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ABSTRACT 

A t ime-dependent , hemispheric, p r imi t  ive-equat ion numerical model 

is  constructed t o  t e s t  Hines' (1974) hypothesis t h a t  s o l a r  v a r i a t i o n s  

induce changes i n  t h e  d i s t r i b u t i o n s  of bas ic  s t a t e  v a r i a b l e s  a t  high 

l e v e l s  i n  t h e  atmosphere, and thus  induce changes i n  planetary-scale  

wave s t r u c t u r e  a t  lower atmospheric l e v e l s .  This  mechanism was proposed 

t o  explain apparent atmospheric responses t o  s o l a r  a c t i v i t y .  The changes 

a r e  brought about by a d i a b a t i c  heat  source i n  t h e  mesosphere o r  lower 

thermosphere. This i s  taken t o  be a simple representa t ion  of Joule  

d i s s i p a t i v e  heat ing i n  t h e  atmosphere. We concern ourse lves  here  with 

induced changes of t h e  bas ic  s t a t e  zonal wind f i e l d .  I ;' \  
S e n s i t i v i t y  s t u d i e s  r evea l  t h a t  planetary-scale  wave s t r u c t u r e  i s  

s e n s i t i v e  t o  t h e  assumed i n i t i a l  bas ic  s t a t e  zonal wind d i s t r i b u t i o n .  

The s t r a to sphe r i c  sudden warming, which is dr iven  by t h e  i n t e r a c t i o n  of 

such a la rge-sca le  wave wi th  t h e  zonal ly  averaged flow, is  the re fo re  a l s o  

s e n s i t i v e  t o  t h e  i n i t i a l  bas ic  s t a t e  f i e l d s .  The d i s t r i b u t i o n s  of t h e  

l a t i t u d i n a l  grad ien t  of bas i c  s t a t e  p o t e n t i a l  v o r t i c i t y ,  and t h e  f i e l d s  

of wave energy f l u x  a t  s e l ec t ed  times, prove t o  be use fu l  t o o l s  i n  diag- 

nosing t h e  atmosphere's response t o  forc ing  by a wave. 

Lower atmospheric wave s t r u c t u r e  i s  found t o  be i n s e n s i t i v e  t o  so la r -  

induced changes i n  t h e  upper atmosphere. Such changes a s  do occur a r e  

l imi t ed  t o  wi th in  about 30 ki lometers  below t h e  l e v e l  of maximum heat ing,  

and a r e  a l s o  q u i t e  short- l ived.  ~ 
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1. INTRODUCTION 

The p o s s i b i l i t y  t h a t  "weather," o r  more s p e c i f i c a l l y  that atmo- 

spher ic  parameters such a s  pressure ,  wind and temperature vary i n  

response t o  s o l a r  a c t i v i t y  has been pursued f o r  some time i n  t h e  

l i t e r a t u r e .  Of course,  t h e  o v e r a l l  General Ci rcu la t ion  is  driven by 

d i f f e r e n t i a l  s o l a r  heat ing.  What is  f a r  l e s s  c l e a r  is  whether o r  no t  

v a r i a t i o n s  i n  s o l a r  behavior can g ive  rise t o  d e t e c t a b l e  v a r i a t i o n s  

i n  atmospheric behavior; v a r i a t i o n s  which would otherwise not  occur 

i n  t h e  absence of s o l a r  v a r i a t i o n s .  By s o l a r  v a r i a t i o n s ,  we may th ink  

of per iodic  events  ranging from t h e  r o t a t i o n  of t h e  sun, with a period 

of about 27 days, t o  t h e  c y c l i c  occurrence of sun-spots, with a per iod 

of 11 years .  There a r e  a l s o  v a r i a t i o n s  which do not  occur r egu la r ly ,  

such a s  t h e  enhancement of t h e  s o l a r  wind by s o l a r  f l a r e s ,  with sub- 

sequent t e r r e s t r i a l  geomagnetic storms. 

There a r e  many reported r e l a t i o n s h i p s  between s o l a r  a c t i v i t y  

and weather (henceforward, s o l a r  a c t i v i t y  w i l l  be taken t o  mean 

temporal v a r i a t i o n s  i n  s o l a r  a c t i v i t y  i . e .  devia t ions  from t h e  mean 

s t a t e ) .  Some of t h e  more recent  r e p o r t s  of e f f e c t s  on time s c a l e s  of 

27 days o r  l e s s  a r e  mentioned below. A more d e t a i l e d  survey may be 

found i n  Herman and Goldberg (1978) . 
A n  unequivocal in f luence  of s o l a r  a c t i v i t y  on t h e  atmosphere is  

evident a t  thermospheric l e v e l s .  For re ference ,  Figure 1 shows t h e  

thermal s t r u c t u r e  of t h e  atmosphere up t o  150 km. Jacchia  (1963) quotes 

t h e  following r e s u l t s ,  der ived from o r b i t a l  v a r i a t i o n s  of s a t e l l i t e s .  

A 27 day p e r i o d i c i t y  was noted i n  dens i ty  a t  he ights  of both 200 km 
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F i g u r e  1 Temperature s t r u c t u r e  of t h e  Atmosphere 
t o  140 km and nomenclature (U.S. Standard 
Atmosphere, 1976 ) .  



and 650 km. Further  s a t e l l i t e  s t u d i e s  revealed t h e  f l u c t u a t i o n  t o  be of 

global  ex ten t .  Evidence was a l s o  revealed of a  v a r i a t i o n  of dens i ty  i n  

response t o  geomagnetic storms. 

A s  w e  look a t  lower atmospheric l e v e l s ,  t h e  evidence of a  so la r -  

weather l i n k  becomes less c l e a r .  Hicks and J u s t u s  (1970) analysed 

winds between 90 km and 140 km, a s  revealed by t racking  rocket-borne 

chemical r e l ea ses .  A c o r r e l a t i o n  was found between winds i n  t h e  region 

and t h e  index Kp. Def in i t ions  of va r ious  geomagnetic i nd ices  

a r e  given i n  Appendix 11. Above 110 km, t h e  Kp v a r i a t i o n s  were 

observed t o  precede wind v a r i a t i o n s ,  suggesting t h a t  s o l a r  v a r i a t i o n s  

"drive" wind v a r i a t i o n s ,  wh i l s t  below 110 km wind v a r i a t i o n s  preceded 

Kp v a r i a t i o n s ,  suggesting a  dynamo-type in t e rac t ion .  This,  i nc iden ta l ly ,  

is a  good example of t h e  poss ib l e  danger of tak ing  an index such a s  Kp 

t o  be r ep re sen ta t ive  of s o l a r  v a r i a t i o n s  (Hines, 1973; Shapiro, 1973). 

Ramakrishna and Seshamani (1973) found a  p o s i t i v e  c o r r e l a t i o n  

between t h e  10.7 cm s o l a r  rad io  f l u x  (FlOa7 index) and temperature 

i n  t h e  equa to r i a l  mesosphere. They reported a  one day time l a g  between 

F10.7 
inc reases  and temperature increases .  Ramakrishna and Seshamani 

(1976) found temperature increases  i n  t h e  61-90 km region above 

Ft .  Churchi l l  i n  au ro ra l  l a t i t u d e s  t o  be  co r r e l a t ed  with changes i n  Kp, 

with a  l a g  time of 12-15 hours, Kp v a r i a t i o n s  preceding temperature 

va r i a t i ons .  This  l a g  time appears  t o  be oppos i te  t h a t  quoted by Hicks 

and Jus tus  (1970) below 110 km. The d i f f e r e n t  l a g  times quoted by 

Ramakrishna and Seshamani (one day a t  equa to r i a l  l a t i t u d e s ,  12 hours a t  

au ro ra l  l a t i t u d e s )  a r e  of i n t e r e s t ,  s i n c e  they suggest t h a t  d i f f e r e n t  

mechanisms may be respons ib le  f o r  temperature v a r i a t i o n s  a t  high vs. 

low l a t i t u d e s .  Richmond (1979), using a time dependent numerical model, 



s imulated h igh  l a t i t u d e  a u r o r a l  h e a t i n g  dur ing  a geomagnetic storm and 

found tempera tu re  i n c r e a s e s  a t  low l a t i t u d e s .  The a u r o r a l  h e a t i n g  

caused upward motion a t  h i g h  l a t i t u d e s ,  a southward f low between 120 km 

and 150 km, s ink ing  motion and consequent a d i a b a t i c  h e a t i n g  a t  low 

l a t i t u d e s  and a r e t u r n  poleward f low i n  t h e  lower thermosphere. 

Although Richmond's model has  a lower boundary a t  80 km, n e v e r t h e l e s s  

a mechanism such a s  t h i s  might e x p l a i n  t h e  d i f f e r i n g l a g t i n e s  d i scussed  

above. 

Nastrom and Belmont (1978) c o r r e l a t e d  wind v a r i a t i o n s  w i t h  t h e  

' ' I  'F10.7 index f o r  t h e  pe r iod  1960-1976, us ing  d a t a  i n  t h e  range  25-65 km 

a c r o s s  t h e  globe.  A 27 day p e r i o d i c i t y  i n  zona l  wind was found, w i t h  

-1 
, a n  ampl i tude of up t o  2.5 m s  , A s  w i t h  t h e  o b s e r v a t i o n s  quoted above, 

a d i s t i n c t  c a u s a l  r e l a t i o n s h i p  between wind speed and F 10.7 is n o t  

0 immediately obvious ,  s i n c e  a t  around 50 N,  wind maxima occur  up t o  one 

week a f t e r  F10,7 maxima, w h i l s t  a t  low l a t i t u d e s ,  wind maxima precede  

"10.7 maxima by up t o  one week. Ebel and B2tz (1977) found a similar 

r e l a t i o n s h i p  between a n  index of c i r c u l a t i o n  a t  10 mb and t h e  s o l a r  

r o t a t i o n .  Noonkester (1967) r e p o r t e d  t h a t  a change i n  t h e  100 mb 

c i r c u l a t i o n  o c c u r s  about  t h r e e  days  a f t e r  a geomagnetic d i s tu rbance .  

I I I n  t h e  t roposphere ,  Schuurmans (1979) found t h a t  t h e  h e i g h t s  of 

bo th  t h e  300 mb and 500 mb s u r f a c e s  a t  v a r i o u s  g l o b a l  l o c a t i o n s  changed 

i n  response  t o  s o l a r  f l a r e  a c t i v i t y .  Height rises and f a l l s  d i f f e r e d  

*bs a f u n c t i o n  of bo th  l a t i t u d e  and l o n g i t u d e ,  sugges t ing  a wave-like 

n a t u r e  i n  t h e  induced changes. Such changes occurred w i t h i n  a day of 

s o l a r  f l a r e s ,  a l though  a later  e f f e c t  ( a f t e r  2-4 days) was a l s o  noted.  

King -- e t a l .  (1977) r e p o r t e d  t h a t  t h e  s o l a r  r o t a t i o n  g i v e s  r i s e  to  a 

27 day wave i n  t h e  500 mh he igh t  s t a t i s t i c s  a t  b o o ~ .  Schgfer  (1979),  



however, claimed t h a t  t h i s  c o r r e l a t i o n  w a s  not  s t a t i s t i c a l l y  s i g n i f i -  

can t .  Whereas a p e r i o d i c i t y  of around 27 days can be found i n  500 mb 

he ights  in middle-to-high l a t i t u d e s ,  SchZfer claimed that it is  t h e  

pe r s i s t ence  of t h e  d is turbance  (ranging up t o  1 year) which w i l l  

occas iona l ly  produce a co inc iden ta l ly  high c o r r e l a t i o n  wi th  t h e  s o l a r  

ro t a t ion .  A t  o the r  t imes t h e  c o r r e l a t i o n  w i l l  no t  be so good (Volland 

and Sc%f e r ,  1979). 

F ina l ly  t h e r e  is t h e  much heralded V o r t i c i t y  Area Index phenomenon. 

Roberts and Olson (1973) s tudied t h e  development of 300 mb troughs i n  

t h e  a r ea  de l inea ted  by 1 2 0 ' ~  and 1 8 0 ' ~  and by 40°N and 90'~. They 

found t h a t  troughs en ter ing  (or  forming in) t h e  a r e a  wi th in  2-4 days 

of enhanced geomagnetic a c t i v i t y  (measured by Ap) tended t o  be deeper 

than those en ter ing  (o r  forming in)  t h e  a r ea  during geomagnetically 

qu ie t  times. Themeasure of trough i n t e n s i t y  used, t h e  Vor t i c i t y  Area 

Index (VAI), was def ined t o  be t h e  a r e a  of t h e  trough, over which t h e  

-4 
absolu te  v o r t i c i t y  exceeds 2 x 10 s - ~ ,  p lus  t h e  a rea  of t h e  trough, 

-4 -1 
over which t h e  abso lu t e  v o r t i c i t y  exceeds 2.4 x 10 S . Wilcox -- e t  a l .  

(1974) showed s imi l a r  r e s u l t s ,  t h i s  time r e l a t i n g  VAI  t o  s o l a r  s e c t o r  

c ross ings  ( s e e  Appendix 11). Their  Figure 5 shows t h a t  t h e  VAI  t ends  

t o  decrease about two days before  t h e  sec to r  c ross ing ,  reaching a min- 

imum about one day a f t e r  t h e  s e c t o r  c ross ing ,  and then increases  again. 

Wilcox (1973, Figure 12) i n d i c a t e s  t h a t  t h e  Kp index of geomagnetic 

a c t i v i t y  increases  immediately following a s e c t o r  c ross ing ,  but t h a t  it 

a l s o  decreases  p r i o r  t o  t h e  c ross ing;  so,  although t h e  s e c t o r  c ross ing  

provides an  exce l l en t  temporal marker, s ince  it is  no t  subjec t  t o  

t e r r e s t r i a l  in f luences ,  it is  more l i k e l y  t o  be t h e  t e r r e s t r i a l  geo- 

magnetic e f f e c t s ,  which t h e  c ross ing  presumably g ives  rise t o  both 



- ,  I 4 

before and a f t e r  t h e  event i t s e l f ,  which lead t o  meteorological  changes. 

An obvious d i f f i c u l t y  with VAI s t u d i e s  i s  t h a t  t h e  quant i ty  i t s e l f  is  

not i n  common meteorological  usage. Furthermore, i n  Wilcox -- e t  a1. ( 1 9 7 4 ) ,  

it i s  defined a s  a g loba l  parameter and is  not p a r t i c u l a r l y  u se fu l  f o r  

fo recas t  purposes. 

The continuing dialogue over t h e  ex is tence  o r  non-existence of 

solar-weather e f f e c t s  stems, i n  p a r t ,  from t h e  l a c k  of conclusive 

observa t iona l  evidence of such e f f e c t s  (although t h e  VAI s t u d i e s  may 

have a l l e v i a t e d  t h i s  t o  an  ex ten t ) .  It is  a l s o  due t o  a l ack  of under- 

standing of how t h e  lower atmosphere responds t o  s o l a r  a c t i v i t y .  A l -  

though seve ra l  mechanisms have been suggested, it remains t o  be 

demonstrated t h a t  any of them a r e  v a l i d .  

Of t h e  mechanisms proposed, one involves a s o l a r  madplation of 

ozone concentrat ions.  Heath -- e t  a l . (1977) have shown t h a t  zonal ly 

averaged 0 amounts above 4 mb decreased by 20% following a major s o l a r  3 

proton event (PCA) of August 1972. The event was charac te r i sed  by an 

increased f l u x  of s o l a r  protons and consequent productiorl of NOx, which 

i n  t u r n  r e s u l t e d  i n  a c a t a l y t i c  des t ruc t ion  of 0 These r e s u l t s  hold 3 ' 
0 0 a t  75 -80 N, smaller c'hanges being noted equatorward. The changes were 

not shor t  l i ved ,  p e r s i s t i n g  seve ra l  weeks. I f  t hese  observat ions a r e  

r ep re sen ta t ive  of t o t a l  dep le t ion  of 0 i n  an atmospheric column, then 
3 

it is  reasonable t o  assume t h a t  reduced absorpt ion of s o l a r  r a d i a t i o n  

i n  t h e  s t r a to sphe re  w i l l  r e s u l t  i n  lower s t r a to sphe r i c  temperatures.  

There w i l l  a l s o  be an increased shortwave r a d i a t i v e  f l u x  i n t o  t h e  

troposphere.  The r e s u l t i n g  temperature modulations w i l l  depend on 

o the r  r ad i a t ive ly - r e l a t ed  f a c t o r s  (Ktmanathan et a1.,1976). Regardless 

of t ropospheric  e f f e c t s ,  a reduct ion of 0 i n  a given region of t h e  3 



atmosphere and concomitant temperaturechanges should a l t e r  t h e  temper- 
\ !  

a t u r e  g rad ien t  and thus  thermal  wind, a l b e i t  l o c a l l y .  

Some numerical examinations of t h e  e f f e c t s  of 0  reduct ion  a r e  3 

repor ted  by Schoeberl and St robe1  (1978). The reduct ion  of 0  on a  
3 

g l o b a l  s c a l e  produced lower s t r a t o s p h e r i c  and mesospheric temperatures  

and a  weakened Polar  Night J e t .  They then  performed a d d i t i o n a l  experi-  

ments involving a  l o c a l  r educ t ion  of 0  r e p r e s e n t a t i v e  of t h e  kind of 3 ' 
O3 r educ t ions  noted by Heath -- e t a l .  (1977). The g l o b a l  response t o  t h i s  

pe r tu rba t ion  w a s  n e g l i g i b l e ,  i n  terms of bo th  temperature and polar  

n igh t  j e t  i n t e n s i t y .  S imi la r  experiments by Somervi l le  et a l ,  (1973) , -- 
sub jec t ing  a  General C i r c u l a t i o n  model t o  g loba l -sca le  0  changes, 3 

yie lded  only minor changes i n  g l o b a l l y  averaged temperature and i n  t h e  

development of t h e  500 mb flow p a t t e r n .  However, t h e  model t op  w a s  a t  

10 mb and t h e  v e r t i c a l  r e s o l u t i o n  w a s  on ly  about 110 mb, so t h a t  
' 1  

s t r a t o s p h e r i c  changes w e r e  poorly handled. 

Volland (1979) examined t h e  e f f e c t  of a  0.1% v a r i a t i o n  i n  t h e  s o l a r  

t 
cons tan t ,  w i th  a  27 day p e r i o d i c i t y .  This  e f f e c t  was modelled through 

a v a r i a b l e  fo rc ing  of p lane tary-sca le  Rossby waves. The r e s u l t s  

i nd ica t ed  that a t  500 mb, a v a r i a t i o n  i n  he ight  of about 0.5 gpm could 

be expected, c l e a r l y  no t  p a r t i c u l a r l y  s i g n i f i c a n t  when compared t o  a 

l o n g i t u d i n a l  v a r i a t i o n  i n  t h e  he ight  of t h e  500 mb s u r f a c e  o f ,  say, 

500 gpm. 

An ove r r id ing  problem i n  f ind ing  a c a u s a l  mechanism is t h a t  of 

ene rge t i c s ,  namely t h a t  t h e  depos i t i on  of energy due t o  a so l a r - r e l a t ed  

event is  s u f f i c i e n t l y  small ,  compared t o  t h e  energy a s soc i a t ed  wi th  t h e  

General C i r cu la t ion  o r  even a  p a r t  of t h e  l a r g e  s c a l e  c i r c u l a t i o n ,  

01 
t h a t  t h e  e f f e c t  i.s l i k e l y  t o  be  small. I f  we cons ider  depos i t i ng  a  



t 
given amount of energy (an amount c o n s i s t e n t  wi th ,  say,  an  a u r o r a l  

storm) i n t o  a volume of t h e  atmosphere, t h e  a.mplitude of t h e  induced 

d i s tu rbance  (measured, f o r  example, i n  terms of a temperature per tur -  

ba t ion  and assuming a l l  energy input  i s  i n s t a n t l y  converted t o  a temp- 

e r a t u r e  increase)  w i l l  decrease  exponentially a s  t h e  he ight  a t  which 
I .. , 

depos i t i on  occurs  diminishes.  The l i ke l ihood  of d i r e c t  fo rc ing  by 

s o l a r  a c t i v i t y  on t h e  lower atmosphere i s  t h e r e f o r e  slim. Willis 

(1976) has  examined t h i s  problem by comparing t h e  energy t y p i c a l  of 

magnetospheric processes  t o  t h a t  c h a r a c t e r i s t i c  of t h e  General Circula-  

t i on .  Table 1 i s  an  adap ta t ion  of h i s  Table 2 ,  showing f o r  example 
I 

71 ', 
t h a t  t h e  r a t i o  of energy a s soc i a t ed  wi th  a geomagnetic storm t o  t h a t  

-5 
as soc ia t ed  wi th  t h e  General C i r c u l a t i o n  is  O(10 . There a r e  in- 

s t ances  when such a r a t i o  may be  l a r g e r ,  such a s  during h igh - l a t i t ude  

win ter  and a t  n igh t .  However t h e  conclusion appears  t o  be  t h a t  s o l a r  

a c t i v i t y  w i l l  no t  d i r e c t l y  a f f e c t  t h e  c i r c u l a t i o n  a t  lower l e v e l s .  

1 
Consequently, i f  observed e f f e c t s  a r e  r e a l ,  they must be ikduced v i a  

some i n d i r e c t  means. 

! Hines (1 974) proposed a mechanism, whereby lower atmospheric 

v a r i a b l e s  might be modulated by s o l a r  even t s  without invoking a d i r e c t  

t r a n s f e r  of energy from thermospheric t o  t ropospher ic  he ights .  

The atmospheric c i r c u l a t i o n  may be  considered t o  comprise motions 

due t o  waves of wide-ranging temporal and s p a t i a l  s c a l e s .  Amongst 

these ,  t h e  l a rge - sca l e  p l ane t a ry  waves comprise a fundamental p a r t  of 

t h e  observed s t r a t o s p h e r i c  and mesospheric s t r u c t u r e ,  e s p e c i a l l y  i n  

win ter .  Large-scale (zonal  wavenumbers 1 and 2) waves forced  i n  t h e  

t roposphere by orography and thermal g r a d i e n t s  can propagate  t h e i r  



Table 1 Estimated energ ies  (J) of c e r t a i n  meteorological  and 
geomagnetic phenomena (adapted from W i l l i s  (1976), 
Table 2) 

Fronta l  zone 

Phenomenon 

Tota l  k i n e t i c  energy of 
t h e  General C i r cu la t ion  
of t h e  Atmosphere 

S t r a tosphe r i c  warming 

Energy (J) 

1021 

Ex t r a t rop ica l  cyclone 

Geomagnetic f i e l d  
ex t e rna l  t o  t h e  s o l i d  
e a r t h  

Cold f r o n t  

Geomagnetic storm 

Magnetospheric substorm 

Local thunderstorm 

Local c i r c u l a t i o n  c e l l  I .  

without p r e c i p i t a t i o n  1 loLo- l o l l  



energy upward i n t o  t h e  s t ra tosphere ,  mesosphere and poss ib ly  t h e  lower 

thermosphere. I n  an inv i sc id ,  ad i aba t i c  atmosphere with a r e s t i n g  

bas ic  s t a t e ,  t h e  amplitude of such waves cont inues t o  grow with height 

approximately a s  (densi ty)  -'. However, i n  t h e  r e a l  atmosphere where 

winds and s t a b i l i t y  vary with $eight,  t h e  wave energy may be r e f l e c t e d  

a t  a c e r t a i n  l e v e l ,  thus c r ea t ing  a s tanding wave below. Hines (1974) 

suggested that t h e  e f f e c t  of a s o l a r  d i s turbance  might be t o  a l t e r  t he  

r e f l e c t i v e  p rope r t i e s  of t h e  atmosphere a t  l a r g e  he ights ,  thereby 

a l t e r i n g  t h e  na tu re  of t h e  wave p a t t e r n  below. I n  add i t i on  t o  being 

r e f l e c t e d ,  wave energy may a l s o  be absorbed and t h i s  mechanism i n  tu rn  

can be influenced by s o l a r  e f f e c t s .  This  i s  f u r t h e r  discussed below. 

The mechanism does not  t he re fo re  r e q u i r e  a l a r g e  energy input  but  r a t h e r  

a reasonable input  i n t o  r e l a t i v e l y  tenuous regions. 

There i s  t h e o r e t i c a l  evidence t h a t  planetary-scale  wave s t r u c t u r e  

i s  q u i t e  s e n s i t i v e  t o  t h e  wind and s t a b i l i t y  p r o f i l e s  of t h e  bas ic  

s t a t e  flow. Simmons (1974) s tudied  t h e  s t r u c t u r e  of s t a t i ona ry  waves 

forced from below i n  a quasi-geostrophic,  @-plane model. The mean 

wind was assumed t o  be l i n e a r l y  sheared i n  t h e  v e r t i c a l  and t o  have a 

s inusoida l  l a t i t u d i n a l  dependence. H i s  Figure 2 shows t h e  v a r i a t i o n  of 

amplitude with height  f o r  t h r e e  d i f f e r e n t  va lues  of (constant)  v e r t i c a l  

shear.  He a l s o  noted t h a t  varying hor izonta l  p r o f i l e s  of mean wind 

can infl-uence t h e  v e r t i c a l  pene t ra t ion  of wave energy. Matsuno (1970) 

and Dickinson (1968a) showed t h a t  t h e  2-dimensional, quasi-geostrophic 

wave geopotent ia l  equation conta ins  a term, analagous t o  r e f r a c t i v e  

index squared, which i s  propor t iona l  t o  t h e  la t i . tud ina1  gradien t  of 

mean p o t e n t i a l  v o r t i c i t y .  This  i n  t u r n  is a func t ion  of t h e  wind, i t s  



f i r s t  and second v e r t i c a l  and ho r i zon ta l  d e r i v a t i v e s  and of s t a t i c  

s t a b i l i t y .  Wave propagation is  favoured i n  reg ions  where t h i s  quant i ty  

is  ( r e l a t i v e l y )  l a r g e  and p o s i t i v e ,  wh i l s t  waves a r e  "guided" away 

from regions of small  p o s i t i v e  o r  nega t ive  r e f r a c t i v e  index squared. 

It fol lows t h a t  a  change i n  d i s t r i b u t i o n  of t h i s  quant i ty  might change 

t h e  s t r u c t u r e  of a  forced wave. Schoeberl and Geller  (1976), v i a  

numerical so lu t ions  of a  s t a t i o n a r y  forced wave i n  a  sphe r i ca l ,  quasi- 

geostrophic model, have f u r t h e r  ind ica ted  t h e  s e n s i t i v i t y  of wave 

s t r u c t u r e  t o  t h e  bas i c  state. Taking two p r o f i l e s  of bas ic  s t a t e  zonal 

wind, varying e s s e n t i a l l y  only i n  t h e  maximum s t r e n g t h  of t h e  polar  

n igh t  j e t ,  they showed q u i t e  d i f f e r e n t  r e s u l t a n t  wave s t ruc tu re s .  The 

quest ion of wave s t r u c t u r e  i s  f u r t h e r  discussed below, i n  t h e  context 
I Y 

of s e n s i t i v i t y  s t u d i e s  f o r  t h e  model we have used. 

An encouraging aspec t  of Hines' proposal is  t h a t  it involves 

planetary-scale  waves, which only propagate i n t o  t h e  s t r a to sphe re  i n  

winter (Charney and Drazin, 1961; Dickinson, 1968) .  A r ecu r ren t  theme 

i n  solar-weather observat ions i s  t h a t  they a r e  most no t i ceab le  during 

winter ,  i f  not  e n t i r e l y  absent  i n  summer. There a r e  drawbacks t o  t h e  

theory, however, as Hines himself pointed out .  Spec i f i ca l ly ,  d i s s ipa -  

t i v e  e f f e c t s  (thermal and mechanical) can be expected t o  a t t e n u a t e  

waves a s  they propagate i n t o  t h e  mesosphere. Observations of long 

wave s t r u c t u r e  above t h e  mesopause a r e  s t i l l  scant ,  and it i s  not  c l e a r  

whether o r  no t  s i g n i f i c a n t  wave amplitudes extend t o  t hese  a l t i t u d e s .  

Green (1972) ind ica ted  t h a t  t h e r e  is  a marked decrease of wave energy 

between 50 km and 80 km, whi l s t  Hi ro ta  and Barnet t  (1977) showed 

evidence of waves extending t o  85 km. Although t h e i r  amplitudes were 
1 
I. . 



seen t o  d e c l i n e  above t h e  s t r a t o p a u s e ,  they  were n e v e r t h e l e s s  p r e s e n t  

a t  t h e  mesopause. 
1 : 

A s tudy of t h e  v i a b i l i t y  of Hines '  sugges t ion  was performed by 

Geller and Alper t  (1980). Using a quasi -geost rophic ,  hemispher ic ,  

numerical  model, t h e  s t r u c t u r e  of p l a n e t a r y - s c a l e  waves fo rced  a t  t h e  

s u r f a c e  was examined i n  t h e  p resence  of va ry ing  b a s i c  state winds. 

V a r i a t i o n s  i n  wind were in t roduced  by r e d u c t i o n s  of a "con t ro l "  wind 

p r o f i l e ,  t h e  maximum r e d u c t i o n  of 20% being a t  t h e  l a t i t u d e  of t h e  

p o l a r  n i g h t  j e t  maximum and a t  a g iven  h e i g h t ,  w i t h  l e s s e r  changes 

away from t h e s e  l e v e l s .  The a u t h o r s  d i d  n o t  g e n e r a t e  t h e  b a s i c  s t a t e  
,i ' 

wind changes by a s p e c i f i c  s o l a r - r e l a t e d  mechanism; r a t h e r ,  such 

changes were imposed. They found i t  necessa ry  t o  make t h e s e  r e d u c t i o n s  

below a h e i g h t  of about  35 km i n  o r d e r  t o  produce a change i n  t h e  

t r o p o s p h e r i c  wave p a t t e r n .  Typica l  h e i g h t  changes of t h e  500 mb pres-  

s u r e  s u r f a c e  of 20 m were genera ted  by t h e  model i n  response  t o  mean 

wind changes, c e n t r e d  a t  30 km. The s tudy seemed t o  i n d i c a t e  t h a t  any 

solar-induced modulation must occur  a t  r e l a t i v e l y  low l e v e l s .  

A s i m i l a r  s tudy  was done by Schmitz and Greiger  (1980), a l though  

i t  w a s  no t  s p e c i f i c a l l y  concerned w i t h  Hines '  mechanism. They too  

u t i l i z e d  a quasi -geost rophic ,  hemispher ic ,  numerical  model, t o  test 

t h e  s e n s i t i v i t y  of wave s t r u c t u r e  t o  mean z o n a l  wind changes. Again, 

t h e i r  wind changes were imposed, r a t h e r  than  i n t e r n a l l y  genera ted  by 

some means, however winds were changed through a r a t h e r  deep l a y e r  of 
. . r  * I  > I 

t h e  atmosphere from 20 km t o  t h e  upper boundary a t  100 km. They then  

found t h a t  wave ampl i tudes  i n  t h e  5-20 km he igh t  r ange  v a r i e d  w i t h  

d i f f e r e n t  mean wind p r o f i l e s  and t h a t ,  a s  w i t h  Geller and Alper t  (1980), 

t h e  e f f e c t  was l a r g e s t  a t  h i g h  l a t i t u d e s .  



Neither s tudy discussed above addressed t h e  problem of how wind 

changes i n  a r e l a t i v e l y  shallow (Geller  and Alpert)  o r  deep (Schmitz 

and Greiger) l aye r  of t h e  atmosphere couLd be induced. I n  h i s  paper, 

Hines (1974) r e f e r r e d  t o  a solar-induced modulation a t  r e l a t i v e l y  l a r g e  

he ights  due perhaps t o  auroral ly-generated heat ing.  W e  propose he re  

t o  examine t h e  p o s s i b i l i t y  that a high l e v e l  heat ing assoc ia ted  wi th  

a geomagnetic storm can induce wind changes, which i n  t u r n  can modify 

wave s t r u c t u r e  below, bearing i n  mind t h a t  a t  such an a l t i t u d e  (around 

100-120 km), t h e  dens i ty  is  s u f f i c i e n t l y  small t h a t  r e l a t i v e l y  l a r g e  

wind (and temperature) dev ia t ions  can be induced. It is not  suggested 

that t h e r e  is  any p a r t i c u l a r  s ign i f i cance  t o  t h i s  mode of forc ing;  it 

merely serves  i n  an exemplary capac i ty .  A s  mentioned above, it is not  

c l e a r  t h a t  wave energy assoc ia ted  with large-scale ,  t ropospher ica l ly  

forced waves can propagate t o  such he ights ,  but  w e  consider  t h e  most 

op t imi s t i c  s i t u a t i o n ,  where t h e  wave makes i t s  presence f e l t ,  a t  l e a s t  

t o  some degree, a t  l a r g e  heights .  A s  i n  Gel le r  and Alpert  (1980), only 

t h e  modif icat ion of winds w i l l  be considered; t h e  e f f e c t  of a l t e r e d  

s t a t i c  s t a b i l i t y  w i l l  be ignored. 

Br i e f ly ,  our procedure w i l l  be  t o  s imulate  a geomagnetic storm- 

induced heat ing i n  t h e  a u r o r a l  oval.  This  w i l l  be prescr ibed simply a s  

a d i a b a t i c  heat  source. The forc ing  w i l l  be projected onto both t h e  

zonal flow and onto wave motions, s i n c e  t h e  a u r o r a l  ova l  is  centred 

about t h e  geomagnetic pole.  I n  t h e  context  of a numerical model 

(hemispheric, p r imi t ive  equation) , t h e  temporal behavior of p lane tary  

long waves forced a t  t h e  tropopause w i l l  be examined, t o  s ee  what, i f  

any, e f f e c t s  can be produced by t h e  storm. 
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2.1 Governing equations 

2. NUMERICAL MODEL 

, 
.,. The model used i s  an adapta t ion  of t h a t  introduced by Holton (1976). 

It i s  based on t h e  p r imi t ive  equat ions of Meteorology and al lows fo r  

i n t e r a c t i o n s  between a  s i n g l e  Fourier  component and t h e  bas'c s t a t e  
+i : 

(zonal ly averaged) flow, 

.,,.L Following Holton (1975), we may w r i t e  t h e  p r imi t ive  equations f o r  

t h e  zonal ly averaged flow a s :  

with: 

, " .  I n  ( 2 . 4 ) ,  we have assumed a dens i ty- l ike  func t ion  of t h e  form po(z) = 

p,(o)e-Z'H, where H i s  some a r b i t r a r y ,  constant  s c a l e  height .  A l l  

symbols a r e  defined i n  Appendix I and we no te  t h a t  % i s  defined a s  t h e  

devia t ion  of t h e  zonal mean geopotent ia l  from i t s  global  average a t  a 

constant  he ight ;  it is  not  t h e  t o t a l  zonal ly averaged geopotent ia l .  A 

prescr ibed func t ion ,  ( z ) ,  r ep re sen t s  t h e  g loba l ly  averaged geopotent ia l ;  
0 

it remains constant  i n  t ime, and de f ines  t h e  s t a t i c  s t a b i l i t y ,  N ~ ,  thus: 



The d iscuss ion  i n  Holton (1975) i n d i c a t e s  t h a t ,  i n  order  t o  have a 

cons i s t en t  s e t  of energy equat ions f o r  t h e  model, N~ must be assumed 

constant .  This  i s  discussed f u r t h e r  i n  Sec t ion  3 .3 .  

The eddy equat ions a r e  obtained by sub t r ac t ing  (2.1) - (2.4) from 

t h e  o r i g i n a l  p r imi t ive  equat ions,  giving 

- -  tan0 a;: du' - f v ~  + ;vt tan0 s u t  - - - - w' - - - - 3 '  , (2.6) 
d t  a a a~ az ax 

dv' - - -  - - tan0 a.$ a3 a o l  fu '  - 2uu' - - v ' - - W ' - - - -  
az ay 3 ~ '  , d t  a a~ 

with 

Equations (2.6) - (2.9) desc r ibe  t h e  behavior of t h e  i low, which 

IS a devia t ion  from t h e  zonal mean. W e  have not  ye t  r e s t r i c t e d  our- 

s e lves  t o  a s i n g l e  Fourier  mode. 

The eddy f l u x  terms i n  (2.1) - (2.3) a r e  def ined as :  



. 1 -' -1 b 

and i n  t h e  eddy equat ions we have: 

a 1 a 
f i t  = - (ut2)  + - - [(u'v '  - u ~ v ' )  cos2e] 

, - :.) , ax ~ 0 ~ 2 0  ay - i 

+ (k - +) (utw' - u l w t ) ,  

a 1 a - XY' = - (u 'v ' )  + - - [(vV2 - v'2) cose] ?' ax C O S ~  ay 

.- tan0 - 
+ (u'2 - u") - + ( - ) ( W  - Y'w')  9 , > a 

The equat ions a r e  now sca led ,  using t h e  following sca l ing  

parameters (Holton, 1975) : 

where L , U , D  a r e  t y p i c a l  length ,  ve loc i ty  and depth sca l e s  Eor s t r a t o -  

spher ic  motions and % = U12'2L i s  a  Rossby number. Using L ?. lo6 m 

and U % 15 ms-I g ives  % 'Y 0.1. The t ime s c a l e  is  reasonable fo r  t h e  

problem w e  a r e  considering,  i n  which a  d i a b a t i c  heat ing i s  appl ied  f o r  



a r e l a t i v e l y  shor t  time. A longer  t ime s c a l e  (L/RoU) i s  appropr ia te  f o r  

s t u d i e s  of t h e  seasonal ly varying s t r a to sphe r i c  c i r c u l a t i o n .  

Using t h i s  s ca l ing  and throwing ou t  higher order  terms y ie lds :  

The tan6 terms have been r e t a ined  s i n c e  they become important near t h e  

pole.  Following Holton (1976), we r e t a i n  t h e  a v / a t  term, although it is  

smaller i n  t h e  sca l ing  than t h e  c o r i o l i s  and geopotent ia l  terms. 

Scal ing t h e  eddy equat ions s i m i l a r l y  g ives :  

Again t h e  tan0 terms have been re ta ined .  Following Holton (1976), we 

neglect  v e r t i c a l  advect ion by t h e  eddy motions. I n  add i t i on ,  w e  neglec t  

eddy i n t e r a c t i o n  terms, which w i l l  van ish  when we r e s t r i c t  a t t e n t i o n  



t o  a s i n g l e  wave. Tfie behaviour of s t r a t o s p h e r i c  waves i s  found t o  be 

w e l l  approximated by l i n e a r  theory  ( t h e  s c a l e d  eddy e q u a t i o n s  a r e  now 

l i n e a r )  . 
We now r e s t r i c t  a ~ t e n t i o n  t o  a s i n g l e  wave by making t h e  fol lowing 

assumption: 

The i n t r o d u c t i o n  of t h e  e "IZH term i s  a s t andard  procedure;  f o r  a 

1 .  1 

problem i n  which t h e  eddy e q u a t i o n s  a r e  s e p a r a b l e  i n  y and z, t h e  

V e r t i c a l  S t r u c t u r e  Equation w i l l  t hen  be  c a s t  i n  c a n o n i c a l  form. 

E l imina t ing  w ' and inc lud ing  mechanical  and thermal  d i s s i p a t i o n  

(parameter ized by Rayleigh f r i c t i o n ,  a and Newtonian cool ing,  u 
R' R' 

r e s p e c t i v e l . ~ ) ,  we have: 

au - - -  v a  - 
a t  - f v  - imuu -. i m @  - -- (ucos0) - a ~ u ,  

C O S ~  a y  

av - - -  - - f u  - imuv - - a @  - - tan0 
a t  ~ U U  ---- - ~ R V  

a~ a 

where m = s jacos8 .  

': S i m i l a r l y ,  assuming 



we have : 

I 

1 
-($-,)a [ a  N (L+- az 

2~ ) Y -  + a -  <e-z/2H]. (2.30) 

I n  (2.27),  Newtonian cool ing  a c t s  t o  r e l a x  t h e  temperature perturba-  

t i o n  t o  i t s  i n i t i a l  v a l u e  of zero.  I n  (2.30) it a c t s  t o  r e l a x - 6  t o  i t s  
I - z/2H) 

i n i t i a l  va lue  of * (%* = Q ( t  = 0) z P* e  
I 

I n  (2.28) and (2.30),  t h e  eddy fo rc ing  terms a r e  now 1 
I 

I 

l 

and 

For quasi-geostrophic motions when t h e  l e n g t h  s c a l e  assumed is  O ( R  a ) ,  
0 

t h e  v e r t i c a l  f l u x  terms i n  3 and 8 a r e  small compared t o  t h e  h o r i z o n t a l  

I. ' 
f l u x  terms; a l though we a r e  using t h e  p r i m i t i v e  equat ions ,  t h e  same 

assumption is  made here.  Bates  (1980) however i n d i c a t e s  t h a t  when 

sca l ing  l e n g t h  by a ,  t h e  v e r t i c a l  f l u x  terms must be  r e t a i n e d .  

t 
2.2 The numerical model I 

Equations (2.25) - (2.30) a r e  c a s t  i n  f i n i t e  - d i f f e r e n c e  form i n  

t h e  y - z plane.  We t a k e  a  s taggered g r i d  i n  t h e  y - d i r e c t i o n  with 

0 A0 = 5 (y  = a6) and Az = 2.5 km. The d i s t r i b u t i o n  of v a r i a b l e s  on t h e  



g r i d  is  shown schemat ica l ly  i n  Figure 2. We employ a s imple leapf rog  

- )  ~ 
scheme t o  c a l c u l a t e  t ime d e r i v a t i v e s .  Consequently, (2.28) becomes: 

with 

The index n r e p r e s e n t s  t h e  t ime s t ep .  I n  add i t i on ,  i 
I 

i s  an  averaging ope ra to r  (Holton, 1976) and 

is  a d i f f e renc ing  ope ra to r  (Holton, 1976) . 
The o t h e r  equat ions a r e  w r i t t e n  i n  f i n i t e  d i f f e r e n c e  fo rn  i n  n 

s i m i l a r  manner. To avoid swamping t h e  reader  wi th  endless  f i n i t e -  

d i f f e r enced  equat ions  and d i scuss ions  on t h e  handling of c e r t a i n  terms, 

w e  have omit ted d e t a i l e d  desc r ip t ions .  The reader  i s  r e f e r r e d  t o  Holton 

and Wehrbein (1979) f o r  a d d i t i o n a l  information.  

To prevent  decoupling between odd and even time s t e p  s o l u t i o n s  as 

t h e  i n t e g r a t i o n  proceeds, w e  apply  an  Asse l in  t i m e  f i l t e r  t o  every f i e l d  

a t  every time s tep .  The f i l t e r  i s  given by: 

where we u s e  v = .02 (Asse l in ,  1972). The time s t e p  used i s  

8 minutes.  



POLE v'i,k v'i a k ti, r EQUATOR - - - - -  - w - w 3 

Figure  2 Schematic arrangement of v a r i a b l e s  on model 
s taggered g r id .  i and j a r e  t h e  y i nd ices ,  
k is t h e  v e r t i c a l  index. 



Note t h a t  i n  o r d e r  t o  avoid  computat ional  i n s t a b i l i t y ,  a l l  d i s s i p a -  

t i v e  terms (Rayleigh f r i c t i o n ,  Newtonian c o o l i n g  and 4 t h  o r d e r  d i f f u s i o n )  

are eva lua ted  u s i n g  t h e  f i e l d s  a t  time s t e p  ( n  - I ) ,  r a t h e r  t h a n  a t  n .  

Provided we s p e c i f y  i n i t i a l  and boundary c o n d i t i o n s ,  and t h e  f o r c i n g  

f u n c t i o n s ~ a n d  Q', w e  can numer ica l ly  s o l v e  t h e  system (2.25) - (2.30). 

2.3 I n i t i a l  and boundary c o n d i t i o n s  

We assume t h a t  t h e  wave f i e l d s  are z e r o  i n i t i a l l y  and t h a t  t h e r e  is  

a  p r e s c r i b e d  i n i t i a l  zona l  f low and concomitant temperature  f i e l d  t o  

support  t h i s  f low. The procedure  f o r  c r e a t i n g  t h e  i n i t i a l  zona l  f low is  
I 

17 

o u t l i n e d  i n  Chapter 3. Given 5 ( t  = 0) , we can s o l v e  f o r  5 ( t  = 0) by 
.. 5 , .  - .. . . 
'' assuming t h e  f low t o  be  i n  g r a d i e n t  wind balance:  

. ' F i n i t e  - d i f f e r e n c i n g  (2.38) g i v e s  u s  18 equa t ions  i n  19 unknowns. To 

- c l o s e  t h e  system, we u s e  t h e  d e f i n i t i o n  of 5 :  . .? 

.- r 
equa tor  - t;r C 

Ocos0d8 = 0 . 
I 

i 

F i e l d s  a t  t = A t  are c a l c u l a t e d  u s i n g  a  forward time s t e p .  

We assume t h a t  @ '  = 0 a t  t h e  p o l e  and a t  t h e  equa tor .  We f u r t h e r  

assume t h a t  3$/ay = 0 a t  t h e  p o l e  and equa tor .  A t  t h e  upper boundary, 

- 
we t a k e  $'  = 0 and ? ( t )  = Q ( t  = 0). A t  t h e  lower boundary (10 km), 

w e  a g a i n  s e t  ( t )  = ?(t = 0) and @ '  i s  s p e c i f i e d  t o  s i m u l a t e  a wave 

propagat ing up from t h e  t roposphere .  We t a k e  a f o r c i n g  f u n c t i o n  of t h e  

form: 



Holton (1976) used t h i s  form with s = 2 wh i l s t  Matsuno (1971) used it 

with s = 1. The a n a l y s i s  i n  Appendix I11 shows t h a t  t h e  following is  

t r u e  f o r  t h e  wave: 

f o r  s > 1: 

f o r  s = 1: 

Clearly,  t h e  form assumed i n  (2.39) s a t i s f i e s  (2.40) wh i l s t  those  employed 

by Matsuno (1971) and Holton (1976) a r e  s u i t a b l e  f o r  only wavenumbers 

1 o r  2  respec t ive ly .  

The forc ing  i s  turned on slowly, with t h e  following time dependence: 

(1 - exp (- t /2 .5  x 1 0 ~ s ) ) .  

2.4 Diabat ic  forc ing  func t ions  

I n  Chapter 3, t h e  s e n s i t i v i t y  of t h e  numerical model i s  discussed,  

i n  terms of t h e  s t r a to sphe r i c  sudden warming. For t h i s  problem, t h e  only 

forc ing  i s  through t h e  lower boundary condit ion;  t hus  Q' and 3 a r e  zero. 

I n  t h e  solar-weather experiments, discussed i n  Chapter 4 ,  we w i l l  i n t ro -  

duce a  d i a b a t i c  heat  source i n  t h e  mean flow and wave equations. The 

form of t h i s  forc ing  i s  given by: 

Q' (or  6) = A sech iEz')sech j' ) * 

where (y z  ) a r e  t h e  l a t i t u d e  and height  of t h e  maximum forc ing  and 
F Y  F 

(yE, z ) a r e  d i s t ances ,  over which t h e  forc ing  decays. 
E 



Consider t h e  response  of a n  atmosphere t h a t  i s  heated d i r e c t l y  by 

a  d i a b a t i c  f o r c i n g ,  Q ' ,  wi thout  any c i r c u l a t i o n .  Then: 

where J' has  u n i t s  J o u l e s / s e c .  Using t h e  h y d r o s t a t i c  r e l a t i o n ,  we have: 

I f  we l e t  t h e  d i a b a t i c  f o r c i n g  have a  h e a t i n g  r a t e  of X deglday,  we g e t  

J R e p r e s e n t a t i v e  v a l u e s  f o r  zF,  zE,  yF, y and A a r e  d i scussed  i n  
E 

Chapter 4 .  1 

2.5 D i s s i p a t i o n  and d i f f u s i o n  

Mechanical d i s s i p a t i o n  i s  modelled simply u s i n g  a Rayleigh f r i c t i o n  

c o e f f i c i e n t  g iven  by 

+ 1 (2.45) 
a 

= 80 days  4 days  R 

The l a r g e  v a l u e s  a t  high l e v e l s  e f f e c t i v e l y  a c t  a s  a sponge t o  p reven t  

r e f l e c t i o n s  a t  t h e  upper boundary from r u i n i n g  t h e  s o l u t i o n .  

Thermal d i s s i p a t i o n  i s  r e p r e s e n t e d  by Newtonian c o o l i n g  w i t h  t h e  

fo l lowing  d i s t r i b u t i o n :  

The forms f o r  uR and o  are taken  from Holton and Wehrbein (1979) and N 

Holton (1976), r e s p e c t i v e l y .  I n  F i g u r e  3 we show t h e  e-folding t imes  

f o r  a and ci a s  a f u n c t i o n  of z .  
R N 

We i n c l u d e  a 4 t h  o r d e r  d i f f u s i o n  i n  t h e  equa t ions ,  wi thout  which 

f i e l d s  become contaminated w i t h  small. s c a l e  n o i s e  (2  - Ay gri.d n o i s e )  

a f t e r  10-20 days.  The n o i s e  obscures  t h e  l a r g e r  s c a l e  n a t u r e  of t h e  
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Figure  3 
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Height d i s t r i b u t i o n  of e- folding 
t imes  due t o  Rayleigh f r i c t i o n  
and Yewtonian c o o l i n g  . 



wave s o l u t i o n  and t h e  i n t e g r a t i o n  e v e n t u a l l y  "bLows up. " The d i f f u s i o n  

o p e r a t o r  is:  

f o r  x = v, aT/az, u ' ,  v 1  and 8 Q 1 / a z  w h i l s t  w e  use ;  

- 
f o r  x = u  (Holton and Wehrbein, 1979) .  

The scheme i s  extremely s c a l e  s e l e c t i v e .  I f  w e  c o n s i d e r  t h e  s i m p l e  

d i f f u s i o n  equat ion:  

a t  4- imy 
and assume x = l e  we have: 

a = - ~ r n ~  sec-I  . 
S u b s t i t u t i n g  m = 2 r / L  w i t h  L = pAy, w e  have: 

= ( d i s s i p a t i v e  e-folding time)-'. 

W e  f i n d  i t  necessa ry  t o  u s e  a  v a l u e  of K / A ~ ~  = 5 x lo- '  m 4 s - l  and,  

t a k i n g  Ay = ~ra/36, w e  c o n s t r u c t  Tab le  2 ,  i n d i c a t i n g  how s c a l e  s e l e c t i v e  

t h e  procedure  is. 



Table  2 V a r i a t i o n  of d i s s i p a t i v e  e-folding time 
w i t h  s c a l e  of d i s t u r b a n c e  (p = 2 i n d i c a t e s  
a 2 - Ay wave). 

P 

2 

4 

6 

8 

10 

0-I (days) 

0.24 

3.80 

19.25 

60.84 

148.52 



3. SENSITIVITY STUDIES 

S ince  t h e  numerical  model ( i . e .  e q u a t i o n s  (2.25)-(2.30) and t h e  

f i n i t e  d i f f e r e n c e  scheme) was o r i g i n a l l y  set up by Holton (1976) t o  

s tudy t h e  s t r a t o s p h e r i c  sudden warming problem, h e r e a f t e r  r e f e r r e d  t o  a s  

t h e  SSW, it seemed a p p r o p r i a t e  i n i t i a l l y  t o  a t t empt  t o  reproduce h i s  

r e s u l t s ,  as a check of t h e  model. T h i s  was done and i n  a d d i t i o n ,  some 

s e n s i t i v i t y  s t u d i e s  regard ing  t h e  numerical  modell ing of t h e  SSW were 

performed. Although t h e s e  s t u d i e s ,  r e p o r t e d  i n  t h i s  c h a p t e r ,  have no 

d i r e c t  bea r ing  on t h e  solar-weather  problem, they  a r e  i n t e r e s t i n g  i~. 

t h e i r  own r i g h t  and p rov ide  a u s e f u l  i n s i g h t  i n t o  t h e  solar-weather 

problem. 

3.1 S e n s i t i v i t y  t o  b a s i c  s t a t e  wind 

A set of experiments was performed t o  gauge t h e  importance of t h e  

i n i t i a l  z o n a l l y  averaged wind (u) i n  determining t h e  c o u r s e  of t h e  SSW 

event .  Three wind p r o f i l e s  were used.  The f i r s t  i s  t h a t  used by Holton 

(1976) ( d a t a  k i n d l y  provided by J.  Holton) and i s  shown i n  F igure  4 ( a ) .  

The second was c o n s t r u c t e d  u s i n g  t h e  scheme given i n  Lindzen and Hong 

(1974) and is r e p r e s e n t a t i v e  of s o l s t i c e  c o n d i t i o n s .  It  i s  sbown i n  

F igure  4 ( b ) ,  and i n  F igure  4 ( c )  we show t h e  t h i r d  wind p r o f i l e ,  const ruc-  

t e d  u s i n g  t h e  express ion  i n  Tung and Lindzen (1979). The t h r e e  p r o f i l e s  

a r e  h e r e a f t e r  r e f e r r e d  t o  as H,  EH, and T. 

The t h r e e  p r o f i l e s  a r e  q u a l i t a t i v e l y  s i m i l a r ,  having a p o l a r  n i g h t  

j e t  a t  about  60 km and from 45'-60' i n  l a t i t u d e .  Of t h e  t h r e e ,  H has  

t h e  weakest j e t  maximum uf about  6 5  ms-l. The t h r e e  a l l  have a low 

l e v e l ,  s u b - t r o p i c a l  jet ,  a l t h o u g h  t h a t  i n  LH i s  a t  a h igher  l a t i t u d e  

than  i n  e i t h e r  H o r  T .  I n  each t h e r e  i s  a l s o  a r e g i o n  of e a s t e r l y  winds 

near  t h e  equa tor .  







For each p r o f i l e ,  we r an  t h e  model f o r  25 days with t h e  forc ing  a t  

10 km reaching a maximum of 300 m a f t e r  about f i v e  days. The cases  d i s -  

cussed here  a r e  a l l  f o r  wavenumber one. Figure 5 shows t h e  evolut ion 

of t h e  t h r e e  u f i e l d s  a t  60' over t h e  25 day period. 

0 
The most s t r i k i n g  d i f f e r ence  between t h e  t h r e e  runs is  t h a t  a t  60 . 

e a s t e r l y  winds do not  develop over t h e  period with t h e  LH wind p r o f i l e .  

For wind p r o f i l e  H, winds diminish gradual ly  a t  a l l  he igh t s  f o r  about 

two weeks a f t e r  t h e  forc ing  is  switched on. E a s t e r l i e s  f i r s t  appear i n  

t h e  upper mesosphere and migrate  downward. A region of e a s t e r l i e s  a l s o  

appears  a t  around 30 Ism about a week a f t e r  those  a t  upper l e v e l s  and pro- 

pagate both up and down. Between days 17 and 19, winds throughout t h e  

atmosphere a t  high l a t i t u d e s  r eve r se  s ign.  The appearance of e a s t e r l i e s  

a t  two l e v e l s  has been noted i n  some numerical modelling s t u d i e s  of t h e  

SSW (e.g., Matsuno, 1971; Schoeberl and St robe l ,  1980) but no t  i n  o t h e r s  

(Lordi e t  a l . ,  1981). Holton (1976; Figure 2)  i nd i ca t e s  t h e  i n i t i a l  

appearance of high l e v e l  e a s t e r l i e s  but t h e r e  is  then a r ap id  deceler-  

a t i o n  of winds throughout t h e  depth of h i s  model atmosphere. Kanzawa 

(1980), i n  h i s  study of t h e  1973 warmings, noted t h e  appearance of high 

l e v e l  e a s t e r l i e s  i n  a s soc i a t ion  with a minor warming, a l though t h e  c i r -  
1 

cu la t ion  a t  lower l e v e l s  d id  not  reverse .  It i s  presumed t h a t  d i f f e r ences  

between t h e  numerical model i n  Holton (1976) and t h i s  vers ion  (e.g., 

d i f f e r e n t  forc ing  func t ions ,  e x p l i c i t  time-diff erencing, g rea t e r  d i f fu -  

s ion,  Rayleigh f r i c t i o n  formulation) account f o r  t h e  d i f f e r ences  between 

t h e  r e s u l t s  presented by Holton and those  presented here. 

For t h e  LH wind p r o f i l e ,  t h e r e  is  a gradual dece l e ra t ion  of winds 

0 
a t  a l l  he ights  a t  60 and indeed a t  a l l  ex t ra - t ropica l  l a t i t u d e s ,  but 

t he  dece l e ra t ion  never becomes r ap id  and e a s t e r l i e s  do not  appear. 





TIME (days) 

Figure  5 Time-height diagrams of b a s i c  
s t a t e  zona l  wind a t  60° for 
wind p r o f i l e s  (a) H, (b) LH, 
and ( c )  T. S t i p p l e d  a r e a s  
denote  r e g i o n s  of e a s t e r l y  
winds . 



The s i t u a t i o n  w i t h  p r o f i l e  T i s  q u i t e  s i m i l a r ,  i n  t h a t  a l t h o u g h  easter- 

l i e s  do appear  a f t e r  about  13 days,  t h e y  are conf ined  t o  a r e l a t i v e l y  

shal low l a y e r ,  c e n t r e d  j u s t  below 30 km and poleward of 55'. By day 20, 

they  have spread equatorwards t o  j o i n  up w i t h  low l a t i t u d e  e a s t e r l i e s  

and form a band of e a s t e r l i e s  from p o l e  t o  equa tor .  

F i g u r e  6 shows t h e  b a s i c  s t a t e  z o n a l  wind f i e l d s  t h a t  have evolved 

a f t e r  25 days .  For p r o f i l e  H, t h e  o r i g i n a l  w e s t e r l y  jet has decreased 

0 0 i n  ampl i tude and is conf ined t o  t h e  mid- la t i tudes .  Poleward of 50 -60 , 
0 e a s t e r l y  winds have developed, a t t a i n i n g  a maximum of -22 ms-I a t  70 

and 40 km. There h a s  a l s o  been a poleward expansion of t h e  t r o p i c a l  

e a s t e r l i e s .  The wave f o r c i n g  has l e f t  p r o f i l e  LH r e l a t i v e l y  untouched 

a f t e r  25 days. Although t h e  p o l a r  n i g h t  jet has weakened and a small 

r e g i o n  of e a s t e r l i e s  a p p e a r s  i n  t h e  m i d - l a t i t u d e  lower s t r a t o s p h e r e ,  t h e  

e s s e n t i a l  c h a r a c t e r i s t i c s  of t h e  p r o f i l e  remain unchanged. For p r o f i l e  

T, a s  mentioned above, a low-level band of  e a s t e r l i e s  has  developed a f t e r  

25  days.  

I f  we l o o k  a t  t h e  temporal  development of wavenumber one geopoten- 

t i a l  ampl i tude,  shown i n  F i g u r e  7, w e  can  g a i n  some i n s i g h t  i n t o  t h e  

d i f f e r e n t  behaviour of t h e  t h r e e  warmings. Only f o r  t h e  H p r o f i l e  do 

l a r g e  ampl i tudes  develop,  w i t h  r a p i d  a m p l i f i c a t i o n  fo l lowing  t h e  i n i t i -  

a t i o n  of t h 2  f o r c i n g .  It i s  noted that t h e  d i f f e r e n c e s  between F igure  

7(a)  and Hol ton ' s  F i g u r e  2 (1976) a r i s e  from t h e  d i f f e r e n t  Eorcing 

f u n c t i o n s  employed. F i g u r e  8 i n d i c a t e s  t h e  two d i f f e r e n t  f u n c t i o n s  

involved.  The one used h e r e  is  l a t i t u d i n a l l y  broader  than  t h a t  used 

by Holton. When we run  t h e  model w i t h  Hol ton ' s  f o r c i n g  f u n c t i o n  ( f o r  

wavenumber one) ,  t h e  t ime-height development of wave g e o p o t e n t i a l  arn- 

p l i t u d e  i s  l i k e  that shown by Holton,  a l though  t h e  ampl i tude maxima 
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Figure 7 Time-height development  of 
wavenumber 1 geopo ten t i a l  
ampli tude f o r  t h e  t h r e e  
wind p r o f i l e s  (a) H, (b) LK, 
and ( c )  T. Contour i n t e r v a l s  
a r e  200 m. 



Figure  8 L a t i t u d i n a l  d i s t r i b u t i o n  of ampl i tude  
of f o r c i n g  f u n c t i o n s  ( f o r  wavenumber 
one) used i n  t h e  SSW s t u d i e s .  S o l i d  
l i n e :  t h i s  s tudy ;  dashed l i n e :  Holton 
(1976). Refer  t o  (2 .39 )  f o r  formulae.  



a t t a i n e d  a r e  a  l i t t l e  weaker. T h i s  p o i n t  is  a l l u d e d  t o  f u r t h e r  i n  Sec- 

t i o n  3 .2 .  Wave development is slower f o r  t h e  LH p r o f i l e ,  w j t h  ampl i tudes  

s t i l l  i n c r e a s i n g  a f t e r  20 days ,  w h i l s t  f o r  p r o f i l e  T, a peak of 700 m i s  

a t t a i n e d  a t  10 days ,  a f t e r  which ampl i tudes  diminish .  T h i s  r e d u c t i o n  

occurs  as low l e v e l  e a s t e r l i e s  form and block f u r t h e r  upward propagat  i o n  

of wave energy. 

We may seek  t h e  reason  f o r  t h e s e  d i f f e r e n c e s  i n  t h e  theory  of wave 

propagat  i o n  and wave-mean f low i n t e r a c t  ion .  The v e r t i c a l  px opagat i o n  

of waves w a s  examined by Charney and Drazin (1961). Using a quasi -  

geos t roph ic ,  mid- la t i tude ,  B-plane model, they  showed t h a t  c t a t i o n a r y  
1 

1 
waves can  o n l y  propaga'te energy v e r t i c a l l y  when t h e  b a s i c  s t a t e  zona l  

wind (assumed c o n s t a n t )  i s  ( i )  w e s t e r l y ,  and ( i i )  weaker t l a n  a  c r i t i c a l  

v a l u e ,  determined by t h e  s c a l e  of t h e  waves. The theory  t h t s  e x p l a i n s  

.why we on ly  observe  long waves i n  t h e  win te r  s t r a t o s p h e r e  ( s i n c e  i n  

summer, s t r a t o s p h e r i c  winds a r e  e a s t e r l y )  and a l s o  why waver umbers one and 

two predominate ( t h e  c r i t i c a l  wind v a l u e  d e c r e a s e s  w i t h  i n c l e a s i n g  wave- 

number) . The theory  was r e f i n e d  by Dickinson (1968) , who i r  d i c a t e d  t h a t  

t h e  c r i t i c a l  wind v a l u e  i n c r e a s e s  when t h e  e a r t h ' s  s p h e r i c i t y  i s  

accounted f o r .  Dickinson (1969) a l s o  showed t h a t  wave propzgat ion i s  

a f f e c t e d  by thermal  damping i n  t h e  mesosphere. 

I n  t h e  s imple  Charney-Draz i n  theory ,  w e  may s e p a r a t e  tlle equa t ions  

of motion and a r r i v e  a t  a  v e r t i c a l  s t r u c t u r e  equa t ion  of thg! fo l lowing  

form : 

Here, n 2  can be regarded a s  a n  ( index  of r e f r a c t i o d 2  and dizpends upon 

t h e  s c a l e  of t h e  d i s t u r b a n c e ,  on t h e  b a s i c  s t a t e  wind s t ren:gth  and on 



temperature through N*, t h e  s t a t i c  s t a b i l i t y .  Only when n2 > 0 can 

energ9 bropagate v e r t i c a l l y ,  t h e  so lu t ion  t o  (3.1) taking t h e  form 

'Y 'I. einz. For n2 < 0, t h e  so lu t ion  is  of t h e  form Y s e-"' and wave 

energy i s  trapped. The wave is  then sa id  t o  be evanescent. 

For r e a l i s t i c  wind p r o f i l e s ,  l a t e r a l  and v e r t i c a l  wind shears  play 

an  important r o l e  i n  wave energy propagation. Matsuno (1970) looked a t  

t h i s  problem using a quasi-geostrophic model i n  sphe r i ca l  geometry. He 

reduced the  governing equat ions t o  a s i n g l e  equation f o r  t h e  wave geo- 

p o t e n t i a l  of t h e  form: 

CzY + fyY + Q s Y  = 0, 

where $2 and f y  a r e  v e r t i c a l  and hor izonta l  opera tors  and Qs can be 
I 

thought of a s  a ( r e f r a c t i v e  i n d e ~ ) ~ .  Qs. i s  w r i t t e n  as :  
i 

- 
u where 5 = - s = wavenumber, R 2  = 

( 2  n a ) 2  
acos9 ' N2 

I and a; a 2Z aZ -. = [2(n + - 7 + 3 tan0 - 3 t a e a e 

Here, I = pressure.  aq / a f3  i s  t h e  l a t i t u d i n a l  grad ien t  of bas ic  s t a t e  

potent: .al  v o r t i c i t y  and c l e a r l y  i s  influenced by t h e  shear  and curva ture  

of t h e  bas i c  s t a t e  wind and by temperature v i a  N'. When u = cons tan t ,  

a s  i n  (:harney and Drazin 's  ana lys i s ,  t h e  d i s t r i b u t i o n  of aq/a0 i s  t h e  

same a:i t h e  d i s t r i b u t i o n  of 6. 

G:.ven a wind p r o f i l e ,  we can cons t ruc t  a q / a 9  and thus  Qo and Qs. 

This  a:.lows u s  t o  s e e  i n  what reg ions  of t h e  atmosphere wave propagation 



i s  favoured.  Wavenumber s w i l l  be evanescent  where Qs i s  nega t ive .  

Examination of (3.3) shows t h a t  t h i s  w i l l  be t h e  c a s e  when: (a )  aq/a0 

is  small o r  n e g a t i v e ,  (b) when E, i s  l a r g e  (near  t h e  p o l e ) ,  0.r (c)  when 

s is  l a r g e .  For a g iven  wavenumber, we can t h e r e f o r e  u s e  t h ?  d i s t r i -  

b u t i o n  of a i / a 8  as a gu ide  t o  wave propagat ion.  

F igure  9 shows t h e  i n i t i a l  d i s t r i b u t i o n s  of aq/a0 corresponding t o  

t h e  t h r e e  wind p r o f i l e s .  Bearing i n  mind t h e  tendancy f o r  wave energy 

f low t o  avo id  a r e a s  of small o r  n e g a t i v e  a q / 3 0 ,  t h e  arrows i n d i c a t e  

schemat ica l ly  t h e  g e n e r a l  p a t h s  of energy propagat ion .  Ther 2 are c e r t a i n  

e lements  common t o  a l l  t h r e e  p r o f i l e s .  Each has  a r e g i o n  of n e g a t i v e  

8 4 / 8 8  a t  h igh  l a t i t u d e s  around 90 km. This  b a r r i e r  t o  propa ga t ion  w i l l  

De a n  important  f a c t o r  i n  t h e  s t u d i e s  d i scussed  i n  Chapter 4 .  Each a l s o  

has  a maximum i n  t h e  r e g i o n s  of both  t h e  p o l a r  n i g h t  and s u b - t r o p i c a l  

jets. However, we n o t e  t h e  tongue of r e l a t i v e l y  h i g h  v a l u e s  extending 

t o  10 km a t  h igh  l a t i t u d e s  f o r  p r o f i l e  H. I n  t h e  o t h e r  two x o f i l e s ,  

v a l u e s  h e r e  a r e  s m a l l .  Using Matsuno's (1970) terminology, qe can t h u s  

expect  waves t o  be  "guided" up t o  t h e  p o l a r  n i g h t  jet r e g i o n  i n  a l l  

t h r e e  c a s e s ,  bu t  f o r  p r o f i l e s  LH and T t h e  energy is guided i n  a more 

s o u t h e r l y  d i r e c t i o n ,  reducing t h e  l i k e l i h o o d  of wave propagat ion i n t o  

h igh  l a t i t u d e  r e g i o n s  w i t h  concomitant e a s t e r l y  a c c e l e r a t i o n  and 

warming. 

For t h e  T p r o f i l e ,  t h e  e x t e n t  of t h e  l o w - l a t i t u d e  e a s t e r l i e s  

e f f e c t i v e l y  c o n f i n e s  the wave t o  a r e l a t i v e l y  small l a t i t u d i n a l  band. 

S ince  t h e  low-level ,  mid- la t i tude  winds f o r  t h i s  p r o f i l e  a r e  weaker 

than  t h o s e  f o r  t h e  o t h e r  two p r o f i l e s ,  t h e  winds a r e  d e c e l e r l t e d  t o  

become e a s t e r l y  sooner ,  t h u s  blocking f u r t h e r  upward propagat ion of 

t h e  wave. 



Figure  9 La t i tude-he igh t  d i s t r i b u t i o n s  of 
b a s i c  state p o t e n t i a l  v o r t i c i t y  
g r a d i e n t  ( a q / a 0  ) f o r  t h e  wind 
p r o f i l e s  ( a )  H,  (b) LH, and (c )  
T. Un i t s  a r e  a m u l t i p l e  of Q. 
S t i p p l e d  a r e a s  denote  r eg ions  of 
a i / a e  < 0. Note change of he igh t  
scale from ( a )  t o  (b) and ( c ) .  
Arrows g i v e  a  schematic 
i n d i c a t i o n  of t h e  a n t i c i p a t e d  
d i r e c t i o n  of wave energy flow. 





The development of t h e  a q / a 0  f i e l d  a t  s e l ec t ed  days, along with t h e  

mean zonal wind f i e l d ,  f o r  p r o f i l e  H is shown i n  Figure 10. By day 13, 

t h e  "tongue" of high a i / a € l  values  a t  low-levels and h igh- la t i tudes  has 

receded a s  t h e  mean zonal winds i n  t h a t  region have decreased (compare 

with Figures 4(a)  and 9 ( a ) ) .  This  expla ins  t h e  decay of wave geopoten- 

0 
t i a l  amplitude seen at: 60 , beginning around day 13 (Figure 7(a) ) .  By 

day 18, a s  e a s t e r l i e s  f i r s t  appear around 40 km i n  polar  l a t i t u d e s ,  

0 
values of a i / a 0  poleward of 60 a r e  small ,  f u r t h e r  blocking wave propa- 

ga t ion  in to  t h i s  region. A day l a t e r ,  a q / a 0  has become negat ive  here ,  

r e f l e c t i n g  t h e  presence of t h e  zero wind l i n e .  

To understand t h e  dynamical mechanism of t h e  SSW, consider  t h e  

following ana lys i s ,  taken from Holton (1980). For quasi-geostrophic 

motions (small  enough so t h a t  we can l i n e a r i s e  t h e  equations of motion) 

on a mid-lat i tude 6-plane, i n  which t h e  bas ic  s t a t e  zonal flow is  a 

func t ion  of both y and z ,  we can de r ive  t h e  quasi-geostrophic p o t e n t i a l  

v o r t i c i t y  equat ions f o r  both t h e  wave and t h e  bas i c  s t a t e  flow: 

where (q,  q ' )  a r e  t h e  bas i c  s t a t e  and eddy p o t e n t i a l  v o r t i c i t i e s .  3 and 

5'  represent  t h e  e f f e c t s  of d i a b a t i c  heat ing and d i s s i p a t i o n  of t h e  

mean and wave flows, respec t ive ly .  Also, t h e  meridional f l u x  of eddy 

p o t e n t i a l  v o r t i c i t y  is: 
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and 

f, i s  a constant  va lue  of f  on t h e  P-plane, and 8 '  is analogous t o  poten- 

t i a l  temperature; so eddy p o t e n t i a l  v o r t i c i t y  f l u x  i s  due t o  ed.dy heat  

and momentum f luxes .  a';;/ay is  analogous t o  Matsuno's (1970) 'Jaae, 

discussed above. 

I n  t h e  SSW, bas i c  s t a t e  winds and temperatures a r e  being changed 

by t h e  wave; so we a sk  under what condi t ions  is  a i l a t  # O? (From t h e  

d e f i n i t i o n  of q ,  i f  q i s  independent of t, then so a r e  u and 8). 

Ignoring t h e  zonal mean d i a b a t i c  terms, as we do i n  t h e  SSW problem, 

from (3.5) we see  t h a t  whenv 'q '  = 0, then a q / a t  = 0; so wenow seek 

- 
I condi t ions  under which v 'q '  = 0. (Even i f  v 'q '  # 0 somewhere i n  t h e  .' 
' domain, it w i l l  vanish a t  t h e  boundaries, so that i t s  d e r i v a t i v e  w i l l  
I 
I 

P 

1 be non-zero; thus  we need only look  a t  whether o r  not  v 'q '  i t s e l f  is  

( ' non-zero somewhere). 

1 Multiplying (3.6) by q '  and zonal ly averaging g ives  : 

- 
Hence, f o r  a i / a y  # 0, v t q '  and thus  a ; /a t  w i l l  be non-zero only where 

t h e r e  i s  (a) t r ans i ence  ( i . e . ,  t h e  wave amplitude is  growingldecaying 

wi th  time) o r  (b) d i s s i p a t i o n  (such a s  Newtonian cool ing) .  

On t h e  o the r  hand, i f  we neglec t  t r ans i ence  and assume a s t a t i o n a r y  

wave (so a q l / a t  = 0) and a l s o  neglec t  d i s s i p a t i o n  ( s '  = 0) , (3.6) becomes: 

Taking v1 t o  be geos t rophica l ly  determined by 



i f  we mul t ip ly  (3.10) by @ '  and zonal ly average, we have: 

Thus v 'q '  = 0, un less  u = 0. 

Thus, t h e r e  a r e  t h r e e  condit ions,  under which t h e  wave can i n t e r a c t  

with t h e  bas ic  s t a t e  and change i t ,  v i z :  (a)  t rans ience ,  (b) d i s s ipa t ion ,  

and (c)  c r i t i c a l  l e v e l s  (u = 0 f o r  s t a t i ona ry  waves). Although Matsuno 

(1970) o r i g i n a l l y  explained t h e  mechanism of t h e  SSW i n  terms of c r i t i c a l  

l e v e l s  causing mean flow dece l e ra t ion ,  observat ions i n d i c a t e  t h a t  t h e  

warmings happen i n  t h e  absence ( i n i t i a l l y )  of a  c r i t i c a l  l e v e l ,  and it 

i s  c l e a r  now that t h e  dominant of t h e  t h r e e  mechanisms f o r  t h e  SSW is  

wave t rans ience .  

Consider now t h e  s impl i f ied  equat ions (2.16) and (2.18) t o  see how 

t h e  warming "works" : 

with 

and 

A s  t h e  wave grows and propagates i t s  inf luence  v e r t i c a l l y  and 

hor izonta l ly ,  heat  and momentum f luxes  (i.e., p o t e n t i a l  v o r t i c i t y  

f luxes)  develop. Since t h e  wave i s  t r a n s i e n t ,  t h e r e  i s  a  region suf- 

f i c i e n t l y  f a r  beyond t h e  o r i g i n  of t h e  forc ing  where t h e r e  is  no such 



p o t e n t i a l  v o r t  i c i t y  f l ux ;  t h e  wave1 s in£  luence has ye t  t o  a r r i v e .  

Consequently, 3 and (4 must be non-zero and so G/ a t  and a(a</az) / az 
- 

must be non-zero. Al te rna t ive ly ,  a ( ~ ' ~ ' ) / a ~  is  non-zero and thus  so is  

- 
1 aq/at .  However, t h e  zonal ly averaged f i e l d s  of wind and temperature a r e  ' constrained t o  be i n  thermal wind balance, so t h a t  t h e  eddy f luxes  cause 

- - 
a mean meridional motion (v,  w) t o  a r i s e ,  tending Lo br ing  t h e  f i e l d s  

' back i*to a s t a t e  of balance v i a  both t h e  c o r i o l i s  torque, f i ,  and 

1 ad iaba t i c  warming. I n  t h e  absence of c r i t i c a l  l e v e l s ,  t r ans i ence  and 

1 d i s s i p a t i o n ,  s teady waves and t h e i r  heat  and momentum f luxes  w i l l  induce 

a mean meridional motion, which exac t ly  cance ls  t h e  eddy e f f e c t s ,  leaving 

t h e  bas ic  s t a t e  unchanged. With wave t rans ience ,  when a l a r g e  wave 

propagates up from t h e  troposphere,  i t  is  t h e  small  imbalance between 

t h e  eddy forc ing  terms and t h e  mean meridional motion terms which r e s u l t s  

i n  t h e  SSW ( i . e . ,  t h e  temperature and wind changes). 

I n  Figure 11, we show f o r  each wind p r o f i l e  t h e  following, a l l  a t  

1 day 12: ( i )  t h e  d i s t r i b u t i o n  of eddy momentum f l u x  convergence, 3; ( i i )  

t h e  d i s t r i b u t i o n  of wave-induced rneridional flow, G; ( i i i )  t h e  l a t i t u -  

d i n a l  d i s t r i b u t i o n  of eddy momentum f l u x  convergence and c o r i o l i s  torque,  

fG, a t  45 km; and ( iv )  t h e  d i s t r i b u t i o n  of eddy heat  f lux .  A s  expected, 

f o r  p r o f i l e  H t h e  f luxes  a r e  l a r g e r  than with p r o f i l e s  LH and T ,  s i nce  

t h e  wave amplitude is l e s s  i n  t h e  l a t t e r  two cases .  We can a l s o  s e e  

from Figure 11 ( i i i )  t h e  near cance l l a t i on  of t h e  twin dr iv ing  terms of 

a u / a t .  

Customarily, t h e  eddy heat  and momentum f luxes  have been considered 

separa te ly  i n  d iscuss ions  of t h e  SSW. The previous a n a l y s i s  shows t h a t  

- 
i t  i s  t h e i r  combined e f f e c t ,  through v l q l ,  which genera tes  t h e  warming 

and that the re fo re  they should be considered i n  tandem (Holton, 1980). 
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F igure  11 For wind p r o f i l e s  ( a )  H, (b) LH, and (c) T, we show: 
( i )  t h e  d i s t r i b u t i o n  of momentum f l u x  convergence,  
3 (x 10'~ r n . ~ - ~ ) ;  (ii) t h e  d i s t r i b u t i o n  of mean merid- 
i o n a l  wind, (ms-l) ; ( i i i )  t h e  l a t i t u d i n a l  d i s t r i b u t i o n s  
of eddy momentum f l u x  convergsnce,  3, and t h e  c o r i o l i s  
to rque ,  f;, a t  h e i g h t  45 Ian. ( u n i t s  a r e  m s - l  per  day) ;  
and ( i v )  t h e  d i s t r i b u t i o n  of eddy hea t  flux, v ' r ' c o s e  
( u n i t s  of k ms" 1. A l l  are f o r  c o n d i t i o n s  a t  day 12. 
Note change of con tour  i n t e r v a l s  between t h e  t h r e e  c a s e s .  
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Since t h e  n e t  mean zonal wind acce l e ra t ion  and t h e  ne t  temperature change 

a r e  t h e  small  r e s i d u a l s  of two l a r g e r  terms, we de f ine  a r e s i d u a l  mean 

meridional c i r c u l a t i o n ,  following Holton (1980, 1981) : 

- 
v * ;  j - L ( a  C O S ~  K - H I)?) ~2 

where B is defined by 

1 aB ( S = - -  
cose ay 

Subs t i t u t ing  (3.14) and (3.15) back i n t o  (3.12) and (3.13)- we have: 

where 

I - - V ps , def in ing  F . 
pocose - - 

Since now G* and w* a r e  small q u a n t i t i e s ,  t h e  d i s t r i b u t i o n  of 

provides a u s e f u l  d iagnos is  of t h e  d i s t r i b u t i o n  of a u / a t ,  and we no te  

now t h a t  i n  looking a t  P, we a r e  looking a t  both eddy momentum and heat  

f luxes .  I n  t h e  @-plane a n a l y s i s  discussed e a r l i e r ,  reduces t o  v 'q '  . 



From (3.20),  we can s e e  t h a t  ?! i n  t u r n  can be w r i t t e n  i n  terms of t h e  

divergence of t h e  quant i ty  p F. Holton and Wehrbein (1980) i nd ica t e  
0- 

t h a t F i s  - approximately t h e  Eliassen-Palm f l u x  of wave energy. 

The q u a n t i t i e s ,  which El iassen  and Palm (1961) r e f e r  t o  a s  wave 

- 
energy f l u x ,  a r e  v '0 '  and w ' a '  i n  t h e  ho r i zon ta l  and v e r t i c a l ,  respect-  

ive ly .  They showed t h a t  f o r  long waves: 

- -- 
- - 

and 

For quasi-geostrophic waves, (3.21) and (3.22) reduce t o :  

and - 
uf v '  -a@'- 

W ' O '  = - 
N 2 az 

i . e . ,  they a r e  j u s t  t h e  momentum and heat  f l uxes  due t o  t h e  wave. From 

( 3 . 2 4 ) ,  we see  t h a t  a poleward heat  f l u x  is  assoc ia ted  with an upward 

energy f lux ,  and (3.23) i nd ica t e s  t h a t  a poleward momentum f l u x  cor res -  

ponds t o  an equatorward energy f lux .  A poleward heat  f l u x  is  i n  turn 

assoc ia ted  with a westward t i l t  of t h e  wave with increas ing  he ight ,  

wh i l s t  a westward tilt wi th  decreasing l a t i t u d e  i s  i n d i c a t i v e  of pole- 

ward momentum f lux .  Both t h e s e  t i l t s  r e s u l t  i n  t h e  model (not  shown). 

-- 
Thus, - F i s  analogous t o  (v'O1, ~ ' 0 ' )  i n  a quasi-geostrophic system 

- 
and thus  i s  analogous t o  wave energy f lux .  Also the re fo re ,  P i s  

analogous t o  t h e  divergence of t h e  Eliassen-Palm wave energy f lux .  
-- 

Matsuno (1970) p lo t t ed  t h e  vec tor  quant i ty  (vlO' ,  w'O1) i n  h i s  study 

of long wave s t r u c t u r e .  



I n  Figure 12, we show t h e  d i s t r i b u t i o n  of (a)  F, (b) p$, and 

(c)  i! a f t e r  18 days f o r  wind p r o f i l e  H. These should be compared with 

t h e  d i s t r i b u t i o n s  of u a t  18 and 19 days ( ~ i g u r e  10 (by  c ) ) .  

Figure 12(a) i n d i c a t e s  an  upward and equatorward energy f lux .  Conver- 

gence of wave energy (F) - i s  apparent a t  upper l e v e l s  a t  middle-to-high 

l a t i t u d e s ,  with divergence j u s t  above t h e  forc ing  l e v e l  and a l s o  equator 

ward of t h e  polar  n igh t  j e t .  The convergence a t  equa to r i a l  l a t i t u d e s  

g ives  r i s e  t o  t h e  dece l e ra t ion  of mean zonal winds i n  t h i s  region 

(convergence * < 0 * a u ' / a t  < 0 and v i c e  v e r s a ) ,  although it is  t h e  

divergence of p F which a c t u a l l y  should be equated wi th  a u / a t .  We no te  
0- 

decay of wave energy f l u x  beyond t h e  equa to r i a l  wind l i n e ,  i nd ica t ing  

t h a t  t h e  zero-wind l i n e  i s  a n  important energy s ink  (Matsuno, 1970). 

Examination of Figure 12(b) r evea l s  more c l e a r l y  t h e  convergence of t h e  

quant i ty  p F i n  t h e  h igh- la t i tude  middle s t r a to sphe re ,  which corresponds 
0- 

t o  t h e  region of nega t ive  i n  Figure 12(c) .  Unfortunately,  t h e  quant i ty  

p F is  so small above t h e  lower s t r a to sphe re  t h a t  it i s  d i f f i c u l t  t o  
0- 

de t ec t  regions of convergence and divergence; so we need t o  look a t  both 

F and p F f i e l d s .  Figure 12(c) a l s o  ind ica t e s  a s trengthening of t h e  - 0- 

polar  n igh t  j e t  a t  45' and dece l e ra t ion  of equa to r i a l  winds, both of 

which a r e  seen i n  t h e  model. The p o s i t i v e  va lues  of P a t  high l a t i t u d e s  

around 50 km a r e  presumably counterbalanced by f3*, s i n c e  winds here  

' dece lera te .  

~ Two days l a t e r ,  t h e  development of e a s t e r l y  winds a t  high l a t i t u d e s  

has begun t o  e f f e c t i v e l y  block equatorward wave energy flow, a s  

Figure 13 shows. O'Neill  (1981) has shown t h a t  t h e  vec tor  F, which is  

usua l ly  d i r ec t ed  upward and equatorward, t u r n s  t o  become poleward i n  

a s soc i a t ion  wi th  t h e  SSW. This  only occurs  i n  t h e  model above t h e  polar  





Figure 12 Latitude-height d i s t r i b u t i o n  
of (a) F, (b) PS, and 
(c) P a t  day 18 f o r  wind- 
~ r o f i l e  H. The u n i t s  of P 
i r e  ms- l  per day. I n  ( c ) ,  
a reas  marked + or  - show 
where t h e  e f f e c t  of 5 i s  t o  
acce le ra te  o r  decelera te  t h e  
mean zonal wind. The v e r t i c a l  
component of 1 i n  t h i s ,  and 
subsequent Figures showing t h e  
d i s t r i b u t i o n  of F, has been 
mul t ip l ied  by Ay7Az f o r  
p l o t t i n g  . ..-- - 
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-. 
Figure  13 Lati tude-height  d i s t r i b u t i o n  of 

F a t  day 20 for wind p r o f i l e  H. - 



night  jet a f t e r  t h e  h igh- la t i tude  dece l e ra t ion  has occurred. Sato (1980) 

has shown t h e  January average vec tor  p F f o r  seven d i f f e r e n t  years .  
0- 

H e  shows both poleward and equatorward d i r ec t ed  wave energy f luxes  

and thus  both equatorward and poleward momentum f luxes ,  respec t ive ly .  

For wind p r o f i l e s  LH and T,  t h e  d i s t r i b u t i o n  of - F and p F show 
0- 

l e s s  v e r t i c a l  pene t ra t ion  of wave energy than f o r  p r o f i l e  H. For 

p r o f i l e  T, wave energy f l u x  is  c u t  of f  by t h e  e a s t e r l i e s  i n  t h e  lower 

s t ra tosphere ,  and t h i s  i s  ind ica ted  by a  comparison of t h e  f i e l d s  of H 

a t  10 and 22 days (Figure 14 ) .  

We have ye t  t o  d i scuss  t h e  d i f f e r e n c e  between t h e  t h r e e  runs  i n  

terms of t h e  a c t u a l  warming t h a t  t akes  place.  Figure 15 shows t h e  tem- 

pera ture  changes which have occurred a f t e r  25 days f o r  each wind model. 

Clear ly,  t h e  warming i n  model H is  l a r g e s t ,  wi th  temperature increases  

of over 35 K being noted a t  t h e  pole. We a l s o  no te  a  small temperature 

f a l l  i n  t h e  equa to r i a l  s t r a to sphe re ,  and t h e r e  i s  evidence of a  high 

l e v e l  polar  cool ing and equa to r i a l  warming, a s  i s  observed i n  t he  atmos- 

phere. The warming f o r  wind models LH and T reach  an amplitude of only 

10 K, and f o r  model T, only a  small region i s  warmed. Figure 15 r evea l s  

ne i the r  t h e  t ime sca l e ,  on which t h e  warming occurs ,  nor whether t h e  

warming i s  s u f f i c i e n t  t o  r eve r se  t h e  l a t i t u d i n a l  grad ien t  of bas ic  s t a t e  

temperature, and thus  t o  des t roy  t h e  wes ter ly  j e t .  I n  Figure 16 we show 

t h e  development of zonal ly averaged temperature ( a s  a  devia t ion  from 

the  hemispheric mean) a t  26.25 km f o r  t h e  t h r e e  models. By day 17 f o r  

p r o f i l e  H, t h e  temperature grad ien t  has reversed a t  high l a t i t u d e s ,  

which we may expect s ince ,  a s  Figure 5(a)  shows, t h e  winds r eve r se  he re  

sho r t ly  af terwards.  For p r o f i l e  LH, t h e  temperature grad ien t  does not  

r eve r se  a t  high l a t i t u d e s  u n t i l  l a t e r ,  and indeed it i s  not  u n t i l  day 25 
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15 (c) 

Figure  15 For wind p r o f i l e s  (a )  H ,  (b)  LH, 
and (c) T: t h e  l a t i t u d e - h e i g h t  
d i s t r i b u t i o n  of t h e  zona l  mean 
tempera ture  changes a f t e r  25 
days.  Areas of warming and 
coo l ing  a r e  i nd i ca t ed  by W and 
C ,  r e s p e c t i v e l y .  





w F i g u r e  16 Zonal mean t empera tu r e  ( d e p a r t u r e  from 
a 
3 

hemispher ic  mean) as a f u n c t i o n  of  
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l a t i t u d e  a t  s e l e c t e d  days f o r  p r o f i l e s  
a 0 ( a )  H,  (b)  LH, and ( c )  T .  A l l  p r o f i l e s  
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that t h e  temperature maximum appears  a t  t h e  pole.  I n  f a c t ,  a t  day 17, 

0 
t h e  warming appears  t o  begin a t  about 65 . For p r o f i l e  T ,  t h e  grad ien t  

of temperature does r eve r se  near  t h e  pole  between days 17 and 21, but  

it is  always only s l i g h t l y  pos i t i ve .  Furthermore, a f t e r  day 21, t h e  

temperature f a l l s  a t  t h e  pole; so t h e  negat ive  temperature grad ien t  is  

re-establ ished.  

F ina l ly ,  we b r i e f l y  d i scuss  how w e l l  t h e  model SSW compares with 

observed warnings. It i s  important t o  bear  i n  mind that only one wave 

i s  allowed i n  t h e  model, whereas both wavenumbers one and two a r e  ob- 

served t o  play an  important r o l e  i n  t h e  real (atmospheric) SSW. This  

i s  seen i n  Kanzawa (1980, Figure 5) where, a s  t h e  mean zonal wind be- 

comes e a s t e r l y ,  t h e  amplitude of wavenumber one f a l l s  and a t  t h e  same 

time wavenumber two amplitude increases .  J .P.  Koermer ( p r i v a t e  cornmuni- 

ca t ion)  has a l s o  repor ted  that t h e  sudden r e v e r s a l  of mean zonal wind 

tends t o  occur when t h e  amplitudes of wavenumbers one and two are de- 

creasing and increas ing ,  respec t ive ly .  Whilst  wavenumber two has not  

been observed t o  be capable of producing a major warming by i t s e l f ,  it 

o f t en  p lays  a n  important r o l e .  

' The warming a t  t h e  pole  a t  26.25 km f o r  wind model H is cons i s t en t  

with-observat ions,  although more dramatic temperature increases  have 

been observed (Schoeberl, 1978 : Table 1) . The concomitant warming/ 

cooling p a t t e r n  away from polar  reg ions  and i n  t h e  mesosphere 

(c f .  Figure 15) has a l s o  been observed. McInturff (1978) has  noted t h a t  

t h e  region of maximum warming can occur i n  t h e  upper s t r a to sphe re ,  

r a t h e r  t h a t  t h e  lower s t ra tosphere .  I n  some cases ,  t h e  warming is  seen 

t o  begin i n  mid-lat i tudes and migrate  poleward. Holton (1976) showed 



t 

t h i s  t o  be  a c h a r a c t e r i s t i c  of wavenumber two, i n d i c a t i n g  t h e  need f o r  

bo th  waves i n  t h e  model. However, we noted a similar warming beginning 

0 a t  65 and moving poleward f o r  wavenumber one  w i t h  t h e  LH wind p r o f i l e .  

The warming h a s  a l s o  been observed t o  propagate  downward, but t h i s  may 

be due t o  a m i s i n t e r p r e t a t i o n  of t h e  d a t a .  The apparen t  downward pro- 

paga t ion  may be  a r e s u l t  of t h e  westward p ropaga t ion  of a thermal  wave, 

which t i l ts  westward wi tb  i n c r e a s i n g  h e i g h t  (McInturff ,  1978). 

For t h e  warming s t u d i e d  by Kanzawa (1980),  e a s t e r l i e s  appeared 

0 
a lmost  s imul taneously  a t  72 and 52' i n  t h e  upper s t r a t o s p h e r e  and then  

appeared t o  p ropaga te  bo th  down and up. I n  t h e  warming w i t h  wind model 

H, we a l s o  noted t h e  sp read ing  up and down of t h e  z e r o  wind l i n e .  

The review of McInturff  (1978) i n d i c a t e s  t h a t  t h e  SSW does  n o t  

f o l l o w  one set p a t t e r n ;  many v a r i a t i o n s  are p o s s i b l e  regard ing  t h e  loca-  

t i o n  of maximum warming and where t h e  e a s t e r l i e s  f i r s t  appear .  There 

are a l s o ,  of course ,  major and minor warmings. A major warming i s  de- 

f i n e d  t o  be  one i n  which ( a )  t h e  l a t i t u d i n a l  g r a d i e n t  of t h e  z o n a l l y  

averaged t empera tu re  and (b) t h e  zona l  wind r e v e r s e  below 10 mb ( c .  35 km) 

a t  h i g h  l a t i t u d e s .  Often,  t empera tu re  g r a d i e n t  r e v e r s a l s  a r e  seen  but  

wi thout  a c i r c u l a t i o n  r e v e r s a l .  T h i s  i s  e s p e c i a l l y  t r u e  i n  t h e  sou thern  

1 hemisphere. 

The warming of model H c l e a r l y  f i t s  i n t o  t h e  ca tegory  of a major 

SSW. I n  model LH, t h e r e  was indeed a warming, bu t  no c i r c u l a t i o n  rever -  
I 

s a l ,  w h i l s t  f o r  model T ,  t h e  l a t i t u d i n a l  g r a d i e n t  of zona l  mean tempera- 

t u r e  b a r e l y  changed s i g n  and,  a l t h o u g h  e a s t e r l i e s  d i d  appear  a t  h igh  

l a t i t u d e s ,  by no means can  we say t h a t  t h e  p o l a r  n i g h t  jet  broke down 

e n t i r e l y .  It may be  claimed t h e r e f o r e  that by u s i n g  d i f f e r e n t  i n i t i a l  



wind p r o f i l e s ,  we have succeeded i n  reproducing major and minor warmings 

(within t h e  l i m i t a t i o n s  of t h e  model). 

Warnings a r e  not  observed t o  occur i n  i s o l a t i o n .  Kanzawa (1980) 

s tudied  a  p a i r  of warmings, separated by about two weeks. H e  noted t h a t  

spectacular  major warmings a r e  always preceded by smaller major o r  

minor warmings. It appears  that t h e  f i r s t  of t h e  two warmings produces 

condi t ions  more favourable  f o r  t h e  second, l a r g e r  warming. For example, 

h i s  Figures  4 and 5(a)  show t h a t  t h e  f i r s t  warming produced e a s t e r l i e s  

in t h e  high l a t i t u d e  mesosphere, but  d id  not  cause a  c i r c u l a t i o n  break- 

down. It d id  however l eave  an  a rea  of weak w e s t e r l i e s  i n  mid-lat i tudes,  

and weak l a t i t u d i n a l  shears  t o  t h e  no r th  and south, where t h e  c i r c u l a t i o n  

r eve r sa l  assoc ia ted  with t h e  second warming began. The s e n s i t i v i t y  

s tud ie s  i n  t h i s  s ec t ion  g ive  a n  ind ica t ion  of t h e  importance of t h i s  

mechanism, whereby one event can make condi t ions  f o r  a  major warming 

more favourable.  It was noted that f o r  wind p r o f i l e  T, t h e  weak west- 

e r l i e s  i n  t h e  mid-lat i tude lower s t r a to sphe re ,  combined with- the d i s -  

t r i b u t i o n  of r e f r a c t i v e  index, allowed t h e  mean zonal winds t o  r eve r se  

t h e r e  a f t e r  only 13 days. The f a c t  t h a t  warming events  appear t o  be 

separated i n  t ime by about two weeks suggests  t h e  importance of t r ave l -  

l i n g  planetary-scale  waves i n  t h e  s t r a to sphe re ,  which i n t e r f e r e  construc- 

I t i v e l y  and d e s t r u c t i v e l y  with t h e  orographica l ly  forced, s t a t i o n a r y  

1 waves t o  produce f l u c t u a t i o n s  i n  mean zonal wind and temperature. These 

f l u c t u a t i o n s  may make t h e  atmosphere more suscep t ib l e  t o  t theinf luence 

of a  p a r t i c u l a r l y  l a r g e  amplitude wave, propagating up from t h e  tropo- 

sphere . 



The warmings should t h e r e f o r e  n o t ,  i n  g e n e r a l ,  be  t r e a t e d  i n  

i s o l a t i o n  bu t  a s  one (perhaps  t h e  f i n a l  one) i n  a  series of e v e n t s  

r : throughout t h e  w i n t e r  s t r a t o s p h e r e .  The model used h e r e  is on ly  a mech- 

a n i s t i c  one, des igned t o  i n v e s t i g a t e  a  p a r t i c u l a r  s c e n a r i o ,  bu t  it 

. , might be  of i n t e r e s t  t o  see whether o r  n o t  a  similar sequence of e v e n t s  
d - 

. ; cou ld  b e  repro&ced,. . Neverth,cless, t h e  s e n s i t i v i t y  t o  t h e  b a s i c  s t a t e  

p r o f i l e s  p rov ides  a n  i n t e r e s t i n g  i n s i g h t  i n t o  t h e  d i f f e r i n g  behaviour of 

a tmospher ic  SSW's. The d i s t r i b u t i o n  of b a s i c  s t a t e  zona l  wind and t h u s  

, , ,  , of r e f r a c t i v e  index i s  obv ious ly  of key importance t o  t h e  SSW. I t  i s  

a l s o  seen t h a t  t h e  d i s t r i b u t i o n  of 3 6 / 3 0 ,  and - F ( o r  P&) a r e  good 

d i a g n o s t i c  gu ides  t o  what w e  can expect  t o  happen i n  t h e  atmosphere,  

g iven  a l a r g e  wave f o r c i n g  from below. 

3.2 S e n s i t i v i t y  t o  ampl i tude of f o r c i n g  f u n c t i o n  
- r' ,- , 

I n  t h e  r u n s  r e p o r t e d  i n  S e c t i o n  3 . 1 ,  we used a  f o r c i n g  ampl i tude 

of 300 m. Although o t h e r s  have r e p o r t e d  on t h e  s e n s i t i v i t y  of t h e  

r e s u l t s  t o  t h e  f o r c i n g  ampl i tude  (Matsuno, 1971; s e e  a l s o  Holton and 

Mass, 1976), we do so h e r e  f o r  t h e  fo l lowing  reason.  S ince  we a r e  going 

t o  u s e  t h e  model w i t h  a long wave p ropaga t ing  up from below s u b j e c t  t o  

h i g h - a l t i t u d e  f o r c i n g ,  we do n o t  wish our  r e s u l t s  t o  be  cons t rued  a s  

a n  examination of t h e  e f f e c t  of geomagnetic a c t i v i t y  on t h e  SSW. It is 
7 . 7 .  0 

necessa ry  t o  f i n d  a  f o r c i n g  ampl i tude,  which w i l l  n o t  l e a d  t o  t h e  rela- 

t i v e l y  c a t a s t r o p h i c  changes noted i n  t h e  p rev ious  s e c t i o n .  It a l s o  
I 

! ,  ' '>' 

a f f o r d s  u s  a n  o p p o r t u n i t y  t o  examine t h e  importance of t h e  wave-mean 

f low i n t e r a c t  i o n  mechanism t o  t h e  development of t h e  wave. 

I n  F igure  1.7 w e  show t h e  temporal  development of wavenumber one 

0 
g e o p o t e n t i a l  ampl i tude a t  60 , when i n t e r a c t i o n  i s  suppressed,  w i t h  
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F i g u r e  17 Time-height development of wavenumber 1 g e o p o t e n t i a l  
ampl i tude  a t  60' f o r  100 m, 200 m, and 300 m f o r c i n g .  
Wave-mean f l o w  i n t e r a c t  i o n  i s  suppressed.  



f o r c i n g  ampl i tudes  of 100 m,  200 m ,  and 300 m. Unless  o t h e r w i s e  s t a t e d ,  

t h e  experiments r e p o r t e d  h e r e  a r e  w i t h  wind p r o f i l e  H. The response  

appears  t o  be l i n e a r ,  a s  i t  should be,  w i t h  t h e  response  t o  a 300 m 

f o r c i n g  ( a p p l i e d  throughout t h e  pe r iod)  t h r e e  times a s  b i g  as t h e  res- 

ponse t o  a 100 m f o r c i n g .  A f t e r  t h e  o n s e t  of f o r c i n g ,  t h e  atmosphere 

appears  t o  s e t t l e  i n t o  a quasi -s teady s t a t e ,  a l though  a gradua l  l o s s  of 

energy i s  noted.  We n o t e  a l s o  t h e  quas i -pe r iod ic  o s c i l l a t i o n s  i n  a l l  

t h r e e  c a s e s ,  a l s o  decaying i n  ampl i tude wi th  t ime. The per iod of t h e  

o s c i l l a t i o n s  i s  about  15 days  i n  a l l  c a s e s .  Schoeber l  and S t r o b e l  (1980) 

noted a s i m i l a r  o s c i l l a t i o n  i n  t h e i r  quasi -geost rophic  model of t h e  SSW 

and a t t r i b u t e d  i t  t o  a  t r a v e l l i n g  f r e e  mode of t h e  model, e x c i t e d  by t h e  

lower boundary f o r c i n g .  The t r a v e l l i n g  mode p e r i o d i c a l l y  r e i n f o r c e s  

and reduces  t h e  s t a n d i n g  wave ampl i tude  t o  produce t h e  o s c i l l a t i o n s .  

These numerical  o s c i l l a t i o n s  a g r e e  w e l l  w i t h  o b s e r v a t i o n s  of o s c i l l a t i o n s  

i n  p l a n e t a r y  wave ampl i tude  i n  t h e  s t r a t o s p h e r e  w i t h  a  pe r iod  of about 

two weeks (Hi ro ta ,  1968).  Madden (1978) argued t h a t  t h e  o s c i l l a t i o n s  

were due t o  a combination of t h e  q u a s i - s t a t i o n a r y  wave and a westward 

p ropaga t ing  f r e e  mode w i t h  a per iod  of 16 days ,  r a t h e r  t h a n  a quasi -  

p e r i o d i c  f o r c i n g .  

I n  F igure  18, we show t h e  same wave development but  now t h e  wave 
3 

is al lowed t o  i n t e r a c t  w i t h  t h e  b a s i c  s t a t e  f low. The alkrt  r e a d e r  

w i l l  n o t i c e  t h a t  t h e  d i s t r i b u t i o n s  i n  F igure  7 (a )  and 18 (300 m) a r e  

no t  q u i t e  t h e  same, i n  t h a t  a l a r g e r  ampl i tude  i s  ev iden t  between days 

20 and 25 i n  F igure  18. T h i s  i s  due e n t i r e l y  t o  t h e  f a c t  t h a t  i n  t h e  

computer runs ,  fromwhich F i g u r e  7 was c o n s t r u c t e d ,  we used a n  e a r l i e r  

v e r s i o n  of t h e  model w i t h  t h e  c o e f f i c i e n t  of Rayleigh f r i c t i o n  given by: 

a = exp ( ( r  - 90 100)/15 km) . s - l .  
R 
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Figure 18 As Figure 17 but now wave-mean flow i n t e r a c t i o n  

is allowed. 



Between 30 and 70 km, t h e  damping r a t e  due t o  t h i s  fo rmula t ion  i s  l a r g e r  

than  t h a t  shown i n  F i g u r e  3 ;  so i t  i s  r e a s o n a b l e  that smal le r  wave ampli- 

t u d e s  develop.  S i n c e  t h e  o b j e c t  of S e c t i o n  3.1 w a s  a comparison between 

d i f f e r e n t  wind p r o f i l e s ,  and due t o  f i n a n c i a l  c o n s i d e r a t i o n s ,  i t  w a s  

deemed unnecessary  t o  r e p e a t  t h e  exper iments  of that s e c t i o n  w i t h  t h e  

newer fo rmula t ion  of a The d i f f e r e n c e s  do however i n d i c a t e  a  s e n s i -  
R' 

t i v i t y  t o  t h e  p a r a m e t e r i z a t i o n  of mechanical  d i s s i p a t i o n  i n  t h e  model. 

W e  a l s o  n o t e  t h a t  t h e  damping r a t e  due t o  t h e  above fo rmula t ion  i s  Eas te r  

than  that g iven  by Hol ton ' s  (1976)  equa t ion  f o r  a T h i s  t h e r e f o r e  ex- 
R' 

p l a i n s  why, when w e  u s e  t h e  same f o r c i n g  f u n c t i o n  a s  Holton (1975), we 

s t i l l  g e t  smal le r  wave ampl i tudes  t h a n  he  d i d .  

For bo th  t h e  200 m and 300 m f o r c i n g s ,  t h e  wave i n i t i a l l y  a m p l i f i e s  

and t h e n  decays,  as e a s t e r l y  winds appear .  The quasi-bi-weekly o s c i l -  

l a t i o n  is  a g a i n  apparen t  i n  a l l  t h r e e  cases, bu t  f o r  a 300 m f o r c i n g ,  

easterlies appear  sooner t h a n  f o r  t h e  200 m f o r c i n g  c a s e .  A s  F igures  

5(a)  and 6 (a )  showed, by day 25 t h e  h i g h  l a t i t u d e  c i r c u l a t i o n  has 

r e v e r s e d  w i t h  a 300 m f o r c i n g ,  but  f o r  t h e  200 m c a s e  t h i s  does  n o t  

happen u n t i l  between 30 and 40 days.  Hence, t h e  wave ampl i tude i s  al- 

lowed t o  b u i l d  up i n  t h e  200 m case ;  t h e  maximum i s  over  1200 m w h i l s t  

f o r  t h e  300 m f o r c i n g  t h e  maximum i s  o n l y  about  1000 m. 

For t h e  100 m f o r c i n g  a  d i f f e r e n t  p i c t u r e  emerges. Maximum am- / 
p l i t u d e s  of n e a r l y  1200 m do n o t  occur  u n t i l  day 65. S i n c e  t h e  f o r c i n g  

is  weaker and i n  a  sense  t h e r e f o r e  is  less sudden (inasmuch a,s  a Q 1 / a t  

a t  t h e  boundary i s  s m a l l e s t  f o r  a 100 m f o r c i n g ) ,  t h e  b a s i c  s t a t e  z c n a l  

wind p r o f i l e  changes l i t t l e  i n  t h i s  time. Even a f t e r  100 days ,  t h e r e  

h a s  been no sudden warming; t h e  p o l a r  n i g h t  jet maximum h a s  a c t u a l l y  



moved poleward, wh i l s t  weakening a l i t t l e .  A t  100 days, t h e  maximum 

wind of 47 ms-' occurs  a t  70' and 47.5 km. 

I n  Figure 19,  we show f o r  100 m, 200 m and 300 m forc ing;  ( i )  t h e  

temporal development of t h e  5 f i e l d  a s  a func t ion  of l a t i t u d e  a t  35 km, 

0 
and ( i i )  t h e  development of t h e  u f i e l d  as a func t ion  of height  a t  60 . 
We choose 35 km, s i nce  i t  roughly corresponds t o  t h e  30 mb l e v e l ,  t h e  

l e v e l  t o  which a c i r c u l a t i o n  r e v e r s a l  must extend f o r  a major SSW. For 

t h e  100 m wave, winds weaken a t  low l a t i t u d e s  and s t rengthen  a t  high 

l a t i t u d e s  a t  35 km (Figure 19 ( a , i ) )  , having f i r s t  weakened t h e r e  a 

l i t t le .  However, a t  no time i s  t h e  p r o f i l e  much changed from t h e  or ig-  

0 
i n a l .  E a s t e r l i e s  appear b r i e f l y  a t  30 a f t e r  50 days. A t  60' (Figure 

1 9 ( a , i i ) )  a f t e r  100 days t h e  3 f i e l d  i s  e s s e n t i a l l y  unchanged from i t s  

i n i t i a l  form. For t h e  200 m wave a t  35 km (Figure 19 (b , i ) )  e a s t e r l i e s  

appear f i r s t  a t  mid-lat i tudes a f t e r  30 days, then spread poleward. A s  

t h e  wave amplitude decays, t h e  wind p r o f i l e  r e l axes  back t o  weak w e s t -  

e r l i e s  a t  a l l  but  high l a t i t u d e s  a t  35 km. The r e l axa t ion  i s  brought 

about by Newtonian cool ing,  re lax ing  t h e  bas i c  s t a t e  temperature p r o f i l e  

t o  i t s  i n i t i a l  s t a t e .  Note t h a t  a s  w e s t e r l i e s  r e - a s se r t  themselves, 

wave amplitude begins t o  increase  again.  A t  60° (Figure 1 9 ( b , i i ) ) ,  w e  

s ee  r ap id  dece l e ra t ion  a s  t h e  zonal wind becomes eas t e r ly .  The same 

sequence of events  occurs  f o r  t h e  300 m forc ing ,  except that t h e  decel- 

e r a t i o n  occurs  sooner a f t e r  t h e  onset  of forc ing  than f o r  the200 mwave. 

0 
The e a s t e r l i e s  appear almost simultaneously between 60 and t h e  pole  

(Figure 19(c,  i ) )  . A t  60' (Figure 19(c,  i i ) )  , t h e  wind r e v e r s a l  never 

occupies t h e  whole atmosphere, but  winds a r e  e a s t e r l y  throughout t h e  

0 
atmosphere poleward of 60 . After  100 days, t h e r e  i s  s t i l l  a t h i n  
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Figure 19 For (a )  100 m y  (b) 200 m y  and (c )  300 m forc ing  
ampli tudes,  we show: ( i )  - t h e  development of t h e  
mean zonal  wind f i e l d ,  u ,  a t  35 km a s  a  func t ion  
of l a t i t u d e b  and ( i i )  t h e  development of t h e  ; 
f i e l d  a t  60 a s  a  func t ion  of he ight .  Uni t s  a r e  
m / s ,  and s t i p p l e d  a r e a s  denote r eg ions  of e a s t e r l y  

' winds. 



band of e a s t e r l i e s  from p o l e  t o  equator  j u s t  below 35 km, which cont inues  
I 

0 

I t o  block v e r t i c a l  wave propagat ion.  In s t ead ,  a t  60 , w e  s ee  t h e  redevel-  

I 
I opment of wave ampli tude a f t e r  70 days below t h i s  l e v e l ,  confined by t h e  

1 zero wind l i n e .  

I n  most of t h e  solar-weather experiments repor ted  i n  Chapter 4 ,  we 

i shall use  t h e  LH wind p r o f i l e ,  s i n c e  our upper boundary w i l l  be a t  150 km 

and s i n c e  Hol ton ' s  wind d a t a  extend only  t o  90 lan. We have run  experi-  
I 
I ments, w i th  t h e  LH wind p r o f i l e  t o  150 lan, s i m i l a r  t o  t hose  d iscussed  
I 

above; v i z ,  f o r c i n g s  of 100 m y  200 m,  and 300 m t o  100 days. The r e s u l t s  

fol low along s i m i l a r  l i n e s  t o  t hose  f o r  p r o f i l e  H,  and we have not  shown 

them here.  For a  100 m fo rc ing ,  wave ampli tudes never exceed 300 m and 

t h e  bas i c  s t a t e  wind p r o f i l e  remains almost completely untouched, even 

a f t e r  100 days. For a  200 m fo rc ing ,  t h e  wave ampli tude reaches  550 m 

between 10 and 20 days, d e c l i n e s  and then  inc reases  aga in  t o  a  maximum 

- 
of about 850 m a f t e r  50 days, dec l in ing  t h e r e a f t e r .  Af t e r  50 days, u  

0 becomes nega t ive  a t  60 i n  t h e  lower s t r a to sphe re ,  but  d e c l i n e s  only  

slowly a t  a l l  he igh t s  before  t h i s .  For a 300 m fo rc ing ,  t h e  wave ampli- 

tude inc reases  t o  over 800m a f t e r  20 days, and then  dec l ines .  A similar 

change i n  t h e  ; p r o f i l e  a t  60' is  noted a s  f o r  t h e  200 m fo rc ing ,  except 

t h a t  low-level e a s t e r l i e s  f i r s t  appear a f t e r  25 days. We aga in  n o t e  a  

quasi-bi-weekly p e r i o d i c i t y  i n  t h e  f i e l d s .  

Since t h e  300 m wave develops l a r g e  ampli tudes without c r e a t i n g  

l a r g e  mean zonal wind changes before  25 days, we w i l l  u se  a  fo rc ing  

ampli tude of 300 m i n  t h e  solar-weather experiments,  un le s s  o therwise  

s t a t e d .  The 25 day t ime span w i l l  be ample f o r  t h e  problem discussed 

i n  Chapter 4 -  



3.3 S e n s i t i v i t y  t o  s t a t i c  s t a b i l i t y  parameter 

I n  Sec t ion  2.1,  we mentioned t h a t  t h e  s t a t i c  s t a b i l i t y  parameter,  

N ~ ,  i s  a cons tan t  i n  t h e  model. This  fo l lows  from an  a n a l y s i s  of t h e  

ene rge t i c s  of t h e  governing equat ions  i n  Holton (1975, p. 33).  Holton 

def ined  k i n e t i c  energy a s :  

where u i s  t h e  t o t a l  zonal  wind ( = u+ u ' )  and v = + v ' .  Holton (1975) 

then def ined  a v a i l a b l e  p o t e n t i a l  energy energy a s :  

- . . 
where aga in  cP = @ + @'. Now, i n  t h e  absense of d i a b a t i c  terms and 

boundary f l u x e s  of energy, t h e  equat ion  

is  only  t r u e  i f  N~ = cons tan t .  Otherwise, t h e r e  is  a r e s i d u a l  term i n  

(3.25). Note t h a t  by v i r t u e  of s epa ra t ing  t h e  geopo ten t i a l  f i e l d  i n t o  

- 
two p a r t s ,  @ and @( = @ + a ' ) ,  w e  had a l r e a d y  cons t ra ined  N' t o  be  a t  

0 

most a func t ion  of he igh t  only.  I n  o rde r  t o  d e f i n e  A, Holton made an  

approximation i n  t h e  thermodynamic equat ion,  neg lec t ing  t h e  quan t i t y  

wT a s  compared t o  wTo (To i s  r e l a t e d  t o  @ ) .  Stevens (1981, unpublished 
0 

manuscript) has  shown however, t h a t  t h i s  approximate system does no t  

conserve t o t a l  energy, P + K ,  where P = t o t a l  p o t e n t i a l  energy. 



Summarising, i t  i s  t h e  s p l i t t i n g  off  of t h e  Q, f i e l d  which de ter -  
0 

mines t h a t  N~ be a  func t ion  of height  only. With t h e  approximate 

thermodynamic equation, t h e  quant i ty  A can be defined,  but i n  order  t o  

s a t i s f y  ( 3 . 2 5 ) ,  N2 must now be cons tan t .  I n  add i t i on  now, t o t a l  energy 

is not  co-nserved, which would seem t o  be an important requirement f o r  

the model. 

Since N 2  is  c e r t a i n l y  not  cons tan t  i n  t h e  r e a l  atmosphere and s ince  

t h e  quant i ty  a q / a @  i s  a  func t ion  of N 2 ,  a s  wel l  a s  u ,  it is  of i n t e r e s t  
A- ~ 

t o  see  whether t h e  SSW r e s u l t s  a r e  a t  a l l  a f f ec t ed  by t h e  inc lus i an  

of a  height-dependent N2 .  The SSW experiment of Sec t ion  3.1 with wind 

p r o f i l e  H and a  300 m forc ing  i s  t h e r e f o r e  repeated but  with N2 de te r -  

mined from t h e  U. S  . Standard Atmosphere (1976) d i s t r i b u t i o n  of tempera- 

Cure. I n  Figure 20 we show t h e  r e s u l t i n g  d i s t r i b u t i o n  of N2 wi th  

-4 -2 neight,  which should be compared with t h e  cons tan t  va lue  of 4 x 10 s 

assumed before.  The d i s t r i b u t i o n  i s  determined by (2.5) and To i s  

shown i n  Figure 1. We have not  shown t h e  r e s u l t s ,  s i nce  t h e  development 

of t h e  SSW i s  very s imi l a r  t o  t h e  case  when N2 i s  constant .  However, 

we no te  t h e  following: (a)  t h e  warming i s  re ta rded ,  t h e  u p r o f i l e  a t  

25 days with N2  v a r i a b l e  being about t h e  same a s  t h a t  a t  19 days with 

N2 constant ;  (b) t h e  wave does not  a t t a i n  a s  l a r g e  an amplitude a s  when 

N' i s  cons tan t ,  t h e  maximum value  being 900 m, compared t o  over 1000 m 

(Figure 7 (a)  ) . 
Despite t h e  r a d i c a l  depar ture  of N~ from i t s  usua l ly  assumed value 

- 2 ~f  4 x s , t h e  two d i s t r i b u t i o n s o h  a q / a 0  d i f f e r  l i t t l e .  It is  

in te res t j -ng  t h a t  Schoeberl and Strobe1 (1980), i n  a s imi l a r  comparison 

between t h e  SSW wi th  constant  and v a r i a b l e  s t a t i c  s t a b i l i t y ,  found that 

va r i ab l e  N2 allowed t h e  warming t o  proceed f a s t e r  (by 4-5 days). 



STATIC STABILITY x 10- ' s 

Fj-gure 20 D i s t r i b u t i o n  of s t a t i c  s t a b i l i t y ,  
N~ x s e 2 ,  from t h e  U.S. Standard 
Atmosphere (1976) .  Dashed l i n e  shows 
t h e  c o n s t a n t  v a l u e  of 4 x s-2 
adopted i n  o t h e r  c a l c u l a t i o n s .  I 



4.  THE SOLAR-WEATHER PROBLEM 

We tu rn  now t o  t h e  quest ion of whether o r  not  enhanced geomagnetic 

a c t i v i t y  (EGMA) can inf luence  long wave s t r u c t u r e ,  and i f  so,  can we 

no t i ce  any e f f e c t s  i n  t h e  lower s t r a to sphe re  o r  troposphere? A s  men- 

t ioned i n  t h e  Introduct ion,  we w i l l  impose a d i a b a t i c  heat ing i n  t h e  

upper l e v e l s  of t h e  model, Hines' (1974) suggestion was t h a t  a  s o l a r  

d i s turbance  might in f luence  t h e  r e f l e c t i o n  o r  absorp t ion  of p lane tary  

r 
waves i n  t h e  upper atmosphere, We w i l l  i n t e r p r e t  t h i s  i n  terms of 

whether o r  no t  s o l a r  a c t i v i t y  can a l t e r  t h e  r e f r a c t i v e  index of t h e  

1 basic  s t a t e  atmosphere ( i . e . ,  a q / a @  introduced i n  Chapter 3 ) .  Since 
I 

t he  value of N~ cannot change i n  t h e  model, we a r e  t he re fo re  asking 

whether o r  ,not s o l a r  a c t i v i t y  can a l t e r  t h e  bas i c  s t a t e  wind p r o f i l e .  

"1 
I I f  such a c)hange can be brought about,  we then a sk  whether o r  not  t h e  ' s t r u c t u r e  of planetary-scale  waves i n  t h e  lower atmosphere responds t o  

1 t h e  s o l a r  a c t i v i t y .  

1 I It should be mentioned from t h e  o u t s e t  t h a t  we have no hope of 
I 

1 explaining apparent lower atmospheric responses t o  s o l a r  a c t i v i t y  

which occur wi th in  hours o r  even one o r  two days of t h e  s o l a r  event.  

The v e r t i c a l  group v e l o c i t y  of t h e  forced,  s t a t i o n a r y  waves, with which 

we a r e  deal ing,  Ls of t h e  order  of 6 lan per day ( ~ h a r n e y ,  1949; Kanzawa, 

1980). Thus it would t ake  on t h e  order  of two weeks f o r  an inf luence  

t o  propagate from t h e  100 km l e v e l  t o  t h e  surface.  The quest ion of 

s e n s i t i v i t y  of t ropospher ica l ly  forced d is turbances  t o  upper atmospheric 

parameters i s  s t i l l ,  however, of general  i n t e r e s t .  



4.1 Some remarks on t h e  model 

The parameter ized phys ics  i n  t h e  p r i m i t i v e  equa t ions  of meteorology 
1 1  

must be modified t o  be a p p l i c a b l e  i n  t h e  thermosphere. Spec:Lfically,  

t h e  e f f e c t s  of i o n  d rag  and v i s c o u s  d i s s i p a t i o n  should be included i n  

t h e  thermodynamic equat ion.  Ion d rag  r e s u l t s  from t h e  c o l l i s i o n  of 

n e u t r a l  g a s  p a r t i c l e s  w i t h  charged p a r t i c l e s  and i s  a maximum dur ing  

t h e  day,  when i o n i z a t i o n  i s  a t  i t s  peak. The p a r a m e t e r i z a t i o n  of ion 

d rag  used by Dickinson e t  a l .  (1975) i n d i c a t e s  that one  component of 

ion  d rag  maximizes between 300 km and 400 km and is  O(10 - 100) smal le r  

below 150 km, w i t h  a c h a r a c t e r i s t i c  damping time of 1-4 days.  A second 

component of ion  d rag  maximizes a t  150 km, having a damping t ime of 

about one  day. However, t h i s  term, A is  incorpora ted  through t h e  
XY' 

term (f - h ) (u ,v )  and s i n c e  f  exceeds A by a f a c t o r  g r e a t e r  than  
*Y x  Y 

10, we f e e l  j u s t i f i e d  i n  o m i t t i n g  ion  d rag  up t o  150 km, which w i l l  be 

t h e  upper boundary i n  t h e s e  c a l c u l a t i o n s .  

8 , 1 Below t h e  turbopause ,  a t  which l e v e l  (c .  110 km) t u r b u l e n c e  d i e s  

away, eddy p r o c e s s e s  dominate molecular  p rocesses  i n  d i f f u s i n g  hea t  

and momentum. The c o e f f i c i e n t  of molecular  v i s c o s i t y  grows r a p i d l y  w i t h  

he igh t  above 110 km, t o  t h e  e x t e n t  t h a t  above c .  300 km, l a r g e  horizon- 

t a l  and v e r t i c a l  s h e a r s  cannot develop.  The fo rmula t ion  of molecular  

v i s c o s i t y  impl ies  that i t  w i l l  e f f i c i e n t l y  smooth o u t  small- .scale 

v a r i a t i o n s  i n  wind. The l i n e a r  d rag  term used i n  t h e  model should ,  i n  

p r i n c i p l e ,  be  rep laced  by molecular  v i s c o s i t y  above t h e  turbopause .  

However, we r e t a i n  it up t o  t h e  150 km l e v e l ,  s i n c e  we do no t  in tend  t o  

a c c u r a t e l y  model t h e  thermosphere;  t h e  r e g i o n  above t h e  so l  ar-induced 

f o r c i n g  w i l l  simply a c t  as a sponge t o  prevent  f a l s e  ref1ect: ions a t  rhe  

I 



up.)er boundary from ru in ing  rhe  so lu t ion .  Furthermore, a t y p i c a l  t ime 

sc411e assoc ia ted  wi th  t h i s  d i s s i p a t i o n  mechanism does not  decrease 

d r a m a t i c a l l y  between 110 km and 150 km. 

Molecular heat  conduction a l s o  becomes important above t h e  turbo- 

pailse. Above about 150 km, t h e  thermal s t r u c t u r e  is  determined by a 

bal-ancc of heat ing by absorp t ion  of extreme u l t r a v i o l e t  r a d i a t i o n  (EW) 

an(i downward heat  conduction. I n  t h e  lower thermosphere, however, t h e  

im ~ o r t a n c e  of var ious  terms i n  t h e  thermodynamic equation has not  been 

fu!ly resolved. In f r a red  cool ing becomes small  above 110 km, but  we 

r e t a i n  it up t o  150 km f o r  t h e  same reasons a s  above. We have the re fo re  

unclerestimated t h e  thermal damping r a t e  i n  t h e  upper l a y e r s  of t h e  model 

at~llosphere. It should be  pointed out  that t h e  Newtonian cool ing approxi- 

ma1:ion is not  good above c .  75 Ism, where l o c a l  thermodynamic equi l ibr ium 

br~zaks down. 

We remark a t  t h i s  junc ture ,  t h a t  t h e  study i s  aimed a t  gauging t h e  

ser s i t i v i t y  of planetary-scale  Rossby waves, t o  modulations a t  high 

l e v e l s .  Phys ica l ly ,  it seems reasonable that t h e  longer  t h e  upper l e v e l  

f i e l d  o f ,  say, a q / a @  i s  a l t e r e d ,  t h e  g r e a t e r  t h e  chance of changing t h e  

loher- level  wave s t ruc tu re .  The dura t ion  of t h e  upper-level changes 

depend upon (a )  t h e  amplitude of fo rc ing  ( i n  t h e  context  of t h e  model), 

(b) t h e  du ra t ionof  such forc ing ,  and (c )  t h e  na tu re  of t h e  d i s s i p a t i o n  

I 
mechanisms preva i l ing .  I f ,  t he re fo re ,  our thermal and mechanical d i s s i -  

pa t ion  r a t e s  a r e  too small and ye t  even with prolonged, i n t ense  upper- 

l e v e l  forc ing  we s t i l l  s e e  no l a r g e  changes i n  long-wave s t r u c t u r e ,  a 

more accu ra t e  r ep re sen ta t ion  of d i s s i p a t i o n  should not  a l t e r  t h e  bas ic  

outcome of our r e s u l t s .  I f ,  on t h e  o the r  hand, profound changes a t  

lower l e v e l s  a r e  noted, we must re-examine t h e  model's heat  and momentum 

diss ipa t , ion .  



G 
, The v a r i a b i l i t y  of winds a t  thermospher ic  l e v e l s  i s  such t h a t  i t  i s  

more d i f f i c u l t  t o  d e f i n e  a  seasona l  mean p r o f i l e  of zona l  wind than  i s  

i , t h e  c a s e  i n  t h e  lower atmosphere. Diurna l  and semi-diurnal  t i d a l  v a r i -  

. . a t i o n s  a r e  observed t o  be -important i n  t h e  thermosphere, a s  i n d i c a t e d  by 

Craig  (1965; Tables  8 .5  - 8 .7) .  The ampl i tude of t h e s e  o s c j l l a t i o n s  is  

of t h e  same o r d e r  a s  t h e  ampl i tude  of t h e  "mean" wind a t  t h j s  h e i g h t  

(92 km) and o b s e r v a t i o n s  i n d i c a t e  t h a t  t i d a l  o s c i l l a t i o n s  i r  c r e a s e  above 

t h i s  l e v e l .  The i n i t i a l  mean zona l  wind p r o f i l e  adopted i n j  t i a l l y  i n  

t h i s  s tudy  i s  t h e  LH p r o f i l e  in t roduced  i n  Chapter 3 .  Use c f  t h i s  scheme 

a l lows  u s  t o  c o n s t r u c t  a  wind p r o f i l e  up t o  150 km. Whils t  r ecognis ing  

t h e  problem of whether o r  n o t  a  "mean" zona l  wind p r o f i l e  hzs  any meaning 

i n  t h e  lower thermosphere ( o r  indeed above) , given t h e  gene1 a l ,  mechan- 

i s t i c  n a t u r e  of our  s tudy ,  it prov ides  a r e a s o n a b l e  s t a r t i n 6  p o i n t .  

4.2 The n a t u r e  of t h e  f o r c i n g  

The two forms of s o l a r  energy which d r i v e  t h e  the rmosp l~er ic  c i r c u -  

l a t  i o n  a r e  e lec t romagne t ic  r a d i a t i o n  and t h e  s o l a r  wind. ! ;o la r  

r a d i a t i o n  w i t h  wavelengths g r e a t e r  t h a n  200 nm p a s s e s  throu1;h t h e  

1 Y 
thermosphere t o  be  absorbed i n  t h e  lower atmosphere,  but  a t  s h o r t e r  

wavelengths,  EW r a d i a t i o n  i s  e f f e c t i v e l y  absorbed w i t h i n  t l le thermo- 

sphere .  A t  s o l s t i c e ,  t h i s  d r i v e s  a  d i r e c t  mer id iona l  c i r c u  . a t i o n  which 

, . invo lves  a s c e n t  a t  summer hemisphere h i g h  l a t i t u d e s ,  f low i l l to  t h e  

win te r  hemisphere and descen t  a t  h igh  l a t i t u d e s  i n  t h e  wintltx hemfsphere 

(Roble, 1977) . A t  equinox, t h e r e  i s  e q u a t o r i a l  a s c e n t ,  polatward flow 

. ,  A .  

' a n d d e s c e n t a t h i g h l a t i t u d e s o f b o t h h e m i s p h e r e s .  1 I 

The charged f low from t h e  sun,  t h e  s o l a r  wind, i n t e r a c z s  w i t h  t h e  

e a r t h ' s  magnetic f i e l d  t o  form t h e  magnetopause, a n  imper fe - t  s h i e l d  



a g a i n s t  t h e  s o l a r  wind. Some energy a s soc i a t ed  wi th  t h e  s o l a r  wind 

cont inu3usly e n t e r s  t h e  magnetosphere and i n t e r a c t s  w i th  t h e  upper atmo- 

sphere  to  produce aurorae ,  which a r e  t h e r e f o r e  always p re sen t  i n  some 

form. The magnetosphere a l s o  s t o r e s  energy from t h e  s o l a r  wind and 

p e r i o d i c a l l y  r e l e a s e s  it genera t ing  a n  a u r o r a l  substorm. These occur ,  

on average, f i v e  t o  s i x  t imes d a i l y .  F i n a l l y ,  an  event  such a s  a s o l a r  

f l a r e  can enhance t h e  s o l a r  wind and c r e a t e  a geomagnetic storm, which 

t y p i c a l l y  l a s t s  between one and f i v e  days. The storm does no t  involve 

a sus ta ined ,  cons t an t  i n f l u x  of energy, but  r a t h e r  an  increased  frequency 

and i n t e n s i t y  of a u r o r a l  substorms. 

Energy from t h e  s o l a r  wind i s  given t o  t h e  upper atmosphere by 

p a r t i c l e  p r e c i p i t a t i o n  and by t h e  d i s s i p a t i o n  of induced e l e c t r i c  cur- 

r e n t s .  The p a r t i c l e  p r e c i p i t a t i o n  g ives  r i s e  t o  t h e  f a m i l i a r  a u r o r a l  

d i s p l a j s  a t  h igh  l a t i t u d e s .  It occurs  p r imar i ly  w i th in  t h e  a u r o r a l  

ova l ,  a n  approximately c i r c u l a r  reg ion  of r a d i u s  c .  15' of l a t i t u d e ,  
I 

centrec on t h e  geomagnetic pole .  F igure  2 1  shows t h e  d i s t r i b u t i o n  of 
I 

t h e  a u r o r a l  ova l  i n  both hemispheres. The d i s s i p a t i o n  of e l e c t r i c  

current  s (such a s  t h e  a u r o r a l  e l e c t r o  j e t )  , and consequent hea t ing ,  i s  

a l s o  inpor t an t  i n  t h i s  region.  During geomagnetic storms, t h e  ova l  

expandr equatorward and thus  so does t h e  reg ion  of d i s s i p a t i v e  hea t ing .  

Tile d i s s i p a t i o n  of e l e c t r i c  c u r r e n t s ,  which produces J o u l e  hea t ing ,  

is  the' f o rc ing  mechanism which we u s e  i n  t h i s  study. Although a geomag- 

n e t i c  :;term can l a s t  f o r  s e v e r a l  days, t h e  amount of energy depos i t i on  

during t h i s  t ime i s  h ighly  v a r i a b l e  i n  t ime (and space) and thus  i n t e n s e  

heating; occurs  on much s h o r t e r  t ime s c a l e s .  We w i l l  approximate t h i s  

tempor:.lly v a r i a b l e  hea t ing  by a cons t an t  va lue ,  switched on and o f f  

with a time dependence given by: 
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where t and t are t h e  t imes a t  which forc ing  begins and ends. The 
B E 

f o r c i ~ ~ g  the re fo re  reaches e-l of i t s  maximum amplitude a f t e r  about 30 

minutc!~, (and decays over t h e  same time s c a l e ) .  The forc ing  is  l e f t  

on f  01. between two and f i v e  days. 

1:quat ion (2.41) shows t h e  s p a t i a l  d i s t r i bu t ion ,  of t h e  d i a b a t i c  

h e a t i ~ ~ g  func t ion  assumed. It maximizes a t  height  zp km and a t  l a t i t u d e  

0 0 -:ryF. 
F We choose BF t o  be  60 , i n  accordance wi th  t h e  equatorward 

expanfiion of t h e  a u r o r a l  ova l  during d is turbed  condit ions.  The sca l e ,  

over rrhich t h e  forc ing  decays, yE, is  determined from t h e  d i s t r i b u t i o n  

of au::oral frequency ( s e e  Figure 21). I n  a  f u l l  sphe r i ca l  model ( i . e . ,  

one w Lthout our severe,  s p e c t r a l  t runca t ion ) ,  w e  would perhaps want t o  

repre;ent  t h e  forc ing  i n  t h e  a u r o r a l  ova l  by a  double s e r i e s ,  involving 

spher i ca l  harmonics i n  t h e  m e r  i d iona l  d i r e c t  ion, and exponent ial  f  unc- 

t i o n s  ( s i n e s  and cosines)  i n  t h e  l a t i t u d i n a l  d i r e c t i o n .  I n  t h e  t runcated 

model, we t ake  t h e  forc ing  t o  be pro jec ted  onto wavenumber one and onto 

t h e  zlmally averaged flow ( s  = 0) , which g ives  maximum ne t  heat ing a t  

some Longitude, A ,  wi th no n e t  heat ing a t  A - + 180'. This  is  equivalent  
I 

t o  assuming t h a t  a t  a l l  longi tudes,  maximum heat ing occurs  a t  t h e  same 

I 
l a t i t  lde (0 ) , which is  obviously an approximation, but  f o r  t h e  purposes F 

I & I  ' 

of thLs study, it w i l l  s u f f i ce .  

::he g r e a t e s t  unknown i n  t h e  present  s tudy i s  t h e  amplitude of t h e  

forciitg.  There a r e  very few references  i n  t h e  l i t e r a t u r e  t o  a heat ing 

r a t e ,  i n  terms of degrees per day, assoc ia ted  wi th  Jou le  heat ing.  There 

a r e ,  Ilowever, quotes of energy depos i t ion  r a t e s  i n t o  t h e  thermosphere 

(or  pilrt of i t ) .  Cole (1962) der ived a heat ing r a t e  of erg cm -3s-1 



a t  150 km due t o  a moderate geomagnetic storm. Ching and Clliu (1973) 

-3 -1 a r r i v e d  a t  a r a t h e r  lower f i g u r e  of e rg  cm s , but  t h i s  a p p l i e s  

t o  hea t ing  averaged over a g r e a t e r  depth  of t h e  thermosphert! than con- 

s idered  by Cole. Banks (1977) found a va lue  f o r  d i s s ipa t iv t !  hea t ing  

from observa t ions  t o  be as l a r g e  a s  e rg  ssl a t  120 loo. 

According t o  Roble (1977) , t h e  energy input  t o  t h e  thermospllere during 

18 - 1 geomagnetically "quiet"  cond i t i ons  is  5 x 1017 t o  10 e rg  !; , and is  

t e n  t imes as l a r g e  dur ing  a geomagnetic storm. Refer r ing  back t o  

Table 1, W i l l i s '  (1976) e s t ima te  of t h e  energy a s soc i a t ed  w:ith a storm 

l a s t i n g  between two and t h r e e  hours ag rees  w i th  t h i s  f i g u r e  

I f  we t a k e  a v a l u e  of d i s s i p a t i v e  hea t ing  r a t e  a t  150 Ian t o  be 

-3 -1 
erg cm s , we a r r i v e  a t  a hea t ing  r a t e  o f :  I , .  

1 : l  

1 ! I  

1 .< 

(S . I .  u n i t s )  

< I 

Th is  i s  obviously a n  extremely l a r g e  hea t ing  r a t e  i f  it a p p l i e s  cont in-  

uously over  a per iod of s e v e r a l  days, and i s  more app l i cab l , ?  t o  hea t ing  

on a r e l a t i v e l y  s h o r t  t ime-scale (minutes r a t h e r  than days) . Although 

during a n  i n t e n s e  storm t h e  r a t e  of energy depos i t i on  may b?  a s  high a s  

- 1 
10'' e rg  s , averaged over  a ma t t e r  of days i t  is  smal le r .  

- 1 Consider W i l l i s '  e s t ima te  of lo1* erg  s , a c t i n g  over 104s.  We 

adopt t h i s  va lue  as being r e p r e s e n t a t i v e  over  two t o  f i v e  days, and 

n o t e  t h a t  it is  a f a c t o r  of 10 smaller  than t h e  peak va lue  quoted by 

Roble (1977). The r a t e  is  equiva len t  t o  t h e  depos i t i on  of 1015 J during 

t h e  time span. In s t ead ,  l e t  t h i s  energy be  deposi ted over  two days, 



9 so that t h e  hea t ing  r a t e  becomes 5.8 x 10 J s-I. Let t h i s  energy be 

deposited i n  a volume of t h e  atmosphere bounded by l a t i t u d e  c i r c l e s  55' 

and 65' around t h e  globe, and by t h e  l e v e l s  110 km and 130 km. The 

volume of t h i s  box i s  4.45 x 1017 m3. Taking t h e  dens i ty  a t  120 km, 

3.54 x kg m-3 t o  be r ep re sen ta t ive  of t h e  volume, we f i n d  t h a t  over 

t h e  two days t h e  temperature i nc rease  of t h e  atmosphere i n  t h e  "box" 

- 1 
i s  63.8 K, equivalent  t o  a heat ing r a t e  of 31.9 K day . 

Calcula t ions  of Joule  heat ing r a t e s  show that a maximum occurs  

between 110 km and 120 km, f a l l i n g  of f  above and below (see,  f o r  example: 

i Banks, 1977; Hays e t  a l .  1973). I n  add i t i on ,  Banks (1979) has ind ica ted  

t h a t  J c u l e  d i s s i p a t i o n  may l e ad  t o  heat ing rates of 1 - 10 K day-' 

i n  t h e  upper mesosphere. 

On t h e  b a s i s  of t hese  ( l imi ted)  arguments, w e  choose a heat ing r a t e  

of 15 - 30 K day-', centred mostly i n  t h e  lower thermosphere 

(zF = 110 -120 km) but  w e  a l s o  r e p o r t  on experinents  wi th  t h e  heat ing 
I 
I maximizing a t  70 km i n  t h e  mesosphere. It is  noted t h a t  only about 

50% of energy deposi ted i n  t h e  thermosphere during a storm goes i n t o  

Jou le  heat ing;  t h e  rest is  assoc ia ted  wi th  p a r t i c l e  p r e c i p i t a t i o n  

(Banks, 1977). 

Despite t h e  l imi t ed  areal na tu re  of t h e  forc ing ,  it can a t  t imes 

I l o c a l l y  exceed t h e  heat ing due t o  absorp t ion  of EW r a d i a t i o n ,  and 

1 Dickina~on e t  a l .  (1975) have shown t h a t  t h i s  i n  t u r n  i s  s u f f i c i e n t  t o  

cause ZL r e v e r s a l  of t h e  thennospheric meridional c i r c u l a t i o n  c e l l ,  

e i t h e r  a t  high l a t i t u d e s  o r  occas iona l ly  throughout t h e  hemisphere. 
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4.3  The e f f e c t  of t h e  h e a t i n g  on t h e  b a s i c  s t a t e  atmosphere 

It is obv ious ly  i m p r a c t i c a b l e  t o  run t e n s  of exper iments  t o  gauge 

t h e  e f f e c t  of t h e  f o r c i n g  on t h e  b a s i c  s t a t e  atmosphere,  each one w i t h  a  

d i f f e r e n t  l a t i t u d e  o r  h e i g h t  of maximum f o r c i n g ,  ampl i tude o r  d u r a t i o n  

of f o r c i n g .  We have performed o n l y  a  few such experiments and hope t h a t  

they p rov ide  s u f f i c i e n t  i l l u m i n a t i o n  on t h e  s u b j e c t .  

.< ,!We f i r s t  app ly  a  f o r c i n g  ( d i a b a t i c  heat  source)  of ampl i tude 15 K 

- 1 
day i n  t h e  model. The h e a t i n g  i s  switched on a t  t h e  s tart  of t h e  

. ~ : . 3  ! i n t e g r a t i o n ,  and f o r  al l .  exper iments  d i scussed  i n  t h i s  s e c t i o n ,  t h e r e  i s  

no wave f o r c i n g  a t  t h e  lower boundary. The f o r c i n g  parameters  a r e  

0 
(yF, zF) = (60 115 km) and t h e  d u r a t i o n  of h e a t i n g  ( i n  bo th  t h e  z o n a l l y  

averaged f low and wavenumber one) i s  two days.  We l e t  (yE, zE) = 

(5.4', 9  lan) ; t h e s e  parameters  w i l l  remain f i x e d  i n  a l l  c a s e s .  For 

r e f e r e n c e ,  we show i n  F igure  22 t h e  i n i t i a l  d i s t r i b u t i o n  of u up t o  

150 km. The i n i t i a l  d i s t r i b u t i o n  of a q / a e  up t o  150 lan is  shown i n  

Figure  9 ( b ) .  , .  i 

A f t e r  two days,  when t h e  h e a t i n g  c e a s e s ,  a  f a i r l y  l a r g e  d e c e l e r a t i o n  

of winds has occur red  c e n t r e d  a t  45' and 125 lan. The mean zona l  wind 

change ({(t) - u ( o ) )  a f t e r  two days  i s  shown i n  F i g u r e  23. The mean 

zona l  wind has  decreased by up t o  -23.2 ms- ' ,  so t h a t  a n  a r e a  pf e a s t -  

erlies now appears  i n  t h e  high- level  m i d - l a t i t u d e s .  A t  t h e  same eleva-  

0 
t i o n  but  a t  around 70 , mean zona l  winds have inc reased .  Wind changes 

below t h e  90 km l e v e l  do n o t  exceed - + 1 m s  a t  any time, which we 

expect from t h e  exponen t ia l  i n c r e a s e  of d e n s i t y  w i t h  decreas ing  he ighr .  

The hea t  source  i n i t i a l l y  induces  a  mer id iona l  f low away from t h e  

reg ion  of f o r c i n g ,  as t h e  g e o p o t e n t i a l  s u r f a c e s  a r e  d i s t o r t e d .  



LATITUDE 

Figure  22 I n i t i a l  mean zonal  wind p r o f i l e  f o r  
t h e  solbr-weather experiments. From: 
Lindzen and Hong (1974). S t i pp l ed  area 
denotes  reg ion  of easterly wind. 



LATITUDE 

Figure  23 Mean zona l  wind change a f t e r  two day%. 
i. e . ,  (u(2d)  -u(0) ) w i t h  upper- level  
h e a t i n g  bu t  no lower boundary f o r c i n g .  
The h e a t i n g  ampl i tude i s  15 K day- l ,  
t h e  d u r a t i o n  i s  two days ,  and 

z )=(60°,115km). 
(y,, F 



After  one dhy, ; has a t t a i n e d  a  va lue  of -1.5 ms-I a t  45'. This  i n  

i t s e l f  g ives  a n  instantaneous va lue  f o r  & / a t  of -13.3 ms-' per  day. 

A t  the same time t h e  eddy momentum f l u x  convergence he re  g ives  on accel-  

e r a t i o n  an  order  of magnitude smaller; so t h e  mean zonal wind change is 

princi .pal ly  due t o  t h e  c o r i o l i s  torque. The sudden onse t  (and decay) of 

heat ing w i l l  g ive  rise t o  g r a v i t y  wave motion. This  and t h e  induced 

la rger -sca le  motion w i l l  tend t o  r ed re s s  t h e  imbalance between t h e  mean 

temperature and wind f i e l d s ,  which t h e  heat ing causes.  I n  addi t ion ,  

t h e  damping mechanisms w i l l  a c t  t o  r e t u r n  both t h e  per turba t ion  and 

mean flows t o  t h e i r  i n i t i a l  s t a t e .  

There a r e  two u n r e a l i s t i c  a spec t s  of t h i s  simulation. F i r s t ,  t h e r e  

is  t h e  problem of u n d e r e s t h a t e d  d i s s i p a t i o n ,  mentioned above. I n  

addi t ion ,  t h e  mean wind f i e l d  is  not  subjec t  t o  e x p l i c i t  d i s s ipa t ion ,  

only i m p l i c i t l y  through Newtonian cooling. The add i t i on  of t h i s  would, 

of cou.rse, l ead  t o  a  more r ap id  r e t u r n  of t h e  bas i c  s t a t e  t o  i t s  i n i t i a l  

va lue  a f t e r  t h e  ce s sa t ion  of forc ing .  Second, Dickinson - e t  al .  (1975) 

noted t h a t  a  h igh- la t i tude  storm generated upward motion above t h e  

storm, w i th  equatorward flow above 150 km, althoGgh it  should be pointed 

out  t h a t  t h e i r  forc ing  was a t  a  higher a l t i t u d e ,  t h e  maximum forc ing  per 

u n i t  mass occurr ing a t  220 lan. It is  c e r t a i n l y  poss ib l e  t h a t  t h e  l i d  

a t  150 km is  causing t h e  meridional flow noted above 100 km. To test 

t h e  e f f e c t  of t h e  l i d ,  we have made two trial runs.  The i n i t i a l  mean 

zonal wind is  set t o  zero everywhere and a  heat ing of 15 K day-' is  

imposctd a t  (60°, 115 km) f o r  two days. I n  t h e  f i r s t  case,  t h e  l i d  is  

a t  150 km; i n  t h e  second case  i t  is  a t  250 km. The r e s u l t i n g  change of 

a t  1.25 km is almost t h e  same i n  t h e  two cases  a f t e r  two days. The 

mean nieridional wind f i e l d  is  a l s o  almost unchanged by pu t t i ng  t h e  l i d  

I I 



1 1 
up h igher .  We were unab le  t o  set t h e  l i d  any h igher  t h a n  250 km s i n c e  

t h e  c a l c u l a t i o n  i n  t h i s  c a s e  "blows up" b e f o r e  one day, presumably due 

t o  t h e  combined e f f e c t  of ve ry  low d e n s i t y  and i n e f f i c i e n t  damping a t  

h igh a l t i t u d e s .  The experiment however l e n d s  some c redence  t o  t h e  

r e s u l t s  d i scussed  above. 

0 I n  F igure  24 ,  we show t h e  mean zonal. wind change a t  l a t i t u d e s  50 

and 70' as a f u n c t i o n  of h e i g h t  a f t e r  2 ,  6 and 10 days.  Both poleward 

and equatorward of t h e f o r c i n g ,  t h e  maximum changes a r e  a t  t h e  same a l t i -  

tude,  a l though  a r e  of d i f f e r e n t  ampl i tudes ,  presumably because of geomet- 

r i c a l  c o n s t r a i n t s  a t  h igh  l a t i t u d e s  ( G  must be z e r o  a t  t h e  p o l e ) .  The 

d i s t u r b a n c e  decays  r a t h e r  s lowly,  a l though  we can change t h i s  by changing 
... 

t h e  model damping mechanisms. 

I( . The induced wind s h e a r s  produce a l a r g e  change i n  t h e  f i e l d  of 

a q / a 8 ,  which we show f o r  day two i n  F igure  25. An a r e a  of l a r g e  v a l u e s  

( >  3) has  developed around 65' and 117.5 km, w h i l s t  n e g a t i v e  v a l u e s  have 

developed equatorward. The a r e a  of l a r g e ,  p o s i t i v e  a g / a 0  i s  conducive 

t o  wave energy p ropaga t ion  ( l o c a l l y ) ,  bu t  we n o t e  t h a t  t h e  twcl r e g i o n s  
I I 

of  high,  p o s i t i v e  aq/af3 ( i n  t h e  lower thermosphere and lower s t r a t o s p h e r e )  

are separa ted  by a r e g i o n  of v e r y  smal l  aG/a0 .  Thus w e  would expect  

any wave energy emanating from t h e  lower atmosphere t o  be  guided away 

from t h e  r e g i o n  of storm e f f e c t s ;  so  w e  can a n t i c i p a t e  l i t t l e  change of 

p l a n e t a r y  wave s t r u c t u r e  i n  t h e  lower atmosphere due t o  t h e  storm. The 

f i e l d  of a i / a 6  r e l a x e s  t o  i t s  "pre-storm" d i s t r i b u t i o n  a f t e r  about 

s i x  days.  

Obviously, i f  w e  i n c r e a s e  t h e  amount of energy d e p d s i t i o n  i n t o  t h e  

lower thermosphere, e i t h e r  by a n  inc reased  storm d u r a t i o n  o r  3y a n  

inc reased  ampl i tude of h e a t i n g ,  we i n c r e a s e  bo th  t h e  in tens it.^ and 



Figure  24 

WIND CHANGE ( r n f ' )  

Change of b a s i c  s t a t e  zonal  wind, 
( ( t )  - 0 ,  a t  50' ( l e f t ,  nega t ive)  
and a t  70 ( r i g h t ,  p o s i t i v e )  a f t e r  
2, 6 ,  and 10 days. Forcing ampli tude 
i s  15 K day-' app l i ed  befjween days 
0 and 2 a t  (yF,zF) = (60 ,115km). 
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Figure 25 Latitude-height d i s t r i b u t i o n  of a q / a 8  a f t e r  
two days with upper-level heat ing but no 
lower boundary forc ing .  The heat ing amplitude 
i s  15 K day:', t h e  dura t ion  is  two days, and 
(yF,z )=(60 , 1 1 5 )  Areas of nega t ive  a q / a 0  
a r e  se ippled .  I 



dura t ion  of upper-level,  ba s i c  s t a t e  changes. I n  one experiment, we 

have allowed t h e  storm t o  p e r s i s t  f o r  f i v e  days. A t  t h i s  time, winds 

have decreased by over 45 ms-I a t  (45O, 125 krn) and have increased by 

16.3 ms-I a t  (75O, 120 km) . Also t h e  d i s t r i b u t i o n  of a t / a 0  a f t e r  f i v e  

days i s  about t h e  same as it was a f t e r  two days with a two day heat ing,  

but aga in  t h e r e  is  a region of low a i / 8 8  i n  t h e  mesosphere. I f  we r e t u r n  

- 1 
t o  a two day forc ing ,  but  with a maximum amplitude of 30 K day , t h e  

e f f e c t  i s  very similar t o  a f i v e  day forc ing  of 15 K daym1, wi th  similar 

changes i n  u and a i / a 0  being noted. 

Following t h e  observat ions of Banks (1979) that Joule  d i s s i p a t i o n  

may cause heat ing i n  t h e  upper mesosphere, we have performed a second 

s e t  of experiments, wi th  heat ing maximizing a t  70 krn. The assumed 

heat ing r a t e  is  l a r g e r  than t h a t  quoted by Banks (1979) and may be a t  a 

r a t h e r  low a l t i t u d e ;  t hus  t h e  r e s u l t s  should be viewed as something of 

an upper bound on expected behaviour. For a 15 K day-' heat ing f o r  two 

0 days a t  (yF, zF) = (60 , 70 h), we show i n  Figure 26 t h e  mean zonal 

0 wind change a f t e r  two days. I n  Figure 27 we show t h e  same f i e l d  a t  50 

and 70' a s  a func t ion  of height  a t  s e l ec t ed  times, and i n  Figure 28 w e  

show t h e  l a t i t u d i n a l  grad ien t  of p o t e n t i a l  v o r t i c i t y  a f t e r  two days. 

These should be  compared wi th  Figures  23-25. 

A s  expected, t h e  major changes now occur a t  a lower e leva t ion ,  about 

10 km above zF. There a r e  a l s o  mean zonal wind changes induced i n  t h e  

lower thermosphere and we no te  che broad l a t i t u d i n a l  e f f e c t  of t h e  

heating. Again, i n  t h e  immediate v i c i n i t y  of t h e  heat ing,  a meridional 

flow away from y occurs.  The f i e l d  of a i / a 8  i s  increased poleward of 
F 

t h e  hea t  source and t h e r e  is  now a band of uniformly high va lues  of 
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F i g u r e  26  A s  F i g u r e  23  but  with (YF,eF)=(600,701rm). 



W I N D  CHANGE ( m s - ' )  

F i g u r e  27 A s  F i g u r e  24 but  for (y z ) = (60°,701an). 
F, F  
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Figure 28 A s  Figure 25 but with (yF, zF)=(600, 701an). 



8 4 1  3 0  extending through t h e  middle atmosphere. The reg ion  of nega t ive  

a q / a 0  around 90 km a t  po la r  l a t i t u d e s ,  which w a s  p resent  i n i t i a l l y  

(F igure  9 ( b ) ) ,  has now vanished and has  no t  been re -es tab l i shed  a f t e r  

' 10 days. 

I We may t h e r e f o r e  expect t o  be  more hopeful ,  regard ing  a modi f ica t ion  

of p l ane t a ry  wave s t r u c t u r e ,  when t h e  fo rc ing  i s  loca t ed  a t  a lower 

l e v e l .  This  fo l lows  simply by in spec t ion  of t h e  3 4 / 8 0  f i e l d s .  

4.4 J o u l e  hea t ing  and p l ane ta ry  wave s t r u c t u r e  

W e  come f i n a l l y  t o  t h e  major ques t ion  of t h e  t h e s i s :  can upper- 

l e v e l  hea t ing  in f luence  lower atmosphere p l ane ta ry  wave s t r u c t u r e ?  By 

wave s t r u c t u r e  we mean both wave ampli tude and phase. The input  of hea t  

i n  t h e  upper atmosphere must c r e a t e  l o c a l  changes i n  wave s t r u c t u r e ,  
7 

s i n c e  w e  a r e  f o r c i n g  both  t h e  zona l ly  averaged f low and wavenumber one, 

but  t h i s  need n o t  imply that any such changes w i l l  extend beyond t h e  

immediate v i c i n i t y  of t h e  fo rc ing .  Also, any changes which do occur  may 

be q u i t e  s h o r t  l i v e d ,  s i n c e  t h e  hea t ing  does no t  p e r s i s t  f o r  long. 

Our procedure is t o  f o r c e  a wave of maximum ampli tude 300 m a t  t h e  

lower boundary (10 Ian), as we d i d  i n  t h e  SSW experiments,  and a l l o w  t h e  

fo rc ing  t o  proceed f o r  some time, i n  o rde r  that t h e  p l ane ta ry  wave be- 

comes we l l  e s t ab l i shed .  A t  some time a f t e r  t h e  lower boundary wave 

fo rc ing  has  begun, w e  in t roduce  an  upper l e v e l  hea t  source,  a s  s p e c i f i e d  

i n  Sec t ion  4.3, i.e., we u s e  t h e  same ampli tudes,  du ra t ions  and l o c a t i o n s  

of maximum fo rc ing  as d iscussed  above. We can then  examine t h e  p l ane ta ry  

wave s t r u c t u r e  t o  s e e  w h a t  e f f e c t  t h e  hea t ing  has had. , ,,> , 



Our f i r s t  experiment w i l l  s e rve  a s  a con t ro l .  The lower l e v e l  

wave i s  forced  but  t h e r e  is  no upper l e v e l  forc ing .  F igure  29 shows 

t h e  time-height development of wave geopo ten t i a l  ampli tude from day 

zero t o  day 24 ( s o l i d  l i n e s ) .  The wave ampli tude grows t o  over  600 m 

a t  10 days, d e c l i n e s  and then  rises aga in  t o  over  750 m around 22 days. 

The f i g u r e  d i f f e r s  a l i t t l e  from Figure  7(b) because of t h e  Rayleigh 
I 

f r i c t i o n  parameter iza t ion  ( s e e  Sec t ion  3 . 2 )  . During ;he 24 day period 

of i n t e g r a t i o n ,  t h e  mean zonal  winds gradual ly  weaken below t h e  meso- 

pause, but  on ly  become e a s t e r l y  i n  a very  small  reg ion  of t h e  

mid- la t i tude  lower s t r a t o s p h e r e  a t  day 24. I n  t h e  lower thermosphere, 

a reg ion  of e a s t e r l y  mean zonal  winds begins t o  develop a t  high l a t i -  

tudes  a f t e r  14 days. 

I n  our  second experiment, we t u r n  on t h e  d i a b a t i c  hea t  source a t  

(YF, zF) = (60'. 115 km) between days 14 and 16. We choose t h i s  t ime 

s i n c e  i t  i s  approximately t h e  amount of t ime requi red  f o r  t h e  wave's 

i n f luence  t o  r each  t h e  lower thermosphere. I n  F igure  30, w e  show t h e  

d i s t r i b u t i o n  of u and 3 4 / 8 0  a t  t h e  onse t  of forc ing .  They a r e  n o t  q u i t e  

t h e  same a s  i n  F igures  22 and 9(b) because of t h e  wave fo rc ing  from 

below. The behaviour of t h e  mean f i e l d s  a t  upper l e v e l s  fol lowing t h e  

fo rc ing  i s  very  much as descr ibed  i n  Sec t ion  4.3. The e a s t e r l i e s ,  which 

i n  t h e  absence of fo rc ing  were developing a t  high l a t i t u d e s  around 

0 
110 km, a r e  replaced by w e s t e r l i e s ,  w h i l s t  equatorward of 60 , an  

e a s t e r l y  f low develops. A r eg ion  of r e l a t i v e l y  l a r g e  a g / 3 0  develops 

poleward of t h e  fo rc ing ,  somewhat reducing t h e  ex t en t  of t h e  a r e a  of 

nega t ive  3 4 / 8 8  a t  t h e  p o l a r  mesopause. The wave ampli tude grows t o  

over  400 m a t  65' and 125 km a t  16 days,  but  t h e  e f f e c t  i s  very  l o c a l -  

i sed .  The dashed l i n e s  i n  F igure  29 r ep re sen t  t h e  development of t h e  



Figure 29 Time-height devglopment of wave geopotential 
amplitude a t  60 . Solid l ines :  lower boundary 
forcing only; dashed l ines :  lower boundary 
forcing and upper-level heating of 15 ~ ~ d a ~ - ~  
between days 14 and 16 with (yF,zF)=(60 ,115km). 
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wave geopotent ia l  f i e l d  between days 16 and 20 a t  60' when d i a b a t i c  

heat ing i s  added. Below 80 km, changes i n  geopotent ia l  amplitude are 

of t h e  order  of 1 m, and even a t  100 km they do n o t  exceed 20 m. Furth- 

ermore t h e  changes decay r a p i d l y  wi th  time a f t e r  t h e  hea t ing  is  switched 

o f f .  

0 
I n  Figure 31 w e  show t h e  wave amplitude and phase a t  60 , with and 

without forc ing  a t  days 16, 18 and 20. Below about 80 km, d i f f e r ences  

i n  wave amplitude a r e  too small  t o  be of s ign i f icance .  The same is  t r u e  

f o r  t h e  phase s t r u c t u r e  of t h e  wave. I n  t h e i r  study of wave s e n s i t i v i t y  

t o  changes i n  bas ic  s t a t e  zonal wind, Gel le r  and Alpert  (1980) noted 

t h a t  changes i n  wave s t r u c t u r e  were seen only up t o  t h r e e  s c a l e  he igh t s  

below t h e  l e v e l  of forc ing ,  and a t  a l l  l e v e l s  above ( s e e  t h e i r  

Figures 9-11). Using our r ep re sen ta t ive  s c a l e  he ight ,  H = 7 km, means 

t h a t  according t o  them, we should see  no change i n  wave s t r u c t u r e  below 

about 95 km. I n  f a c t ,  we do see  changes about 30 km below t h e  forc ing  

l e v e l ,  but they a r e  only small .  I f  we consider  e i t h e r  a n  increased 

dura t ion  of forc ing  (from days 14 t o  19) o r  an  increased amplitude of 

forc ing  (30 K day-l f o r  two days) ,  we f ind  very s imi l a r  r e s u l t s .  The 

wave amplitude forced a t  115 km i n  t h i s  ca se  is  bigger than shown i n  

Figuee 31, but t h e  d i f f e r ence  between forced and unforced wave s t r u c t u r e  

again becomes very small below 90 km. 

The presence of t h e  zero wind l i n e  i n  t h e  lower thermosphere guides 

wave energy away from t h e  l o c a t i o n  of t h e  storm. A t  t h e  onset  of 

forc ing ,  t h e  region of low a q / a ~  a t  high l a t i t u d e s  around 80-90 km 

guides lower atmospheric wave energy away from t h e  region of t h e  storm, 

and t h e  e a s t e r l y  winds generated by t h e  storm i n  t h e  thermosphere con- 

t i n u e  t o  d i v e r t  wave energy equatorward. Figure 32 shows t h e  d i s t r i b u -  
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Figure 31 Var ia t ion  wi th  he igh t  of wave geopo ten t i a l  
amplitude and phase a t  60' wi th  lower 
boundary fo r c ing ,  and without ( s o l i d  l i n e s )  
and w i th  (dashed l i n e s )  upper-level f o r c ing  
a t  ( a )  16 days, (b) 18 days,  and (c)  20 days.  
Forcing ampli tude is 15 K day-l between days 
14 and 16, and (yF,rF)=(6~0,115km). 
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Figure 32 Lati tude-height  d i s t r i b u t i o n  of F a t  day 
16 w i th  lower boundary fo r c ing  but  without 
upper-level hea t ing  . 



t i o n  of t h e  vec tor  quant i ty  F a t  day 16 without d i a b a t i c  heat ing.  There 

is convergence of wave energy f l u x  above t h e  polar  n ight  jet and l i t t l e  

wave energy f l u x  up i n t o  t h e  thermosphere; t h e  vec to r s  a r e  almost hori-  

zonta l  above t h e  polar  n igh t  j e t .  The f i e l d  o f 2  a f t e r  16 days i s  

unal te red  by t h e  impact of t h e  hea t ing  (whichever dura t ion  and amplitude 

we choose) . For a 15 K day-' forc ing  f o r  two days, t h e  hea t  and momen- 

tum f l u x e s  generated do not  no t iceably  a l t e r  t h e  wave energy f l u x  f i e l d .  

I n  our next  experiment, w e  lower t h e  l e v e l  of maximum forc ing  t o  

70 irm, wi th  yF = 60' and a forc ing  of 15 K day-' is appl ied  now between 

days 10 and 12. The bas i c  s t a t e  zonal wind f i e l d  a t  10 days is very  

much l i k e  t h a t  shown i n  Figure 30(a) ,  except that t h e  upper l e v e l  region 

of e a s t e r l i e s  has y e t  t o  form. The f i e l d  of aq /a€ l  is  a l s o  very  s i m i l a r  

t o  that shown i n  Figure 30(b). I n  Figure 33 we show t h e  time-height 

development of t h e  wave geopotent ia l  amplitude f i e l d ,  wi th  and without 

heating; and i n  Figure 34 we show t h e  wave geopotent ia l  amplitude d i s t r i -  

but ion a t  14 days, aga in  wi th  and without forcing.  There is  a more 

s i zeab le  impact on t h e  wave s t r u c t u r e  when t h e  forc ing  i s  a t  70 km than 

when it i s  a t  115 km; t h i s  i s  not  e n t i r e l y  unexpected, s i n c e  t h e  forc ing  

is now much c l o s e r  t o  t h e  polar  n igh t  jet, t h e  a r e a  i n  which t h e  wave 

amplitude maximizes. The e f f e c t  of t h e  heat ing a t  70 km is  more pro- 

longed than wi th  heat ing a t  115 km. The lowest l e v e l  a t  which changes 

i n  wave geopotent ia l  amplitude are seen is  30 km, but changes he re  a r e  

only about 1 m. Changes of up t o  10 m a r e  seen a t  40 km. I n  Figure 35 

0 
we show t h e  wave s t r u c t u r e  a t  60 f o r  days 12, 14 and 16. The height  of 

maximum wave amplitude is  r a i s e d  by t h e  heat ing f o r  about f i v e  days 

a f t e r  i t s  i n i t i a t i o n ,  but  by day 16 i s  almost where it would be  without 
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and (c) 16 days ,  w i t h  a h e a t i n g  of 150K day-! 
between days  1 0  and 12 a t  ( y  , z  ) = ( 6 0  , 70k1n). F F 



t h e  heating. Again, t h e  depth t o  which changes a r e  c rea ted  by the  storm 

a r e  i n  agreement with t h e  r e s u l t s  of Gel le r  and Alpert  (1980). 

The wave energy f l u x  vec to r s  a t  day 12  a r e  s i g n i f i c a n t l y  modified 

by t h e  storm. A s  Figure 36(a) shows, wave energy i s  normally guided 

through t h e  polar  n igh t  j e t  maximum towards t h e  equator,  being def lec ted  

away from t h e  region of nega t ive  a q / 2 0  a t  t h e  polar  mesopause. The 

storm causes t hese  va lues  t o  become p o s i t i v e  ( t h e  d i s t r i b u t i o n  of L i q / a ~  

a t  day 12 is  very s imi l a r  t o  t h a t  shown i n  Figure 28) and consequently 

wave energy can be guided up through t h e  high l a t i t u d e  mesosphere. 

Figure 36(b) shows t h e  f i e l d  of - F a f t e r  12 days of forc ing .  The 

increased v e r t i c a l  o r i e n t a t i o n  of t h e  vec to r s  r e f l e c t s  t h e  f a c t  t h a t  

eddy heat  f l u x  i s  doubled i n  amplitude by t h e  storm with i t s  maximum 

around 70 km. By day 14, t h e r e  i s  s t i l l  enhanced v e r t i c a l  wave energy 

f l u x  above 70 km a t  middle and high l a t i t u d e s  a f t e r  t h e  storm has passed, 

but it is  decaying a s  va lues  of 8 6 / 8 8  r e t u r n  t o  be small  or  nega t ive  

between 80 km and 90 km a t  high l a t i t u d e s .  

Summarizing, t h e  e f f e c t  of t h e  storm is  q u i t e  1ocaLi.zed i n  both 

space and time. With a high l e v e l  storm, t h e  low va lues  of 2?/3fl 

between t h e  lower and upper atmosphere ( l a r g e  upper l e v e l  va lues  being 

induced by t h e  storm) l a r g e l y  prevents  t h e  flow of wave energy t o  t h e  

region of forc ing ,  a s  we an t i c ipa t ed  i n  Sect ion 4.3. For a storm- 

induced heat ing a t  70 km, t h e  e f f e c t  on p lane tary  wave s t r u c t u r e  i s  more 

pronounced and a l s o  more sustained.  I n  both cases  however, t h e r e  i s  

l i t t l e  o r  no modif icat ion of wave s t r u c t u r e  below about (zF - 30 km) 

and thus t h e r e  can be  no modif icat ion of wave s t r u c t u r e  i n  t h e  lower 





s t r a t o s p h e r e  o r  t roposphere .  The p r e - e x i s t i n g  d i s t r i b u t i o n  of :</ 28 

and t h e  d i s t r i b u t i o n  induced by t h e  storm a r e  obv ious ly  of imporcancc, 

when cons ider ing  t h e  e x t e n t  of changes caused by a storm. 

We f i n a l l y  c o n s i d e r  b r i e f l y  whether o r  n o t  t h e  t i n e  a t  which a n  

upper level s t o m  occurs ,  i n  r e l a t i o n  t o  t h e  a m p l i f i c a t i o n  of t h e  l a r g e -  

s c a l e  wave below, i s  a determining f a c t o r  i n  t h e  s t o r m ' s  i n f l u e n c e .  

We noted aboye that a storm a t  70 km had a more pronounced e f f e c t  on 

-. 
wave s t ruc tuGe  t h a n  d i d  a storm a t  115 km. The lower l e v e l  storm was 

a p p l i e d  a t  a n  e a r l i e r  s t a g e  of t h e  l a r g e - s c a l e  wave's development, 

simply because  w e  used t h e  t.ime f o r  t h e  wave's i n f l u e n c e  t o  r e a c h  t h e  

level z as  a convenient  temporal marker f o r  swi tch ing  on t h e  fo r c ing .  
F 

Examination of t h e  wave development i n  F igure  29 shows t h a t  amplitudes 

d i p  a f t e r  about  two weeks of f o r c i n g ,  and a r e  a t  t h e i r  peak a t  10 days  

and between 20 and 25 days.  We have r e p e a t e d  t h e  experiment-with a 

0 
15 K day-' h e a t i n g  a t  (yF. zF) = (60 , 115 km) , b u t  w i t h  h e a t i n g  a p p l i e d  

between (a) 10 and 12 days,  and (b) 20 and 22 days. The tirnirlg 01 t h e  

storm, w i t h  r e s p e c t  t o  t h e  l a r g e - s c a l e  wave development, i s  found t o  

be  immaterial. We f i n d  changes below 100 km t o  be  of t h e  same o r d e r  a s  

t h o s e  shown i n  F i g u r e  31, and they  p e n e t r a t e  t o  similar a tmospher ic  

depths .  

4.5 Experiments w i t h  a d i f f e r e n t  wind p r o f i l e  

In b o t h  Chapters  3 and 4 w e  have noted t h e  importance of t h e  b a s i c  

s t a t e  wind p r o f i l e ,  and t h u s  t h e  b a s i c  s tate r e f r a c t i v e  index d i s t r i b u -  

t i o n ,  i n  de te rmin ing  t h e  development of p l a n e t a r y - s c a l e  wave s t r u c t u r e  

and t h e r e a f t e r  of e i t h e r  a s t r a t o s p h e r i c  sudden warming o r  of t h e  acmos- 

p h e r e ' s  r esponse  t o  a geomagnetic storm. In  Chapter 3 i t  was shczwr~ tha t  



Hol tonls  wind p r o f i l e  allowed a l a r g e r  wave t o  develop than d id  wind 

p r o f i l e  LH. We used Lindzen and Hongls (1974) scheme t o  genera te  a 

bas ic  s t a t e  wind f i e l d ,  because i t  can e a s i l y  produce such a p r o f i l e  up 

t o  any des i red  he ight .  I n  t h e  l i g h t  of t h e  r e s u l t s  of Chapter 3 how- 

ever,  we have constructed a second wind p r o f i l e  based on Holton's data .  

An in t e rpo la t ion  r o u t i n e  was used t o  f i t  a smooth curve t o  t h e  wind 

da ta  between 47.5 km and 67.5 km and t o  t h e  va lue  < = 0 a t  150 km. 

Values a t  2 .5  km spacings a r e  then  produced f o r  our i n i t i a l  mean zonal 

wind p r o f i l e ,  which is  shown i n  Figure 37. Below 67.5 km, t h e  p r o f i l e  

is t h e  same a s  i n  Figure 4 (a ) .  The p r o f i l e  has t h e  bene f i t  of enhanced 

wave propagation i n  high l a t i t u d e  regions,  because of t h e  "tongue" of 

high va lues  of a i / a 0  extending t o  high l a t i t u d e s  a t  low l e v e l s  ( s e e  

Sect ion 3.1).  

A s  wi th  t h e  experiments repor ted  i n  Sect ion 4.3, we f i r s t  apply a 

heat ing of 15 K day-l a t  (yF, zF) = (60°, 115 km) f o r  two days without 

a lower boundary wave forc ing .  We again s e e  t h e  development of eas t -  

0 
e r l y  winds, centred a t  50 and 125 km, and t h e r e  is  some acce l e ra t ion  

0 
of mean zonal winds a t  70 a t  t h e  same a l t i t u d e .  The response is  very  

s imi l a r  t o  t h a t  with t h e  LH wind p r o f i l e .  

Next, w e  introduce t h e  lower boundary wave, with t h e  same heat ing 

c h a r a c t e r i s t i c s  as above appl ied  between days 14 and 16. I n  Figure 38, 

0 
we show t h e  s t r u c t u r e  of t h e  wave a t  60 a f t e r  16 days, with and without 

forcing.  A s  before,  t h e r e  a r e  no s i g n i f i c a n t  changes i n  wave s t r u c t u r e  

below 70 km. We can a t t r i b u t e  t h i s  f ind ing  t o  t h e  e f f i c i ency  of t h e  

mean wind f i e l d  f o r  guiding wave energy upward, which is  such t h a t  winds 

i n  t h e  e n t i r e  thermosphere become e a s t e r l y  a f t e r  10-12 days. Thus a 

c r i t i c a l  l e v e l  has a l ready  formed a t  t h e  mesopause when t h e  upper l e v e l  
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Lat i tude-he igh t  d i s t r i b u t i o n  of i n i t i a l  
mean zona l  wind p r o f i l e  g iven by H o l t o n ' s  
wind d a t a ,  i n t e r p o l a t e d  t o  g i v e  5=0 a t  
z=150km. Winds a r e  e a s t e r l y  i n  s t i p p l e d  
a r e a .  
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i n  F i g u r e  37.  



storm occurs.  Nevertheless,  we can i n f e r  from t h e  work presented here  

and from Gel le r  and Alpert  (1980) t h a t  even wi th  t h e  i n i t i a l  p r o f i l e  of 

mean zonal wind, t h e  p lane tary  wave s t r u c t u r e  below t h e  mesopause would 

not  be a l t e r e d  by t h e  thermospheric storm, and we would c e r t a i n l y  not 

expect t h e  wave s t r u c t u r e  i n  t h e  lower s t r a to sphe re  o r  troposphere t o  

be a l t e r e d  by t h e  storm. 



5. SIDNARY AND CONCLUSIONS 

A l imi t ed  review of t h e  l i t e r a t u r e  concerning solar-weather e f f e c t s  

I 
on time s c a l e s  on t h e  order  of one month o r  l e s s ,  has revealed that t h e  

1 
atmosphere may indeed respond t o  anumalous s o l a r  a c t i v i t y ,  i . e . ,  t h a t  we 

may see  changes i n  atmospheric pressure ,  temperature and wind following, 

say, a s o l a r  f l a r e  o r  i n  response t o  t h e  27 day s o l a r  r o t a t i o n  period.  
/ 

Such responses have been c l e a r l y  demonstrated i n  t h e  thermosphere, but  

t h e  evidence i s  r a t h e r  more tenuous below t h e  mesopause. Caution is  

advised i n  i n t e r p r e t i n g  t h e  r e s u l t s ,  s i n c e  i n  some cases  (e.g. ,  Hicks 

and Jus tus  (1970)) , c o r r e l a t i o n s  have been made between atmospheric 

parameters and parameters which supposedly r e f l e c t  t h e  behaviour of t h e  

sun i n  some sense, but  which i n  f a c t  may be modulated by t h e  atmosphere's 

behaviour (e .g . ,  Hines' (1973) d iscuss ion ,  regarding t h e  index Kp). In  
I 

o the r  ins tances ,  d i f f e r e n t  i n t e r p r e t a t i o n s  of t h e  s t a t i s t i c a l  r e s u l t s  

have been put: forward (e .g. ,  King e t  a l .  (1977);  chafer (1979)). 

The work of Wilcox e t  a l .  (19731, r e l a t i n g  atmospheric v o r t i c i t y  t o  

s o l a r  magnetic s ec to r  c ross ings ,  has added impetus t o  t h e  f i e l d ,  because 

t h e  s e c t o r  c ross ings  a r e  unquestionably r e l a t e d  t o  t h e  behaviour of t h e  

sun. However, even i f  a connection between t h e  atmosphere's behaviour 

and that of t h e  sun has been proven (which many be l i eve  is  not  t h e  

case) ,  a phys ica l  b a s i s  f o r  t h e  l inkage  has ye t  t o  be  es tab l i shed .  

Comparisons between t h e  energy assoc ia ted  with t h e  General C i r cu la t ion  

of t h e  atmosphere and t h a t  assoc ia ted  with such so lar - re la ted  events  a s  

a geomagnetic storm, even an in t ense  one, (e.g., W i l l i s  (1976)),  pre- 

c lude t h e  idea t h a t  atmospheric v a r i a t i o n s  can be  induced by a d i r e c t  

depos i t ion  of energy i n t o  t h e  lower atmosphere. Consequently, some 



i n d i r e c t  means have been sought t o  connect solar-induced changes a t  

upper l e v e l s  with atmospheric v a r i a t i o n s  a t  lower l e v e l s .  

. I Of t h e  mechanisms put forward, we have chosen t o  i n v e s t i g a t e  t h a t  

suggested by Hines (1974). This  holds t h a t  changes i n  t h e  atmosphere's 

s t r u c t u r e  a t  upper l e v e l s  may inf luence  t h e  development and r e s u l t i n g  

1 
s t r u c t u r e  of planetary-scale  waves i n  t h e  lower atmosphere. I n  t h e  

nomenclature of dynamic meteorology, a so l a r - r e l a t ed  event may induce 

changes i n  t h e  bas i c  s t a t e  ( i . e . ,  zonal ly averaged) wind and s t a t i c  

s t a b i l i t y  s t r u c t u r e  of t h e  atmosphere, and thereby a l t e r  t h e  a b i l i t y  of 

planetary-scale  waves t o  propagate through t h e  atmosphere. This fol lows,  

because from quasi-geostrophic theory,  t h e  equation governing t h e  

s t r u c t u r e  of a planetary-scale  wave can be couched i n  t h e  form of an 

equation represent ing  t h e  propagation of t h e  wave through an  atmosphere 

with a v a r i a b l e  index of r e f r a c t i o n .  This  index of r e f r a c t i o n  i n  t u rn  

is a func t ion  of t h e  bas i c  s t a t e  wind and s t a t i c  s t a b i l i t y .  

The s e n s i t i v i t y  of wave s t r u c t u r e  t o  t h e  d i s t r i b u t i o n  of bas ic  

I 
s t a t e  wind (and the re fo re  t o  t h e  d i s t r i b u t i o n  of r e f r a c t i v e  index) has 

been shown by Schoeberl and Gel le r  (1976). I n  t h e  course of t h i s  study, 

we have made s imi l a r  f ind ings ,  and thus  w e  a r e  i n  a pos i t i on  t o  quest ion 

t h e  s e n s i t i v i t y  of planetary-scale  wave s t r u c t u r e  t o  modulations in  

r e f r a c t i v e  index, induced by s o l a r  events  a t  r e l a t i v e l y  high a l t i t u d e s .  

We have constructed a numerical model t o  t e s t  Hines' hypothesis.  

The model is  based on t h e  p r imi t ive  equations of meteorology within a 

I 
hemisphere, and i s  t ime-dependent . The atmospheric f i e l d s  a r e  s p l i ~  

i n t o  a zonal ly averaged p a r t  and a zonal ly varying p a r t ,  which i s  

severely t runcated t o  a l low only  one wave. I n  t h i s  study, we have 



considered only  wavenumber one. The model i s  a s l i g h t l y  d i f f e r e n t  

I 
vers ion  of t h a t  developed by Holton (1976) t o  study t h e  s t r a to sphe r i c  

sudden warming (SSW). W e  have examined t h e  s e n s i t i v i t y  of t h e  model 

response t o  var ious  f a c t o r s  ( i n i t i a l  bas i c  s t a t e  wind, s t a t i c  s t a b i l i t y ,  

amplitude of forc ing  and, by acc ident ,  mechanical d i s s ipa t ion )  i n  t h e  

context  of t h e  SSW and have found t h a t  considerable  v a r i a t i o n s  occur.  

The wind p r o f i l e  o r i g i n a l l y  used by Holton (1976) l eads  t o  a SSW, which 

appears t o  come wi th in  t h e  d e f i n i t i o n  of a "major" warming. On t h e  o ther  

I 
hand, experiments with two d i f f e r e n t  wind p r o f i l e s ,  which a r e  qua i i t a -  

t i v e l y  s imi l a r  t o  Holton's,  produce warmings which might be termed 

I I minor". The d i f f e r ences  a r i s e  because of t h e  d i f f e r i n g  i n i t i a l  d i s t r i -  

butions of t h e  l a t i t u d i n a l  grad ien t  of bas ic  s t a t e  p o t e n t i a l  v o r t i c i t y  

(a;/ 30) , which t o  a f i r s t  approximation is  t h e  same a s  t h e  r e f r a c t i v e  

index ( i n  quasi-geostrophic theory) .  A l a r g e r  wave ( i n  t h e  sense of 

geopotent ia l  amplitude) is allowed t o  develop with Holton's wind p r o f i l e ,  

than i n  t h e  o the r  two cases ,  and thus  t h e r e  a r e  l a r g e r  eddy heat  and 

momentum f luxes  and f l u x  convergeIices. It is  these  f l u x  convergences, 

and t h e  counter  e f f e c t s  of a d i a b a t i c  warming o r  cool ing and c o r i o l i s  

torques,  which d r i v e  t h e  SSW. .I. +. 

Following Holton (1980, 1981) and Holton and Wehrbein (1980), t h e  

combined e f f e c t s  of eddy hea t  and momentum f luxes  i s  examined through 

t h e  d i s t r i b u t i o n  of t h e  vec to r  quant i ty  F, which i s  analagous t o - t h e  
F 

1 Eliassen-Palm wave energy f lux .  The d i s t r i b u t i o n  of - P a t  s e l e i t e d  times 

r evea l s  how wave energy is  "guided" away from regions with negat ive  

r e f r a c t i v e  index, and s i m i l a r l y  i s  "guided" toward regions wi th  l a rge ,  

p o s i t i v e  va lues  of r e f r a c t i v e  index. 



( I t  perhaps has  n o t  been s t r e s s e d  s u f f i c i e n t l y  t o  t h i s  p o i n t  t h a t  I 
t h e  wave s t r u c t u r e  responds t o  t h e  d i s t r i b u t i o n  of r e f r a c t i v e  index 

. ' *  ( t h e  q u a n t i t y  Qs i n  (3 .3 ) ) .  We have throughout t h e  s tudy  r e f e r r e d  o n l y  

t o  t h e  d i s t r i b u t i o n  of ag/80, but  i n  f a c t  t h e r e  a r e  two o t h e r  terms 

which comprise Qs, and examination of (3.3) r e v e a l s  t h a t  t h e  d i s t r i b u t i o n  

of a;/ a 0  is a  somewhat l i b e r a l  gu ide  t o  expected wave energy propagat ion 

and t h u s  t o  wave s t r u c t u r e .  The s e n s i t i v i t y  of wave s t r u c t u r e  t o  t h e  

model 's  mechanical  d i s s i p a t i o n  p a r a m e t e r i z a t i o n  was noted i n  S e c t i o n  3 .2 .  

There is  undoubtably mechanical  d i s s i p a t i o n  of wave energy a t  h igh 

l e v e l s  of t h e  atmosphere, s i n c e  t h e  f o r c e d ,  l a r g e - s c a l e ,  q u a s i - s t a t i o n a r y  

waves are observed t o  decay i n  ampl i tude  above t h e  p o l a r  n i g h t  j e t .  

'The d i s t r i b u t i o n  of t h i s  d i s s i p a t i o n  is  u n c e r t a i n ,  however, and w e  have 

* t h e r e f o r e  used a  s imple  express ion  f o r  i t s  v e r t i c a l  v a r i a t i o n ,  i n  common 

:with o t h e r  workers.  We have a l s o  used a  s imple  p a r a m e t e r i z a t i o n  of 

thermal  damping, d e s p i t e  t h e  a v a i l a b i l i t y  of more r e a s o n a b l e  schemes 

f o r  inc lud ing  Newtonian c o o l i n g  (e .g . ,  Llickinson (1973)) .  

We have been concerned h e r e  o n l y  w i t h  t h e  s e n s i t i v i t y  of wave 1 
s t r u c t u r e  ( i n  bo th  t h e  SSW and t h e  solar-weather  s t u d i e s )  t o  changes i n  

b a s i c  state wind. A s  d i scussed  i n  Chapter 3 ,  t h e  s t a t i c  s t a b i l i t y  

f, iparameter ,  N ~ ,  must remain f i x e d  dur ing  t h e  c a l c u l a t i o n s .  However, 

wave s t r u c t u r e  i s  a l s o  s e n s i t i v e  t o  t h e  s t a t i c  s t a b i l i t y  d i s t r i b u t i o n .  

It would be  i n t e r e s t i n g  t o  pursue t h e  e f f e c t  t h a t  v a r i a b l e  s t a t i c  s t a b i l -  

i t y  had on t h e  development of t h e  SSW, as d i scussed  i n  S e c t i o n  3.3 .  

S p e c i f i c a l l y ,  t h e  development of t h e  SSW may be  a l t e r e d  by a l lowing  PJ2 

t o  be determined by t h e  complete b a s i c  state tempera tu re  f i e l d  ( r a t h e r  



than a p a r t  of i t ,  a s  i s  t h e  ca se  here) ,  with i t s  s p a t i a l  and temporal 

v a r i a b i l i t y .  

Our experiments concerning t h e  solar-weather problem have ind ica ted  

t h a t  we should no t  expect t o  s ee  t ropospheric  o r  lower-stratospheric  

wave s t r u c t u r e  respond t o  s o l a r  e f f e c t s  a t  high a l t i t u d e s .  These r e s u l t s  

a r e  i n  agreement with e a r l i e r  work of Gel ler  and Alpert  (1980), who 

simply prescr ibed changes i n  t h e  mean flow, r a t h e r  than ca l cu la t ing  such 

changes a s  a response t o  s o l a r  v a r i a b i l i t y .  The i d e n t i f i c a t i o n  of dia-  

b a t i c  heat ing i n  t h e  model with Joule  d i s s i p a t i o n  heat ing i n  t h e  atmo- 

sphere is use fu l  i n  terms of being a b l e  t o  c i t e  a reason f o r  imposing 

such a heat ing i n  t h e  model. However, t h e  uncer ta in ty  a t tached  t o  t h e  

observed d i s t r i b u t i o n ,  amplitude and dura t ion  of Joule  d i s s i p a t i o n  

heat ing i n  t h e  atmosphere, and our crude methods of represent ing  t h e  

d i s t r i b u t i o n  and r a t h e r  l i b e r a l  es t imates  of heat ing amplitudes and 

loca t ions  (not  t o  mention t h e  s imp l i f i ed  atmospheric model used) ,  mean 

t h a t  we a r e  only providing an  es t imate  of what we may expect t o  happen 

i n  t h e  r e a l  aCmosphere. 

Nevertheless,  and d e s p i t e  t h e  l a r g e  hea t ing  r a t e s  and low l e v e l s  of 

maximum forc ing  we have assumed i n  some experiments (e.g. ,  a 30 K day-' 

heat ing of both t h e  zonal ly averaged flow and wavenumber one a t  70 km), 

we have been unable t o  induce a lower-atmospheric response t o  an  upper 

l e v e l  "storm". The concepts introduced i n  Chapter 3 ,  namely t h e  d i s t r i -  

bution of ay/ae and of - F, prove use fu l  i n  diagnosing t h e  experiments. 

Beating i n  t h e  lower thermosphere produces changes i n  va lues  of aq/a8, 

which a r e  conducive t o  wave propagation. However, t h e  changes a r e  of a 

s u f f i c i e n t l y  l o c a l  na ture ,  t h a t  middle atmospheric r e f r a c t i v e  ind ices  

a r e  unchanged, and thus  wave energy f l u x  is  d iver ted  away from t h e  
li 
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"storm" region. For a "storm" a.t: lower a l t i t u d e s ,  t h e  e f f e c t  on wave 

s t r u c t u r e  is  q u i t e  considerable  i n  t h e  upper s t r a to sphe re  and mesosphere, 

but s t i l l  no e f f e c t s  a r e  not iced i n  t h e  lower s t ra tosphere .  

W e  have examined the  consequences of upper atmospheric e f f e c t s  on 

t h e  lower atmosphere, s i n c e  t h i s  was Bines'  o r i g i n a l  suggest ion,  To 

perform s imi l a r  experiments, but with solar-induced changes a t  lower 

a l t i t u d e s ,  could imply t h a t  a mechanism o the r  than Joule  heat ing would 

have t o  be invoked t o  explain t h e  bas i c  s t a t e  atmospheric changes. A s  

noted i n  Chapter 1, t h e  s o l a r  proton event of August 1972 produced 

considerable  changes i n  t h e  d i s t r i b u t i o n  of atmospheric ozone, and y e t  

t h e  f i nd ings  of Schoeberl and Strobe1 (1978) seem t o  i n d i c a t e  t h a t  t h i s  

too has a n e g l i g i b l e  e f f e c t  on t h e  lower atmosphere. 

I n  t h e  context  of t h i s  model t he re fo re ,  and i n  t h e  l i g h t  of o ther  

s tud ie s ,  it appears t h a t  we have no hope of explaining lower atmospheric 

responses t o  s o l a r  v a r i a t i o n s  (i. e. , solar-weather e f f e c t s )  through the  

intermediary e f f e c t  of planetary-scale  waves. 
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APPENDIX I LIST OF SYMBOLS 

a v a i l a b l  e p o t e n t i a l  energy 

t y p i c a l  dep th  s c a l e ;  d i f f u s i o n  o p e r a t o r  

ana log  of wave energy f l u x  ( s e e  (3 .20) )  

s c a l e  h e i g h t  (= 7 km) 

d i a b a t i c  h e a t i n g  fur ic t ion 

d i f f u s i o n  c o e f f i c i e n t  ( K / A ~ ~  = 5 x 10 -7 m4 -1  
s 1 ;  

k i n e t i c  energy 

t y p i c a l  l e n g t h  scale  

- 0 
s t a t i c  s t a b i l i t y  parorneter (= 4 x s &) 

t o t a l  p o t e n t i a l  energy 

ana log  of quasi -geost rophic  p o t e n t i a l  v o r t i c i t y  €Lux 

( s e e  (3 .19))  

p e r t u r b a t i o n  and z o n a l l y  averaged d i a b a t i c  heat source  

( r e f r a c t i v e  index) 

g a s  c o n s t a n t  f o r  d r y  a i r  

Rossby number E (U/2RL) 

d i a b a t i c  terms i n  p e r t u r b a t i o n  and mean potential 

v o r t i c i t y  e q u a t i o n s  

t empera tu re  

t y p i c a l  v e l o c i t y  s c a l e ;  z o n a l l y  averaged zonal 

- - z / ~ H )  
zona l ly  averaged mer id iona l  wind ( : v e  

v e r t i c a l  s t r u c t u r e  f u n c t i o n  (Appendix I T  L )  



u l ( o r  u), UI 

v l ( o r  v), i 

s p e c i f i c  hea t  of dry a i r  a t  constant  pressure  

c o r i o l i s  parameter 

g r a v i t a t i o n a l  acce l e ra t ion  

maximum amplitude of forc ing  wave 

l a t i t u d i n a l  index i n  numerical model ( r egu la r  g r id )  

l a t i t u d i n a l  index i n  numerical model (s taggered g r id )  

v e r t i c a l  index i n  numerical model 

2QalN 

long i tud ina l  wavenumber ( Z  s/acos8) 

temporal index i n  numerical model 

( r e f r a c t i v e  index) 

pressure  

per turba t ion  and zonal ly averaged p o t e n t i a l  v o r t i c i t y  

l a t i t u d i n a l  grad ien t  of bas i c  s t a t e  p o t e n t i a l  v o r t i c i t y  

l ong i tud ina l  wavenumber 

time 

per turba t ion  and zonal ly averaged zonal wind 

per turba t ion  and zonal ly averaged meridional  wind 

r e s i d u a l  mer i d iona l  v e l o c i t y  

per turba t ion  and zonal ly averaged v e r t i c a l  wind 

r e s i d u a l  v e r t i c a l  v e l o c i t y  

l ong i tud ina l  coord ina te  (= a  cos0.h) 

l a t i t u d i n a l  coord ina te  (= a0) 

l a t i t u d e  of maximum d iaba t  i c  heat ing and e-folding 



W 

Ay, Az, A t  

v e r t i c a l  c o o r d i n a t e  (= ~ l n ( ~ ~ / p ) )  

he igh t  of maximum d i a b a t i c  h e a t i n g  and 4-folding 

s c a l e  of f o r c i n g  

ampl i tude of d i a b a t i c  h e a t i n g  

momentum f l u x  d ivergence  

hea t  f l u x  and i t s  d ivergence  

h o r i z o n t a l ,  v e r t i c a l  o p e r a t o r s  

coef f i c  i e n t  s of  Rayleigh f r i c t i o n  and N wtonian coo l ing  

d f / d y  
I 

l a t i t u d e  

p o t e n t i a l  t empera tu re  

l o n g i t u d e  

cost3 (Appendix 111) 

parameter i n  A s s e l i n  t ime f i l t e r  (= .<I2 

g l o b a l l y  averaged d e n s i t y  (z po ( z )  1 
d i s s i p a t i v e  (e - fo ld ing  t ime)- '  ; f requen v (Appendix 111 1 1 
a n g u l a r  v e l o c i t y  (:/acose) 

d p / d t  

h o r i z o n t a l ,  v e r t i c a l ,  temporal  incremen s i n  numerical 

model 
I 

p e r t u r b a t i o n  and z o n a l l y  averaged geopo e n r i a l  

g loba l l y  averaged g e o p o t e n t i a l  : QO(z)  
/ 

z o n a l l y  averaged i n i t i a l  g e o p o t e n t i a l  

z o n a l l y  averaged g e o p o t e n t i a l  ( 5 e 

frequency of eartl-1's r o t a t i o n  



APPENDIX I1 INDICES OF GEOMAGNETIC ACTIVITY 

A va lde  of between 0 and 2 i s  assigned t o  t h e  f l u c t u a t i o n  i n  

t h e  ~ d r t h ' s  magnetic f i e l d  s t r eng th  and d i r e c t i o n  a t  one loca t ion .  

0 = q i e t ;  1 = moderately d is turbed;  2 = g r e a t l y  dis turbed.  1 
y average of C va lues  a t  a l l  observa tor ies .  0.0 = qu ie t ;  

most d i s turbed ,  on a  g loba l  bas i s .  

K: ex of t h e  l a r g e s t  excursion of magnetic f i e l d  s t r eng th  in  

d i r e c t i o n s  over a t h r e e  hour per iod a t  one s t a t i o n .  

9 = most d is turbed .  

netary" vers ion  of K,  i n  which va lues  of K a t  12 s t a t i o n s  

0 
n geomagnetic l a t i t u d e s  48 and 63' i n  both hemispheres 

a r e  ayeraged. 

Ap: A s  C p j  but t h e  va lues  a r e  approximately l i n e a r l y  propor t iona l  t o  

t h e  range of va lues  def in ing  Kp. 

~ l o b a '  

0.0 = 

D s t :  A meabure of equa to r i a l  geomagnetic a c t i v i t y  due t o  r i n g  cur ren ts .  

v a r i a t i o n s  i n  r i n g  cu r r en t  a t  equal longi tude  spacings a r e  taken 
I 

a t  l a  i t u d e s  away from t h e  region of t h e  au ro ra l  and equa to r i a l  1 
e l e c t f o j e t .  

I 

va lue  of Kp, der ived from e igh t  consecut ive va lues  of Kp. 

qu ie t ;  2.0 = most d is turbed .  The va lue  of Cp i s  approxi- 

logar i thmica l ly  propor t iona l  t o  t h e  range of va lues  



Sola r  magnetic s e c t o r  s t r u c t u r e :  

The solar  magnetic f i e l d  is  d iv ided  i n t o  f o u r  s e  

t h e  magnetic f i e l d  p o l a r i t y  i s  f ixed ,  but  opposi  

from t h a t  i n  neighbouring s e c t o r s .  The p o l a r i t y  

o r  away from t h e  sun, a s  F igure  A1 schemat ica l ly  

p a t t e r n  r o t a t e s  w i t h  t h e  sun,  once every 27 days  

Thus, a s  t h e  sun r o t a t e s ,  t h e  p o l a r i t y  of t h e  so 

f i e l d  swi tches  (from "towarcl" t o  "away from") f o  

ences around a l a t i t u d e  c i r c l e  of t h e  h o r i z o n t a l  

over s h o r t  t ime i n t e r v a l s .  

s o l a r  r o t a t i o n .  

e l e c t r i c  c u r r e n t  

t o r s .  In each, 

e l y  direczed 

i s  e i the r  toward 

i n d i c a t e s .  The 

approximately)  . 
a r  magnetic 

r t j - m e s  i n  each 

Figure  A 1  Observed s o l a r  magnetic s e c t o r  
Herman and Goldberg (1978).  
measurements of 
d i r e c t i o n .  



APP~NDIx 111 ANALYSIS FOR BOUNDARY FORCING FUNCTION 

I 
Mat-- , 370) and Holton (1976) used d i f f e r e n t  forc ing functions 

I 
at t h e i r  mc i 1  lower boundaries. The two correspond t o  t h e  function 

given by (* ln\ with s = 2 and 1, respect ively .  Bolton (1976) used a 

s i n 2  p r o f i  a t  t h e  lower boundary, i n  order t o  s a t i s f y  t h e  co.dition 

a @ ' &  = - he pole f o r  wavenumber two. However, a s  w e  shoJ below, 

w e  must a 1  have a 2 @ ' / a y 2  = 0 a t  t h e  pole f o r  wavenumber one. Holton's 

(1976) fun 

mot ionless  

ion does not  meet t h i s  requirement, whereas (2 .39)  does. 

r t h e  per turbat ion equations of motion, l inea r i sed  about a 

id iabat ic ,  isothermal basic s t a t e ,  i n  spher ica l  geometry: 

where s os6.X and y = ae  (8 is  l a t i t u d e ) .  ~ 
 ina ate w' between (111.3) and (111.4) and, assuming 

w e  hav t 



Equations (111.6) - (111.8) a r e  t h e  ho r i zon ta l  eq a t i o n s ,  which I 
can be reduced t o  Laplace 's  T ida l  Equation. The separ  t i o n  cons tan t ,  I 
h, i s  c a l l e d  t h e  equiva len t  depth.  The V e r t i c a l  ~ t r u c k u r e  Equation i n  

Z i s  not  used here .  

We d e f i n e  p  = cos0 and expand a l l  v a r i a b l e s  i n  po e r  s e r i e s  i n  U, 

where we assume P t o  be small  ( i . e . ,  w e  a r e  near  t h e  p k le). i 
Thus, f o r  example, 1 

c I 

u = uo + u1p + u 2 u 2  + .. . (111.9) 

S u b s t i t u t i n g  t h e  expanded v a r i a b l e s  i n t o  (111.6) - (111.8) y i e l d s :  , 

I 

I 

i c r  
I 

+ - ( Q o  + 0 , ~  + 02p2 + .. .) = 0 (111.12) 
gh 

; ?  

I n  (111.10) - ( I I I . 1 2 ) ,  we have used s in0  = ( 1  - k2)'. Since we 

mul t ip ly  (111.10) and (111.12) by u and f i r s t  z e r o t h  order  

equat ions  ( terms involving p O ) .  



I 

Referr iqg back t o  (111.9) and comparing t h e  expansion with t h e  
I 

i usual  Taylor s e r i e s  expansion of a  func t ion ,  say Y ,  w e  can regard 

Y O ,  Y1 and P i  a s  t h e  va lues  of t h e  func t ion  and i t s  f i r s t  and second 

de r iva t ives ,  I evaluated a t  t h e  pole  (1-( = 0). Thus (111.13) implies  that 

a '  ( 8  =  IT/^)= 0 f o r  s f 0. 

1 Looking now a t  t h e  f i r s t  o rder  equat ions (terms involving U) 

( we have: 

From (111.151, we have 

Subs t i t u t ing  t h i s  i n t o  (111.16) gives:  

19) and (111.20) a r e  only cons i s t en t  i f  s = 1. Otherwise, 

t r i v i a l  so lu t ion  (up, vp, '31) = 2. Thus: 

I 
I but  (111.14) 
I 

s t a t e s  t h a t  



I .  I 
f o r  s = I, ( ' , v r ,  ") # 0 i s  allowed. a~ pole  

Equation (111.21) i s  a f a m i l i a r  r e s u l t ,  and i s  invoke bv Holton (1976) 

t o  produce h i s  forc ing  func t ion ,  @B . f 
Proceeding t o  t h e  second order  equat ions,  

so t h a t  (111.23) gives us 

whi ls t  (111.17) gives 

Again f o r  consistency the re fo re ,  w e  must have e i t h e r  1s = 2 o r  ui = vl = 

o2  = 0. So: 

2 ,  av8 a z o t \  t ,, > - - . I  , - L - - ~  
f o r  s = 2 - - (7 ay ay2 )pole 

7 u vs a l lu lweu  



Equatio (111.29) r ep re sen t s  t h e  r e s u l t  we have been seeking, s i n c e  

it t e l l s  u s  1 t £0 ravenumber one, a2@'/ay2 must be zero at t h e  pole.  

Hence, w e  r ! i r e  t h e  forc ing  func t ion  a t  t h e  lower boundary t o  s a t i s f y  

t h i s  c o n d i t i  b n,  and thus we use  t h e  form given by (2.39). 
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