of vertical and  horizontal components and  on cross sections of 
EP f lux vectors on given days. 
cross sections is  used throughout so the resu l t s  can be compared. 
f l u x  components are  multiplied by 2 n r o  C O S  4 t o  produce longitudinally 
averaged fluxes, and  the meridional f l u x  i n  (1 i s  m u l t i p l i e d  by 
( .0132). The  l a t t e r  scal i n g  ensures t h a t  when the meridional and  
vertical fluxes a re  equal, the f l u x  vector will be drawn a t  a 45" angle 
from the horizontal on cross sections. The units of E P  f l u x  a re  
1015 g m s-*. 

vertical derivatives typically represent changes over a n  approximate 
13-kin interval . 

The scaling used w i t h  E P  f l u x  vector 
Both 

I n  the computation of E P  f l u x  divergence (31, 



4. Descr ip t ion  of  Primary Wave E P  Fluxes 

I 

A chronology of wave 1 and 2 propagat ion a t  200, 30 and 2 nb i s  
shown i n  F igu res  1-4 i n  terms of 5-day averages  o f  E P  f l u x  components. 
Figure 1 shows two wave 1 events (December 23 - January 3 and February 
16-26) when a m p l i f i c a t i o n  of f l u x  occurred i n  middle l a t i t u d e s ,  200 t o  
2 nb. The v e r t i c a l  E P  f l u x  i s  damped w i t h  a l t i t u d e  and a l s o  occur s  
sl i g h t l y  l a t e r  a t  h igher  level s, c o n s i s t e n t  w i t h  the t roposphe r i c  source 
of wave a c t i v i t y .  
t o  be s h i f t e d  t o  h i g h e r  l a t i t u d e s .  Both o f  the  wave events have f l u x  
maxina between 45" and 55"N a t  200 nb. 
65"N a t  30 and 2 mb. 

i n  low and middle  l a t i t u d e s  o f  t he  upper t roposphere  i s  diverted 
southward by s t rong  equatorward f l u x .  
poleward f l u x  northward of  53" i s  evident a t  200 mb p r i o r  t o  the 
v e r t i c a l  f l u x  maximum. 
focus ing  f o r  the second event. 
f l u x  i s  a s s o c i a t e d  w i t h  the l a r g e  values o f  v e r t i c a l  f l u x .  

The wave 1 E P  f l u x  a t  higher a l t i t u d e s  a l s o  appears  

These maxima appear  near  55" t o  
F igure  2c i n d i c a t e s  t h a t  s u b s t a n t i a l  wave a c t i v i t y  

During the f i rs t  wave event, 

F igure  2 indicates there i s  no apparent  p o l a r  
A t  30 and 2 mb, enhanced equatorward 

'ulave 2 v e r t i c a l  EP f l u x  a t  200 mb i s  comparable i n  nagni tude t o  
wave 1 ,  b u t  F igu re  3c shows t h a t  i n t e r v a l s  of  wave 2 a m p l i f i c a t i o n  a r e  
converse ly  r e l a t e d  t o  i n t e r v a l s  of wave 1 a m p l i f i c a t i o n ,  F igure  IC .  A t  
30 and 2 mb, wave 2 upward f l u x  i s  about one-half  the magnitude of  the 
wave 1 component. A t  200 mb, wave 2 polelvard f l u x  i s  c l o s e l y  a s s o c i a t e d  
w i t h  upward f l u x  l ead ing  t o  s t rong  po la r  focus ing ,  Figure 4c. 
s t r a t o s p h e r i c  1 eve1 s, however, upward and equatorward components occur  
c o i n c i d e n t l y ,  a s  was evident f o r  wave 1 .  
f l u x  v a r i a t i o n s  a t  200 nb a r e  v a c i l l a t i o n s  o f  10 t o  29 days  per iod.  

- .  
A t  

Superposed on the seasonal E P  

A direct measure of  p lane tary  wave f o r c i n g  o f  the zonal f low i s  
g i v e n  by the E P  f l u x  divergence term i n  ( 4 ) .  A comparison of  the zonal 
wind w i t h  E P  f l u x  divergence due t o  waves 1-6 throughout  the winter a t  
55"N i s  shown i n  F igu re  5. F igures  1 and 3 show th i s  t o  be the primary 
l a t i t u d e  of  v e r t i c a l  wave fo rc ing .  In  the upper s t r a t o s p h e r e ,  the  
primary zonal flow d e c e l e r a t i o n  accurs  from Dec. 27-Jan. 11 and from 
Feb. 10-Mar. 7. These times of  zonal w i n d  change compare favorably  w i t h  
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the times of maximum wave forcing i n  Figure 5b. 
forcing typically i s  about a factor  of f ive  larger  t h a n  the observed 
w i n d  change. Thus, the wave forcing i s  opposed by a poleward residual 
circulation, V*, a s  i n  ( 4 ) .  
the downward branch of th i s  c i rculat ion i n  h i g h  l a t i tudes  produces the 
adiabatic warr,iing character is t ic  of the stratospheric warming process 
(O'Neill and  Youngblut, 1982).  

However, the wave 

I n  the transformed Eulerian mean framework, I 
I 

I 
Figure 5 suggests t h a t  the overall e f fec t  of the upward 

propagating waves i s  t o  decelerate the zonal flow t h r o u g h o u t  the 
winter. The aaintenance of the zonal flow i s  
imbalance between the pole and  equator. 

by the winter r a d i a t i o n  

Figure 6 ( a )  and ( b )  show the i n d i v i d u a  contributions of waves 1 
and 2 t o  the EP f l u x  divergence a t  55ON. 
the i r  own character is t ic  forcing of the zonal flow. 
event i n  the l a t t e r  p a r t  of December, wave forced deceleration occurs 
from 15-50 km, and  reaches a maxinum of over 15 m s-lday-l between 
35-40 km on Dec. 27. 
wave-forced deceleration l a s t s  from February 15 t o  March 17,  reaches a 
maximun of near 15 KI s - l  day-' a t  45-50 kn and  produces the major 
spring zonal w i n d  reversal. 
wave-forced deceleration occurs from the surface t o  near 50 km, 
at taining a value of 10 m s-lday-l a t  t h i s  a l t i tude .  

The primary wave events have 
For the wave 1 

For the wave 1 event i n  l a t e  February, the 

For the midwinter wave 2 event, Figure 6b, 

For wave 2, Figure 6b, E P  f l u x  convergence appears t o  or iginate  
i n  the troposphere, while fo r  wave 1, the convergence appears f i r s t  i n  
the lower stratosphere. From 5-15 km, weak E P  f lux divergence occurs 
fo r  wave 1, perhaps indicating a weak source of wave ac t iv i ty  i n  th i s  
region. 
correlated w i t h  E P  f l u x  convergence for  wave 2. T h i s  pattern nay be 
evidence of nonl inear wave-wave interactions (Palmer and HSU,  1983). 

Below 20 km the E P  f l u x  divergence fo r  wave 1 i s  somewhat 
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5. Separa t ion  of  Quas i -S ta t ionary  and Propagating Waves 

Se lec t ed  d a i l y  time series of wave 1 and 2 c o s i n e  and sine 
c o e f f i c i e n t s  were fi l tered t o  separa te  q u a s i - s t a t i o n a r y  and t r a n s i e n t  
components i n  o r d e r  t o  determine their  c o n t r i b u t i o n s  t o  the winter 
dynamics. A low-pass f i l t e r  was f i r s t  a p p l i e d  t o  these time series t o  
i s o l a t e  the quas i - s t a t iona ry  components. 
i s o l a t e  the westward and eastward propagating components whose per iod  
was i n  the  range 12-35 days.  
wave parameters  i nd ica t ed  s i g n i f i c a n t  v a r i a b i l  i t y  on these time s c a l e s .  
The frequency response of both the low-pass and band-pass f i l t e r s  i s  
i n d i c a t e d  i n  Figure 7. 
ant isymmetr ic  components t o  sepa ra t e  westward and eastward propagat ing 
waves. 
the o u t p u t  by one q u a r t e r  c y c l e  r e l a t i v e  t o  the symmetric f i l t e r .  For 
an eastward propagat ing component, the cos ine  c o e f f i c i e n t  l e a d s  the sine 
c o e f f i c i e n t  i n  time by one q u a r t e r  period; f o r  a westward propagat ing  
component, the sine l e a d s  the cos ine  by the same i n t e r v a l .  
c h a r a c t e r i s t i c  i s  used t o  s e p a r a t e  eastward and westward propagat ing 
components whose per iod  i s  i n  the range 12-35 days. 

A band-pass f i l t e r  was used t o  

Inspect ion of  the v a r i a b i l i t y  o f  p l ane ta ry  

The band-pass f i l t e r  has  symmetric and 

The  e f f e c t  of  the antisymmetric f i l t e r  i s  t o  shif t  the phase of  

T h i s  

Both f i l t e r s  a r e  a p p l i e d  t o  time series of wave c o e f f i c i e n t s  o f  
- geopotent ia l  he ight ,  temperature  and component winds.  These f i l tered 

d a t a  were used t o  determine the  E P  f l u x e s  of  each propagat ing component 
a s  i n  (1) and ( 2 ) .  
q u a s i - s t a t i o n a r y  (QS) , westward propagating and eastward propagat ing 
components o f  waves 1 and 2 a t  55" i n  the lower s t r a tosphe re .  
wave 1 QS and westward propagat ing components a r e  observed t o  vary i n  a 
s i m i l a r  f a sh ion ,  w i t h  the l a t t e r  lagging the former by about  10 days.  
The  westward propagat ing ampli tude is  roughly 35-45 pe rcen t  o f  the  QS 
ampl i t ude .  
re1 a t i v e l y  cons t an t .  
a t t a i n s  a va lue  about  35 percent o f t h e  QS component fo l lowing  i t s  
maximum. Figure 9 i n d i c a t e s  the magnitude and vec to r  d i r e c t i o n  o f  the  
QS E P  f l u x  f o r  both waves a t  30 mb. The e a r l y  winter and sp r ing  wave 1 

F igure  8 shows the ampl i tudes  of  t he  

The 

T h e  eastward propagating wave 1 ampl i t u d e  i s smaller and 
For  wave 2, the eastward propagat ing component 
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events involve primarily the QS component a s  does the midwinter wave 2 
event. 
and towards the equator (135"); fo r  the midwinter wave 2 and spring 
wave 1 events, the vector direction i s  almost direct ly  upward ( g o o ) .  
The E P  f luxes of the westward and eastward propagating components are  
l e s s  t h a n  10 percent of  the QS component a n d  are  not shown. T h u s ,  by 
themselves, these waves do n o t  seem t o  transport  s ignif icant  sensible I 
heat or momentum i n  the stratosphere. A recent model study by Robinson , 

(1955) indicates t h a t  al ternating wave 1 and wave 2 behavior may resu l t  
fron non-1 inear wave-wave interactions between quasi-stationary waves 1 
and 2 and westward p r o p a g a t i n g  wave 1. 
three wave components are  prominent, and the successive amp1 i f icat ion of 
QS wave 1, westward propagating wave 1, a n d  QS wave 2 i s  observed. 

The QS EP vectar direction fo r  the early winter event i s  upwards 

I 

l 

For the 1973-74 winter these I 

I 
I 

I 

I 

There are  a l s o  significant EP f l u x  v a r i a t i o n s  result ing from the 
interference of the QS and p r o p a g a t i n g  waves i n  the manner described by 
Madden (1983) and Salby (1984). To analyze t h i s  e f fec t ,  the meridional 
transport of potential temperature i n  ( 2 )  was decomposed i n t o  

where the subscripts q and  t indicate quasi-stationary and t ransient  
components. Here the t ransient  components a re  defined t o  be a l l  the 
residual propagating waves a f t e r  subtraction of the QS component (low 

Accordingly, EP fluxes were pass  f i l t e r e d )  from the time ser ies .  
calculated fo r  the quasi-stationary 
components and fo r  t he i r  interaction 

v ' e ' )  and t ransient  ( v i e i )  
( v  e + v'e ' ) .  

q t  t q  

Figure 10 indicates the d a i l y  magnitude of  the various terms 
i n  ( 5 )  for  wave 1 and 2 a t  30 mb. 
vertical EP f l u x  a r i s e s  primarily a s  a r e su l t  of the QS component and by 
the interference of the t ransients  w i t h  the QS component. There i s  
particularly large interference of QS and t ransient  wave 1 i n  the l a s t  
h a l f  of February and early March. 

The total  daily var iabi l i ty  of 

Interference of t ransient  and  QS wave 
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2 i s  also pronounced i n  midwinter. The t ransients ,  themselves, appear 
to  contribute re la t ively l i t t l e  t o  the E P  f l u x ,  especially fo r  wave 1. 

The overall e f f ec t  of the QS transient interaction i s  fo r  the 
wave ac t iv i ty  to  propagate upward i n  pulses a s  described by Salby 
(1 934). A s  the  t ransients  intensify following QS wave anpl i f ica t ion ,  
Figure 8, the interference i s  exaggerated. The pulses evident i n  
Figure 4c a re  extreme examples of this phenomenon. 

Generally, the t ransient  waves i n  geopotential height propagate 
westward while t ransient  waves i n  temperature a re  e r r a t i c  b u t  
character is t ical ly  propagate eastward. 
23 days. 
the mid-latitude troposphere d u r i n g  the winter months. 
several possible sources fo r  these propagating waves. They may be 
normal modes t h a t  are excited by the QS component of  forcing (Salby, 
1984) , 1 inear t ransients  resulting from a sudden change i n  tropospheric 
forcing, or perhaps non-linear transients occurring a s  a r e su l t  of 
wave-wave interactions ( S m i t h  e t  a1 ., 1984).  The general occurrence of 
these propagating waves and their subsequent excitation following the QS 
component aaplification suggests t h a t  these waves may be families of 
Rossby normal modes (Venne, 1985). However, these modes cannot be 
resolved here from data of limited la t i tude extent. 

Both waves exhibit  periods near 
Pra t t  and Wallace (1976) observed similar wave properties i n  

There a re  

Vertical E P  f l u x  pul  ses can lead t o  similar pul ses of wave 
forcing of the zonal flow by the EP f lux convergence. In Figure 5, 

periods of a l t e r n a t i n g  EP-flux forcing and zonal flow change w i t h  an 
approximate 20-day period occur interni t t en t ly  i n  the stratosphere. The 
study by Robinson (1985) indicates that  vaci l la t ions i n  wave 1 and the 
zonal mean w i n d  may be caused by interference between wave 1 stationary 
and traveling components. The variations i n  zonal wind  (Figure 5) and 
wave 1 components (Figure 8) observed here support Robinson's findings. 
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6. Cross Sections of QS Wave Properties During Major Events 

As the QS waves a re  ultimately responsible fo r  most of the wave 
act ivi ty  t h a t  propagates into the stratosphere, t he i r  propagation i s  
described i n  more detail  below. Cross-sections of amplitude ( A )  and 
phase (B) of geopotential height, E P  f l u x  vector magnitude (C) and 
direction ( i l l ,  and  the squared value of the index of refraction ( E )  a re  
given a t  three character is t ic  stages of the dynamic process. 
stagis are  an i n i t i a l  s t a t e ,  an intermediate s t a t e  w i t h  strong upward 
p ropaga t ion  i n  the upper troposphere, a mature s t a t e  w i t h  strong upward 
propagation i n  the upper stratosphere. 
refraction, Qm,  are  described i n  the Appendix. 

These 

The computations of  the index of 

The December wave 1 event, Figure 11, shows the amplitude of 
geopotential height increasing from 400 t o  800 m from 40-50 km, 55-65"N, 
i n  the 20-day period Dec 12-Jan 1. 
13d,  show poleward and  equatorward branches of  wave propagation i n  the 
troposphere on e i ther  side of a narrow zone of vertical  propagation a t  
55ON. Wave propagation i n  the equatorward branch i s  very s t rong ,  while 
the poleward branch i s  extremely weak, Figure l l c .  
act ivi ty  i n  the equatorward branch does n o t  reach the stratosphere, b u t  
propagates southward i n t o  low lat i tudes.  
near 15 kn, w i t h  downward propagation t o  the troposphere below this  
level and equatorward propagation a t  higher a1 t i tudes.  
the poleward branch appears t o  focus upward propagating waves i n t o  the 
polar stratosphere. This i s  coincident w i t h  a low value of Q, near 20 
km, 45"N which appears t o  local ly  relax the normal equatorward gradient 
of this parameter observed a t  lower and higher level s. 
act ivi ty  propagates upwards from bel ow, contours of E P - f l  ux magnitude 
develop a character is t ic  convex bubble shape i n  the stratosphere, 
Figure l l c .  

I n i t i a l l y  the EP vectors, Figure 

Much of the wave 

The poleward branch spli ts  

On December 27 ,  

As the wave 

I n  the upper stratosphere these contours t i l t  
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equatorward, a s  do the f l u x  vec tors .  
appea r s  t o  be r e f r a c t e d  toward the equator  i n  response t o  the 
negat ive  Q1 region  near  the po le  and l a r g e r  Q1 va lues  i n  low 
l a t i t u d e s .  
20 t o  40 km a s  ind ica t ed  by the m i n i m u m  i n  EP f l u x .  T h i s  i s  a l s o  a 
reg ion  of l a r g e  Q1, Figure  l l e ,  which f a v o r s  d i s s i p a t i o n  (Smith,  
1383). 
b a r o c l i n i c  source i n  the  lower t roposphere a s  a l l  wave a c t i v i t y  
propagates  equatorward. 

The  upward propagat ing wave 

In  lower l a t i t u d e s  the waves appear  t o  be d i s s i p a t e d  between 

A t  ma tu r i ty ,  the EP f l u x  vec tors  appear  t o  be cu t  o f f  from the i r  

I 

I n  c o n t r a s t ,  the  poleward branch o f  wave propagat ion i s  only  
weakly present f o r  the sp r ing  event, Figure 12d, and the source reg ion  
o f  v e r t i c a l  E? f l u x  i s  further t o  the nor th  i n  the l a t i t u d e  band, 
40-6OoN, F igure  12c. 
p ropagates  a lmost  v e r t i c a l l y  above the source.  The  wave arllpl i f i e s  frolii 
700 t o  1100 meters from 40 t o  50 km i n  a per iod  o f  about  10 days,  Feb. 
11-Feb 21. T h i s  i s  twice  the r a t e  of a m p l i f i c a t i o n  of  the  p rev ious  
wave 1 event. 
equatorward g r a d i e n t  of 91 is  l o c a l l y  r e l axed  co inc iden t  w i t h  upward 
propagat ion  from the t roposphere  on February 21. 
r e l a t i v e l y  l a r g e  i n  the upper s t r a tosphe re ,  and the d i r e c t i o n  of  EP  f l u x  
i s  a lmost  v w t i c a l .  
d e c e l e r a t i o n  o f  zonal wind by the EP-flux convergence of  wave 1 shown i n  

The EP vectors  i n d i c a t e  t h a t  wave a c t i v i t y  

F igure  12e  shows t h a t  nea r  20 km and 55"N the 

On March 2, Q, i s  

Here Ql has increased a s  a result o f  the 

T h i s  occu r s  just  p r i o r  t o  the zonal wind  r eve r sa l  i n  the  . .  Figure  6a. 
upper s t r a t o s p h e r e ,  F igure  5a. Thus, f o r  th is  event the QS wave 
a c t i v i t y  appea r s  t o  be sha rp ly  focused i n t o  the reg ion  o f  l a r g e  Q, 
p r i o r  t o  the occurrence  of a cr i t ical  l i n e .  

T h e  a1 t i tude-1  a t i t u d e  d i s t r i b u t i o n  of phase f o r  both events i n  
F i g u r e s  l l b  and 12b i n d i c a t e s  t h a t  the waves propagate  v e r t i c a l l y  i n t o  
the s t r a t o s p h e r e  from the troposphere (ba roc l  in ic  growth) and propagate  
equatorward i n  the upper s t r a tosphe re  ( b a r o t r o p i c  decay).  In  the f i r s t  
event the primary b a r o c l i n i c  zone i s  nea r  55"N; f o r  the second event, 
the barocl  in ic  zone i s  broader  and d i sp laced  towards the pole .  

-11- 



Figure 13 shows propagation of QS wave 2 du r ing  i t s  i n t i t i a l  
mid-winter amplification i n  ear ly  January. A s  wave 1 i s  damped, wave 2 
amplifies from 50 t o  400 m i n  the upper stratosphere. 
wave act ivi ty  i s  850-500 mb from 45-69N, Figure 15c. W i t h  
amp1 i f icat ion,  on January 6, poleward and upward flux occurs throughout 

occur near 20 km i n  low la t i tudes.  These values should  help focus the 
upward p r o p a g a t i n g  waves poleward i n t o  the stratosphere. The EP f l u x  
propagates upward i n  the lower strgtgsphere around a meridional cel l  whose 
center i s  near 40'N, 100 mb a s  indicated by the nodes i n  geopotential 
phase, Figure 13b. 
act ivi ty  appears t o  be trapped i n  higher la t i tudes.  
consequence of negative values of Q2  i n  the lower stratosphere 
extending t o  55"N, Figure 13e. 
troposphere appear a b o u t  5 times stronger t h a n  the fluxes for  wave 1 
events, Figures l l c ,  12c. 

The origin of 

, 

I 

the  troposphere. Coincidentally, small values of Q2, Figure 13e, 1 

~ 

I 

I 

Downwards i n  the troposphere some of the wave 
T h i s  may be a 

The E P  fluxes for  wave 2 i n  the 

7. Conparison o f  E P  F l u x  and  Index of  Refraction a t  50 mb 

I The previous cross sections indicate t h a t  near 20 km the l a t i t ude  I 

g r a d i e n t  of  Qm may change s i g n  and  thus by refraction change the 
horizontal direction of the upward p r o p a g a t i n g  QS waves. 
wave 1 a n d  Figure 15 fo r  wave 2 fur ther  explore the relation between 

Figure 14 f o r  
I 

I 

I Qm and wave E P  fluxes t h r o u g h o u t  the winter a t  50 mb. 
diagrams Qm i s  based on 5-day average zonal winds b u t  i s  n o t  f i l t e r e d ;  

O n  these 
I 

I t h u s ,  the var iabi l i ty  of Qm i s  influenced by the intermittent wave 
forcing caused by the interaction of QS and propagating waves. 
wave EP f lux i s  n o t  affected by propagating waves so i s  inherently 
smoother . { 

. 

The QS I 
I 

I n  Figure 14, the primary intervals  of maximum EP f l u x  occur a t  
times (December 27 and  February 10) when the general l a t i tude  gradient 
of 01 i s  very weak i n  middle la t i tudes .  
appears t o  be l i t t l e  horizontal refraction of the upward propagating 
wave as the E P  vectors a re  directed almost ver t ical ly  (90'). I n  low 
la t i tudes,  equatorward refraction i n  November, December and March i s  
indicated by relatively h i g h  values of Q, ( 60 )  and  wave fluxes w i t h  a 

On these occasions there 
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a. 

s t r o n g  equatorward component (135") .  I n  January polevard  (45")  fluxes 
a r e  i n d i c a t e d  i n  low l a t i t u d e s  and Q1 i s  l a r g e  (>40)  i n  middle  
l a t i t u d e s .  T h u s ,  there appea r s  t o  be some general  r e c i p r o c i t y  between 
t h 2  r e f r a c t i o n  o f  observed waves and  the l a t i t u d e  g r a d i e n t  o f  Q1. 

Figure 15 shows t h a t  wave 2 does n o t  amplify and v e r t i c a l l y  
propagate  u n t i l  the e a r l y  winter horizontal  g r a d i m t  of Q2 i s  very 
weak. In  l a t e  February wave 2 develops an equatorward component o f  
propagat ion  (135") concur ren t ly  w i t h  a general  i n c r e a s e  i n  the 
equatorward g r a d i e n t  of Q,. 

P o s i t i v e  re1 a t i o n s  between Q,,, g r a d i e n t  and the observed 
propagat ion  of wave a c t i v i t y  can lead t o  t echn iques  o f  f o r e c a s t i n g  the 
QS component of  sudden warnings i n  the s t r a t o s p h e r e  based on the  i n i t i a l  
s t a t e s  o f  the zonal flow f i e l d  and o f  the  E P  f l u x e s  emerging from the 
t roposphere .  The EP c r o s s  s e c t i o n s  i n  F i g u r e s  11-13 and the time 
a n a l y s i s  i n  F igures  14 and 15 ind ica te  t h a t  t h e  QS waves appear  t o  
respond i n  a gradual way t o  the l a r g e  s c a l e  g r a d i e n t s  of Qm i n  the 
s t r a t o s p h e r e .  
p a s t  h i s t o r y  and a r e  not  r a d i c a l l y  affected by l o c a l  g r a d i e n t s  o f  Qm. 

However, the waves s t i l l  r e t a i n  c h a r a c t e r i s t i c s  o f  their  

Conclusions 

T h i s  s tudy d e s c r i b e s  the ana lyses  of  E l  iassen-Palm p lane ta ry  wave 
dycarrfcs and a s s o c i a t e d  zonal flow i n t e r a c t i o n  f o r  winter 1973-74, an 
i n t e r v a l  when upper s t r a t o s p h e r i c  data  were o f  good q u a l i t y  and 
complete.  
propagdt ion i n  l a t e  December and l a t e  February and wave 2 propagat ion  
throughout  much of January and early February. 
propagat ing upwards from the t roposphere a r e  the priinary source of wave 
a c t i v i t y  i n  the s t r a tosphe re .  However, zonal propagat ing waves whose 
p e r i o d s  a r e  near  20 days c o n s t r u c t i v e l y  and d e s t r u c t i v e l y  i n t e r f e r e  w i t h  
the QS component t o  produce upward propagat ing wave p u l s e s  i n  the manner 
described by Madden (1983) and Sal by (1984) .  The propagat ing components 

The y e a r  was cha rac t e r i zed  by q u a s i - s t a t i o n a r y  wave 1 

Quas i - s t a t iona ry  waves 
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amplify following the maximum i n  the QS component and produce 
vacil lations i n  wave E P  f l u x .  
themselves do not appear t o  transport  s ignif icant  momentum or sensible 
heat upwards i n t o  the stratosphere. 

However, the propagating components by 

The upward p r o p a g a t i n g  QS wave decelerates the zonal flow 
throughout the stratosphere w i t h  maximum values of wave forced 
deceleration by E P - f l u x  convergence a t t a i n i n g  values of  10-15 m 
s-lday'l from 40-50 km. 
change. Thus, the wave-forcing i s  opposed by a poleward directed 
residual circulation, whose descending branch produces adiabatic 
stratospheric warming i n  h i g h  la t i tudes.  

This i s  about f ive  times the observed wind  

Cross-sections of EP f l u x  and  associated wave parameters a t  
various stages i n  the evolution of QS wave events a re  useful for  
identifying regions of forcing and paths of  wave propagation i n t o  the 
stratosphere. 
and different paths of propagation i n  the meridional plane. 
December event, the source of wave ac t iv i ty  appears t o  be the upper 
troposphere, 45-55'N. The wave ac t iv i ty  propagates poleward i n  the lower 
stratosphere and equatorward i n  the middle  and  upper stratosphere. 
the February event, the source of the wave ac t iv i ty  i s  much more 
extensive la t i tud ina l ly ,  and the wave ac t iv i ty  propagates almost 
vertically t o  the upper stratosphere. 
cel lular  wave propagation circulation w i t h  poleward E P  f l u x  i n  the 
troposphere and equatorward fluxes i n  the stratosphere. 

B o t h  QS wave 1 events have different  sources of forcing 
For the 

For 

Wave 2 i n  January indicates a 

I 

An index of refraction analysis indicates t h a t  the  upward 
propagating QS waves a re  generally refracted i n  the stratosphere i n  
accordance w i t h  the horizontal gradient of Q,,,. 
waves retain some of t h e i r  propagation charac te r i s t ics  of lower levels ,  
they never appear t o  direct ly  propagate perpendicular t o  the Qm 
gradient. 
very weak a t  those times when wave ac t iv i ty  propagates ver t ical ly  t o  the 
upper stratosphere. 

However, because the 

In the lower stratosphere near 20 km, the  Qm gradient i s  
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Appendix 
Ca lcu la t ion  of the  index o f  r e f r a c t i o n  f o r  q u a s i - s t a t i o n a r y  waves 

According t o  quasi-geostrophic  theo ry  (Matsuno, 19701, t h e  index  

of r e f r a c t i o n  squared '$1 derived from the zonal f low may be used f o r  
d e s c r i b i n g  the propagat ion o f  p lane tary  waves i n  the meridional plane.  
Using ray  t r a c i n g  techniques ,  w i t h  app ropr i a t e  assumptions (O'Neill and 
Youngblutt ,  1982; Karoly and Hoskins, 19821, i t  i s  p o s s i b l e  t o  desc r ibe  
the p a t h  o f  a propagat ing wave i n  terms of  s p a t i a l  v a r i a t i o n s  o f  Q, 
w h i c h  i s  given,  a f t e r  Matsuno (19701, by: 

A (  1) 2 2  2 2  Qm = ( 1 6  COS - (Q ro/NHo) sin B - (m /cos I ) ,  

z = - H o l n ( P / P J ,  

where rn i s  zonal wavenumber, 7 i s  zonal v o r t i c i t y ,  0 i s  zonal angu la r  
momentum, N i s  the Brunt -Vais i l i  frequency and o t h e r  symbols were 
p rev ious ly  def ined  i n  Sec t ion  3. 
d e r i v a t i v e s . )  For a wave of f i x e d  frequency away from the  region of  
f o r c i n g ,  wave packe t s  will propagate u p  the g r a d i e n t  of Qm w i t h  a 
group v e l o c i t y  inve r se ly  proport ional  t o  0,. Matsun0 (1 970) used 
Val ues of Qm c a l c u l a t e d  from the cl imatological  w i n d  f i e 1  d t o  s tudy 
the propagat ion of s t a t i o n a r y  waves from the t roposphere  upwards i n t o  
the s t r a tosphe re .  S m i t h  (1983) has  a l s o  used Qm t o  h e l p  describe the 
in t e rannua l  and seasonal v a r i a t i o n  of p l a n e t a r y  waves. O'Neill and 
Youngblutt  (1982) and Butchar t ,  e t  a l .  (1982) have used Om t o  ana lyze  
the r e l a t i o n  between wind f i e l d s  and E P  f l u x e s  du r ing  s t r a t o s p h e r i c  
sudden warming s. 

(The subscripts d and z denote  p a r t i a l  
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I n  the analysis here, 9, i s  based on 5-day average zonal 
winds. 
a factor described by Palmer (1982) for correcting ray curvature i n  
Mercator coordinates. 

Values of Qm a s  specified above were also divided by sin2 8 ,  

Qm i s  a h i g h l y  derived parameter t h a t  i s  sensit ive t o  observed 
small-scale la t i tude  variations i n  zonal wind .  IJhen l a t i t ude  
derivatives are  determined from NHC data i n  the  lower stratosphere, the 
resulting space and  time var iabi l i ty  of Qm i s  excessive coflpared t o  
other planetary wave parameters. To reduce th i s  var iab i l i ty ,  l a t i tude  
derivatives were computed from a t h i r d  degree polynomial function tha t  
expresses the la t i tude  variation of 0 from 35 t o  75'N. The coeff ic ients  
of  the polynomial were determined by l eas t  squares analysis applied a t  
each pressure level from 500 t o  1 mb. Otherwise, unsmoothed values of 
w were used i n  A ( 1 )  i n  the calculation of 7 wherever or  i t s  
vertical derivative were required. 

- 
B 
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WINTER PLANETARY WAVE INFLUENCE ON ZONAL FLOW 
NEAR THE STRATOPAUSE FROM SCR AND SAMs DATA 

Denis G. Dartt 

ABSTRACT 

Eight years of upper stratospheric data from SCR 
SAMs instruments are used to examine the win-er behav 
zonal flow at 1 mb in relation to upward propagating 

and 
or of 

- - -  - 

planetary wave activity from the lower stratosphere and 
zonal temperature change in the vertical branch of the 
residual circulation. Some fourteen wave events are 
examined within the analysis period. Using a box framework 
encompassing large volumes of the stratosphere, the wave 
events are compared and a composite relationship between 
primary variables is defined indicating the evolution of 
the wave-zonal flow interaction process in the upper 
stratosphere. 

Zonal flow deceleration near 50 km occurs in response 
to nonconservative wave forcing from below (20 km) and 
zonal temperature increases in high latitudes near 40 km 
which indirectly describe the residual circulation. Upward 
propagating wave activity from below may be conservative in 
nature and not always lead to zonal flow deceleration. 
Also, upward propagating wave activity reaches a maximum in 
the lower stratosphere following the primary zonal flow 
deceleration at 1 mb. At this time, major planetary wave 
dissipation occurs below 1 mb. The temperature tendency in 
the upper polar stratosphere indicates the magnitude and 
sense (ascending or descending branch) of the residual 
circulation excited by the dissipating planetary waves. An 
empirical method is examined for predicting zonal flow 
change near the stratopause by monitoring upward 
propagating wave activity from the lower stratosphere and 
upper stratospheric temperature change in high latitudes. 
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1. Introduction 

The following study investigates relationships during 

winter between zonal flow near the stratopause, upper 

stratospheric temperature and upward propagating planetary wave 

activity lower down in the stratosphere. The basic data are 

eight years of temperature and geopotential height derived from 

the SCR (Selected Chopper Radiometer) instruments on Nimbus 4 and 

5 (1970-1975) and the SAMs (Stratospheric and Mesospheric 

Sounder) instrument on Nimbus 7 (1978-81) with NMC (National 

Meteorological Center) grids used 30 km and lower. 

The primary variables examined are Eliassen-Palm (EP) wave 

fluxes which characterize wave propagation in the 

altitude-latitude plane, the convergence of the EP flux which 

describes the planetary wave forcing of the zonal mean wind, 

zonal wind and temperature, and the vertical and meridional 

components of the residual circulation. All such parameters are 

based on the transformed Eulerian-Mean formalism as described by 

Palmer (1981) and O'Neill and Youngblut (1982). From the long 

period of record, fourteen wave events occurred which resulted in 

stratospheric warming. The linear planetary wave dynamics of 

these events are summarized and compared, with regard to the 

behavior of zonal flow at 1 mb, in proximity to the stratopause. 

In terms of data, the current study supplements the investigation 

of Labitzke and Goretzki (1982) who described daily planetary 

wave behavior near 25 km (30 mb) for this same period. 
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The deceleration of stratospheric zonal flow by upward 

propagating planetary waves has been described by Palmer (1981), 

O'Neill and Youngblut (1982) and most recently by Dunkerton and 

Delisi (1985). In the upper stratosphere and lower mesosphere, 

the calculated wave forcing is larger than the observed flow 

change and is opposed by the Coriolis torque of the poleward 

directed residual circulation. The downward branch of the 

residual circulation in high latitudes causes adiabatic zonal 

stratospheric warming during wave events. Dunkerton, et al. 

(1981) consider the enhanced residual circulation during 

stratospheric warmings to be a natural linear response of the 

diabatic zonal flow to upward propagating and dissipating 

planetary waves as the atmosphere attempts to maintain thermal 

wind balance. In the current study, variations in zonal flow 

near the stratopause are analyzed as a function of lower 

stratospheric wave forcing and an indirect measure of the 

residual circulation given by zonal temperature change in high 

lat'itudes. An understanding of the behavior of these primary 

variables over a large data set will be useful for the eventual 

prediction of middle atmospheric zonal flow. 

The following discussion first illustrates the general 

behavior of planetary wave variables for 1970-71, a winter with 

complete upper stratospheric data and two well-defined wave 

events. This includes wave propagation from the troposphere 

upwards into the stratosphere during stratospheric warmings 

(Section 3 ) ,  the forced deceleration of the zonal flow by the 
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propagating waves (Section 4) and the role of the residual 

circulation in restoring the zonal flow (Section 5). In Section 

( 6 ) ,  a chronology of the primary dynamic parameters 

characterizing the warming process is shown for eight winters. 

Event comparisons (Section 7) and composite relationships 

(Section 8) are then described. Finally, the usefulness of the 

parameters are considered in a heuristic model for predicting the 

behavior of 1-mb zonal flow. 

2. Data and Details of Computation 

Middle atmospheric temperatures (at 10, 5, 2, 1 ,  .4  mb) 

from November, 1970 to April, 1975 were derived at Control Data 

from SCR A and B radiances from NIMBUS 4 and 5. The technique 

involved establishing regression relationships between SCR 

channel radiances and rocketsonde temperatures from colocated 

data. These regression coefficients were then used to convert 

orbital radiances to temperature. The regression coefficients 

were a function of latitude and were updated at 6-nronth intervals 

throughout the period to account for possible sensor 

degradation. Space-time interpolation of orbital temperatures to 

12002 was then performed at intervals of 20 degrees longitude and 

10 degrees latitude. The details of this data reduction process 

are described in Hovland and Wilcox 1979a, 1979b and Roe, et al., 

1982. 



SAMs temperatures (at 3 and 1 mb) from NIMBUS 7 were used 

I for the upper stratosphere for winters 1978-81. These limb 

I sounder data are averages of two orbits per day with an effective 
I 

observation time near 2100 local time (Barnett and Corney, 

1984). After comparisons with NMC temperature in the altitude 

range 30-10 mb, SAMs temperatures were combined directly with the 

12002 temperature from NMC at 10 mb, to extend upward temperature 

profiles in the latitude range 25-67.5”N. 

I 

I 

I 

~ For both data sets, geopotential height was computed 

hydrostatically in the upper stratosphere using NMC 10-mb 

geopotential height as a base level. This was followed by 

I computation at all levels of planetary waves (wave numbers 1-6) 

of geopotential height, temperature and geostrophic zonal and I 

I 

1 meridional wind. These data were further used to calculate daily 

I 

I 

momentum flux and sensible heat flux by each planetary wave using 

the formulation of Eliasen (1958). From these parameters, the 

Eliassen-Palm flux, 3, and the EP flux divergence, V-3, were 

calculated (Palmer, 1981): 

- 
I 

i 

-c a a V’F = (l/yCOS 0 +I,, (COS @ F 4 ) +ay (F,) 
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wherep. - 1000 gmd, z = -Hrln(P/l000 mb), H - 6400 m, y o  

is the earth radius, 6 is latitude, p is prorsure (mb), and 

f = 2 a  sin# is the Coriolis parameter. The planetary wave 

geostrophic zonal wind, u * ,  and meridional wind, v', were used 
- along with zonal potential temperature,e , and temperature 

lapse,g,, to calculate the zonal momentum flux, u'v', and 

normalized sensible heat flux, v*e * / e = .  

The geostrophic momentum flux was further adjusted for zonal flow 

- 
- -  

variations using the technique of Robinson (1986) which improves 

the interpretation of the EP flux divergence. 

The Cartesian representation of EP flux vectors is 

utilized as described by Palmer (1981). The EP flux components 

(F ,Fz) are multiplied by 2 n y, cos$; further, the horizontal 

cpmponent is multiplied by a constant ( . 0 1 3 2 )  which scales 

vectors for plotting in a plane where 10-km altitude is 

equivalent in distance to 10" of latitude (Fig. 1). 

4 

The basic diagnostic equations of transformed 

Eulerian-mean dynamics linking planetary waves and time changes 

in zonal flow in the altitude-latitude plane are: 

- -- - ao = -eZw* + J 
a t  
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where ;* and ;* are respectively the meridional and vertical 

components of the residual circulation which occurs as a result 

of nonconservative wave action: 5 is the diabatic cooling rate. 
Values of 3 for the upper stratosphere used in the evaluation of 
(5) were from Crane et al. (1980). Equation (5) is a simplified 

form of the complete thermodynamic equation in the transformed 

Eulerian mean formalism and has been used by Palmer (1981) and 

O'Neill and Youngblut (1982). 

In the above computations, horizontal derivatives were 

estimated over 20" latitude intervals with the exception of 

65% where zonal winds from SAMs data were determined by 

differencing geopotential height between 67.5"N and 55%. 

Vertical derivatives were estimated by differencing alternating 

pressure levels, a distance of approximately 10 km. Five-day 

averaging was used to smooth all parameters. 

3. Wave Propagation into the Upper Stratosphere 

In a companion papor (Dartt and Venne, 1986), numerous EP 

flux diagrams are shown, illustrating the detailed propagation of 

wave activity from the troposphere into the stratosphere and 

mesosphere during intervals of enhanced winter wave activity 

associated with sudden warmings. A general characteristic of 

these events is that baroclinic wave growth into the stratosphere 

occurs in the latitude band 55-65W. The waves are then 

progressively refracted equatorward with increasing altitude into 

the stratosphere and lower mesosphere. 
-41 - 



Figures 1 and 2 illustrate the respective propagation of 

planetary waves 1 and 2 into the stratosphere in the early stage 

of the major mid-winter warming in 1970-71. Beginning on 

December 22, wave 1 EP unit flux vectors begin to develop a 

strong vertical component in middle latitudes between 10-20 km 

before turning equatorward at higher levels. From December 22 to 

January 6, wave 1 EP fluxes progressively show continued upward 

and also poleward wave propagation. During this interval, the 

magnitude of EP flux, indicating propagating wave activity, 

increases nearly an order of magnitude above 30 km. Wave 2 

upward propagation on December 22 in Figure 2 is initially 

similar to wave 1. However, with increasing time, wave 2 upward 

propagation is diminished both at high latitudes and 

stratospheric altitudes. On January 1 and 6, downward EP flux 

occurs for wave 2 poleward of 55”N above 30 km, and the 

magnitude of EP flux for wave 2 is about a factor of 10 less than 

for wave 1. 

4. Wave-Induced Zonal Flow Chancres 

-5 The divergence of EP flux, V-F, is a direct measure of 

the planetary wave induced forcing of the zonal flow in (4). 

From ( 4 ) ,  non-conservative waves will decelerate the flow through 

convergence of EP flux, a dissipative wave process. 
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Alternatively, the zonal flow will accelerate through divergence 

of EP flux, a wave generation process. Conservative or freely 

propagating waves will have no effect on the zonal flow. 

Figure 3 shows the effects of nonconservative wave action 

on the zonal flow of the upper stratosphere. The upward 

propagating wave activity from below induces deceleration of the 

winds near 50 km beginning about Dec. 17. The wave forcing 

intensifies in early January and extends downward to near 30 km. 

A second period of wave forced deceleration near March 7, also 

leads to a deceleration of zonal flow. Figure 4 indicates the 

contribution to V - 3  by planetary waves 1 and 2, the two 

prominent stratospheric components. Initially, near December 17, 

both components act to decelerate the zonal flow above 40 km. 

However, in early January, wave 1 forced deceleration becomes 

very strong, but is opposed by wave 2 which is accelerating the 

zonal flow. Wave 2 divergence at this time coincides with the 

appearance of downward EP flux for this component in Fig. 2. In 

the  middle of January near 30 km, the opposite occurs. Wave 2 is 

decelerating the zonal flow while wave 1 is indicating weak 

acceleration. This pattern of alternating wave 1 and 2 wave 

forcing of opposite sign is indicative of non-linear wave-wave 

interactions (Palmer and HSU, 1983). 
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While the simultaneous occurrence of zonal flow 

deceleration and EP flux convergence indicates a cause and effect I 

relation, the magnitude of both changes are quite different. For 

example, near 50 km in early January, wave forced deceleration is 
I of the order of 30 m<'day"; the actual wind deceleration is I 

of the order of 6 ms"day". Figure 5 compares wind tendency 

( aU/At) with wave forcing at selective stratospheric pressure I 

levels. At 30 and 50 mb, 9 - F  and bu/Pt are near the same 

magnitude, but not particularly well correlated. Increasing with 

altitude, the time variation of au/At and v.3 become better 
correlated, however, V .  F forcing is noticeably larger than the 

observed flow deceleration. Thus, the effects of planetary waves 

+ 

1 

, 
3 

on the zonal flow of the upper stratosphere must be damped by the I 
- residual circulation term in (4). I 

5. Residual Circulation I 

- .  
The role of the meridional component of the residual 

circulation,;*, is to compensate for excess wave forcing through 

a Coriolis torque in (4). Figure 6a indicates this component in 

the upper stratosphere at 55W, determined as a residual 

between observed wind change and 9.F over a 5-day interval. A 
+ 

poleward component is enhanced during late December near 1 mb in 

response to the upward propagating waves. The variability of ;* 
at 65W over the winter is indicated in Fig. 6b. In early 
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January, maximum downward motion is indicated near 40 km 

corresponding to the strong poleward component near 50 km. Near 

January 16, a descent of the poleward component to 35 km occurs. 

At this time, ascending motion is indicated at higher altitudes, 

descending motion at lower altitudes. In the ascending branch 

adiabatic cooling occurs: in the descending branch adiabatic 

warming occurs. 

- 
Observationally, w* is only a function of the zonal 

temperature tendency near the pole and climatological cooling 

rates: v* on the other hand, is determined almost independently 

by examining highly derived properties of planetary waves (v -  F) 

and zonal flow. The close relationship of these two variables in 

the meridional plane is quite remarkable, demonstrating the link 

between nonconservative wave action and changes in the zonal 

state. 

- 

3 

- 
6. Chronology of Stratospheric Dynamics 

A condensed description of planetary wave-zonal flow 

interaction from available upper stratospheric data in the 

1970-81 period is given in Figs. 7-14. Variations in zonal flow 

at 1 mb are examined as a function of: ( 1 )  the amplitude of 

vertical EP flux at 50 mb, (2) a large volume measurement of EP 

flux convergence, (3) zonal temperature change at 2 mb (SCR) or 

3 mb (SAMs) at 65% and (4) the squared values of the index of 

refraction (Q i )  for planetary waves 1 and 2 at 30 mb which are 
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useful as indicators of planetary wave dissipation in the lower 

stratosphere (Smith, 1983). A simple box model is used to 

describe the primary aspects of wave-zonal flow interaction. 

Each box encompasses a 20" latitude belt and has a lower 

boundary at 50 mb (20 km) and an upper boundary near 1 mb 

(48 km). Planetary wave forcing is monitored at the lower 

boundary in terms of the 5-day average of the vertical EP flux 

integrated over the latitude band. The 50-mb level was chosen as 

a lower boundary as it is an altitude where the primary component 

of wave propagation is vertical and thus defines the primary 

waves penetrating the upper stratosphere. Also the vertical 

distance between 50 and 1 mb would typically require a few days 

of wave propagation based on the vertical group velocity (Karoly 

and Hoskins, 1982). Thus, the box model is also useful for a 

- cursory examination of prediction of middle atmosphere zonal flow 

in terms of lower stratospheric wave forcing. At the top of the 

box the vertical component of EP flux is very small compared to 
- 

the flux at the lower boundary and for the current analysis is 

assumed to be zero. Along the north and south boundaries the 

density weighted horizontal component of EP flux is numerically 

integrated with height from 20 to 48 km and the horizontal 

difference is determined. This value is normalized by the ratio 

of vertical to horizontal box dimensions and is then added to the 

vertical component at the lower boundary to obtain a measure of 
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+ 
9 - F  over a deep layer and wide latitude band. The term, net 

flux, is used to describe this measure of nonconservative wave 

flux within the volume. With the use of models for adjacent 

latitude bands, the latitude transfer of wave activity (i.e. 

polar focusing) can be investigated. In Figs. 7-14, the 50-mb EP 

flux is indicated for wave 1 and also integrated for all waves, 

1-6. In the stratosphere, the difference between the flux for 

wave 1 and that for the integrated flux is primarily the result 

of wave 2. Also, in these diagrams, the primary warming and 

cooling periods are indicated. These are numbered 

chronologically for later reference in Table 1. A warming period 

is characterized by an increase in upper stratospheric 

temperature (65”N),  a decrease in zonal wind and an increase in 

wave forcing and net flux. A cooling period shows opposite 

characteristics. 

1 9 7 0 - 7 1  

A s  discussed earlier and shown for the box model at 55”N 

in Fig. 7, this year is characterized by a major midwinter event 

during December and early January, and a minor event in March. 

The zonal flow deceleration at 1 mb is well correlated with the 

increases in wave activity and increases in zonal temperatures 

for both events. During December, much of the upward propagating 
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wave activity appears to be conservative, as the vertical wave 

flux is larger than the net flux. At the beginning of the 

January cooling period, upward propagating EP flux is still 

large, but diminishes rapidly. Planetary wave zonal flow 

interaction is now more confined to the lower stratosphere as 

indicated by zonal flow deceleration at 30 mb and the large 

values of Q., indicating dissipation near this altitude. 

Figure 8 shows wave flux parameters and 1-mb zonal flow for 

overlapping 20" latitude bands. Even though the 50-mb vertical 

EP flux is larger from 45-65- than neighboring latitude bands, 

the net flux is similar for all three latitude bands. The zonal 

flow at each latitude undergoes nearly the same deceleration. 

1971-1972 

Figure 9 indicates that the wave 1 flux is weak compared 

to the integrated flux, and net flux in the 45-65% band is 

generally less than the previous year. Events during late 

December and in February produce decelerations of 1-mb zonal 

flow. As in the previous winters, warmings are characterized by 

an increase in wave activity, coolings are characterized by a 

rapid decrease in upward propagating wave activity. 
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1973-74 

Figure 10 indica-es two relatively minor wave events in 

terms of zonal flow deceleration, one in late December, the 

second in late February. Wave 1 is prominent for both events. 

The temperature at 2 mb increases gradually for both events. 

1974-75 

Figure 1 1  indicates that near the end of December, a large 

wave event occurred as indicated by zonal wind and temperature 

change from December 17 to January 1. However, the details of 

the event are obscured by a data gap. In January and early 

February, there is very little net wave flux within the 45-65W 

latitude band and the upper stratospheric flow accelerates 

sharply, accompanied by rapid polar cooling. Near the end of 

February, a moderate wave event results in a marked deceleration 

of I-mb flow and zonal temperature increase. 

1979-80 

Figure 12 indicates the EP flux has a strong wave 1 

component and vascillates with about a 20-day period throughout 

much of the winter. This is primarily the result of the 

interference of quasi-stationary and zonally propagating wave 1 
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component (Dartt and Venne, 1986). The zonal flow shows similar 

vascillating behavior with intermittent deceleration from late 

December onward. The vascillations are not so pronounced in I 
I 

polar temperature which indicates two warming intervals. Thus, 

the residual circulation may not respond as rapidly to variations 

in planetary wave forcing as the zonal flow. 

1980-81 

A long period of large amplitude vertical wave flux occurs 

in January resulting in a large decrease in zonal wind and 

increase in temperature over a 30-day period, Fig. 13. A s  in 

1970-71, in early winter, the wave flux appears to act 

conservatively and is not utilized within the zonal band. In 

March, an increase in lower stratospheric wave activity produces 

only a minor change in zonal wind and temperature in the upper 

stratosphere. At 30 mb large values of Qi and zonal flow 

deceleration indicate that much of the upward propagating wave 

activity is dissipated in the lower stratosphere. 

1972-73 and 1978-79 

These two winters have only partial data and are shown 

jointly in Fig. 14. In 1972-73, only the second stage of the 

major midwinter wave 1 warming is indicated. However, the 

earlier stage with missing data indicates substantial upper 

stratospheric zonal flow deceleration and temperature increase as 

compared to the latter event. 

-50- 
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In 1978-79, large wave 1 fluxes produce moderate zonal 

flow deceleration from late December through early February. 

Large wave 2 fluxes in middle February do not appear to effect 

zonal flow at 1 mb or to produce an enhanced residual circulation 

as indicated by an increase in temperature. Again, large values 

of Q, and zonal wind deceleration at 30 mb suggest that much of 

the upward propagating wave activity is dissipated in the lower 

stratosphere. 

7. Comparative Properties 

Table 1 compares the time integrated properties of l-mb 

zonal flow, upper stratospheric temperature and wave forcing for 

all events in Figs. 7-14. The events are stratified according to 

duration. Events of long duration produce extensive zonal flow 

deceleration from 45-65’” and are based on sustained periods of 

vertical planetary wave flux. Events of intermediate and short 

duration generally have less effect on zonal flow and have less 

wave flux. For all wave events, vertical wave flux at 50 mb is 

greater from 45-6594 than in the 35-55% and 55-75W 

bands. However, the net flux which measures the nonconservative 

wave forcing within the band is only slightly stronger from 

45-65”N than neighboring bands. From 35-55W, the net flux 

is almost equivalent to the lower boundary flux, indicating that 

most upward propagating wave activity is used to decelerate zonal 

flow. For other latitudes bands there is a net loss of wave 

activity through the latitude boundaries. 
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Zonal warming during wave events is greater to the north 

than to the south. This indirectly indicates the increase in 

strength of the residual circulation with latitude which opposes 

the wave forced deceleration of zonal flow. The Coriolis torque 

(fv*) of the residual circulation (4) will be stronger in higher 

than lower latitudes both because of f and ;*. Thus, wave 

forcing in low latitudes need not be as large as in high 

latitudes to equivalently decelerate the zonal flow. Table 1 

indicates that zonal flow deceleration at 45% is typically as 

large as at 55% or 65W, even though the net flux is 

somewhat less. The relative strength of the upper stratospheric 

residual circulation may be weaker in late than in middle 

winter. Late winter events (13, 4 and 10) indicate small zonal 

temperature increases compared to earlier events of similar 

duration. 

- 

- 

For all eight years? Figs. 7-14, 1-mb flow was decelerated 

in early January in response to upward propagating waves. In 

some years, the mesospheric jet is again restored in late winter 

(1971, 1972, 1975). In these years? there is an extended period 

in late January and February when wave 1 vertical EP flux 

diminishes to near zero at 50 mb. Initially, adiabatic cooling 

by the ascending branch of the residual circulation helps to 

restore the jet to its earlier amplitude. When wave activity 

vanishes, the primary cooling will be by radiative processes. 
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8. Composite Relationships 

Figure 15 indicates the time-latitude structure of 5-day 

1-mb zonal flow change, upper stratosphere temperature change, 

and net wave flux at 50 mb for composite 5-day average parameters 

over all 8 years. Six characteristic steps of upper 

stratospheric temperature and zonal flow change were defined and 

then identified from serial data. Composites were calculated at 

each step and also, 5 days prior to and 5 days after. These time 

sequences are analyzed in Fig. 15 as a function of the average 

time separation of the characteristic steps. Individual events 

may be either compressed or extended in time with regard to the 

average event. However, they typically will exhibit each 

individual step. 

The characteristic steps are defined in terms of the 5-day 

tendency in 1-mb zonal flow at 55"N and 5-day tendency of upper 

stratospheric temperature (2-mb SCR or 3-mb SAMS) at 65W. 

These tendencies are forward time differences relative to values 

of net wave flux. Step ( 1 )  corrosponds to the time of early 

winter maximum westerly flow acceleration at 1 mb occurring in 

late November or early December, i.e. Fig. 3. Fig. 15 shows that 

the mesospheric jet is intensifying with moderate cooling 

occurring near the pole. Upward propagating wave activity is 

weak at 5 0  mb as is the net flux from 1-50 mb. The upper 
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stratospheric cooling rate at 65% is considerably less than 

the calculated radiative rate of nearly 15% (5 days)", 

Crane, et al. (1980). This suggests that some adiabatic warming 

of polar regions is already occurring, perhaps due to dissipating 

planetary waves or gravity waves. Step (2) corresponds to the 

time of initial zonal temperature rise at 65%. Moderate zonal 

flow deceleration begins and is largest at 45%. Net wave flux 

increases especially in middle latitudes. Warmings may exhibit a 

pulse-like nature as a result of the interference of a strong 

quasi-stationary wave component and weaker amplitude zonally 

propagating waves (Dartt, 1986). Step (3) indicates the time of 

maximum upper stratospheric temperature increase associated with 

the first such pulse. Temperature increases of 4% 

(5 days)'' in polar regions are associated with flow 

deceleration of 5 rns-'(5 days)" in middle latitudes. The 

net wave flux has increased slightly in high latitudes (65%) 

from Step ( 2 ) .  Step (4) corresponds to the time of maximum upper 

stratospheric heating which may follow Step (3) or in some 

warmings follows directly from Step (2). Substantial flow 

deceleration occurs from 45-6594 with the maximum occurring at 

55%. Prior to Step (4) net wave flux increases over the 

entire latitude range. On a composite basis, the maximum 

stratospheric temperature increase appears to precede the maximum 

zonal flow decrease by about 1 day. Step ( 5 )  corresponds to the 

time of maximum upper stratospheric temperature decrease at 

65% following the warmings. Winds undergo very sudden 
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acceleration in middle latitudes. At this step, upward wave 

propagation from below is maximum as is the net flux. However, 

practically all of this wave activity is dissipated lower down in’ 

the stratosphere and does not reach 1 mb. The major 

stratospheric cooling occurs in the ascending branch of the 

residual circulation above the altitude of major wave-zonal flow 

deceleration. This cooling is much stronger than that occurring 

earlier in winter (Step 1). 

The second part of Fig. 15 shows a composite single pulse 

warming occurring after a mid-winter cooling. Step (6) is the 

period of cooling that usually follows late winter warming 

events. There were no significant monthly differences in the 

relationships between flow deceleration, temperature increase and 

net flux during intervals of stratospheric heating. Thus, 

Steps (2) and (4) are the same for both the first and second 

composite events. 

Figure 16 shows 5-day zonal flow tendency at 1 mb 

expressed as a function of high latitude (65%) upper 

stratospheric temperature increase and net wave flux for the 

various latitude bands. Also indicated is the sign of the 

vertical component of the residual circulation at 65W (2-mb 

SCR or 3-mb S A M s ) .  These diagrams are composites baaed on all 

available 5-day winter data over t h e  entire 8-year period. In 

regions of dense data the rms variability of individual values of 
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zonal wind tendency about the contour (mean) value is in the 

range from 3 to 6 m s - ' ( 5  days)-'. This rms variability is 

smallest at 55% and largest at 65%. 

In the right portion of these diagrams, zonal wind 

deceleration is proportional to increasing stratospheric 

temperature and to increasing net wave flux. At 65%, net 

wave flux is the primary variable, while at 45W, stratospheric 

temperature increase is most important as indicated by the change 

in slope of the contours. Changes in zonal flow are jointly 

subject to the constraints of equation (4) which specifies 

dynamics in terms of wave activity at a given latitude and to the 

thermal wind relationship which specifies zonal wind (shear) in 

terms of large scale latitudinal gradients of temperature. At 

65W, the net flux is inherently most important as the 

temperature tendency is defined at this latitude. At 45W, 

wind changes appear most dependent on changes in meridional 

temperature gradient brought about by temperature increases in 

high latitudes. At 55%, the flow deceleration is intermediate 

between that observed at 45% and 65%. For net flux values 

in the range 1-2 x l O I 5  g ms'*, there is a tendency for the 

wind deceleration to diminish with temperature increases of 

4-8°K (5 days)". This is consistent with the idea of the 

residual circulation opposing the wave forcing. For larger 

temperature increases, this effect is suppressed by the large 
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scale thermal wind balance. Dunkerton, et al. (1981) indicate 

that the response of the zonal flow to wave forcing is 

substantially weaker, narrower (in latitude) and taller (in 

, altitude) than the observed wave forcing. Thus, the residual 

circulation should be intense on the northern flank of wave 

I forcing, contributing to the pattern seen in Fig. 16b. 
I 

In the left hand portion of Fig. 16, zonal flow 

acceleration is proportional to upper stratospheric cooling at 

all latitudes. Most of the extreme values of zonal flow 

acceleration occur when the vertical component of the residual 

1 

circulation at 65% (2 or 3 mb) is upward indicating adiabatic 

cooling. A s  discussed previously, this is a time of lower 

, stratospheric wave dissipation. 

9. Possible Forecasts of l-mb Zonal Flow - 

For future applications of hypersonic flight planning and 

perhaps space shuttle operations, it would be useful to be able 

to predict in advance the behavior of the mesospheric jet. When I 

fully developed, this zonal belt of west winds attains strengths 

I in the middle atmosphere in excess of 100 ms" and would 
I 

influence transcontinental flight duration and fuel 

requirements. Further, the rapid deceleration of zonal flow and 

dissipation of planetary waves during sudden warmings may lead to 

regional turbulence affecting spacecraft re-entry. 
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~ The previous comparisons of 1-mb zonal flow, upper 

stratosphere temperature and lower stratospheric vertical wave 

flux suggest that monitoring the latter two variables should 

provide information on subsequent winter mesospheric flow 

change. Figure 17 is a diagram, much like Fig. 16b, indicating 

the composite 5-day predictive 1-mb zonal flow change based on 

current information on vertical wave flux at the lower 

stratospheric boundary ( 5 0  mb) and the temperature tendency over 

the past 5 days. All available 5-day averages over the 

eight-year period are included in the composite. Estimated rms 

variability of zonal wind change ranges from near 55 ms" 

( 5  days)" during times of rapid cooling and low amplitude wave 

flux to more than 210 ms-' ( 5  days)" during times at high 

amplitude wave flux and rapid heating. In this latter case, the 

past 5-day temperature tendency is unable to predict the rapid 

wind acceleration that follows the sudden warming. While the rms 

difference is large, there is some overall skill indicated in the 

5-day prediction of zonal flow. 

- 

Based on the above evidence, it would appear that further 

refinements of empirical models such as those above, would prove 

useful for predicting zonal flow change in the middle 

atmosphere. Such optimization should include investigation of 

averaging and tendency intervals, choice of the lower boundary, 

the significance of wave fluxes from neighboring latitude bands 



stratosphere. In particular, if the upper stratosphere 

I temperature tendency were evaluated on a shorter term basis than 

5 days, the rms variability of Fig. 17 would be reduced. 

Further, single point wave flux diagnostics, as recently 

described by Plumb ( 1 9 8 5 ) ,  could also be explored for predicting 
I 

large scale longitudinal variations of the stratospheric and I 

I mesospheric flow. 
I 

1 0 .  Conclusions 

Eight years of planetary wave data in the upper 

stratosphere have been analyzed to determine the effect of upward 

propagating waves on the zonal flow at 1 mb. Midwinter 

deceleration of the middle atmosphere jet commonly occurs in 

response to upward propagating planetary waves 1 and 2. The jet 

which is strongest in late December undergoes a rapid 

deceleration in January. Westerly zonal flow at 1 mb may 

diminish by amounts approaching 80 msr' and easterlies may 

occur in high latitudes. An indirect measure of the large scale 

residual circulation opposing the wave forcing is the zonal 

I 

I 
I 

I 

I 

I 

temperature tendency at 2 or 3 mb in high latitudes. This zonal 

temperature tendency is also a useful predictor of zonal flow 

change at higher altitudes. 
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The primary vertical planetary wave flux from the lower 

stratosphere occurs from 45-65%, but the nonconservative wave 
I 

flux extends outward to neighboring latitudes and decelerates I 

zonal flow. The Robinson (1986) correction of geostrophic 

momentum fluxes in the middle atmosphere has the effect of 

I 

I 

spreading the dissipation of planetary waves over a wide latitude I 

band. If not applied, much of the middle atmosphere planetary 

wave dissipation shifts equatorward. In most years, the 

deceleration of 1-mb zonal flow begins first in lower latitudes, 

I 

1 
35-45W and may overall be as large as in more northern 

latitudes. The mesospheric jet nearly regains its early season I 

strength during February in three of the eight winters studied. 

This occurs when planetary wave activity is minimal in the lower 

stratosphere for extended periods. 

While upward propagating wave activity from the lower 

stratosphere appears to be directly responsible for 1-mb zonal 

flow deceleration, it, by itself, is not necessarily a good 

predictor. Significant conservative wave activity may precede 

the zonal flow deceleration at higher levels as wave activity 

propagates equatorward. Also, at the final stage of the warming, 

when wave activity is strongest, planetary waves are dissipated 

lower down in the stratosphere. At this time, zonal flow 

acceleration occurs at 1 mb in response to adiabatic cooling in 

the upward branch of the residual circulation and also because of 

radiative cooling. 
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A heuristic box model indicates that much of the zonal 

wind variability at 1 mb can be explained in terms of variations 

of lower boundary wave flux, the net nonconservative wave flux 

within a relatively large volume, upper stratospheric temperature 

tendency in polar regions and a measure of lower stratospheric 

planetary wave dissipation. Experiments with some of these 

parameters suggest a capability of predicting middle atmosphere 

zonal flow on a short-term basis. 
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Figure 5. Time variations of nc/nt (solid line) and EP flux 
forcing of the zonal flow (dot-dash line) at selected 
stratospheric pressure levels, 55'N, 1970-71. 
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2-  

4 

Figure 7. Time variation of wave zonal flow interaction in the stratosphere 
for latitude band 45-65'N in 1970-71: 
EP flux at 50 mb for waves 1-6 (solid line) and wave 1 (dashed line), 
(1015g rns"), (b) net wave flux from 50 to 1 mb, (IOl5g ms"), (c) 
zonal flow (rns-l) at 55'N at 1 mb (solid line) and 30 rnb (dashed line), 
(d) zonal temperature ( O K )  at 2 mb, 65'N, and (e) squared value of 
the index of refraction at 30 mb for wave 1 (solid line) and wave 2 
(dashed 1 ine) . 
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Figure 8. Time v a r i a t i o n  o f  wave-zonal f low i n t e r a c t i o n  i n  t h e  
s t r a t o s p h e r e  f o r  neighboring l a t i t u d e  bands, 35-55'N, 
45-65'N and 55-75'N i n  1970-71: 
o f  EP f l u x  a t  50 mb (10 g ms"), ( b )  net wave f l u x  from 
50 t o  1 mb ( lOI5g  ms'*) and ( c )  zonal f low (ms"). 
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Figure 9. Same as Figure 7 for 1971-72. 
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Figure 10. Same as Figure 7 for 1973-74. 
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PLANETARY WAVE PROPAGATION AND ZONAL FLOW INTERACTION, 
0-80 KM, OBSERVED FROM NMC-SAWS DATA 

Denis G. Dartt and David E. Venne 

Abstract 

The primary features of mid-latitude planetary wave 
propagation and dissipation by zonal flow interaction in 
the stratosphere-mesosphere are described during two 
northern hemispheric winters, 1979-80 and 1980-81. The 
analysis is based on Eliassen-Palm (EP) flux diagnostics 
computed from 5-day averages of daily sensible heat and 
momentum fluxes derived from SAMs (Stratospheric and 
Mesospheric Sounder) data from 30-80 km and NMC (National 
Meteorological Centor) data downward into the lower 
troposphere. 

Planetary waves propagating upward are observed to 
decelerate the mesospheric jet up to altitudes of 70 km in 
early winter and 60 kn in late winter. Wave 1 may 
decelerate the zonal flow to altitudes of 70 kn, while wave 
2 deceleration appears to be restricted to 60 km. During 
large wave events, evidence of a two-cell residual 
circulation exists similar to the model results of 
Dunkerton, et al. (1981). 

Above 65 kin, a region of EP flux divergence leading to 
zonal flow acceleration of 5 ms'lday'' frequently 
occurs during winter in mid-latitudes. This Ep flux 
divergence is primarily associated with a sharp equatorward 
gradient of wave 2 EP flux, as propagation of this wave is 
restricted in the easterly shear region above the 
mesospheric wind maximum in high latitudes. The time 
variation of EP flux divergence, however, is poorly 
correlated with geostrophic flow variation at these 
altitudes suggesting that planetary wave forcing is arall 
compared to forcing by other processes. 

Much of the synoptic variability of upward propagating 
wave activity in the middle atmosphere appears to be 
related to the intermittent baroclinicity of the lower 
stratosphere which can be described in terms of the 
constructive and destructive interference of zonally 
propagating waves with a prominent quasi-stationary 
component. There is also evidence of intermittent small 
scale, latitude-altitude, anomalies of the planetary waves 
in the mesosphere which exist on a 5-day basis. 
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1. Introduction 

In the stratosphere, the large-scale dynamics during winter 

can be described in terms of the interaction of upward 

propagating planetary waves with the zonal flow and a zonal 

residual diabatic circulation which is modulated during wave 

events (Palmer, 1981; O'Neill and Youngblut, 1982). In the 

mesosphere, the dynamics becomes more complex as gravity wave 

drag and a large Coriolis torque from the observed meridional 

flow affect the zonal circulation (Holton, 1982). 

Observationally, the presence of planetary wave type disturbances 

in the winter mesosphere is known from LIMS (Limb Infrared 

Monitor of the Stratosphere) and SAMs data (Dunkerton and Delisi, 

1985; Labitzke and Barnett, 1985). Dunkerton and Delisi (1985) 

show that the winter mesospheric zonal flow from LIMS in 1978-79 

was strongly influenced by planetary waves propagating upward 

floh below. The analysis described here is based on SAMs data 

and describes the major planetary wave activity in the two 

following winters. 

Model studies indicate complex planetary wave, gravity wave 

and zonal flow interactions: Holton (1983) and Dunkerton and 

Butchart (1984) suggest that gravity wave propagation from the 

troposphere to the mesosphere would be suppressed during large 

planetary wave events associated with sudden warmings because of 
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the occurrence of unfavorable winds (easterlies) lower down in 

the atmosphere which limit vertical transmissivity, Miyahara 

(1985) indicates that upward propagating gravity waves produce 

drag forces on the velocity perturbations of planetary waves and 

greatly suppress their amplitude. Holton (1984) postulates that 

planetary waves may be generated in the mesosphere as a 

consequence of the breaking of upward propagating gravity waves 

whose source and/or selective transmission is a function of 

longitude. 

Local measurements of zonal flow acceleration by gravity 

waves near 80 km range from -20 ms-' day'' to approximately 

-50 ms"day* as described by momentum flux divergence 

observations of small scale motion in the mesosphere (Vincent and 

Reid, 1983; Fritts, 1986). This drag approximately balances the 

Coriolis torque of the observed meridional flow which during 

winter at 52%, 80 km is from the south at about 5 ms-' 

(Manson et al., 1985). The drag on the zonal flow in middle 

latitudes by the planetary waves (or deceleration as given by the 

EP flux convergence) is described below for altitudes up to 

80 km. The time change in zonal flow results primarily from a 

net force based on the balance of the Coriolis torque, planetary 

wave drag and gravity wave drag. 

. .  
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The current analysis focuses on the description of planetary 

wave 1 and 2 propagating upward from below and their relation to 

winds and the index of refraction in the upper atmosphere. 

Further, the occurrence of anomalous wave activity in the 

mesosphere is noted which may be indicative of the planetary wave 

generation process described by Holton (1984) or perhaps 

barotropic instability (Dunkerton and Delisi, 1985). The two 

winters analyzed have quite different wave 1 behavior as 

indicated by episodes of baroclinic wave 1 development in the 

lower atmosphere. The 1979-80 winter had several distinct 

episodes of short duration, while the 1980-81 winter had a 

month-long episode which resulted in a very strong stratospheric 

warming. In the stratosphere each winter indicates an 

interaction between zonally propagating waves and a very strong 

quasi-stationary wave component of geopotential height. 
s 

2. Data and Computation 

A s  SAMS temperatures are a relatively new data source, some 

comparison tests were performed at 30 mb with Berlin temperature 

maps and at 10 mb with NMC grid points. Generally, large 
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planetary scale features in the Berlin and NMC temperature fields 

are reproducible in SAMs analyses, although single grid point 

differences are typically 2-5%. In regions of sharp 

horizontal gradients, grid point temperature differences may be 

as large as 20%. Other comparisons of SAMs derived fields and 

corraborative data are described in Barnett and Corney (1984), in 

MAP Handbook 12 (Rodgers, 1984) and in Grose and Rodgers (1986). 

One caveat in using SAMs limb scanner temperatures is the 

possible longitudinal displacement of temperature measurements in 

regions of large east-west temperature gradient. This may 

artificially cause a local baroclinic perturbation in the 

transition from NMC (10 mb) to SAMs (3 mb) geopotential height. 

However, this problem should be reduced for planetary waves which 

are based on zonally averaged integration. 
- 

In the hydrostatic computation of geopotential height from 

10--01 mb, SAMs temperature, which is an average based on 

observations near 1500 LT and 2100 LT, was directly combined with 

temperature and geopotential height from NMC at 12002. 

Initially, a local time analysis of the stratosphere-mesosphere 

was considered using 1800 LT time interpolated NMC height and 

temperature at 10 mb. However, this time interpolation at 10 mb 

did not improve SAMS-NMC temperature agreement and thus was not 

employed. 



The computation of planetary wave parameters from NMC and 

SAMs is described in Dartt (1986a). All winds are based on 

geostrophy. However, the geostrophic momentum flux for each 

planetary wave was corrected for zonal flow variations using the 

formulation described by Robinson (1986). In the vicinity of the , 

mesospheric jet such corrections can significantly change the 

values of EP flux divergence. Typically, SAMs data are available 

on about 3 out of 4 days. Thus, 5-day averages are used to I 
I 

describe variability throughout the winter. The basic SAMs 1 
1 

latitude range for computing winds and EP-fluxes is 35-65’”, 

and for NMC grids is 35-75%. EP flux divergence above 10 mb 

was only calculated at internal grid points, at 45 and 55%. 

The squared value of the index of refraction was computed by 

using a 4th degree polynominal to express the latitude 

variability of u‘/(a cost) at each standard pressure level. 

Latitude derivatives were then estimated analytically. The 

details of this computation are described in Dartt (1986b). 

A comparable data source to 1 mb for this period is based on 

the NOAA 6 and TIROS N Stratospheric Sounding Units (SSU) and 

the TIROS Operational Vertical Sounder (TOVS) system on NOAA 6 

and 7. Monthly averages of planetary wave statistics from that 

data are described in Geller et al. (1984). A detailed 

comparison of SAMs and SSU planetary wave statistics was not 

attempted. However, there are some differences in the two sets 
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of data. For example, the extreme values of SSU zonal wind at 

1 mb (140 ms-I) in December 1979 is not apparent from SAMs i 
derived winds (100 ms-'). 

I 3. Planetary Wave Dynamics 

l a. 1979-80 
I 
I 

I The relation between planetary wave activity in the middle 

l 
I 

and lower atmosphere can be seen from EP flux diagrams below. I 

The direction of propagation of wave activity over a 5-day 

interval is given by the unit flux vector; the magnitude of EP I -  
t flux is indicated by logarithmic contours which follow the 

dissipating wave activity with height. Figure 1 shows two I 
I 

primary winter baroclinic episodes in 1979-80 when wave 1 from 

the troposphere propagates upwards into the stratosphere: 
~ 

I 

I Dec. 22-Jan. 6, and Feb. 15-Mar. 1. On certain days during these 

episodes, unit vectors indicate that wave activity is propagating 

vertically from the upper stratosphere into the mesosphere. (The 
I 
I stratopause is at about 48 km.) In both episodes, the amplitude 
I 

I of EP flux in the upper stratosphere and mesosphere increases 

with time as the events progress. 

A s  a baroclinic episode develops, the unit vectors in the 

upper troposphere and lower stratosphere become normal to the 
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almost horizontal contours indicating substantial vertical 

propagation. Typically, the unit vectors become gradually 

directed equatorward and the angle between unit vectors and 

contours diminishes with increasing altitude, until near 70 km 

the unit vectors are nearly parallel to the almost horizontal 

contours. At this height, further upward propagation will cease. 

Wave 1 activity in the mesosphere does not always propagate 

equatorward. There is evidence of poleward propagation at high 

latitudes (55-65W) on Dec. 22, Feb. 25 and Mar. 1. Poleward 

propagation at low latitudes (35-45W) occurs on Jan. 6. There 

is also evidence of anomalous downward fluxes above 50 km on 

Jan. 6 and Mar. 1. These occurrences of non-equatorward flux do 

not appear associated with the transition from NMC to SAMs data 

which occurs at 30 km, but appear to occur as a result of the 

internal variation of SAMs temperature. 

Two sequences of wave 2 baroclinic development are shown in . .  
Fig. 2, Jan. 1-16 and Feb. 5-20. For both episodes, wave 2 

propagates vertically out of the troposphere into the 

stratosphere where it propagates equatorward. However, the EP 

flux vectors have a significant vertical component in the upper 

stratosphere from 35-45% (Jan. 6, Feb.5-15) which suggests 

that wave 2 may propagate into the mesosphere at these 

latitudes. This is also indicated by the EP flux contours which 
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move upward with time into the mesosphere and exhibit a 

characteristic downward slope towards high latitudes. Wave 2 

also shows examples of in situ mesospheric variability with EP 

flux divergence occurring above 50 km near 50% from Jan. 1-6. 

Figure 3 indicates the time evolution of zonal flow at 

I 55% throughout the winter along with the EP flux divergence of 

planetary waves (1-6). In the transformed Eulerian mean 

description of dynamics, the convergence of EP wave flux is a 

I 
I direct measure of wave forced deceleration of the zonal flow 

(Palmer, 1981). Up to altitudes near 70 km, the effect of the 

nonconservative wave action is to decelerate zonal flow, 

particularly the mesospheric jet. Intervals of large EP flux 

1 
I 

convergence correspond to the times of major flow deceleration. 

Figure 4 indicates the separate contributions to EP flux 

convergence by waves 1 and 2. The previously mentioned episodes 

I 

I 

I 
of wave 1 and 2 baroclinicity produce the major wave forcing of 

I tKe'zona1 flow. Waves 1 and 2 appear to decelerate the zonal 

i flow up to altitudes of 70 and 60 km, respectively. 

I Figure 5 shows cross sections of zonal flow prior to (Dec. 
I 

I 22 and Feb. 10) and following (Jan. 1 1  and Mar. 1) the two 

baroclinic episodes. During the late Dec.-early Jan. episode of 

wave 1 and wave 2 baroclinicity, the mesospheric jet near 60 km, 

35ON weakens considerably from 100 to 40 mS' and west winds 
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strengthen from 40-60 ms" in high latitudes. Dunkerton and 

Delisi (1985) indicate similar behavior of the mesospheric winds 

in the previous year during an early winter period of wave 

propagation. During the Feb. baroclinic activity, the westerly 

flow above 30 km in high latitudes is completely destroyed. In 

late Feb., Fig. 1 shows that wave 1 EP fluxes are polar focused 

into the lower stratosphere contributing to enhanced EP flux 

convergence and zonal flow deceleration. 

Cross sections of Matsuno's (1970) quasi-geostrophic squared 

value of the index of refraction (QI) for wave 1 are shown in 

Fig. 6 for the same days as in Fig. 5. This parameter indicates 

the effects of the zonal wind field on the wave 1 propagation in 

terms of refraction (O'Neill and Youngblut, 1982; Karoly and 

Hoskins, 1982) and also, dissipation (Smith, 1983). In late 

Dec., Qi shows a large equatorward gradient between 10-20 km. 

Above 20 km, Qi decreases with altitude becoming negative in 

the upper stratosphere and mesosphere of polar regions. Wave 1 

in Fig. 1 propagates upward and equatorward towards the larger 

values of the index of refraction in low latitudes and away from 

the negative region in high latitudes. By Jan. 1 1 ,  Q, has 

increased below 40 km, and the equatorward gradient of this 

parameter from 10-20 km in high latitudes has been relaxed. 

These conditions appear to favor increased wave dissipation in 

the stratosphere as well as restricting equatorward propagation. 

During Feb. ,  Q1 becomes still larger throughout the lower 

stratosphere. This is the region of maximum flow deceleration, 

Fig. 5. 

- 
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b. 1980-81 

I This winter had a very pronounced sustained mid-winter 

warming event with large zonal flow deceleration. Figure 7 shows 

the evolution of the zonal flow at 55W throughout the winter 

along with the EP flux divergence of planetary waves 1-6. 

Throughout Jan. there is sustained EP flux convergence in excess 

of 10 ms-lday-' from 40-65 km which is well correlated with 

zonal flow deceleration. Above 65 km, EP flux divergence is 

indicated throughout much of the early and middle winter. Figure 

8 shows the EP flux divergence for waves 1 and 2, individually. 

The mid-winter flow deceleration occurs primarily as a result of 

wave 1 ;  however, the component that contributes most to the EP 

flux divergence above 65 km is wave 2. 

Detailed cross sections of wave 1 EP flux during the 

mid-winter event are shown in Fig. 9. The event began on Dec. 27 

with upward and poleward wave fluxes observed from 30-60 km, 

poleward of 45"N. Shortly thereafter, upward wave 1 EP flux 

occurs from 35-65W from near the surface to near 

40 km. From Jan. 1 to Jan. 26 the EP flux magnitude increases 

substantially throughout the stratosphere and into the 

mesosphere. The contour which represents lO"g ms" 

increases in altitude from 15 to near 4 0  km, and the lO"g 

ms-' contour increases in altitude from 40 to near 60 km and 
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the lO”g mb* contour increases in altitude from 60 to above 

7 0  km. After Jan. 26, the EP flux magnitude in the upper 

atmosphere gradually begins to weaken, although the baroclinicity 

of the unit flux vectors upwards from the troposphere remains 

basically unchanged until Feb. 10. In the mature stage of the 

event, wave 1 has a poleward component in the altitude range 

10-30 km. 

Selected zonal wind cross sections indicating the breakdown 

of the westerly zonal flow are shown in Fig. 10. In early Jan. 

the mesospheric jet near 50 km has moved from 45% to 65%, 

its position on Jan. 16 just prior t o  major deceleration. 

Throughout the remainder of Jan. and early Feb., zonal flow is 

rapidly reduced in the meridional plane in response to the upward 

propagating wave 1 activity, and the jet is destroyed. Toward 

the middle of Feb., westerly zonal flow continues to decelerate 

in the high latitude stratosphere, perhaps as a result of the 

poleward focused wave 1 activity seen in Fig. 9. However, the 

low latitude, (35%) mesospheric jet is again re-established 

near 60 km. 

The squared value of the index of refraction for wave 1 

during zonal flow breakdown is shown in Fig. 11. A s  zonal flow 

diminishes, this parameter increases from 20-50 km indicating 

increased planetary wave dissipation. Also, as the event 
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progresses, the region of negative QI, in the polar mesosphere 

is gradually reduced and vanishes altogether on Feb. 5. Thus, 

wave 1 should be increasingly able to propagate poleward as the 

event progresses. This generally occurs as wave 1 polar focusing 

increases with time and leads to dissipation via zonal flow 

deceleration in the lower polar stratosphere. 

The wave 2 EP flux divergence above 65 km noted in Fig. 8 

has values exceeding 10 mi'day'' on two occasions, Dec. 17 

and Jan. 31, although typical values are one-half that large. 

Figure 4b also shows the EP flux divergence occurred above 70 km 

in late winter, 1979-80. A s  EP flux divergence may be indicative 

of the generation of new wave activity, this aspect is considered 

further. Figure 12 shows the 5-day average EP flux vectors for 

wave 2 during the two occasions of conspicuous EP flux forced 

acceleration above 60 km in 1980-81. On Dec. 17 and Jan. 31, the 

EP flux magnitude indicates a sharp equatorward gradient above 60 

km with values at 45% typically 5-10 times larger than at 

65%. A s  the unit vectors are primarily directed equatorward, 

the large scale equatorward gradient of EP flux characterizes the 

divergence. The pattern of EP flux divergence has contours of EP 

flux magnitude sloping downward with increasing latitude with 

more EP flux in low than high latitudes. 
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The wave 2 divergence may be a result of the large region of 

negative index of refraction in the high latitude mesosphere. 

According to WKB theory (Smith, 1 9 8 3 ) ,  the group velocity of wave 
~ 

2 would become quite small both in low latitudes where Q2 is 1 

very large, but also where Q2 is very small and positive, just 

equatorward of the region of negative index of refraction in high 

latitudes. The upward propagating wave flux would then be split, 

refracted both towards low latitudes and also toward high 

latitudes in conjunction with the lower group velocity on the 

flanks of the wave pulse. This would naturally create a local 

region of EP flux divergence and zonal flow acceleration. Most 

of the wave activity would appear to propagate in the low 

latitude branch, as indicated by the slope of the contours in I 

Fig. 12. 

I 

1 

There are also alternative explanations of the EP flux 

divergence above 65 km: 
- .  

(I) It may occur artificially as a consequence of base 

level geopotential errors that propagate hydrostatically in 

the vertical from 10 mb, as a result of retrieval error in 

the temperature profiles or as a result of the coarse 

vertical resolution of SAMs data. EP flux divergence is a 

highly derived parameter based on second order derivatives 

of geopotential height, and small errors in basic structure 
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may be compounded in the highly derived fields. The almost 

synoptic occurrence of the wave 2 divergence indicates that 

it is not a bias: also, the occurrence is not particularly 

correlated with EP-wave convergence below. Such symptoms 

could be indicative of such problems. Generally, the basic 

amplitude and phase structure of wave 2 in temperature above 

65 km is not much different from SAMs (Rodgers, 1984) and 

from PMR (Barnett and Corney, 1985) in earlier years. Also, 

below 65 km the evolution 'of EP flux convergence during wave 

events from SAMs is similar to calculations from LIMS, 

Dunkerton and Delisi, (1985). Thus, at this time, there is 

no specific reason to suspect the EP flux divergence noted 

here. 

2) The wave 2 EP flux divergence at high altitudes ray 

. .  indicate wave growth caused by an instability associated 
with the mesospheric jet. Dunkerton and Delisi (1985) find 

negative latitude gradients of zonal potential vorticity on 

the northward flank of the jet and in the subtropical 

mesosphere on some days from LIMS data. Hartmann (1983) has 

also found fast moving barotropic instabilities for wave 1 

and 2 in the neighborhood of the stratospheric polar night 

jet in the southern hemisphere. Within the limited latitude 

domain (35-65"N) considered here, the 5-day average 

latitudinal gradient of zonal potential vorticity is almost 
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always positive. The smallest values occur in the easterly 

shear zone above the mesospheric wind maximum which is the 

preferred altitude of EP flux divergence. However, time 

changes in zonal potential vorticity gradient and EP flux 

divergence do not appear to be correlated, which they should 

be, if the flow is locally unstable. 

3) Another possible mesospheric source of wave 2 EP flux 

divergence is breaking gravity waves as described by Holton 

(1984). It is natural to associate the observed anomalous 

small spatial scale variations in planetary wave EP flux in 

the mesosphere with possible breaking gravity waves. These 

small scale features do not appear to contribute 

significantly to the divergence of wave 2 which is based on 

the large scale equatorward gradient of EP flux, as 

discussed previously. - 

4. Residual Circulation 

Figure 13a indicates the meridional component of the 

transformed Eulerian Mean residual circulation in 1980-81 at 

55%,  calculated according to Dartt (1986a). An enhanced 

poleward component occurs when the EP flux is strongly 

convergent, Fig. 7b. However, above 65 km the residual 

circulation is equatorward when the EP flux is divergent 

these occasions, the role of the residual circulation is 

decelerate the flow, the opposite of what occurs in the 

stratosphere. 
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The vertical component of the residual circulation at 65% 

is shown in Figure 13b. An ascending branch of the residual 

circulation above the mesospheric jet is driven by the mid-winter 

wave event along with a strengthened descending branch lower down 

in the stratosphere. The ascending branch decreases in altitude 

with time as the baroclinic wave activity progresses. The 

ascending branch produces adiabatic cooling above the primary 

zone of planetary forced deceleration. 

The residual circulation thus opposes the forcing of the 

zonal flow by the planetary waves both below 65 km where the 

waves are decelerating the flow and above where the waves are 

accelerating the flow. The upper (mesosphere) and lower 

(stratosphere) cells during Jan. in Fig. 13 are very similar to 

the pattern described by Dunkerton, et al. (1981). They indicate 

that the residual circulation arises solely as a mechanism for 

adjusting the thermal balance of the surrounding zonal mean state 

to the effects of wave forcing at a given altitude and latitude. 

However, their description of wave forcing did not include a 

region of mesospheric divergence by planetary waves as observed 

here. 

Above 65 km, the Coriolis torque of the computed residual 

circulation opposes the observed EP flux divergence which itself 

is not particularly well correlated with observed flow change. 
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This may signal a breakdown of the transformed Eulerian Mean 

formalism. When the planetary wave forcing is no longer dominant 

in describing zonal flow change, the residual circulation becomes 

ambiguous. 

5. Quasi-Stationary and Transient Wave Interactions 

To investigate the intermittent baroclinicity of the lower 

atmosphere where much of the planetary wave activity of the 

middle atmosphere appears to originate, filters were used to 

separate the stationary and relatively slow moving, zonally 

propagating components. The relative phase and amplitude of 

these components were then analyzed throughout the winter to see 

how waves interacted during baroclinic episodes. 

The filtering procedure described in Dartt (1986b) was 

applied to daily planetary wave Fourier coefficients of NMC 

geopotential height at 30 mb to separate the quasi-stationary 

(QS) and westward and eastward propagating components (with 

periods in the range 12 to 35 days). SAMs data at high altitudes 

were not filtered because of their intermittency. Figures 14 and 

15 show the relationship between the various wave I components at 

30 mb, 6 5 % ,  a latitude where the propagating components attain 

maximum amplitude. During both winters the amplitude of the QS 

component is much larger than the propagating components. Note 
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in Fig. 14, the similarity in phase of all three components on 

Jan. 1 and on Feb. 15. These dates mark the time of strong lower 

stratospheric baroclinic development within episodes described 

earlier in Fig. 1. In contrast, downward EP flux in the lower 

stratosphere may occur when the propagating components are 180" 

out of phase with the QS component. Thus, much of the 

variability of EP flux in the lower stratosphere appears to be 

the result of the constructive and destructive interference of QS 

and propagating components. This process has been described in 

other years by Madden (1983), Salby (1984) and in Dartt (1986b). 

The amplification of the westward propagating component in Fig. 

14 between Dec. 17 and Jan. 31 occurs while phase of the QS 

component is moving westward in longitude. Between these dates, 

the eastward propagating component is being dissipated. Changes 

in location of continental scale forcing could create such wave 

behavior. If such change occurs slowly, the QS component is 

primarily affected; rapid change will result in the amplification 

of propagating components. 

Figure 15 shows that the baroclinic episode during Jan. 1981 

results from amplification of the QS component. Towards the end 

of January, the QS component weakens and both transient 

components grow rapidly, resulting in an amplified standing 

wave. Again, there is constructive wave interference at 30 mb, 

65"N on Jan. 1 and Jan. 31 which are dates of strong vertical 

EP flux in Fig. 9. 
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Amplification of zonally propagating wave components may 

also occur if the QS component is trapped at a higher altitude 

and the wave activity is reflected downward. At 65W, the 

occurrence of standing waves, a region of negative index of 

refraction near 40 km (Figs. 6 and 11) and the occasional 

appearance of downward EP flux (Figs. 1 and 9) are suggestive of 

trapping, especially for components from below that initially are 

directed poleward. Ray tracing analysis (O'Neill and Youngblut, 

1982) would be necessary to verify this process in more detail. 

6. Conclusion 

Planetary wave propagation and subsequent dissipation 

through zonal flow interaction in the upper 

stratosphere-mesosphere have been analyzed for two winters of 

NMC-SAMs data to near 80 km. Planetary waves propagating up from 

bel'ow are observed to decelerate the mesospheric jet up to 

altitudes of 70 km in early winter and 60 km in late winter. In 

mid-latitudes, wave 1 can propagate upwards to near 70 km and 

wave 2 to near 60 km. EP flux cross sections indicate that 

upward-propagating wave 2 generally avoids polar regions in the 

upper mesosphere. This can also be seen on a climatological 

basis (Barnett and Corney, 1985) where amplitudes of geopotential 

height in the high latitude mesosphere during winter months for 

wave 2 are less than 200 m while wave 1 amplitude is typically in 
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the range 200-500 m. Above 65 km, EP flux divergence by the 

planetary waves can occur during winter resulting in wave forced 

acceleration of zonal flow by about 5 ms'ldafl. However, 

this wave forcing is not well correlated with zonal flow change 

and may be minor compared to gravity wave drag which appears to 

be several times larger. The EP flux divergence is primarily 

associated with the wave 2 component. The acceleration occurs in 

mid-latitudes and would seem to occur as upward and equatorward 

propagating wave activity is divided into two branches, one going 

towards low latitudes, and the other towards a region of negative 

index of refraction in the polar mesosphere. 

A two-cell residual circulation occurs in the mesosphere and 

stratosphere during strong upward propagating wave events. This 

cell is similar to the model pattern described by Dunkerton, et 

al. (1981) with ascending motion and equatorward flow above the 

primary altitude of EP flux convergence and descending motion and 

poleward flow below. Planetary wave EP flux divergence above 65 

km appears to generally occur independently of EP flux 

convergence lower in the atmosphere. 

Much of the weekly variability of upward propagating EP flux 

in the middle atmosphere would appear to result from intermittent 

baroclinicity in the lower stratosphere which can be described in 

terms of the interference of zonally propagating and 
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quasi-stationary planetary wave components. While the 

propagating components amplify during the stratospheric warming 

process, their amplitude is considerably weaker than the 

quasi-stationary component. 

Within the SAMs data, there is evidence of small spatial 

scale disturbances which exist on a 5-day average basis. These 

structures appear intermittently and may be related to gravity 

wave dissipation, local instabilities, or possibly even errors. 
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p o s i t i v e  EP f l u x  divergence i s shaded. 
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Figure 4.  Time-altitude sections a t  55'N of ( a )  

planetary wave E P  f lux  divergence fo r  
wave 1 and ( b )  wave 2 for winter 1979-80. 
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Figure 8. Same as Figure 4 fo r  winter, 1980-81. 
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