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ARSTRACT 

• Planctary scale stationary disturbances in the ~intcr 

stratospherc are investigntcd hy ffi0ans of two distinct qua~j-

gcostrophic lllodeis. The' steady s!atc distribution of smaU 

amplitude perturbations superimposed on n ~on~1 wind distri­

'bution are computed. Il realistic paramcterizatjon of infrarcd 

co01ing showcd that radiationa1 cffects are a major sink of 

perturbation wave en~rgy in th0 upper atmospherc. The effect of 
, 0 

arU ficial uppC4: ~lJHl C'quatoriol bôu}ldary candi tians on the 

computeèl wave structure WqS invcstigateû. In addi.tion, the 
·L 

non-lincar interactions bet\\'cen stationnry zona] \<lave numbors 

one anù two \\'aS found to have a mal'ked ef{cct on thcf.t·st;ructurc 

of the former. When these interactions wcre includcd, the 
.'t 

resultant WDve structure reproduced almost aIl the major features 

found in the corresponding ·obscrved state. 

The modification of the artificia1 boundary conditions, 

the reallstic parametcrization \p[ infrarcd cooling and' the 
. ,~~ , 

i~clusion'of the non-linear terms considerably improve the 
~ 

modeling of the stationary long waves over previous linear studies 

on the subject. 
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HESUr-1f: 

Les perturhations stationnaires i grande 6che110 

obscrv~es dans la stratosphèl'c en 'hiver sont .étucliél"'s ,1 l'aide 

,de deux rnod~lcs ~uasj-gtostrophiques. Une version lineariz6e 

dC'chacun des rnQdales pr6su~ant un vent zona] donn6 est utjlis6e 

pour calculer l-a structure dc~ }1E':t::turbntions. Il est déPlontré 

que 1 e TC fru idi ss?1l'I'an t par rayonn cmon t infrarouge j Due 'un . , 

rôle important dans le bilan cncrgétiquc dC's perturbations à 

haute al'titude. ' L'C'ffct des conditions aux 1imit·cs imposéC's 
~ 

à l'équateur et au sommet des modèles 'ekt étudié. Le calcul 

des interactions cntre les deux hal'moniques zonales l-es plus 

longues démontre que los cff~ts'-non-linénirés' sont importants. 

Les modères qui contiannent ces interactions reproduisent 

presque toutes .les caractéristiques importantes des perturbations 

telles qu'observées. . . ~, 

La modification des conditions aux limites;'une para-
" 

métcTi za t ion plus préc i se du refroid:i:'sscmen t pal' rayonnemen t 
,,-. 

infrarouge et l'inclusion d'effets non-lin6aires améfiorent con-

sidérab"lemcnt la quali té. des modèles utilisés pour l'é,tude des 

perturbations stratosphériques statlonnaire~. 
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Quasi-station3r~ disturbnnces of planetary scale arc 

noted in the upper a"tmosp11erc during the winter months. T'he se 

disturb~nces arc gencrally considcrcd to be upward propagating 

Rossby \,"aves fon-cd From the tropospherc. These foreec! per-

turbatiollS ean he produeecl mcehanical1y by the acU on of mountains 

on the zonal flow and thermally hy differential heating ove1' 

the con t j'TI en t s' a 11 doc C il n s . 

Thesc dist~rbances have bcen investigatcd thcoretically 

by sevC'ral researchers. Charncy and Drazin (1961) m,adE' a 

thorough anal ys j S 0 f the vC rUca 1 propagation of small amp 11 tudc 

di 5 turbunces superimposcq', on a hori zon tally unHorl11 bas ic flow 

on the /3 -pl ane. They found tha t Have energy propagatcs vcr­

tically only if the ambient aIT motion i5 westerly and small. 

A" wcll, th<,y dcmonstrntcd thnt the incrcase o[ the lIleal~ zonal 

flow with height call g~vc rise to elle"l'gy trappjng (refle~tion). 

The inf! uencc of the hOTlzon tal wÎnù shcar on the ve:ftica)' 

propagation of planetary waves was studied by Dickins (1968) . 

He wa5' ap1e to 5ho\ .... that planetary wave energy be absorbed 

at a l/ine of zero zonal ve loci ty. " 

Matsuno (1970) studied the thesc 

sta t ionary dis turl?ances by means. of a incar quas i'~ geos t rophic 

model which ailolved for of the Cori91is 

parameter and 

1 
? 1" 

li 5 tic bas ic zonal wind profile. ~ 

He considered a winter- Ime situation and found that the zonal 

wind distr:i~.as conduci ve to strong upward transfer of 

.~//.-/"/ 
~/ 

f. 

• 
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wave cncrgy at ldgh latitudes in the Iower stratospheTe. His 
1 

.computed wavc structurE' in the merldional plane exhilntcd 

cssential similélrity to the corresponding ohserved state in 

the ,stratosphcrc. He èoncluded that the quasi-s'tJltioncny 

plélnctary scalc disttJfbanCl>s in' the stratosphere are upward 

ex'tensions of those' J(:·jVC1) in the troposphcre. Howcver, the 

Computed !Nave structure had SOrne notable: defects. Particu]arly, 

the campufed ampli tude distrihution far wavc number l was larger 
.l' 

than the obscrved state. At the same time, the camputed 
!> 

amplitude distdbutlon for wave numher 2 could not achicvc 

enough amplitude. Matsuno postulated that the shortcomings 

of his model could be duc to the ncglcct of the non-linenr 

tcnns. 

?'hc rain purpose of the present study is -to investigatc 

the, effect of the non-linear terms on the camputcd .. wavc structure 

and ta see if Ma tsuno 15 hypothcs is was carree t .• T\vO quas i-
/ 

geos traphic modcls are u5cd. One model" has been us cd and in­

vestigated extensively. It holds the Coriolis paramcter constant 

in aIl ,eTms excepting the planetary vort~city advec\ion term 

The otper model allows for the full variation of the Coriolis 

-parameter. in every term. It is the nan-linear version of Mat-

suno's model. These modals will he referred to as Model A 

and Mode-l B 1 r~specti vely. They wi 11 be desc ribed in grea ter 

detail in the sequel. 

, , 
/JI' 
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A NeHtonlan formulation \l'OS pscc] to approxÏJ1'late the 

perturbation diabatic heating. Dfckinson (1969) concluded 

that New~oni~n cooling could play an important raIe ~n the 

vcrtical propagation of pla1}etary waves in '[1 weak westerl)' 

flm". Using the latest available information on radiationa] 

cooling in the upper atmospherc, Dickins6n (1973) ~btalned 

the vertical profile of the Newtonian cooling coefficlcnt that 

was necpssary to makc thi5 parametcrization reali5tic. Hi~ 

results· will he used in this investigation. 

One disadvantage of the modeis used in this stuc.ly 

and in man)' previous works i5 the- utilization of a "rlgid top" 

and "equatorial wall". The influence of thcse artificial 

hound,vry condi t ions arc stud i cd and are found to be apprec il;blc . , , 
1 ~ 

in ce.rtain situation~ ïf corrective action is not takell. 
" 

Finally, a tmospher ic pro'cesses inferred in theore t i ca 1 
, l 

works such as wave energy ducting, wave energy trapping and . 
s ingular .1 ine absorpt ibn are examined. 

, 
4, 

/ 
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2.1 Model EqU::ltlOns 
. 

. (a) Steady Statc Potentin! Vorticity Equation 

The basic equat:ions in sphedcal g€'ornC'try with 

pressure as the vert i cal coorùi nate are the mornentum cquations; 

the thermodynallllc equa t ion, 

(c) 

the hydrostatic cquation, 

(.ct ) 

the continuity equation, 

.. (e) 

and the equation of s~ate, 

P=fRT. (f) 

From the momentum equations, the vorticity equation 

is derived in the standard way. The vertical advection of 
<:J 

~.ortici tr and' the ti1 ting twis ~ing terms are neglec t~d. Also, 

the rela tive vortici ty .is assumed to be smal! in comparison 

(2.1.JJ 
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with the plnnctary vorticity in the divergence term and is " ' ~ \ 

negJccted. W4th thC'se approximations the vorticity'cquation 
, 

bccomcs' 

(2.1.2) 

It iS.;jconvenient t~crt to a new coordinate: 

r (2.1.3) 

. , 
The use of the hydrostatic cquation will result in the following 

expressions in the Z coordinates: 

• (a) 

Ch) , (2.1.4) 

and 

(c) 

as the square rif the Brun -Vaisala frcquency. 
" , 

In the C~ , e J Z ) system of cpordinates' the vortici ty 

and ·thermodynamic equations ec;ome:' 

~(1 + ~ : ~ ~irw) + ~0.9C ~ -~«o~e FA ~ 
d· I~i) + (T_ ~N "W = .f.'~~ d Q\ . dl:m TJ Ho p\r., lIT). 

• l 

.. -,..] 
\ 
\ 

\ 

, . 

(a) 

(2.1.5) 

(h) 



\ 

\ 
i . 
i 

.. 

() 

, 
" 

~ .. ,.. ..... ~\ ~,;~ '! ~_j...t...,. ~v-: .. ~ ~~ ,,; \. 'fl - .1f 
, . ~",.",~~ .. ~"";:'': . 

.. 6 

• 
FOllowi,ng ~fatsuno (1970), N2 ,,,i 11 be givcn a mean 

value corrcsponding to a m~an tcmperaturc for the stratosphcrc. 

This approxlmntion should notJalt~r the solutions of (2.1.5) 

considerHbly. Howcvcr, it will grcatly sirnplify the govcrning 

equa tions. o ' 
~ rnea~ tcrnpcraturc cqual to Ta ~ 239 K is choscn. 

corrcspondiug values of H 
. 0 

is 7 km and N2 is (4)(10-4) sec- 2 

. 
vertjcal coordrnatc Z is now equa] to the usual height 

. 
nd no interpolatio~ will be nceded in using observed data-or 

, . 
prcsenting results. 

By elirninâting the vertical veloeity w, equations (2.1:5) 

muy he comb ined ta gi ve the poten t ia 1 vortiç:i ty equa tian: 

(2.1.0) 

, 

}.. st;,eady statc i5 ass.umed. The poteritial vorticity cquation now .. 
becomes. 

1 ~ 

The time independent variables w. ' V 'r) and t are1 

partltioned into .zo~ally· average4 terro and a perturbation 

term that is a funttion of aIl three cgordinates: 

-
l' 

---...:..-----------------:o'"'.!'~'!\""'"l ir"";~.-."""""I~'I"", ':!iJi ... ::-.---;:,,:------ - ----
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.. 
(a~ e"~ 

and 

sincc ( 

'r - 'f\",,) t 1'lÀ,9,l) .. 

l ~ = ~:\e/"l) ~~t().'~ll) 
/. 

. 

Cb) 
# 

(2.1.8) 

(c~ t 

(d) 

Cb) Paramcte,-izatioll of rrjcfiop and Infrarcd Cooljng ~ 

An accuratc i"cprcscntntioll of intcrnai dis~ip.~ion 
. 

due'~to friction is difficult. Sjnce frictionsl effccts arc 

only of sec?ndary jmp.ort~ncc il this 

rcpresentcd in as s j mp le a nner as po-ss i ble. The zona l , . 

•• 

fla'" is 36i>umed to he in g.eo'strophic balance. ,Furthermqrc, '-.... \...i . , 
. ~ , 

friction acFs oqly'upon the perturbation fièld as a linear 

drag where the drag c'oeffïcient{ kt 15 a func-tion ot: '( e ,l. ) 

only. Tbus 

(2.1.9) 

. \ 
, 

·This is commo.nly refeired to as Rayleigh friction. 
, . . 

. The assumptïon WIll be'made t'hat radiative cooling' is 

the only diabatic term of si&nificance to the stratospheric 

p~'turbations . 
/). 

The heating rate per unit mass is given~, 

- (2.1.10) 
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S l ni P l c a Il li r- ,1 1 rI)' ;] C C LJ LI t c )- (' r r (' .., C II t .J t 1 0 n ü f i 11 r 1 ~l r (' d 'c 0 a 1 1 J ll~ 

] II t li ] 5 r C g i 0 Il C 0 11 " 1 ,; t s () r the " LI m 0 f lm c x él etc 0 Cl 1 j II g r 0 r ~ 

r (' r c r l'Il cet C JIlIl(' T ;) t tl 1 C pro r Il (' ~I Il cl ;) I-J e w t 0 Il l :J Il C 0 0 l 1 Il P, (] Il pro À i -

matloll for dcp,lrturc" from thi~ proll1c; 

(2.1.1]) 

WhC1C CR ~nd Kt ore fUllctlons 01 hCJ1'.ht on1)'. 

lJ S 111 g t h C' h Y l-,( o~ t a tic e Ci U ; 1 t J a Il, the h e a tIn gril t c 

hCCOlnl'S 

f 
(2.1.12) 

-, Ina r ccc 11 t s tu d:y, lh c k 1 Il ~ 0 Il (1 9 n) s t li d 1 C cl the 

. " b 

. J-/ " 

.- ~ 

al\ovc paralflctC'rIZatloll of ra{hatlve cool:inE ln the upper atmot.,-

phcre. He solved the r3l11ative transf~r cquations for the 
~ 

.' 

f stalidard atmosphcrc temperat.ure profIle to obta~{'h an exact coollng 

f: rate 3t hcights 30-70 km, (Fig. 2.1.1 b). For pert u rb:1t 1 ons 

~ 
~ from the reference temperaturE', he saw i t poss i ble ta paramctC'l'i z(' 
,. 

j 
? 

realistically the net tcmpcraturc tendencies in terms of (2.J,]]) 

if a specifie vertical profile was uscd for the Newtonian cooling 
'(' 1 il ~ 

<# 
, 

coeffitlcnt._ ,In his study, Dickinson concerned himsclf only 

with the 30-70 km layer. In the present study, the Newtoni3n 

cooling coefficient was decre~scd linearly from Dickinson's 

val u e a t 30 km t 0 (5)( 1 0 - 7 ) sec - lat 5 km ( Fig. 2. 1. 1 c), T lu s 

." 
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Comparison of the standard atnosphcre temperature profile and the model tempcrature 

'profile, Cb) Total cooling rate CC ) for the standard atmosphere te~erature profile r . 
(redrawn from Dickinson, 1973), Cc) ~e',;tonian cooling coefficient (k

f
) \vhich when 

multiplied by a small deral'ture from the standard atmosphere at a given level gives 

the deviation from the cooling of f}gt1re (b) (redrawn from Dic:ldnson, 197.3). 

" 
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Matsuno (1970). 

Substitutjng (2.1.8), (2.].9) and (2.1.12) Jnto 

(2.1.7) resuLts ln the basIc model equat1011 

.... t:' (a) 

when' the 1111e.1r tcrm~ arc kcpt on the ]C'ft hand sicle and the 

non':llncar tcrms arC' plaCC'Q on the nghl h3nd sit1c. Note' that 

lS the cffect of Infrdred co01Jl1g on the basic state. ~ct/~B 

is the latitudina1 gradlent of potential vorticity of the basic 

---~ a te. 1 t i 5 de fine d as' 
(2.1.1~J 

(c) 

" where 2. " i
1

he àbsol'ute vortiçl,ty of the bas~c state, is 

• u 

l =- 'f '" 1 = 2JL S\1) Q -' C~.ê klw" c.o~2.e). (d) 

.. 
This results in the foltowing form for the latitudinal grpdieqt 

of potcntiâl.vorticity; 
, . 
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J:iql1éltion (2.1.13) has Jcpc'ndC'nt v<1l''iablcs 1" v' 

1 JIi...' \J , ':Ir.' , W ~ a 11 cl ~o. The S 1 m p ] C' s t \II a y 0 f r C' ] a tl n g the s c 

varJables is by the gcostroplllc approxjmations. 

(a) 

Ch) 

" 1" = V~' Cc) 

1\ 

where the operator V 15 Jefined hy 
(2.1.14) 

(d) 

, 
AIso, the zonal wlnJ may be writtcn 

(e) 

50 the an~~lar velocity of the ba5i~ state is given by 

(f) 

.. 
Using (2.1.14), cquation (2.1.13 a) may now be written with the 

\ 

angular velocity of the basic 'statc and the perturbation geo-

potential as ~e only dependent variables. 

" ' ... 
(d) Fourier EXl?ansion'Forrnulation o'f i" 

, 
Since the perturbation geopotential is periodic 

l' 

with respect to ~ i t may be' wrii:tcn in terins bf i ts comP.onen t 
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\~ [] v C s as 

.... 
~'(~,911)=L R .... le,l) C05C\"(\~ +~ ... te."!~ • Ca) 

", .. J 

The cocffi CJents fi élrc l'cal (.lnd 
111 

pha<;c cX.. in 
is ùefll1cd ln tcrms . 

" ),R (2.1.15) of the position of the l'id gC' by 

o(m =-YT\ ÂR ~ Cb) 

The more c:onvenient Fouriey C'xpansion for §' is 

"".... À 
~'(Âle,l)= [. <\>Y'r\la,'l)e;·"'. (2.1.J6) 

""w.1IO 

ml'O 

* (Note that th~ nototion f or f js uscd Intcrchangcably to -m !TI 

reprcscnt the complcx conjugA te o~ -any va rUl!>1 C' f m.) 

Jt is convcnient to conver~a ne\\' variable 

defjneù by 

• 
(2.].17) 

It is further assumed that the two longcst waves explain mast 

of the wa ve 5 truc ture . Equation (2.1. 16). may now be wri t ten 

or 

i'::., ~e(") f ~ynl a,~) e.«.~À 
"".~z. 
",",,0 

(a) 

(2.1.18) . 

(h) 
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l', whcrc 

Cc) 

mù1 
(2.1.1R) 

(d) 

(c) 

i 
2.2 System of E~9-~ions [or the Fourier Coefficients 

In this settio" the governing equatlons for two 

distinct quasl-gcostrophic modcls"will he derIvecl. As the 

baS1C statc, we wIll spcci fy a cl istr ihution of zonal wind 

velocity in the mcridlonal section. Thcreforc, the b~sjc 

state angular velocity (w,,) is known. 

(a) 1>1odel A 

This model i5 a quasi-geostrophic model ihat has~been 
- , 

used extensively. Its prirnary feature is that it kccps the 

C~riolis parameter constant except where it enter~ the advection 
\ 

of planetary vorticity. ~he potential vorticity equation 

(2.1.6) can now be written 

}&; f • ~ ~~~D = ,,'< ..... (~ - ~~ •• 8F~ + ; ~~~, f~ ~) 
) , 

where fo is the value of the Coriol i5 parameter a t 4 s" N. In 

the absence of friction and di~batic hea~ing, the potential 
" 
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V~l't]cit:y is conscnrcù. Morcovcr, the stcady state version of the 

abovc cquation wo.uld show that a statiollary statc i5 main-

taincd only i [ the dissip:1tlVC cffccls of friction anJ the 

. contribut.ioll of the c111lhati'c tC1'1115 i5 11nlanced cX3ct1y by' ~he 

advection of potclltIal vortidtl'. This modcl'has the advantagC' 

of having <In ent"rgy conscrving r,overning equation. It hns the 

posslble dlsadvantagc of not being too rcali~tic cxcept at 

mid-latitudes. 

The govcrning cquation for th15 model is found by 
.' 

suhstituting (2.1.14) 111to (2.1.13 a) and kceping .ç" fo = 

(") 0 ' 
2 Ji. sin 4S cverywherc exccpt whcrc i t cnters (2.] .13 d). The 

number 1 interacts wi th wave numhcr 2 to producc wave numbcr 1 

and 3, while at the samc time wave number 1 interacts wi th 

itself to produèc wave numbdr '0 and wave number 2" it is thcn 

~ 
'; ~ .. 

possible to .obtain an cquation for each of the Fourier coefficients 

(see Appendix 1): 

Wave numb,,~r 1 Clt1 ) 

p.:C~2.lt: _ "t, " + (W,.-J.k7\CL () L()~Q~) - '1t, J J_.' ~~'\lt\ 
~ 'l.'& ~:J ~A-~KY~o.e ~\ ae co," ·~\\~A.,k+)~O...e ry 

(a) (2.2.2) 
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wherc 

(fN~ 
'2 

" Lm :; ~o6é ge(r.o~e!ë) -
1\ rJ-s] 
K:::: 3eLTR: _ 

~. 0.1. c;..ot.G 

,J ',~~~,!"r"!t'f\~ t-"'.<\o!~~''''' t' 

" 

Cb) 

Cc) 

(e) 

(2.2.2) 

For the pt.W-'pose of solution, (2.2.2 a) and (2.2.2 b) 

Will be put into a standard fOTm; 

(a) 

where 

(b) 

with 

Cc) 

• 



~:~. y tE FFE 

, \" ," 

(d) 

(c) 
(2.2. :q 

and 

RI =< ~"(G.>~ ... ~ !~;~,~~ -;-:" (C,"fJ -\- "f: ;e\L,"'T,) 
\ • . ' . - 2.'''h~e\L,'1I'~~ (g) 

,Rt =±~G~~k~Ja~I\LI~:) -'lt,~lL\~~. (h) 

The method of solvi~g (2.2.3 a) will be discussed in 

section 2.4. When the Fd\H:ier coefficients~l and\Z are 

dbtained, then the, perturbation geopotential can be computed 

by use of (2.1.18 d) and (2.1.18 ~). 

(b) Model B 

This is another quasi-geostrophic model. Its 

primary feature is that it allows for, the full variation of 

.... 

Tnp 7 7 a 



) 

t h C Co rj 0] j spa ra met c r ::i n a 11 t e rm 5 . In the ahsence of 

friction und ùUlbatJ'( honting, th15 model doe~~ not conserve 

potcintial vortlcity (sec equution 2.1.6). The non~linear 
, 

model equéltiol1s 3Te ail extension of the l::incar model equ;1tions 

used by ~latsllllO (1970). The Jinc:lriz",d cquatJOn5 may be shown 

to conserve cne'Tgy {or adinbatic, fdctionless flow,. Un[or­

tunatcl)', tIns could not be cOllclutled pos::itivcly for the non-. 
lincar equations, This model was used mainly to provide sorne 

comparisons WI th ~Iodel A. 
fi 

As (llsclls~ed by ~latsuno, tl~e linearizecl quasi-gcostroph.ic 

ver s ion 0 f t l1C' V 0 r tic l t)' e q 1I;1 t ion r cs u] t s i Il a s pur 1 0 us t cr m 

in the cnerg)' equatlon when 'the latitude dcpenclcllcc of f 1S 

rctainE'd evcrywlH're. An cl1ergy conSerVll1g system of equat iOll.& 

may be' obta:incd by follo\\li.ng the procedure used by ~1atsuno, 

A be'tter th an geostrophic approximation for 'II is used in the 

advection' of planetary vorticity," Thii better approximation 

for v' can° be obtaincd from the fi rst équation of mot ion 
\ 

(2.1.1 a) after neg1ccting the sphericity and aIl but the flrst 

advection t'erm: 

(2.2.4) 

-: 

,where the mo.del parameterization of friction is inc1uded. u l
, 

'- is now evaluated usingl'! the geostrophic approximation. (2,1.14 a) . 
. 

The same procedure will be -;followed wi.th the I)on -linea r equa t ion 

(2.1.13a). Equations (2.1.14) will be substituted intoJ2,l.13 a) 

.. 



.. 
• 

. .. . 

- ] 8 -

a s he f () r c . T 11 (' 0 n 1 y ex c (' P t ion 1\'Î] l b c wh e r c Vi m. u lt j plIe s 

the planC'tHT)' \~orticit)' term in ()ëi/~e '. Thcn (2.2.4) wi]] 
, 

he uscd. Thj s r-csults in' the following cquation ;:JJ1alogolls 

ta (2.2.1): 

ff4 WR~ycV~) +0t + WA~ ~zl~,}f] 

(2.2.5) 

Using the J;ollTlC'r cxpanslon (2.] .18 a) of (f/ into 

(2.2.5) and pToccedlng in a siJn,ilar manner as bcforE' rcsults 

in the following cquations for the Fourier coefficients (see 

Appendix II): 

'Wave llumber 1 C'lt 1 ) 

)l-7.~~~~ - ~ ~ ~!=~®C:~:l: ~~~~e b~) -::~~ {~~ -~\\(l)~~a ~~ ~\ 

+(~~~~fifk)C~i' +~- ,.L<~~K~ (a) (2.2.6) 

= ~~ ... ~0 ~ (H."'~- ~(M, 't~) • 'I-~lN.'t,)- 2"'tlN • ..,~ 

. . 

.... PEW? 
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(b) 

whcrc 
4 

)-J-2. -=:. (fN)l (c) 

(2.2.6~ 

" <}e(~) 
K - (d) - -t'o.l'Of.e 

and 

(e) 

As beforc equations (2.2.6 a) and (2.2.6 b) will1 be 

put'into a standard form, 

, , 



, 
1 

whcre 

(h) \ 

with 

(c) 

(cl ) 

and 

, . Cg) • 

which are analQ-gaus ta (2.2.3). When the Fourier coefflc i ents 
, -

2r1 and 1t-Z lire knawn then the' perturbation- geopotential can be 



\ 
fI. , 
,. 
i} .., ,. 
t 
1 

, 

\ 
\ 

-
For the ,,,aV(' stTucturc equ-athllls of 'both modcls, the 

non - lj Il car t C' nn 5 l'IC Tt' pla cccl 0 Il the r j g h t ha 11 cl s j de h 11 cl i] 11 

r. 
lincar tCTIllS wcrc kept on the left hand sldc b)' design. If 

~ , 
intcrcst is the \..;av,E' structure duc to the linc,ll-itccl . . 

equations, thcn It is slIfficjent to sct R equal to zero bcroTe . m 

solvJng the wa~ stnÎcture equ,l·tions. This is equivalcnt'to 
, \' ~. 

ncglccting al] Jhc non-linear tcrms. 

" 

2. 3 ~s)Undary -COll d i t ion s ' 

(a) Equato~_ 

Dickinson (19G8 a) studicd a llncnr model that 
, 

simulatcd (] [rict10n1('s5 adiab:JtIc atmosphcrc. He dcmonQr3teù . -
that wave cncrgy f] QW tcrminates on a vcrtically Incl ined 

singular line in a region of wcak zonal flow. Sincc thcrc is 

ùsually a linc of zero zon'6....winds somcwherc ncar the equator '. . 
~t aIr' elevations, then the perturba.tion wave energy shoulù 

be s~all 

is zero 

implies 

S'o~cwhere ... in thc\vicini ty of the equator. 

It wIll be assume'q tha) the per;\,.lr~ation geopotential 

at t.he eq.uatoT. By è~.1.17) an~/(2.1.18 a) this 

~at \-
\ 

lt- m • 0 for aIl \y" at e = o. (2.3.1) 

~t must be -empha.si zed :that this, is not a physical 

boundary .. condition\ It can only be realistiç if \'lave energy 

flow ter~nates 9r decays to practically zero before reaclll)1g 
, 

the boundary. Following~ckinson,. this condition is exp'cctcd 
• ri' 

> 

• 

. 1 



.. 

, , 

() 

) 

\ 
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l', ;! 

; 

J)()11!J of l]rr' CtjU,ltOl. 1I0hC'Vl'1, he uc,C'd cl Sll'lpll' 

th l ' Il;llll'-.IO!l of rrl~·tl(jn, iJlfJ'dJ'l'd CO(J1III.~ Dl1d the 11011-111,1(';11 
~ 

JJltl'I\,ICt Ir'l)l:. I~III ;Ifrr'ct thl" ]'('"ult .. lf wav(,~l'l1crg)' fJOly 

complete rcf1cLll011 \\111 OCCllI 

(Il ) l' () 1 (' 

t Il (' e Cl li d 1 II rJ n J Iv cl] J, the n 
,.\-. 

"Et 

Lt-Ili = 0 for aIl m at (2.).2) 

!fll"0 rlI1It(' ~()llltJOJ1~ for tJ1C' 11)1(1(l1~17C(1 l")(lll:1tlOl1~ (lt t})(\ 

llurtlJ PO!l, Thls procC't!tlll.' ma)' he pC'ncr,lll2.<ld to show th<1t , . 

f' 1 o.) e_ ..... "'" ). ' • .:}ny Sdalar ,\l'Il 1 ch ma)' IH' \\'1' 1 t ten III the ro rm \Q 

'1 

mu..,'t JI;I Vl' 

e- nç. 
n c a l' the pol c a n cl 11 cne c [(0):= • 0 /~t 

ThJS rcslllt ls .. ,lndcpcndC'nt .of any moùcl usco. 
~ .. 

(c) LOlvcr Ji(ll1n(bTy/)"Con<:'T!tj~ 

As cl i 5 C. U S 5 cp in Cha pte rI, ~ h è Ion g est w a v cs 
. -

in the atmosphere are generated main)y by land-sea dlffcrential 
, 

hcating an~ orog~aphic cffeFts. Thesc two sourtcs of wave 

energy arc confincd'mDinly to the lower pait of the troposphere. 
r' ' 

The governing cquations, (2.2.1) and (2'.2.5), for both rnodcls 

do nelt inel ~é- expl i e i t1 Y the wave genera t ing eff~e ts, of orogr aphy 

' •• a ·W7f7t zn _ms ....... ~ ... '"'i!'-

i , 



/ 

• r 

, . . 
) 

... 
" 

, . 
and dl rfC1C:ntld1 hcntlng. I\]so ,>ollle of the ;t')sumpilons th,tt 

the upJwr atl11o ' ,]111o]'c. lor thcsc H',lsons, t)1l' wav(' "trllcturc 

cqu,ltlon.'. <lrc (üll.'.ldcrC'c! v:J1Jd QIl1y in the' IIp'PC'T part of the. 

a~tm()"phcrc. 1\'('\\11J ro110\\'~I(]tslfn()'S ~rocC'dllre anJ flX the 

]O\,'el hounùJr)' of the dom:lll1 at th<' 5 km Jevcl. For the 
1 

bound.IT)' condjtJo)) It.'.('][, a hOrJZOlitaI ùl'stnbution of 1tm 

equal tü that'at the 500 mb 1<.'\'c1 'vill he ~-;pC:LlflCcl. l~cf('Trjllg 

to eqtl.ltlon (2.l.1H c), it lS SCcn that [or cac]) w[Jve ll11l1lb~'r 

nt tll(' 

lt-m( 8,"2.=' 5) = C rn t~, ë. "" 5) e ..\..o(",tÇl, t"5) , 
\ 

loll'{']' bounJ;JrY. 
i 

f~{' 

(2.:).~) 

Tt 15 sllfflC1Cllt to SpCC1{Y- hOYll:ontal (llstl ihutlons 

of the amplitude c: and the' phasC' OC la,t the 5 km 10veJ for 
ID • m 

hoth lI'avc Ilumh<:r.'.. Th~ same case t11a ,vas lnvestlgatC'd by 

Matsuno "nll be consiclcred ln this study. Ile sclccteJ the 

monthly rncan state for January 1.967 as a rcprescntatlve wintcr 
l' 

situl.1tion. The d~strihutlon llnd phases of waves at 500 mb 

for wave numbers land 2 are shown i·n Fjg. 2.3.1. They werc 

obtainccl by Matsuno from the rnonthly mcan ç.h~Tt publis"hcd by 

the Berlin Frce University and from the Northcrn Hemlsphere 
• 

cl imatologjcal grid data tape,. prepqr.ed 9Y National Weather 

Records Center. 

, 1 

5 S sn T 1 Ut 2) 

~ 
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1he atJ'lo~phcrc h3S no natural Urp~\J hound,]). 

AlI numcric.!l modcls mllst have a finitc ntmo,phcrc ~!nù cmplo)' 

·somc éiltlflCldl upper hound:lry cOllcl,ltlOl1. Wc \Vil] as!)umc .1 

So-caJ]ed "rJ~Jd top" hounJary rond1tlon at GS km. III other 

w 0 r cl s, il] 1 \' C r tIC a 1 III 0 1 1 0 11 i s IlW d c t 0 h (' z.e r ° Cl t t h j SIc v el. 

lI<;lng the tllclllloc1ynallllc ('<1U<1tjOI1 (2.1.5 b) and the FourJcr 

exp i1 n S J 0 n for the pc r t u r b;1 t Ion !: è' 0 P (J t (' n t i al ( 2 . l . ] 8 a,,), th (' 

folJowing CXjHL'SSJOns nw)' he obtalncd (se(' Appcnc!lÀ III): 

Wavp n'umlH'r 

'lt~ ~ rd't;t +- 1t;\\ 
1 d e\ cl -l 2J\.Jj 

(a) 

(2.:L~) 

Equat.ions (2.3.4 a) and (2.3.4 b) may be put'into a standard 

farm: 

(a) 

where (2.3.5) 

" 

7 -as"31 P. ........ 
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and 

(c) 
(2.3.5) 

(d) 

2.4 , M('!~?c1 of _~~_ut l_~_Q~_<:.~~_tcms of l~quntjon.:->.. 

The \~3VC structure cquotions (2.2.2, ~lodcl 1\, or 

2.2.G, ~locl('1 BJ alnl1g with the hOllll(br)' conditlons (2 . .'),1, 

2.j.2, 2.3.3 and 2.3.4J fOT·m <l càmplC'tc sct of couplccl. dlffcrcntiJl 

~qllatjons 'vitlN-a unJC]lw solution for 1t
1 

and \2 for, a spacifjc 

hasic 5tat(': 

1\ 

(LHS,)7-t", == R ,("tt·, 1 1t~) (n) 

'" i th ,-

trI = 0 at e= 0 (b) 

ln' • 0 at a = 11 /2 Cc) 
(2.4.1) 

"'1" P1(e) at Z • 5 km (d) 
1\ é:-s, ~ 

(LU,)'1+, = RIJ'(~'J'ltI.) at Z '" 6S km {c) 

a150 

(L H S2)'2t~--:: R2 l'2t-,) (a) 

with 

1t2 = 0 at 9 .. -0 (h) 

' .... "42 ;; 0 at S .. 'ft /2 CC) 
(2.4.2) 

1-2 .. FZ ce) at e- s km (d l 

l. U'l.)1rz. : R U2 \ 1tz) at e .. 65 km. «(' ) 

" :-.:--.'99 ... l1li' ________________________________ ... ---..'--
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(a) Flni te 111 f'[crcncc Schcme nnù Gnd llsccl 

The model gnd covers thc rcglon From the CqllLl tor 

to pole. The ]atitudjrw] grid illcrcmenls is /je::: S dC'grc('s 
.. 

and the vertic;al grid lncremcnt lS Llz. = 2.5 km. The nurnhcr 

of grill ,points js (25 x 19) inclucling the ('Del points. Sec 

Pig.2.4.1. 

f() 10 10 30 4~ ~o 10 70' ,0 NP 

------+ . .---+1 2 }- t -j~-+--~ ---l-1-,1-)-- J 1 J -.l~--* 23 IL 
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fig. 2.4.1 
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D15tributlon of gnd poinu in the ;mdcls. Grid peints Ire located at the intersection 

of the hnc:s. 
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(h) ~,Icthod of NUPlC'rical Integration of the BaSIC 

~j.ii('~~~~ a] Eqlla tian 

A system of cqtwtulns such a5.(2.4.1) or (2.4.2) 

(whcrc RI' R2 • RU l , RU Z i.lr(' knoh'll funetlons) may be solveù 

directl)' b)' a mcthod dr\'c]opcd h)' Undzcn ahc1 Kuo (1969). 
. \ 

They wcrc able ta show that a djfferential cquation of the 

fonn 

(2.4.3) 
... "!. 

is a c1jffcrential apcrator of arbltrary order ln 

y hut no greater than first orcler in z, has a finitc differcllcc 

forlll 

(2.rt.4) 

..... 
whcre t'" is the set of values Gr f at the nth level in z [or 

âll the glid points in y. The solution to (2.4.4) has the 

form 
p -('" 
T,,':o(n,""'.u o\-li. 

Knowing 0(.0 and ,~o from the lower baundary candi tion aIl the 

0(" and \3" can oe calcu1ated and then tn at aU nI s mane 

·computed after making use of the upper boundary cbndi~ion ta 

obtain f" The solution is thcn formally complete. Note 

that the wave structure equation~ (2.2.3 e and 2.2.7 a) are 

of the form (2.4.3). 
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(c) .!..!Er:JtjOi1 ~letllOù Usc>d to Solve C:oupled Systems 

a f E~.l~.~~~ 

Ildtially, wc> do not know how the non-lin('~r 

terms R}, RZ' RU}, RlJ 2 vary \vi th lat i tude and heip,ht. Our 

approach Nil} be ta u.se a successive approxImation technique. 

First, it will oe assumcd th<1t Hl' R2' RU I , RU Z arc idcntically 
" . 

cqual ta zero. fqu~tions (2.4.1) becorne 

with the other houndary conJitlons of (2.4.]) unchanged. As' 

wCJ1, (2.4.2) bc('omC' 

J. (L HS1)t: : 0 

(LU.) 'lt: = 0 

with the 6thir boundary conditions of (2.4.2) also unchanged. 

Note that t~e supersc~ipt refers to the order of approxtrnotion. 

As previously discussed in section 2.2, setting RI' R2' 'RU l , RU 2 

identically equal to zero is equivalent to neglectjng aIl the 

non,-1 i neSir terms in the wave 5 truc tu re equa tions. These two 

sets of equations are solvcd by the Lindzen and Kuo method and 

o' 0 valu~s of 1t-1 , and 'lt- Z at every grid point are obtained. Thesc 

Zero order solutions are the solutions of the linearized equations. 
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. 
Th0 n0xt 5tCp JS to rnakc a first arder appro~lmatJOn 

for R1' R2' RU 1 , RU 2 at ('very grid point hy usinglt-
1

o and 

o 
'+-2 . 

The cqua tian s thcm hecome 

1\ ) 

(L H SJ1t:: R,'l1t,o,1t;) 
~ 1 

(L U~1t1 -:"R U,\ 1f-,0 ) i-n 
• 

and 

whcrc tJ1c otber bounùary condïtions are the same as in (2.4.1) 
~ 

and (2.4.2). These two systems of cquations are now solved 

by the Lindzen and Kuo method ta obtain ,1t~ 1 and 1tZ .. 
~ 

This procedure is continued until the solution of 

and 
/1 

(LB S2,)-zt; = ~~ \'1.f~-1) 

" ( L U2) "lt-1\C. ': Ru,," ("'tt') 
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'). k k fields of"T] and \2 such thut 

1 
\< \<-\ i lt, -1t,. :':.OS 

'Lt IH , 

2. - 2. l.. OS . ~k lt'K-li 
'+-2 .... -' ~. 

at evçry grid pojnt. Then '2tlk 811d ~2k arc considcred to he the 

soluqolls of the (2.4.1) and (2.4.2) and thus the solutlons 

of the non-1inear mode] equations. Note that the contrihutjon 

of the. non-1 incar tcrms to the wave structure is thcn computecl 

by 

2.5 Energy Considerations .. 
Ca) Energy Expressions 

We are interested in the total energy of the 

. perturbation in a zonal ring of volume V bounded by _. 

, 1 

• 

.. 

1 
) 

11 

~_ .. ~ ___ . __ ... _._. __________ -'-1 _______ ...;.... __ ..:.. ___ _ 
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The perturb:ltlon klnctic CJ1crgy ln the VO]UlllC l~ 

given by 
--~ \< " iIflu" + v")dV . 

(2.5.1) 

V 
After Lorenz (1~)5S), the availablc potential cncrgy 

lS Aven by " 

D' = .LJf (d i}1)2. d V 
IV 2 N2 ~l 

V 

(2.5.2) -, 

The total perturhation wavc cncrgy in the volume' is 

E' =\1/' + D' 
v r 'v 1". 

For a stC'ady stute r.lode] , 

clt'v = 0 .. 
dt. 

(2.5.3) 

(2.5.4) 

Clearly, in arder ta maintain a steady state, the net, 

flow of energy into or,out of a volume must halance the surn of 

aIl SOUTces and sinks wi~hin that volume. 
\ 

Since aIl results will be presented in terms of the 

amplitude and phase of ~~, a more useful representation of the 

kinetie and potential energies of the perturbation in the 

volume V is found by using (2.1.18),. 

The resulting expressions are (see Appendix IV) 
~ 1 
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P' ::: ~~ \l~ ~C",: \. ç. ...... \\ 'c "2{()c( .... )(lO"1.~Os.edc;}d~.' 
V t N 'r\c> j L ~~ ~ 'l 'Mj "'" ~ c ') 

.... " (2.S.6) 
@o le> 

The derlV;ltlon of UlC ('ncrgy~h;délnce CC[lI3tlon of the 

~foYm (2.5.4) lS possIble for bo1h mode1s. Th:is deyivation is 

bcyond the scopc of tll] s study al1d. \<li 1] not he prC'scntC'd here. 

Se v el' al ter ms are 0 f p f] 111 Cl r y COll C e r n J.}Î cl i 5 CliS S j n g r C S II ] t 5 . 

\ 
Namely, thpy arc the energy flu:>.. terms llnd the encrgy 5ink 

tertl15 for fnction lllld pcrtU:ïhatlon cool ing. These terms will 

be introduccd a11c1 discussed jlltJjvidllally. 

(b) EnergL Flo~ 

Since the non-]lne..ar tenlls act 'as sources wit}llJ1 
• 

~he volume, V, thcn the energy flow terms are_ ident!ca~ in 

form to the lincarizcd equations. Matsuno (1970) has derivcd 
. 

the expressions for the horizontal and vertical cnergy fluxes 

per onit areu. Utirfzing,thesC' equations wc can obt'ain the 
- ~ " 

total meridional ~nergy flow through any vertical surface bounding 

the volijme ~y integrating around a latitude circlc, 

H' J'i.l (; - o !fol O~I ' 
, Flux ~ Jt~ WA ~À se c.,o~ e dt-dA (2.5.7) 

~o .. 

and t~e vertical energy flow through a horizontal surfàce bounding 

the 'Volume, .. 
Il (2.5.8) 

• 
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~ , , 

" 

" 

( 

" 

As bofore, more us~flll cxprC'ssioll5 for the encrr.r . , . 
fluxes are in tcrms of the amplitude and phase of '4- m. Usjng 

.the rOUl'jett' eXI~[lnSlOn of ~I (\.1.18 a). the' hor,lzonta1 cn-elgy 

flux hec,omcs (sec AprendD~'IV) 
~. 

(2. 5 . 9)· 
, , 

y 

In (2.5.8) the/vertical "elocity is evalu3tcJ,by use of. the· 
\ , , 

5l('[l!ly state therlllodyn3mic cquatjon (2.1.5 h) \O,1]th the l11odf'l 
~ , ' 

r c pre sen t a. t j 0 n 0 f qf e 11 l' ft fin r r (l t (' ( 2 . 1 . 1 2) . :rh cre S li 1t i s 

(5('C Appendix IV) " 

V :::t1!!ifCLQlA9''Cosef-Eo ~ doL_ -I<'c (~~ +',6 \\} (') 's ;.()) 
l=1UlC \{ .. \,J"Z: L R rr ~ ... c)'C '7-'H gij _." 

, ~"'L 

+ Tcrms a ris ing from non -11near in tc1'-.. 
actions .• 

Whon thoc wa vc s truc turc derivcd from the 1 il1car i zèd 

êquati?l1s only is, being considcrcd, there is no interaction' , 
am~mg wavcs and on1y the tcrms in curly brackcts arise. Note 

1 

tha t "for Model fo wherever it entcrs 'the:equations. .' 
, (c)' 

J, 
Sink Terms Due to Friction and Infrared 

Ct> 

Fr m ~he equatiors of ~,t~_~~~nd the .model para­

meterization of 1ric}io~.' the 1055 Of~rtur~~~~ 
due to fr ic tion +ay be computed and is found to' be --------~ 

1 

/ 
J' 
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In tcrl1ls of the amp] j tudc and phqse Cff.'4- )1) (USlnp, 
i 

2.]\.18 L thc'abovc" éqU:JtlOn. may be wYlttC'n,(scc AppcndlX IV) 

Slmiléuly the 1055 of éJvai.]~ht(' potcntial energy <.lue 

to infrârcJ r;'}diatl/on ts calcu.latcd by using the thcrmodYllnmjc -. 
equat j on 

.'" 

In term~<; /bf the ampUtude and phase of '+-m (USÜtg 2.1.18 ). 
~ 

) 

2.'6 Basic State 

(a) Zonal Wind Distrihutions 

As the basic state, the distribution of the zonal 
. \, 

wind velocity i,n the meridional s~ction will he. spccifi~d. Ob-. 
served states of the zonal Qircula tion ûp to the rnesopause have 

i 
bectn pre~ented' by s~veral authors ~rurga troyd et laI, 1965). AIl 

t 

\, ' 
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( 

III l'O);')))llll 1'\1'1) tIWlI!'!J lhl'Ir )l()c,lll(lI-) III tll(' ml'rldIOJl:l] plane , 
111.1) \lnr)'. 

S l' ( t 1 0 1\ " 

IL 1 t 1 (' Il (1 q (, 1) J~ 1 \' (' " 1 \.: (1 r (' p r (' ~ ( , n 1.1 t 1 \ 1> h 1 Il t (' r 
1 

(1 l,':. 2 (,.1 J, (:1) tll(' 1'01.11 \'(ll H'x 1)']11' 110"1 lIL'c() 

Both 1),I\"C the <;;1111(' 

• m:lJOl' [caturC'L, c,uch d:, tllc lllllldlc lat ltlldc troroSphel'IL )l'l 
1" 

• 

;lllCl the: pO],lr nl):;11t I~'t (lipper west \Vlncl cellter). 1I0\\'c\' cr , the 

po..., 1 t 1 Cl 11 art 11 l' poLI r Il i g Il tic t 11 a sa] a q.'. C J a t 1 t II d 1 Il il 1 cll c:; -

pl ,1«,JI\Cllt. 11(' :1150 lH('''S2.1ts ail ;IVC1',lgC \,,'Intor zona] \\'111<1 
;--/ 

COlTl]lOIlC'llt III <,trlhlltlOIl (1 JF, ·2.(1.2) \vhllli rc',cmhl('" hoth Cd<;e..., 

S 110 Il' Il 1 n (1 l ,\!' Z. Cl. 1 ) . 
( 

TI J(' ..., e Z 0 n a"] Il' 1 Il d cl 1 <; 1 r 1 b li t 1 0 II:' m II 5 t h (' li" (' tl v7 Jt 11 

c ;1 III 1 0 Il S 1 Il L L' th C y III C 1 li cl l' l' () III c S III aIl c; Ci il c f e a t \1 r (, !:> t li a t d 1 l' 

unlC'rtcllll. The s e u 11 leI t a i n t les m a y h:l v C' SIg Il 1 fIC: III t J n f1 LI l' JI C l' 
r 

on thc salut i on of the\ goverJllllg ('qu~lt l'ons cJuc ta the c;ccolld-

arder JCrIV,lt Ives of the hé1ïe h'ind fJeld that arc Jl1cluc!cd 

in Il cocfflclcnt of the- gO~lng equatlons, (2.1.13 c). ~Iorc-

over, the bounJary condition at the equator was formulatcd by 

pre~um]ng a 'specjal confIguration of the zohal wincl near the 

equa ta r (sec tIan 2. 3) . Thes..c praL 1 en,ls ",CTC cncaunt\,r cd by Ma ts un 0 

(1970) in his study. Ilis solution was to construct an idcallzcd 

model for winter rctalnin~,on]y the major features of the ob-

sérved winci system. Il j 5 III 0 cl c l bas i c s t a t e z 0 n a 1 ,."j n cl cl 1 S tri -

butlon is shawn ln F'ig. 2.~.3. Eastcrl)~ds werc placee! near 

--------~-
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,,<llid north of the t'qllatO] Jt :111 hl'lghts III o](lcr to tr)' to 

b C' co Pl P él t 1 h l (' W 1 t li t 11(' b 0 U J1 d . ) )' c () Tl cl 1 t 1 0 Il t 11 c r t' 

~1;lt~~UIll)'S :011:11 h'lnd dlstrlhutJon cloc,cJy le~,(,I"hlt,~ H:1ttCll'C, 

pOl(tr-vortl'\ tYjH' (1 Ig. 2.-Cl.l (1) di~,trlb\ltlOJl, Buth lct', arc 

p] ;J C C' li j Il 1. 11 (' c.,:l ml' p] il C e a Il cl t 11 (' COll r q: li 1 :1 t 1 CI li or th (' 1 sol 1 Il C C, 

1" qUlte c,IHl]1:!)' IIort11 of :;:-;0 latltudt,. ror the 1Ca5011<; dlS-

H' sul t s, th l' Z 0)1 a 1 \oJ 1 Il <l pl'O r Ill' 0 r ] J g. 2 . (1 • 3 h' 1 ] 1 ]y c \1', C cl 

for (Ill the' J'l'sll1t<, j11csentC'd III tlllS s1udy and "houle! 11(' 

il S S Ulfl e cl (t c, t h c Jll 0 cl (' 1 b a ~ ] est .1 te. 

I\s djSCllc,scd, by Î'!:ltc,llno. Sl'\'C']'a] péll':lnlctcrc., llJ,lt arc 

fil 11 C t 1 0 Il <; 0 f t h C b il" 1 C <; t a t C 0 11 1 Y l Il f J li (' Il C C t 11 r co III put l' cl h .1\' l: 

s t r II C t \l r e ] n a cl 0 III 1 Il ; 1 n t ln :JIll 1 C ]' , Till' \' a r J ,1 t 1 0 J 1 0 r ' the s (' p.1 1 il -

metcrs ln the rncrJ<.llol1al pLine serves to CXpL1Jll the lIon-

JSotroplC propagatlon of "'Cive C'ncrgy and the l'l'sultant steady 

statc ellergy cl1strtbutlon. The [irst paYéN'lctcr consiùcrcd WIl1 

bc the "latituùinal graùIcnt of potcntial vortioty" of the 

basic st-atc. 
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~thc }~~C::~.~_~~~!:~: __ L ~<t/o8 2... 

The latltudll1a1 gréldlcilt of the potent1:J] vo1'-

t:icJty of the baSIC stute IS computC'd usiJlg (2.1.13 e). The 

f1111te cllffcrenc(' version of this functlon can bc err;}t1c and 

h<15 beell 5l1ghtly smoothed for presC'ntatlon. The rcsu1tlllg 

di'stnbutlons arc shawn in' rlgS. 2 .. 6.4 and 2.h.5 for ~Iodcl J\ 

<.IJlcl ~!od('I n. re'speet ivC'ly. The unJ t of ~9../oe 1S the rotatIon 

rate of the ea1th. The cOlltrihlltlo11 of the lalJtudJILJ1 gradIent 

of planct:lry vortic1ty 1S t]WJl 2 cos e Fr om F j g s. 2.6. 4 

a n cl 2. Cl . S, hl e c an" l' eth a t t 11 e con t r l but l ° n 0 f the z 0 n ,i1 hl 1 n cl 

profIle lS com!'lanb1c to and some'tjmc:s greJtc]", th3n that of 

the pl;ll1C'l!H)' vortlCJty. 

Both nwdc]s show haslcalJy the sume JlstrlhutlOI1. 

Thcre js Cl rcglon of smll1J ~ët/~e found centercd at 45° N 

and 17.5 km. There is a maximum coinCldlng Wl th the tropOS1)hefl C 

jet and the polar vortex jet. ln this study, the primary 

importance of ~V~e is it~ etfect on another important para-

meter, the "ref.ractiv'e index squarcd". 

--- 4' 



-, ..... y'"-il:~ .~. ," _"9':',~w~"';.-c.A<;" :,~ , "','.if, F~,: ,j!':~ >.' 1- " t--- ... _._-- ... -... -~ ....... ~.~~ ... 

o :1 e 

30 40 50 60 70 SD NP 

GJ 1 J~ 1 ~ J 1 
10 // ~~~' 

, 50 l- l. 1 ~. <::.; ~ -i 50 

40,( t .~ 
~2.5 __ ~ \ \. -1 40 

HEIGHT 

kms
30
L \ "- -----2 

\ ) ')\ j 30 l.5 "' .. 

~ 
-
f_ 

'1( 
1 ~ -l~ 

_l~ "-- ~ --"'./ .1 --l 20 

c~~~ 10 ~ " ~_ a::s~5 ~ ______ ' ~ --l10 

1 
EQ 10 20 30 40 50 60 70 80 NP 

-f 
LATITüDE 

degs 

Fig. 2.6.4 The lati'tudinal gTadien~ of r10tcntial vorticity (d'Vèe) for ~bdel j\, expresc:::cJ 

as a multiple of the earth's r0ta~lon rate. 
f 



---- ______ ~t ~..........,-"-~ '"- 'l''~ •• ,,,,,",,,,,,{'.~~ 

",-;>""1f/J-'" .~...:,~""~~-~~~ li;: t'· ,::; 'r-." --, ..... '4-~_~;~ 

'~ • 
:.y LV ~V ':;v _40 50 60 70 80 ~p 
1 1 1 1 1 ( 1 

60 

50 

40 l- I 

HEIGHT[ 

\ kn1S 

30 

20 f- . 1 

lO 

EQ lO 

Fig. 2.6.5 

\. 

20 

.......... 

~21~ 
i~~ ( r 

......... '\. 

30 

1_ ........... \.... "-

" '-.. 

40 50 
LATITt'DE 

degs 

, 

60 -

60 

50 

, , \ \ \ -1 40 

~ \\~ ?1 3O 

J./. lo / ~ 

/.5~ 10 

70 BO ;-,:p 

The latitudinal graclient of p'J!:enthl vorticity (c)<l/oE\ ) fOT ~loàc1 B, e"qJT(~ssC'~l 

as a multiple of the carth's rot;:ttjol1 Tdte. 

..,.. 
-.Il 



i , 
\ 

1 

! 

r 
t 

.. 

.. 

; 

·~ • 1 Il, ,1.., '; ~ ~,'" ... ~ 

- 4 1 -

Cc) ~~ frDC ~_I_ve l~~~~L~~~_~O\Z 
The other parumetcf, }'('latcd to ;)9../69 , lS the 

"rc[ractive 2 
Indt,x sq\larcd", lm , of the w:wc Humber. Ncglcctlng 

the nOn-l1/lCdr tcrrns alld <ls<;umjng th.']t the mocle] otmospÏJerc 

i~ adiab3tic and [nctlon1e<;s, th(' h';IVC st1'\l0turc cquatjons 

(2.2.2 a) und (Z.Z.?: b) for ~lodcl 1\ may b'C \vrittcn élS 

whore 
(1.6.1) 

l m 
co~)e • 

(h) 

SJITIJlarly [ur ~lode] n, CClll8tlons (2.2.6 é'l) and (2.2.G b) ma)' hl.' 

writtcn 
• 

·(2.ô.2) 

, ... hcrc 

2.' ,- l 

l - \ dct. B - fiA -
M - ltiflc.o .. e ~ 't ~; (b) 

WhlCh are id~lltical tf the, cquatio~s derived by Mq.tsuno. 

ChaTney and Drazin (1961) considcred the vertical 

propagation of waves in a ~orizontally un~form basic flow on 

the 13 -plane. Formulation of the problem resulted in an equation 

2 similar to (2.6.1) but with constant lm. They werc aBle to 

-.----------------__ --____ - ____ 3._' ... __ l1li44 ........... "", ... _--.-;·..-... ·--- ... ,.-- ~ 
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111ustratc' the usefllll1('~s of ail analogy \vlth the propag:ltl(\Jl 

of ('lcctrOJl\:l~;n('tjc h':IVCS. Tlle'lr eqlwtJOn \"ne; of the' saille 

fOTlIl ,IS the c1lffcrcntJ;ll (''111(11]011 gO\'(,J'lling the one djP1CIlC;j()lla] 

ste3dy state propagal1on of clectrOlTIllgnctlc \\'JVCC; in a mcdllllll 

of rcfractl"c inùe).., lm. They concluded tlwt \l'hcn f m j s 

Pli l'ci Jl1 agi n ; 1 r )' (1 tn 
2 « 0) 0 n 1 y (' À ter n : Il W èI V C S are p 0 S <; j bIc, t h :~ t 

15, 1tm varJes c)..ponclltlall)' with z. 'l'hic; rnC'3ns that the 

vertical propdg:JtJon of cllcrg)' 1S lnhiJntcù and th('fO js SOJlW 

rcflcctlon of wave cnergy. 

arc Illtcrn.t1 h'ave~ anll vcrticill propagalJon 1,5 frce]y pcnnJttcd. 

BCIlUdoll1 (J971), IlSlllg the SlllllC model, conslt1ercd 

thc prob] c)n wherc the hasi,c st.! te angular ve]ocl ty was COIls13111 

hut 1t-m h'ilS a]]owcd to vary ln' both the ]atltuclJnaJ aJlJ vC'rllC<l]' 

dlrectlons. The re[r().ct;lve lndex squarC'd tllcn bec:1Jnc a 

funchon of lutitudc only and, the wavc structure equiltion \,'dS 

sep3rab1c. An oscillatory solution was pcrmittcd in the 

latltudinal direction: Th-c rcsult was that an internaI wavl' 

was possible on1y if the paramcter anaJogous ta the rcfractivc 

index squared was greater than an undetermined positive ~onstant. 

If the rcfrac t i va ind{'x 'squared was smal] er than thls pos 1 ti ve 

constant then the solutions were exponentiàl and the'wave was 

external. Fur~hcrmore, it was seen that the refractive indc~ 

sï.arcd was sufficiently 

/n11-when the zonal flow 

". 

large to &ive vertical wave propagation 

was westerly but not too stro~g. 



/ 

,-

hll.lLltlon (2.(l.'1) i~ ]ùcntiCéll ln [orm to the> t\\'o 

cliJ'lC'I1SÎOI1.11 'v:tvc equ:ltlo11 d('~cribing the ste>~j(ly s't~tC' pro-

pagJtloll of ('lc'l:trOJJl~Ir,Il('tjC \\';Jves é1\\1~y rr~m il circular source' 

Will' H' t 11 c t l a Il <; IJI 1 t t 1 11 g III C d 1 U III 11 é J 5 a var J cl b ] c r (' r r cl C 1 1 V l' 1 n cl ex. 

T1fu~ the e]c'ctrOJllrJgllrtIC analog)' Céln he cxtenùeJ t6 thjs 

P ,li~ a t Ion 1 11 bot h t Jù' e Ll Il d z d ire ct 1011:::', bu t Hl él ma r C 11 0 n-

i<;otropic Illanner. ln hoth cases, 1m2 
\\'1 Il oc a5~l1mcJ Llnalop,ou<; 

ta the l'efr.lct1vc ]ndex ~qll(]r('d of the J'l edllun, j.C'. the hasic 

f1 Oh' . , 

l:xtcnJlllg the resu]t<; of Charllcy ,li! cl J1razin (19ü1) , , 

and l1cnudolll (1974) ta t;l1S problcrl, It ",ill he :1ssumcd hcrc 

Indicates Lln cxtcrnal wave, and 

( Ll ) 

(h) 
\ 

(2.6.3) 

indieates~-àn inte>rnal wavc'. From (2.6.] b) or (2.6.2 b), it is 

seen that Im2 ~an he 'small positive or negatlve whcre w" lS 

eaS'terly or large westerly. As \ole 11 ,1m2 may be small posi tive 
, 1 

or nega ti Ve where ~9..1 ~e i S smal1 and near the nor th po le s inee 

th~ last term of (2.6.1 h) or (2.6.2 bl bccorncs signjfican~ 

there. These areas are expeeted, ta inhibit the propagation 

of wave energy. Conversely, Im2 ls large and positive in , 
areas where the mean flow is wcsterly and suffiGicntly weak 

and lor ()è\.,I~e is suffie ien tly large. The se' areas are expee ted 

J~1 __________________ --______ ~~w~'--__ ~ 
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to allo\\' frc·(' propagn1Jon of \vavc cnergy and an lnterna} h':1\'(' 

ma)' be C'xpccl cd. 

Fj g c:;. 2.6.6 and 2.6.7 ~how J 2 for ~lüd('] A and ~Iodc] 
o 

B, respC'ctlVe]y. The c1l'.;tri'hu\Jons ha've sC'vcréll fC'flturcs 

in conllTlon. T!JC'rc lS ;J mlnJmUm ln the field ccntc!-eJ al 45 0 

flnd ]7.5 km. ThIS is catlsed by the nllII))nliJTl of dëï.!~e 'ccntcrcd 

at the SélllH' poc:;ition. At high lat ltuJ(l:>, ]0
2
, d('lJ'cascs w"ith 

lllcreaslTq: hcight (lllCfC:lsjng w!,\). 1\'1 th dccrcaslIlg latltllde, 

1 
2 . 

InC1'C' élSCS o rapldly (dC'cfC'él:-.)ng ) \111 t l lIt r C II C J1(' ~ i lJ ~ 

[lnJty at the slJ!f.ular IJnc. One impor.t;lIlt dJffC'],C'TlcC hC'lh'CCI1 

t h (' t W 0 cl i s t rI but 10 n <., 1 s the w a y . l 0 2 cl (' C r C' il s' C S \'JI t h j Tl C r (' a sin g 

h c i g h t a t h i g 11 la t l t u,d cs. 2 
For ;-,10del A, la dccrcélses less 

fJ}lldly with incrcaslng llCight théln for ~lod('l D. Although lhc 

contrast is smal1, it may have an important c[[cct on wavc 

propagation as wlll be se en later. 

2 Z 
Figs-. 2.6.8 and 2.6.9 show Il and IZ ' respectivel)', 

~ 

for t-1oçlel B. l t is seen tha t the rcfr ac ti ve index squared 

bccomes sharply negati\c in the vicinity of the pole. Thus, 

i t cau be expec ted that wave propagation i s inh ibi tcd t"hcre. 

For t-fodel A, 1'1 2 and 12
2 

.chànges ftoID 10
2 

in the same mannér . 

• 
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fr»)(lO )'-,('c , Ilvnee' he nl'p]('ctC'd 

i 

e 0 (' r rIe 1 C' Il t ~, , 1 n 1 1 1; 1 1 .J t t (' Ill]) 1 <; toc 0 Pl P II t (' the \~ ,) \' (' s t r II c t li 1 (' 

f 1 0 III t Il C Il 0 1\ -] 1 li (' :1 r (' q lI:11 1 0 Il c;; "IL t h th (' <; [J ni r co 11 (11 t 1 0 il S \\';l <; 

un '-, Il ç ccc; <; r 11 ], Th l' 1 t L' l'a t J (1Il III (' t ho cl cl (' '" l- r l b c d 1 li c; cet 1 011 2, <1 

plO V (' cl t 0 ~J 1 H' U Il S t a h 1 C' c, 0 1 Il t l () Jl S . 

Sever:ll ldctors ma)' h,IV(' cOlltrlhutc'J to thls heh:l\'l'0Ul'. 

1 t 1 S po S S 1 h 1 (' t ha t 1 h c q li d S 1 - g (' 0 ~ t r o]l il 1 (' C q \l ~I t l 011 <; ct r l' g r 0 <.,', 1 )' 

lIlllC':lllc;tlC. III the 10\\(')' Ltt Ituc1cs. Tr so, thell th("I1ICthod 

];]1 j t ude''\.;. IhlS l~ p:lrtllll]arl)' 1ruc 111 the' vlei]]lty ol thC' 
-" 

sll1g111al 1111(', The t'lltlrC' it('r~ltloll lIlC'lhod of C'\'.I1uatll1g the 

nOI1'-] Illcar tcrlllS prC<-;UlllCS lh;11 the 11011-1 incd1 tCllllS arc '3In~J1 // 

// 
Or ,comparable ln magni tuclc ta thC' l.illrar tcr~, In the Vl-Cllllty 

of the singular linc, thç ratIo of pcrturbatJon vclocity to\ 

zone 1 veloe ity beeo",cs exceSSive and th i s condition br~~] 
down. The iteration method is thereforc unstablc. The Influence 

of the htidcial bOllndary condi~ons on the compllted wave • 

s truc ture was examined and found to be of crue i al i mportal1ce, 

PjnaJly, the values for the friction and cooling coefficients 

used by Matsuno were unrealistlc. The e ffect 0 f the above and 

subsequent "corrective action" are detai led and disèusscd in 

thi s chapt er. 



J, 
1 

cner!,,)'. 'J1H' Jld]îortn))(_c of :-,tUr\\'111S: the r<:"jll)j)C,l 01 the !1\Cldl'l 

<1t nJ(] '-,J'he]'(' tu t h l'~L' t)' rc" ur fo J l J Il ~', 1" t )Il'Il l'\') dr'!1 t. '1 u 

11 wJll ]Je 

~I ~ ,; \1111 (' t1 1 1 LIt rn Cl "t l (' '. li 1 t" ,1 fJ JI 1 >' C CI li;] 1 1 Y t 0 th (' ,1 Il d lOi', () li .., 

" 1 t II ~~ Ion i)) the ~! 0 cl (' 1 /1. iJ t );If)'~ Ill! (' r (. A" Jc 1 1, s 1 TH' l' 1'1 n \'l' Il 11111 h (' r 

1 h'.tC, found to he nOlilJ n,lllt O\'cr IvaYl' lllllllher 2, 1110'.1 hork "'ll~, 

cl 0 Il C Iv 1 t 11 \\,1 V C' n li III h (' 1 1. 

/1.11 I,Jve ~trllctllrl' dl~trihlltloll~ presclltcc] SIlOh' the 

vali;Jtlon,of t)1(' <l1l1p11tUlk CC) and ph;)~c (CX: ) or tlll' fUllctlOJI 
111 1\1 

1r over the meriÙJOllill plnlle.' Iller?)' denslt)', cl1crgy f10IY 
IJ\ 

Jnc1 the r,ltC' of cnclgy Ùlss~patlon br .frIctIon and infrarud 

co~ing may he ",~utcù USlnp; the cquJtioJl!' o,f' section S, 

Chaptcr 2. 

3.2 
.- 1 

FOrCln~W] th Wave Energy of the Lower Boundnrl' 
y 

In this section, the respoJ~se of tlw llncarizc-d atmos-
~ ( 

phcrè subjC'ct to vadous conditions and forcing from the ]olvcr 

"",",l?oundar~ is s~udied. First of al1, the cffect of '355Urning 

different val~es of )pc friction ,Ck f ) and radiative cooling (kt) 

,.~ W 

, 
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kt c k
f 

C ('ï)(10'-7),--e(-] 

, 
ull\ LI Illcd h)' '1.11 <,lll}O, 

",truc'IUle ohl,lllltd hr hdl' Illt-', kt :0 k
f

:- (](1)(IO-
7 ) 

( ..' [1 ) ( 1 Cl - 7 ) 

1 j ~'" ') ~ .1 

- 1 

prul'n['at 10]) or 1.'dve (,llcri~Y. 

rt''-,J1C'l t J \le 1)', 

'" .J l' l' Lcnlc)C'd 

r q ll,l~\. 

1 Jll 1 l'il~, J Il ~', 1)1'-' illd gll 1 t lId LOr kt 

\ ,1 Id ~: 1 i c...: r C:I ',l' é~ 1) J C' d 1;'1' ] 1 t Il cl C II /11 l l '1 il l' 11 r 1,1:1 1)' ,; t a Il dl Il g \,':11 l 

, c\'ldvllt JII J Jl';. '-;.1.1 l!-o llO ]Oll,l'l'1' VJ~11'Jl' ln l'q', 'LI,'S. 

)II,ttlonC;(l.~·,C;)llnd(?,r;.6)Jndlt:lt(' thnt ,1 ùccrl':!'-.( of :lr\)111tudv 

Ht the same p0111t li} the dOJll;IJIl duc to jJ)crcac;ln~: k r <Incl kt 

mcallS QIJ cven more rapid c1ccrC'<Jsc lJl the steady c;telte' C')('Jr~Y 

dClIsjty thcrc. 

DJcldnson (196~)) cOPc]lIdec1 that Ncwtonlall [oo11nr 

ma)' play an important l'ole in the vertIcal propGgatJon of 

planctary \'lave encrgy in regions of w('Dk westerl)', flo\~. l\pplYllJg 

(2.5.10) to the wave structure of fig. 3.1.1, it js secn that 

the term which arises hecause of perturbation co~ling is c0Il1Jl3rabll' 
'", 

10 the first term in rcgions whcre the mean flow is smal1_ 

As previously discussed, Dickinson (1973) obtaincd the vertjcRl 

profile for the Newtonian cooling 

r ~ 
coefficient that made this 
~ 

, 
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uc,c(] III ;Ill rulule COl'lr'l,lJtl~)Jlc.;. 'Ille h'c!\l 

~ . 1 . 1 h tl c, "f ' 

(II.~. 2.1.]) \.111 1,(' 

t () J) 1 l J. 1 Il <..; l) fi 1 ~ 

prof1]('. Thl', h:I\'C .C,lIUltlllC dl'--lrlhllllPIl 1J1:l)' he lnnlp.lrcd 

dl1e'ltly \:ltll 11[;. l.I.I. 

cent( l' of the ]111]1'1.11)' SLllldlJ1g W:I\L'. 

for ht 111Cl'l'.J'-('c, 1':lpld]y l'L'latl\'(' to (S)(IO-7) Sl'l,-I only 

:1 h 0 v (' ~ 5 L JII, ,J Il JI' 1]10 r t :l Il 1 Ci lll' :, 1 1 () Il l' 011 l l' ) J)', 1 il t' 1 0 c, ,~ 1 11 the 

'Jo ('>.p];IJIl t]1t' ('Xl"tel]((, of the prlm;ll)' <;l.1lleJl111', \:,1\(" 

M,! 1 S Il Il 0 (' Il VI', 1 (1 JI C' cl a C.l \ 1 t Y 1 Il 1 il (' Z 011 U 1 f 1 0 h t h a 1 l' 0 J1 C C' Il t J ,1 1 (' " 

. 
It \\',IS dcduc('d lb,11 rL'f' 1 ()J1', or SJlI.J11 dnd 11l'1:.tll\(, rC'fl:lltl\l' 

1 Il li c \ " q \J (1 r cd J Il Il 1 Il 1 t h'.J \' C' P r () Il d ~~ d t 1 0 Il iln cl C;] li S (' r (' fIc c t J 0 Il 

2 
~ 1 d t <; lin (') Cl 9 7 0) r r 0 cl u c (' d (l 5 C h cm.1 tIC r C j1 H", e 11 tilt Ion 0 f ] 1 , 

(FIg. 2.CJ,H). W LI V C cne r g y II Tl d (' q'.o C' <; r C p C ;1 t c cl r c fIc c t 1 0 Il S 

at thc surrOUl1dlng "wa]ls" and cvclltu,llly (1 5t;1ncllng W3VC ]S 

formed, ~["tà,no's p,ctll)'e has b~cn rcprodllced ln ]'11' 3,1.5. 

It is clenr now that any proccss affectint the 

r '. waVC-C!1crgy in the upper stratosphcrc can affect the wave structul't' 

in the lower stratosphere. The wave energy pre~cnt·at the 

ccntC'r of thc standinB wave results frOm the cumulation of ..-

fl owi nI', wa~e cncr gy al'ld re fl e~ ted wavE' ~nc l'gy p ropagn t cd upward 

de-wmfa rd from the top lélyers. Whcn the Nc\",ton i an cool i ng co-
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\va \' (' '>1ructurc J~, ta the JJ1:Jgllltlldc 
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110\\ sell/tlVl' the cOI'lputcd 

of the Rdylclgh rrletlOJ) 

cocffllll'flt, ]...J" 1·11~·~· {.(l sho\\'~ the COlllJlutcd \\';}\:(' <;trUl turc 
, C'_] 

11'1 th J..., - 10-
1 

"CC Thl~ l'an he compa!'ccl dlTl'lt1y \\'It-h 

- 1 
The crfect of 11SI11f 

" 

lli.lglllflCltlOll of the t\\'o secondél!')' :..tundlllg \vavl':" ]1JC'!ient 

A modlficd plcturc of the knr1ers ta \\é1VC cner);)' 

propagal Lon in tho mode1 atmospherc 15 ncedcd to cxplalll the 

h'avc structure ai f.ig. 3.1'.6. A proposed model is silOwn ln 

Fig. 3.1.7: Th(' secondary standIng wave at h1ghcr c]cvatlüllS 

seems 1.0 he forrncd b)' TcpcJtcd rc'flcctions bctwcen thc' rlgid 
~ 

top, the equa tortaI Wél] l,and TC g i on of sma] 1 o9./~e. The 

secondary :"tanding wave at .~ower e1evations sccms t'l be forllled 

by repC'ate}reflcctions of wave cncl'gy between the rcgion of smnl1 

~/~e , th~ 10\vcr houndary and the equatori:ll wall. 

J 



'" 

i 

1 

.. 

40 

HEIGlll 
km. 

, JO 

10 

IIg '.I.b 

EQ 

Fig. 3.1. 7 

- (10 -

doS· 

(.0"1111 '(1) dlW'fJhlJ1tOll Llf 1hr fl~lltt1J(· (Cl) anJ ph ... ">( 

IHkl ~, cqu.al to H'll·dncPIl 1
.., prof11c 

pmall 11
2 (smal1d'Vde~ 

,\ v 

2 
Smalt Il 

(large ü) 

(,0 

so 

40 

JO 

20 

\0 

Sa ... • as flg. 3 1 S excep\ ncaifleJ ta Cxplnlll wnvp stru:turc ShOkll in rlg. 3 1.6 

l"" •• ___ .. ___ - ________________________ ----, 



-, 

:( 

, 

A 11Ll']> 1(,;1:-'011 [ur the 1.lrgC' iIlLlC;lSC III the afllpll11ld( 

o[ the prllll:1r)' .t,lndln~ h',l\'(' 15 the lncrl.'ascd ]'c[lc:ctinll [1011] 

the arll[1C1;t1 ,l\'Il\l~rics, ln tltc arC,l o[ the pr1i;J;Jl)' <tandJII): 

",1 ;1 v C', t 11 l', r (' f l (' ( t (' d h', '" L' Il (' r g)' <. (> (1 1 d i 11 t C' r [ ç 1 C con s t T li L t 1 \' (' 1 r 

thel'c. This 1~ 51101\:n sc!JclI':lf 1('111)' ln l'Ir .. ?j.1.8. 
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the' \,;l\,(' ',tructllit U S lil!: 11lC' [l'pf1cr b'-l\lil(];I!"" (("ld'!}:'11 11~111,)',1 

h)' ~I;lt"llllo, t11(' ~o-':~Il('d "J'ddl;j~ICJII ,011(11tICII", :llhl lll( ",1I:1l' 

1l10~1(>] U:-Illg Il;'(' fq:IJ top. Sile [oUJld l)l;lt 1,))('11 Il''11''' t)1( rl:,id 

c 11 a Il 1: l' i JI t 11 (' (1 )11} J] i 1 II J C 0 f t II l' P Tl III n r)" " t il 1), l 1 1 f: ,,:1\ (' . Jo, 1 1 h 
.. 

tlJJS ln mlncl lkaudulll conclllclt'd lh;11 ,1 rlgld""tlll' :lt (1) 

littJc ('[[Clt on the lOPlputrct] I,'ave. structu!'C Ilo\\l'\(,J, sIl(' 

usee! the ".II:1e nmollllt of rrlltIOll:1'> ~l;I1.S\lIlO, 'lkllCC,]1.0t .1'-, 

llIuch loJnvc.cJ1f'lgy :rC':Hhr.;d thl' r1iglCl lup ;\lId COJl'-,cql1L'ntly "~()t 

as lII11ch l',';JS re[]\,ctl,lIll bacL. 

!'ol;lmdnp, ])llbllSOI1 (10flin\ dlld ~lat"llllü (lq;O), lt 

f-' 
h:l<1 bcvll l':--]>(\ctel' t)I,11 lhc "11l!'ul:H 11.JlC' III tlle ZOILtJ hldd 

profl le llùrth of ,lllt' l'qu,ltor \'.'Ollid pl\\l'Ilt tlll' [1U\\ of cllcrr,y 

, 
t (1 t h C c 'lU;1 t() j 1 <J 1 h ,J1 1 . 

• 
U tif 0 r t U 11 " 1 C' l y, t III S cl 0 C S 1\ 0 t sec III 

\ 

t 0 b e ha P Il (' J lin g III t 11(' c x am p J l' 0 [ F 1 g . - :\ . 1. 6 . 1\(' f J l' C t 10 Il 

fro~ the cquatonal ",aIl 1s almast certalnl)" the cause of the 

scco~n'y standing wave of Iowcr 1at:it_udcs. COI"SC<jllcntly, ln 

a finite (llffcrencc model w1tn frictJon and Newtonian COQ11Ilg, 
~ . 

it is not c1ear hm.; mueh encrgy ean f10w through the slngu1ar 
'" , 

Ilne to he reflected at the equator. 
/. ~ f 

, 1'0 prevent reflection of the equatoda1 \Vall, (l COm-

pletely artificia1 dcvice will be tlscd. By (2.5.11), it lS '. seen tha t the mode r friç t ion ~otbs a ~v <lll1oun t () f encrg)' 1 n 

evcry unit volume directly pro\ortional to the ma'gnitudc of 'f11e 

"':;1' • • 

( 

1~~~~~~~~~~~~~~~~._J~~~_~,~+~~_,~.-p~"~a~.~,~,~~.~"_ .... 
~ '!l.ÀI, • -t. 
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( 

r', 1 ( t l ,(, )'" r l' ( 1 "1 

\ hl 1 \. 1 1 1" t J Ilil 

" l, q ,II 

f r () III t 1 j(' kll!.1 t (\ l /,1 1 1: ,J 1 ) • 
, 

) J, 1 )! ~ . " . J .~) il. 
'--

II\' ~2S~, . Il..., \~ ( l 1 , 111 (' top second: l l) 1,1 ,llld Inp t, " ,1 \' (, presC'nt 
.,. 

J Il 1 1 p, " .~ 1 • (1 has (fI "a p p c ~H C d i JI rig. :; , 1 . q 1) • The S('( olld:l l'y 

..., l,11H11 /lg 

ll))ll'ct 

h'" \'V ,lt tl] (' 1'01 t Onl !l, l " ch;)nj;('d r () rm, JllC'rc j l, Jl () \\ 

;111,1 h.1llte,1 ~111(IL' oJ~th(' ~11'lpl1tllc1é, cl1S1! ihllt]UIl. 

\\'lthIJlJt thc' :ih~()rb/llf li1yer E nc:\.t tu the cqu,dor, 

d III Il lit II d (' d!" 1 r lIn l t 1 () Il h' ~I..., P (' r y " C Jl S J 1 1 \' C to 'sm,) 11 
f 

,/ 

1 he 

Th i ~ C.lI 1 1)(' " l' (' Il !J )' C 0 ID p:11' i /1 g 1 ] g , :; , 1 . Cl t 0 lJP, ).l.~. 
<' 

to the magn / tUGC 0 'k f . \\'h(,11 L j \va SilO ] on l' C l 
" 

ver)' ~l'nsltlVC' 

111 rcglon !\ 
-C) 

lncrc~secl frolll 10 ' 
<J 

-1 
sec (2)(10- 7 ) scc-] 

vcry 11 Hle t!CC}'('éISC' in the amplI tude '(] , tn])lJl1ÜIl l"~S obsc') vcLl. 

The computcr} W0.VE structure of l~g. 3,].9 JS no" 

asslIl1lcd to he frc(' of <lny gross clefc te; ln modcl1ng. Suh-

s('<{u('ntly, it ]5 cOJl"Idcrecl to he a lC31JstJC so]ut10n 
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2 (JI1~, /.(l.S). 1\lrticuLlrl\ 

( s ccl 1 () Il ?. (l C) S C' é PI :; 1 C.I <., 0 li d Il J ( • 

, ~ 

/ , 
Il 

A <, Il cIo r (' , \, :, Ü' :1 d)' s 1 il 1 (' en C' r g y f 1 0 h' 1 c; d l' d II C (' d 1 Il ;1 

Ci u : 1 lit .1 t 1 \' (' Ill. 1 Il Il (' r li <, l Il g ( 2 . S . ~)) a n cl ( 2 . S . 1 ()) . A QUll1tJt;1tl\'{' 

COII1)ltILI t i 011 f r (J Iii .s 1 III 1 LI l' h' n v C' s t 1 \1 cl li 1'<' dis tri il Il t i li Il', \\ ~l S do JI e 
~ 

by Mat'>1lI10 (10'/0) 

f ] 11 2 ] 1 l 2 1 rom :1 r gel n t 0 S JTI , 1 (' r 1. , t 1 c wélve cncrg)' lS )'efracted 

2 a\Vay fTOrn the 110nn:! l or Il 

t , 7 
js propag,ltc'd( {rom ',m,Ill 11 

7 
to larr.el" Tl 

is r('fr~ct('ù tO\'.',lrdc; the 110lJ.1,;] . The ahu\(' eUcct c, rl'sult III 

W <l v (' ('11 (' r g y ÎI Cl" 't lw t As \Vell, 

thq.,.strongl':-.t C]H.'rgy floh' i!'l él.rOlllld the ],C)"',IOII or '-,I,lil11 dë'l/6e 
to 

3.3 

The \vave nlllllhC'1:s1-2 jnteractlo11 aets as a "ource 

for \vavc number 1. Likc",jse, \\Tave numhcr 1-1 JJltcractjol1 (Jets 

as il source for wave number 2. The se j nt C' r a c t 10 n S Illél y b C' 

rcgarJcù as intcrnéll sources ta the IJ]1c,lrJzeù model CqU;1tlOll~. 

To sec how the non-l1J1C'ur ~nterélctjons at varlou~ points ln 

the domajn cou1d passjbly contrihute' ta the "'Gve structure, 

the responsc of the 1 inea r mode 1 atrnasphe> re to fo r~j)g from 

internaI sources has bren studied. Thj 5 is accomp] lslH'd by 

1 r 
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(' q li 1 1 1 Il ~' 1} li' l ' 1 It III / J,l'Ill /J,Jl'H] (lf (:.'.2.() ,1) 
,1 ) 

1 II ] (1 l' /" ( 

1 111 '> J <, (' q 11 1 \',' ; ( ; 1 l 1 1 

pLll 11Ig :l Jlolld sourc( >or .lll1p Il t 11 le 
Il.' 2 (1 ", 

JO 1'1 /',l'~ .It () 1\ 0.;01:\ 

1 Il t hl' lle] 1(lll)Il.I] [1 J ,l/Il' , 

\'1,)\'C Clll'r!',Y JIll' IdC'1l1 OJ1 the ;Jrti fil Idl hOlllld,j) lC", 1<; l'l'flcctcd. 

C Il<' q; Y r rom r (' il ( h 1 11 g t h l' W d 1 l , 1 t Iv Il S S l' C /1 J J1 J J g ~ :;, l , (1 

that f(·flC'ctlOJI JIl,I)' OCllir froJTl the " YJ f,JJ top" as "'011. lt 

11' l 1 1 Ill' '> II a W Il t li d t t h 1 <; C a 11 h l' p;t ri/ cul ,l 1 1 Y 1 JTl po r t .1 II L Iv h C' 11 Il',1 V C . 
CJlC'rgy IS (~l'rlVl'd From q non-llllC':lr Intcr:lct IOll I1C,lr the top, 

It 

1-'01' this reason Il ",as l1CCcss:1rr to pLICl' an ('J)('rgy ;lhsorhIJt!'. 

1:1)'('1 11l'.>-1 to 1 he ri gJ\L-l0p ;Je; Il'e] 1. 

])) ;Ill errorl to provenl rcflcct Ion of "';IVC' cnergy 

From !lotlt ,1ltlllCléd boulldaric!->, él dic;trlhut Ion of h
f 

sho\\'11 

111 ]·'lg. 3.2.1 ",in he u::,cd. 1'0 furthcr study the cffcc1 of 

wave l'Ilergy l'C'flcn/oll rrom thcsl' houncl:JYics, the "",n)(' ;,tructllre 

~ c s ult '1 n e r rom Cl p 0 i 11 t sou r C e \v li ~ COin P li t C cl 0 nec 11' l t h k f = (2) 

(10- 7) scc- 1 and agélJl1 lI'itb k
f 

cqu:ll to the' chstrihutlon of 

Fig. 3.2.1,. To fiJC11itnte comparisoll, the ùistnblltlon CO/ll-

puteJ for the former C<1!'>C is .p1accc1 at the top of tllC, pa!~c illlcl 

the distribution computecl fof the latter case is placeJ at the 

bottoln of the page. The position of 'the source in the mcricllona] 

plane is markcd with a. (sec Figs. 3,2.2,/3.2.3 and 3.2.4). 

Many experiments were donc with point SOllrcjcs rcprC'senUng * 
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]'0 :I\t'Jd l'l'l' '('11111),[' :lll (',\t (,;;<,1\ ( ,1),1"111l1 ni , 

'Cio\\' 1', 1111(lll'cl IIl'~l QlldI11:ltl\'C' 1'1:11111(') IIS1I)I' (,l,S,l!) ;llld 

(.~:S.I()J. 

A 1/1 e;lc'lJ (':\.!r~lj1] (', (,11(,11~\' rI 0\\ <., III .1 nOll- r <.,ot rOjll C 

~ 

, 
" ,1 \' l' (L'Il t l' 1 (' cl • il t 11 (' <.; ;1 PIC jl ( 1 " 1 l '1 (J Il • 1... t Ill." ~ Cl 11 J \.. t' . 

~ 1 <.; LlH' Pli 1I1, 1 r) <., 1. 1 Il(l 1 Il!'. h' . 1 \ (' 1)] t li (' (' .\ < 1111) >1 l' ~ Cl r t Il r; Il n' \' J 0 II <~ 

sect Ion. 

1 h (' L,li \le t Tl 1 (' 

III the IU)),ll flo\~ lI1L·J('. IIC'lll(,:1 <.,t,llidlll~', \:.11'(' (0/1'1<". 

1\'1Il'11 .t ',(jure (' \'1.1' P LIl'l'rl III ,ln ~I rl';l' \\'Ill'! (' t 11<' 111('all 

f 1 U h' \va" {';I.., 1 (' r J)' ( /1(' l' .1 t 1 V (' ;1 J1 d 1;1 j' ): c Il 2), Cil (' J i~ \' rI (li; d (' \. .1 Y l' (1 

- ] f a S 0 Il rel' h' (J c; Il] J ( (' cl i n il reg 1 Cl li 0 fIl' (' d 1 Il' (' <; 1 (' T l Y f] 0 \! (l li r !: e 

2 Ti ), it \Vae., rouno thnt \\,;IV(' el1ergy prop,lgat('cl rvadIly thrnui~ho\ll 

the almosphere and the e[[cct on the amplitude J]~trlhlll1011 

cOllld he apprccl<lblr,. COI1\;crscly, ]{ the source h'a~ pl. l L'cd 
.1: 2 

1 Il arc g 1 a Il \II Il cre t Il r Z 0 n a 1 fi 0\1' W n s 1 a l' g C ( n l'f~:Jt ]\T ~ ] i 1 t Il c 

<1mount of cJlC'rgy f]Ol~ \'Jas sm;]]l alld the resultant am.pl1tudf' 

l·clativcly 5mal]' 

ln Fq~s. ~.2.2 a and 3.2.:i il, rcflcctiol1 frolll the top 

, 
l'csul ts ln a standIng ,,'uve ncar the top. Th i s c [ f cet I~ as sec n 

----- ~--------_._---------------~---
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h c' { "t (' 1 Il Iii ~. :;. 1 . (l . 

l li 1) t (' )lIT " (' Il (- ( , (Jf h',J \ Cl' Il (' r [' r r (' fl (. c t 1 (li! r f CI n' 1 lJ (' ) 1 l' i (1 
t (1]l . 

, 
T IH 1 1i\ Jl Olt ;Illt Ci Il t "t t (lll l', t 1 Il' 1 (' 1 cl 1 1 V (' JII ,1 !'. II 1 t II d (' 0 r t J H: 

Jill 1)',. ~ . '} . -; ,l, 

, 
the \C,I\'l' C'llf'I"Y rcf)('ctld frol11 111(' 10)) llltl,!rCrc'-, h'lth \',;1\'[' 

('11('1 ~',)' ]11'0]1,1 g:11 cd 1IJ1\\',1 \'II cl 1] cc t 1}' frbm the sou ru' . The 1'cc,llI t 
.... 

t~ 1ile S1.It1dlll): \":1V(' IlC;lr tllc "top 1\'11 e [(' tile Illtcrfl'ICnCC 1<.; 

more dcc;trllc 11 \'C. 

la)'(')" llC',If tJI(, top ]<; fUIlctiollll1g as IS hopcd), no rcflcttiUl1 

oC'curs from the top and this crfcct 15 not sccn. 

In Flg. 3.2.2 b, wavc cllcrgy f]ows soutlllvard bel Oh' 

the al'Céi of sma11 o<=\'/;,e and northward US woll as upwarùs ilround 

the S;1mc .1rCél of smill o't/àS __ . ln hoth FlgS. 3.2.3 band 

3.2.4 b, wave cnerg)' fla1\'5 awa'r-'rrom the source in aIl JlrcctlollS 

but the maxj mUIlI f] ON 15 ÙOWl1lvélnJ, llorthward and <1round the 4 

same arca of small ôo../ôe ln each example, wavc cncrgy 

1 

---- -.~(,,-- --"------
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,. t ) ,1 Pl' 1 Il g 0 CCLI):-, \\ li Cl l' 11. L I~, ri l C' 1 a t l V l' 11\.1 À1 mu ln (Cl :/' \J ;l Jl d ,) r, 

0..; (' clio Il. 

.. tnlpplllg Il)' d C;I\'lt)'-ldc stlll\.tlll( III the /0)];11 flo\\'. 111<"'0 

'l'hj" lI'oul" IlIrllC,ltv r~l,lt ,thl' 

V ,1 J lI(' ~~ o r J 2. 2 l 1 u:':; (' t 0 t h l: ',011 r l l' .1 r l 
, . 

)',1'11('1 d 11)' hl 10h the 

C fl 1 1 (10);11 value Jlccdcd [0 r thl' fll'e' proP:lt"t JOI' of 1"clVl' ('I1C'1.)'\ 

for \~,I\rC' nUmbl'l 2 j)10bah1y rl'sult ln morC' 10\',I1I::cd changl''--

to thc \<Il1ve stlllcturc. 
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Î 

" 

( 

'_ •.. ~.....,.. 
---~'--------... ----~----------------------------~----------



·' 

hO -

so 

HCIGlll -
~ n1N 

• 20 -

10 

--

flr. 3 7 5 

-;·1 

40 

30 

zo 

16 

rL)I.~lUlt'J <l"lrJIJUflO., oç Ill,' nm:,llllli' (r l ) .. nd 1'1.,," ("'l) {nI \2 "Ith a 1"'''11 

~ollr( {' lo~ att.J ,'lt • 

\ 
1 

,.' 



• 
t 
t 
j 
'f 

• 

" 

( 

. . \ -1 . 

.. 

\ ' ... 

C()f'.lPJ\FfS()~ 01 '1111' \\AV:: :-;mlH lllHr OWI'/\lNJ'll 

... 

/ 

.. 

j ....:......_-----_ ..... _-------..... _----_ .. _-_._-"kt.-

J. 



\ 

j 

( , , -
" ,l 

~ 

t, . ' 
~ 

1 
j 

" 

( 

.' 

'; r 
1 ~) -

n Ul,l\' 1 II.. ,1 1 

\l'l'IC f(11111d. 

r; (1 0 /fi h dl <., t 1 1 Il 111 j () II '0 ' 

(rig. 2. '1.1). TIH' êlctU:J] ,);IÎlll:ilY, ]%7 zO!1al "'Illn dlstllhulion 

I~ unknm,il so':I l lIIlWtolo)',1l J1 dl ~1 nhllt j on l'~ ll:,ccl ,IS ;1 hd31C 

<;1atl'. For reason, ])}'C'ViOllsly dlSC11'-..·.C'J, i1alsuno':-, zonal \\'11111 

distJ lhll110n Iv;!:, clJo<;(,J1, ,'111(' Ne\vtl)JlI.tll L'ooll)}}; coefficH'nt 

fri ct 1 üll p,'l 1';I))lc t l' r (k f) 111.1<; g 1 vell 1 hl' Il i ~; t r J bu t J Ol] "ho\\'ll i 11 

FIg. ~.2.1 for the rC[l~()Il:, Jlrcéldy dlo.,lU!-l:;cd JJ1 r.haptcr~, The 

~oJut'jOJl', \\'Cr0 found for b(~th the 1 inc:tri zed l.'q'J;ltl0ns :Illd 

~1:ItSUllO'S complIt'cd rcslllts and the ohc;crve,1 <;t:'11(' of .J;lllu~t!)') 

1 I)() 7. ... 

A possIble dlSillhdlltagc of the J"r dlstlll)utioll \Iscd 

Je, th~t lt ç'xcluJes the po:-.sibll1ty 111,11. Cllcr~~)' dCrlv<.'d llt 

l 0 Ive rIa t l t Il d (' ~ ( TC r 1 011 B) )11;1 Y con trI h ut e h C' a\' j 1 Y t ° the cne r g y 

or the perturbation at hlghcr lat1tudcs (rcglon Il). This inlludC'5 

both the wav() encrgy forccd up at the lower hOldndary and Cl1crgy 
J 

dcri vcd [1'0 m non -1 inca T exch,:1I1 ge, Even jf the rcflec,tlon p1'o'-

bIc m Cl t the e q U LI t ° Tl a 1 \va 11 d j d n ote x i 5 t, th i 5 _ pro fi] C 0 { 

k
f 

may he necùcd 

app li\cahllit y of 

sin cet he r c j seo n s ide rab 1 0 d'o u b tas t 0 the 
, 

th c q l,HIS 1 - g (' 0 s t r 0 r hic c q Il a t i ° Tl S a t· 1 0 Iv c r 

latitudes. Hence, It is doubtful if the nOIl-lincar tcrms rnDy 



. . . 
\".' 

L 

; 

'J'he YC"IIJ1.~llll 

rc~uJt ('Jlc}'t'Y 
" 

dCII'J"cd Illu'-,!Iy [rom Jl1,1'I1('r 1,11j11IdC'~. 

Th j S .1 '-, " \l1l l p 1 1011 \,':1 <; \lC'': j 'r Il'cl 

'\\11c'l1 th0 :!h<.,orblng LI)'er g Ill'X! ~'1hc' 
hy 111lnlC'rlcal ('>.)('1 ilnenLltJOl1 

(' q Il Cl t 0 rh', 1 SIlO t li" cd. 

Th(~ \Vave .,1 Illl tu)'C' \',',IS compntc',d with t)1(' 10\\,('1' hOU)HLu)' con­

lhtiol1s (J'If,. 2,-;;,1) (ll1d :q.!él)11 I,Jth the equivlllC'nt,profll('~ 

hut 1h(' i1mpllt\ll1C' <.,('t eC{IJ:11 1070'1'o:lt l':ltitutl,,'o ')()O :llld lic'lo1\'. 

Th C' C () Il t r él :, t 1 Il th (' \1' ; 1 V e ~ 1 l' III tu r C' e v (' JI· : 1 t 1 0 h' C' ria t 1 t lille SIl' :1 S . 
vely slnall. As ;lrcvJ()u<.,ly. dl'-,(usscd, the 11<0'1',111011 llll'lhod for 

'[ h j 's wa s CCl llSCll. 

b Y t hl' (' xc (' ., " 1 ve V:l] u (' s !; (' Ji C' r:t t ccl r 0 r t 1w 11 0 11 - JIll car 1 e) m Si in 

the vldnily of the ~~il1gu]:lr Ijne ;)Jld near the cquatonal bOllndarv 

(where apprC'cjahle reflC'ction hlélS occurrJJ1g). IJOh'cvC'r, on1)' 

aftel' the second jteratjon (1jd the magnitude of the. non-1inear terms 

. 
become so exceSSive therc that they contaminat~d in ~n obvjolls 

\Vay the wavc structure nt hjghcr'latitudes. l twill be asslIlllc>d 

that the trye magnitude pf the non-ljnC'ar tcrms at 10we1' latitudes 

i 5 comparab le to or le ss than the value:' s ob tained a fter the 

first iteratiQn. Under the limitation of the ab~vc assumptiün, 

i t can bev-s ta ted tha t encrgy der i ved from the non-1 incar cncl'gy 

exchange at 10wer latitudes does not contribute to the wave 

structure a~ higher latitudes. 

) 1 

J 
~""""'.1"""""""""""""""~,~1"""""""';;1'12.,"""~§ll.~."""""~"-------------
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The ob~crvcd \vnve structure 1'> sl1o\.n ln Fig. 4.1.1 

:Ill d 1, 1. 2 for w a v (' l1l111l1)(' r s 1 :1 Il d . 2, r C' s p (' c t i v Co 1 y . \<,"' a v C 11 li ml, t' r 
, 0' 

1 "how~ a st;lllding~vc ('xlcndJl1g tO\\':lrcl".loh·cr latitudes III 
""-

thc rcgion of t110 tr0posphcril jet.. In tJ1(' élrt':l 1 ~-2(J klll., th( 

amplitude t~l't,1}'S rnpidly he [01'(' ir illcJ'e(]',c-; agall1 to fOJ'lll a 

st:1ntlînl~ \"aVl' c('ntcre.l close to ·~O hl and bS o 1at 11 uJC'. l'rom 

the ('C'lltcr, thc amplltllde' dccrC';!scs rapiùly ln e;lcll dJrcc.tioll. 

Tht'se 

S(lI1lC' fCéltlll'c<.,.arC' nlsn present for \\I:lve nUlllhl'r 2 hut to a ]c'o.,ser 

d (' g r (' (' . 

t-1:lt<;1ll10'S TOlllplltcd \l',IV(' structure je:; ~ho\\'n in l'jg. 

4.],7, and 4.1.4 for \l';I\'C lluînhcr] and 2, rcspt'ctl\Tc1y. The 

ç 0 Jl1 r li t c' cl ph :J S C' li n (' ~ s 11 0 VI s a t i :. fa L t 0 r y a g r c (' III C n t \v i t h the 0 h <; C r v ccl. 

'f~)ll1parJng Figs. 4',1.:; anù 4,1.1, one secs th:1t ~iéltsuno'~ 
computer] :1mplH'lhlc f0r \~avC' nm1ber L mlS~CS scveral irnpor_ulll't 

The computcd standing Nave extcnding Juto the nrcn 

. ' of the troposphcric j ct IS very weak, As weI], the zone 0 f 

rnin.irnum,amplltudcs at the 15--20 km rave] is miss(l(1. Matsul1o'S 
1 Il , 

computC'd distribution has a standing wave centered a.t 65 0 N 

anù 22.5 km wi th .rnaximu!l\ ampli tudc about 160 m. The observed 

ampl i tude of this point is 85 rn, alinast one half, CompaI' j ng 

• Figs. 4.1.4 and 4,1.2, it can be seen that the major faul~ with 

Me.tsuno' s compu"tcd amplitude for wavel number 2 is the '10\<1 values 

above 20 km .. In particular, his computed distribution docs not 

. indicate' in any way a ten$l-ency to reproduce the secondary maxj~um . . 

present at 600 N, 25 km,' In summary, Matsuno's ,~odel rcproduced 

.. : 

hU $.':;$ ..•. 
... 
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di~tribut iOJ)/';uffcl's 
/ . . 

from SO"lil(' <;C'rio'Ï'" clcJects. 
/': 

/ ,-

In Ch~'l\tcT ~, wc have-, ,showl1 th'at the cljy{1:lt.ion or ' 
1 / ~~ 

)'('f1('(' t jOIl fr011l 1 he cqli"atnri:Jl \vall, rcducpJ the' npl i tÙ(h' of ' 
j 

, 
" 

H il V (' pro t r II J j li g i li t 0 t h p l't' g i 0 11 0 f t h (' t T 0 0 S P l1t' ti c jet w a s 
'/ Il 

nc'ccntua trd. '\'ho rc \or~, 't he cl ~ ~~r~,p<~J~, hC,twccn thr/ computcc1 

0111(1 the- ohscrvcd statt' ot wavc numh ] lS dccH'ased. The 
. . 

remaiJljng disert'panc)' couId be,a trihutcd to sevcré11 factors, 
, . 

such as th(' LÙ.l, of kno\V1('dg. ~f'thf' <1ctu:11 hasic s1..:.tc, th<.'., 
, '\.. 

11 e g l cet '0 r t Il c 11 (1 11 - 1 i 11 (;' n r ! C)' m s ~ a n c1 the 11 c vey p p r f cet 111 0 deI j n g . 
J 

The cffcct of the' non i n C' d r 1 C YIn S il r e t 11 C' • S li hic c t 0 [ t h C' r c .-

nWln1!1g sc'et·ion!, . 1 this chrlplcr. 

. 4.2 '<1\,(' S1ructurè t_ ~fod~ 

\ ,/ The, ",nve B1 ructurc of wavc numl)er 1 a'nd 2 was compu tcd 

1 4ng ~fodel A. The ~avc structure computed fram the linoar 

/ " . 
equations only is shO\~n in Figs. 4.2.1 and 4.2.2 for ~e number 

.. / . 
1. and 2, respectively-. This 'wave 'structure reprQduces the 

essential feoturcs of the'obsêrved distribution Quito weIl. 
) . 

The phase lin~s ~re in satisfactory agreeme~t. The major dis­

crepancy is the lack of ampli tude· of both wave .11umber 1 and ..... , 

'wave number 2 in the region abo,ve.20 km. Also, wave number l 
>:. 

ovçrestimates tht; amplitude in the re,gion ~15 .. 20 km.' Including 

the.,non~linear t~rms results in computed wave structure fields. 

.. 
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Q.2,:' ;1nd 1J.!..·1 
1 

f n r Iv ,)\' ~ III lin h (' l 1 :lll d 2, l'l' :-, pi (' r t i V t' 1 )'. ' The 

only lI\aJo]" th'fel'! i:-. ~!Jl' cOlltilllH'd 1ack of alilplltttdc for h'i!VC' 

0' 
l1u111hc1 2 ind!J<' .. 20-30Glil arcâ., flow('vpl', lt lS ~igTllfiçant to 

note that tl,H' ~J1c1tlsioll of the lIon-l inc;lr tcrms t1(lL'~; aet to 

rcducc the Jj sc rq>al1cy. 

1'l1c contrih\ltion .10 the "'~lV~ ~trll('tlll'e duc to the 

non-11nc'[1r llltC'raetioll'; il; '5110\\'11 ~cparat<.'ly in, Fig<;. 4.2.5 and 

,4.2.6 for--wa\'c l1ullIbors 1 3nd 2, r(,spç'ctivcly. For ",ave number 

l, alJl1o~t ,li 1 the',amplitude ,11111 rlCnc.c t}~t' cncrr,y dt'11sity i5 

conçpntrnt<"Jl al lllght'l" latjtuc1c-;. This iS;J "C5I1,lt of the 
, 

envi1)' likC' structllrc ill the Ii 2 fü'ld. 
, -- 'l'hi sis not truc 

[or \<love numh<.'l' 2. Th(' alllplituJe distribution 15 sprcad mOl~C' , 
cvcnly throughout the dOll1oin. WilVC ('nerg(j~ not conccntr:l1~J 

in any one regj on hy the Il 2 field ~ 

L 

J, . 'Ji, &&_-_J! .. E. 
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'] ;] nd 2, l'l' <; I~ t 1 \' l' l )' . Til (' h' ,1 V C' .., t 1 LI t t II r (' c omp li t e d r l (lm t Il (' • 
Il 0 n - l i J) l' ; 1 r e qu, 1 1 l 0 Il S . 1 j 5 h O\~ J1 1 11 F 11 ~ s. 4. ') . 3 ~III cl il. 3 . ~, r (' s p (' c -

t i v l' l r. . 1 y Il ,11 1 y, t h C' éon trI Il u t i () Il t o· t 11 C' hl ;) V l' <.; t r Il (" t 11 r l' d li (' t 0 
~ . 

the nOn-lll1c.lr tCIJJl~ Je; ShOll1l 1]1 lq;:,. 4.3.5 ;l!l() 4.~.Ü rOI 

1 
\~ a v (' n 1I11l 10 (' 1 ~ -1 

. 
:llhl 2', rt'<';pcc 1 j \TC 1)'. 

L()O~.lllg :It hg:--: ~.'i.1 :Incl 4.3.5, 011(' scc~ th;1t r~)r 

, 
tllC '(,I1C}!~y forc('tl \1]1 frol'J tll(' 10\l'cl" !loun<l.lry 

illlJ ('n(,I~'.\' dcrivl'd 

1\ t thr 'cenl 1 C 
\ 

n ' 
o f t Il e ç" \' 1 1 r , - (1 S N il n d L 0 km, t Il (' ;l !Il pl] t II d (' Chl C t Cl t li C Ill~)]--

1'11(,<11 tenns lS 4(l,-·1c)~ that due solel)' to t11C' lln"ar tCTlns. 
L/ 

J'or "'dve Humber 2, the contrJblltion nr the non-1inc':-tr 

t C' Tln s (F j r. 4. 3. 6) i 5 I1~U C h s m<1 ] 1.(' r th a n the COll t r j b lJ t lU n 0 r 

the lincar terms (Fig. 4.3.2). Slgnificuntly, mos~ of the' 

(,l1ergy dcrlvcd from the· 110n-l inc~lr 81H'rgy C'xch:mgc SC0ms ta 
1 

be ",ca"kly co-nccntrn tcd tn' an arca C~ll tercd at (iOo N and 30 km. 

So the non-linear terms do succecd in incrcasing the .a1~lplitl.ld(' 

of ·the computed wave structure thcre. This reduces the dîs-

crepancy betwecn' th-e computcd and the observcd state. 

i __ , _________ ~ ____ __'__~_, _~ __ , _______ _ 
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DisCllSS jOli 

FOl \\,:1\,(, Illlmh('r l, botl1 1ll0l1('ls'\~lve ;l1l1p]jtuC](' dj~-

1r.ihlltiolls thnt r('se~nhl(' the rO:'re':;POllJjl;~ obs(:rvl'd st:t1c in" 

the 1lI0st l's~',('n1 ial fl'atures. 'Ih<:' C01lijlut(~d dl11pJitudc giVl'1l hy 

the lincaril.C't! ~'qlla11(\nS is pcn('ra1ly undcJ'('stiJ'l:J1ed hy ~!odl'l 1\ 

anù ovcrestim;lt&d by Model R. IncluJ Ing the 110n-l lllcur terms 

Tt'su1ts in amplitude distribu1iolls that l'l'semhl(' Olle é1nc~th('r 

élnd nlso reJll'oduc.c must 0,[ the Jnajor f(,:ltures of the obs('rvcd 

s tilt l' " 1\ s r ;u a s t h (' 'd i s tri b \1 t i 0 II 0 f t lJ <: ph a s (' fa c t 0 rIS 

Conccrncc1, tlle' agrce'Hlen1 heth(,C'1l Oh'iCrviltlon ~llld computation is 

Satlsfactory. J\bovl' 30' kms, the cOllljlutc'd fiC'ld.., 0 1 the respective 

mpdC'lt;; dl\rl'q~(' rrOl'1 olle anot!l('l'. '~lodl'l A predir't..;, thit the 

phasc iIlCrl'dSCS muc'h lIlore r(lpld,ly \·dtJl helght thall rlodcl B. 

J-or wavc 1lumber" -:l, the computC'c1 <lmpl1tutlc resu]1jllg 

-[ rom t 11 c 1.L 11 car i Z l' cl C qua t i 0 Jl ~ i s g elle ra] 1)' t 11 c s a ln C for bot h 

models and is lowcr than the observed field. Inc1uding the 

non-linear terms reùuces the dlscrepancy onl y slightly in ~10l1(' l 
" • but f~ir1y sllbstantially in Model B. The wB;'vC struct.urC' gjven 

by Madel B doès reproducc almast aIl the 
. 

major fea turcs of the 
.... 

~mplitude distribution although'~he computed amplitudes persist , 
in remaining tao low in the region above 20 km. Again the phase 
,. . 

A 

angle distribution shows satisfaetory agreement with thc'obscrved 

field below 30 km. Above 30 km, the computed fields from the 

respettive models diverge from one anbther," As b~for~1 Model A 

prediets that the phase increases mueh more ra~idly with height 

than Madel B. • 
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fn <'nell o( thC' wave structllr('~ from hoth linC'df und 

non·'1 inC'dT mollels·, the' ·phase' Incrcasc<; with height and dC'crca!>ing 

latitude ovef most of the mC'ridJonal !J1anc. 1'his Ill('ahs the 

( 

Wl'st-

\\:ard \vl1C'll l~oing t(J\~(l11·111(' cqllntor. Using (2.S.~n, jt Îs 

sC't'n th;]t w't\ » 0 an ~d:mhe <.. 0 lildicatcs n hOl j ZOlltill fJ'ml 

of clH'rgy to,,'ard tht' c'qu:.Jtor. SlTnjlarly, (2.5.10) shOlvs that 

encrv,y. 

Ac.:. ,,'as l)rcviously SC('J) , cllcrl~)' of h'av(' nlllllnl'f 1 nows . -
upw;lrd, equa1.onvnrd und aroul1d th(' arc(I,-of <;111,.11] d9./;:'{j 

< 

l'or 
'" 

'viJve num]lC'l' 2, there is a comparntivC'ly ~mt.ll1\cr :11l1011l1t of l'llcrgy 

flow u'p1I';lrd. Thjs \l'OuJd jJ~dllatt' th;)t 1
2

2 'bec ).jg. 2.().~n 
1 dccreases quickly to b<.>16\\' the value necC'ssary to (1'110\<1 fOl the 

frC'c propaglltion of W3ve (!ncn~y and no st.roni~ Wé!VC' cllC'rgy ducting 

or trapping is possible. 2 
Notc that the 1 2 0 Fi.g. 2.6.0 and 

the rcsultar)tt'c'ontrihution 'of the non-Jinc"él.r 

numbcr·2 (Fig~ 4.3.6) IDem to indi~aie that the ~ d~l B atrnosphcrc 

may tr3p encrgy of wavc number 2 jn a we~k man T. This results 

in a tendeney to 'reproduce a sccondary l.JIaximum of highcr 
1- .' \ 

elevations (Fig. 4.~.4) in ~ manner conSIstent with the observed 

field (Fig. 4.1.2). 

Model A predicts the vertical tilt of a syst~m to b~ 

much great<:>r than Madel B. As 1m2 decrea ses wi th hei ght, the 

free -gtopagation of \-Iave energy..ïs decreased until sorne cri tical 

value 15 r'eachèd bclow which the propagation of wave e'nergy i5 
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i..J1hioltC'd ,llld the élmollllt of f('{lcction incl'ea~cs. 'l'he upwdnl 

flo\\' of WilV(' C'llcrJD'. is greatest het\vcc)1 the n'gioll of s1!l~lll 

~9../~e and the north polt'. Figs. 2.6.(, and 2.6.7 shen\, that 

10 2 , clecre;Js('~ ,.,,3th 1)('J!!ht lç-ss rap",dly ,for .r,lodcl J\ than with 

Mode} B at tll('5C ] at 11 udcs. Tlll1s. more prn!);lga t ion of ··Nave 

cJ1rrgy js a}]O\vcù into th/upper -:;tratosphere hy ~1(1dcl A. Th1s 

1,'('su1t5 in a grl'lIter tlH of G- sy<;tcm ancl' 'a r.lOrc rupid :i.ncl'C'[Isc 

of phase \..rI th hClgllt, 

Nave energ)' dcrivccl from tlH' non-lincur cxchangc is 

prcclictcd ta bc 01 the ~alllc ordl'r 9f magnitude by.hotl) modcls. 

1 

1I0wcvcr, the resu]trng wave structure distdbution is quitc 

diffcn'nt.' ror \\!élVC nUlnhcr 1, bath mode},> have the mechanic;m 
, 

by ,."hich c\1crgy lS concpntrated in fl cavlty-]ikc structure at 

highrr ]ntjtudcs, Nodel A 1111cnvs more \'I8\'C cnergy ta be pro­

pagdtea' thrullgh aIl ùcpths of the stratosphere, while Hodel B 

concC'ntratcs this cncrgy into the lowcr part, As befon~, this 
• 

2 is the resul t of the .di..stributjons of Il 'in the res~cctive model 

atrnosphcres. 

ft is intercsting to note that it is ~ave number 1 that 

is the fuost affected by the non-1inear energy exchange. The 

mos t 1 ike 1)' Teason secms to be t,ha t wave numbel' 2 does not have a 

1
2

: field that l'cadi ly propaga tes, du~ts and conc.entra,tes. wave 

energy. This is perha,s the reason wby not ~noug~ amplit~de 

cbuld be achievcd for wav~,ntlmhcr 2. 

\ 
" 

, 
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A differcnt rc~rescntntivc wint0r jon~l wiprl profile 

may yicld il sigl11fic:llltly diffcrent rCSlIlt. l,n an attcmpt 

t 0 S ce j f t lu s wa 5 the cas e, t Il (> Z 0 n:11 \'d Tl d 11 r 0 f j1 e 0 f Fig.' 

2.6.'2 Nas <1s:-'I~l1!cd as tlle bash statc for ~Ioùcl B. The l'lave' 

. s tnlc turc Ijncarizcd cqu;ltions exllibj tcd css('nti:Jl 

simj larity W 1'h the cOl-rcspopding obscrvcd statc. The mast 

signi lican result· Hfls. ohvlous wave trnpping for both N'avc 

--numb,crs. Gt' (lraUy, the Hnear ~1odcl B \Vith thi5 hasic. 518tc -
rCp'rdduccd the wavc, s·t rue turc' for wav(' n'umber 2 bet tcr than 

t~O;J-lincar 1>lodel B \~jth Matsun9'S basic 'state (Fig. 2 :d.3). 
Un[ortunatc]y, the iteration n\C'thod of ~olv{ng the non-lincar:; 

-
CQU;l tioiis dDes nolt socm to ~i V(' rcasonahl c resu lts for th i 5 

basic·statc ..... l'he '(hfflëulty sceJlJS to invnlH' the presencc or. 

the iingUlar lirie at high latitudes. Exccssjve values arc 

gcncl'ated for thè non-linc-ar tcrms il1 the vicinity of' the singu­

l~r line and the iteration method does not give convergent 
/l' . 

solutions. It ~ould seem that the method cannot be applied ta 

aIl zonal wind distri'butions. 

\, 

1 , 
'. 

------------.... , • ......-r 

., 
" 
" 
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!\ 1'\('11' ton i an tC'rm \\las, use(!" ta reprC':--(.'nt the 
> 

e[fect 61' the perturbati ~ tC'mpenturc 011 the' nc't coolinr: ralC' .. 
<hw 10 jnfrélTrt! radjatjon. 

. ,. 
Thj~ tcrJll SN:Jll" to have an Im~rt:Jnt 

ef[t'ct on t-he propagation of'\\'avo'oncrgy III n\gion~ of Wl':lk 
, . 

",,('~tcr l'y f1o\V (pp. 53-SB). It W;IS fOllllÙ to rt~prè'"scll{ 3]) iJ111)OrtUJJt 
, 

slnk of '',lave ~cllcrgy lH'ar the str<.ltophu<,e \dlC',..f'? the Ncw10Jllall 

coqling COl·rrlliC'Ilt )ncrl.'ase's r(1)l1\11y (Fig. 2.].1 c). The' net 
, , 

, '" 
resu]t W<l<; a dt'el'case in the stc:ldy statc ('!lergy dcnsity of 

the pc "1 t u'r bat 10 n 1 11 <Il] r.(' g j 0 Tl sor t 11 0 st rat 0 S P 11 c r c . ' Til c gr (' :11 est 
~ 

cha Il g (' i n t JI (' :l III P 1 if U II c ",1 i ~ t r j 11 u t i 0 11 \,' il S f 0 li n cl . - t 0 0 (' C url n 

the ] 0 \\ crs t l il t 0 S Jl he r c . 

The j n t c n ~ j t Y (] JI d the ln e' r i d l 0 Il a 1 va ri il t j 0 n 0 f t Il(' , 
zonal \Vlad ilffccts 'oJavc cll('rgy propagation and lhc ll'SlIltanî. 

,s..teady statC' cnergy cllstdbution in a dominant mannpy. The 

~ propagation of perturbation wave eneEgy III a zonal \Vind field 
'-

sc~n!s to be onalogou5 to the transmission of .ca.ectl:omagnet iCi 
1 

waves in a hcterogcncol1s medium. Conscquently, one paralllCtcr 
. 

that sc'cms to be a good indicator of the effcct of. the zoilal 

wind distribution on thc'periurbatdon wave cnergy is the 
,'~ 

effèctive t'refractive i"ndcx" of the'basic stata.' This parameter 

is influenced primarily by the magnitude, the gr,client and the 
. 

curva ture of the zonal 'vinçl veloci ty in the meridianal plane. 

Analogous ta the electromagnetic case, when wave energy 

is propagated fram a region of larg~ refractive index squarcd . . 
'to a region of smaller refractive index squaI'ed, it is r~fra~ted 
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;- II. r ~: l'C'; 

, ! , 1 l ," :: 1 \ ' " ,( ,,', 1 1 r', 1 l , \ 

11,,1, squ:ucù into a rcglon of larger rC"fractivc index squarcJ,t~l('n 

", ; \.' (.' \~ ~ . ' 

'l 'l 1 r , 

1 • 1 1 h II : 

\ '. t 1 1 t 

\',' l \ ' 

" 

1 " <, , 

( r- 1 : J • 2,(,.7). 

Il 1 l 

l ,! 1 

,) 

1 
, 1 1"1 

t, ' 

, , 

I, 1 l 1 1 \' (' 

, l'~ t : \ '.' 

l ' , 1 J ri t l( l ~ : 1 : 1 r ' \ 1 h! " J l 

l" 'f III \ "I~J~ \\JI(I(' 

1'\ , ' 

t 
Il ,~It(', !~-, \' l·(;!.Jll\r,,_, 1,I\i}l'~I", 

r ( :~, .1 (~ t i \, (\ : 11, ~ C y 

,\ -l, ,1 l ,-' \ 1 1 1 " II 1 j l' , , r t 1 l \ / 1'" 1 )! ( : (,ln \ 'i' r Il - ',1 1 f 1.t \ \ " 

\~ r (\ :) , , ,':" tvd (' {II ,1 l', ,] l' d J' r~ 1;:-1 ' " r :1 1 j C' ( '1 l' \ II,., l 1 \' C' 1 r (C! l!l 

d 1:0' ,,·1 111 l' < 1 r j' \: 11 \ .1 " l') (, J ' , 1 <- ! 1:1 ,1 1 1 (1 i Ct 1 , () 1\ (~ 1 1: :1 J) \ • J 1 

'flll' rc<,,11L'llt \,avl' '-.i \ll,-lur~ (1);,·,I' ..... :te.1 {;'(,;,I 
l ' 

hetter t.harl r·!ocl:,.'l A heTe', l tg] V cs él S 1 j p,li tJ Y b 1!' g (' r ;11'1 Il 1 j l II cl C 

-

< • • 

and a ll!lost l'l'prad lie cs the seconda l'y max i Jnll1fl Pound in the' ob~(,1'vcd 

. 
amplitude distribution of wave nUlnuer 2 in the:> 25 kla aren. As 

M.o'de] B.rCP1'oduces the pltï';C linc.s a little bcttCT tktQ " 
1 
fi. ln l'egion~- ",Ilcre ohsèrvàtions arc (Irai] able, Aho"c the ~lode 1 

30 km lavel, ~h(' Jespcctivc computcd fields diverge. ~,!()dC'1 A 

givcs <l phase anglf' distrihution tl1at incrcàscs li\uch J1lorc rapidly 

,) 

\ 

, ! -~----~-

l' 
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1 (J', -

\~ 1 t Il 11 l' 1 t: Il t , 

s t r Il l' t II 1 (' 1 n 1]w :' () n \ 1 1 r 1 () \1' • 

r 0 r h ,]\' (' 111111: h (' 1 j, 1 t s (' (, Jl1 '. t ha t 1 11 (' Il (III - l 1 11 \',1 r 1 c' n' '-. h ;l\' l' 1 11 (' 1 r 

on ni L' .., t r C Il g t h l' f 1 Il (' \1 P 11'1 1 d r r CJ\,' 0 r C 11<' 1 )', V ) <; d 1 r r J C li l 1 t Cl 

a<.,ccrt,llil in:l ljll,llILltl\l' "('IIS(', lt·,.voulcl 1)(, llcslrahlC' to 

c:\t('n<1 1hl~ ~tud) by computlng the l'Ilelg)' f]ow llslng hot)) 

1 1 Il C' d 1 :J 11 d II 0 n - 1 1 11 (';1 r III 0 d (' 1 s i 11 ; 1 q \1 :111 t 1 t n t 1 l' l' m d 1l1lt' r , By dOlllg 

SO, one 1113}' obt3111 ,1 bct1r'r llllt!C}'<.,1;JllllJl1g of ho\\' the tropop:IU<"l' 
, 

.Jffl'cts th(' ulH/,Hd no\\' of ('!lcrgy jnto the str;Jtospherc duriIlg 

The rcc;ults of this study dcmonstrate unquestlonably 

tlHlt the non-lllwar intcr:ld 1011, of the stntj01\ary ultra-long 

\\laves in the st ra t05phcre can he j mportun t. It ]~ concludcc1 

then thut uny mode] dcsigncd"to sttidy the lrltra-]one wnves in 

the stratosphere must inciude the non-linear te.rms as thesc wavC.'s .-

cannot be adequa,tcly repres,cnted b~ purely lincar modcls .. 
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lVavr :';tructllrc r(llJ:Jtl(ln~ _____ ..... _ __ ____ _ _L~___ _ _ 1 

t.l.l') a) 

The fouricr cÀpan5-ion of tb(~ IH:'rturl1<lt ion gcopotcntial in tcrms 

QClt·is 

• 

.. . 
A Suhstituting 1-2 into 1-1 ~esults in the equatîon 

[. {~,t;,",,"3{-kM~O~9~} . 
",.0 

1 

• 1 

1 

\ 
1 

1-2· 

Ca) 1-3 

i 
; 

, l 
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') 

= K~_~~9 ~ [[t'i\< cl ltJ~1 6 (c.o~a d~~) _ k" '1->- ~(d"1.2r~ _,'2tl~@ .l\1<: \'''("~ À L L ~e (.o~àdë\ de ëo5>~Glk +,;Uo \'2:l JU\~2 e 
'-- M'-" ".-2 (j '" Tt1_ 

yfI~() \<:1 0 -Kr, tif ~ 1tj !eGo.a ~o( ~~, e ~k) - è~:'. 'tI< t ,u.'( ~ ~I< -, ~t~} tlk"',l /, 

l'tito ~<l:o 

\vhcrc 

Ch) 
1-3 

Cc) 

• 

nefinjn~ the opcrator 

1-4 

and ùxtracting ~11 toefficients"to .whcre m "" k =i1 
\ 

from bath sides of the ~quations results in the fol1owing 

expres sion for, wave numbcr 1, 

o 
·. 1 

- j 
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APpr~llTX Tl __ __ __ ..... 4-__ ~ 

Model B 
--_._-~ 

The gov'crnillg cqu;ltioll \l'<J~ sho!.')) to be 

T"J-J 

.1\ 

whcrc the 'opcrator V is dcf-incd by 

As before, the pe~turbatio~ geopotcptial is wtitten 

i'(À.e.i.} = ~J\i)L'1t~(el"l)e.A.m); , 
"", .. -2. • 

II-2 

""fil 0 
4 

o 

1. 
Substituting II-2 into II-l results ln the equatio'n 

. 1" . ' 
1 

\' ~O 
1 

1 



IOk -' 

"""'Z ' L 0t +~rnw~(~~1: ~B(~~~:'e ~~~) - :~:'l~i lt\j~ 
.... :.. -< .. 

, , 

+fA7. dK\. (cl 'tYn + "Itvn) _ f 0.2 n 
à l d 'l 2 ~b Il'\ 

(a) 

• 

= K"\ ~2 fZ ~ek d1;-j~\'ill:e cl (~CJ ~ G-kl _ K~ 2t t a1.(d "l.1t'K _ ~\< ~~ e A.. (·""ÙI.)/ L L àe C.o~e delsm';-(.) de J c.o~'2e 'K .r .)e'l· 4\\ t) 
\'Y\,-j/ \-< -;::.- ." 
mfo ~to . 

_ \~ fZ ~Y-<-vn<t,~r!.\Y1e~- (1 ~(co':>e~It\~_ \"'I\'l lt-K \~_).A~~(~').1tk_~~e .... ~rn\~l.' L L l' L" cle~O~e dél ~,,,,e~.J blV\'ùC.O<.}-J d~1.J. tr\t~ 
WI:'1 k"'-tJ -
""io ~~o 

whe-rc / 

2 
,.u. L ~_ (t NnJ (h) 

1\ 

I~ =:: (c) 

• ~ 1\ 

nèfinjng opel;ators MW\ and NII'I 

(a) 

'and fOllowinR the same procedure as in Appendix l, the fol1owing 

equatio~s are obtained: 

II-tl 

-----~------'--_.~ . ..,..------
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\lia \,C' ~{l1lIh (' r J 

/' 

~\t +Àw~r;~~ ~ ((0::,0 21t1) - \ _ Lt-:\+ ti2~ J,.A.w),(d"l.It, + Lt-I \ t 'J\i::O!,8 de sIÇ-,'o ~e '-?S28' J -/ -\:: l y~~ îI_1. ~ \-\j 

+":.t. d1.. .. 1f 1- d~f ~ltl +).)-1 ~\<\'~(dIr_\ t lt, ) 
c:.o~~âEI 1 ~e 68 ~"l dZ 2_tl o 

= Kf{ ~~'{MI't~)-Z '1',(N,1;-~)+ 2~~'(\\'t,)+ 't~(N,'t0} 
(a) lJ-~) 

0r + 2-" w~ &: ~~ ~e(~~~~'O ; ~,) - c~. '0 1t} fÂ 'tl. + 2 A wE~ + ~Îlj 
+ ~~ d 9.. 't 4- cl K {" ~~h + al ~k~ r~ 1+2 t Î-\ z\ 

C.o~e ~e 2. de de r- d;l. l.~-L 2~'t.) 

= R r~~(~,1;-~- 't1~W,1t0}· (h) 

-

. , 

j -



• 
#" ',t ./. 

- ] 1 () -
\ 

lIprrNlll \ l l 1 

- -+ 

1-h(' th.cnJlod)'llnnJic (,({1I:1I1 1 \11 (?·.l.S 11) 11'ith (i.J.)~) :il'te'r ac..o.;1I1'11J1r, 

a ~,tat iOllary statc Ci ,C'. ~I:. := 0) :md ;1 ri~;ld top ('~I = 0), 

The thcnnodyn:lJlIlc ('qU;}t jOlI bccomc ... 

- ·V'-· 'J(d~/~ = 13. C - k ~H" 
~J Ho" t d1 ... TT T-1 

lJslng 2.1.8 ancl expal1l] 111);, onc.oh1:1ins 

J Tl-2 

whcrC' the l:ÏncJl' tcrm~ ar(' kcpt on the 1cft hand sIlle' and the 
. 

non-}'lIl'C'élr tCTms ar(' l:cpt on thC' right h311tl ~iL1c, Using cqll:ltion~ 

2,1.14, cqua t ions l j J -2, bccorncs 
t 

III -3 

1 • 

\ . J11-4 



Il' 

- l 1 l -

Proc('(,d J Ilg :15 he,forc, tl1(, UP})"]' hnllnèlary contl i t ion ((li 

c;}çh or the cornpOIlCl1t W;IV(' ll11mbC'ts i~ f011l1c1 to lH' 

1\':1\,(' NllJlllwr 1 _. ---_._- ---
1 

d i;J" J;;H '2t 
<.Nf\-..A..~\.. i 

- K [~'-t.(d'+~ -\-:t:) _21t~Jcllj~ t lt, \ 
-Wft-.A.'fî.\..L de \6Z.. 2\-\". 2.}S\d e ~I-\~) 

+ 2. d1+~( ~2:b + 7+2. \+ '2t" ~ (~h \- -:uD 
cie\d"l z.~J ldë\d e 2.\-\01 .. 

lVavC' Nllmhrr .2 

whcrc 

For Model A, f is ~erlaced by f . o 

(a) 

J lI-5 

(h) 

Cc) 

• 
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'-~t' :~:~~~~'t{'~t~~',.i--~~~':"S:-'"IifI:_I'*"~~~~~.~".~Jt'@li!ifl4"'" :"ilt'~,.. 

1.12 

i\j>Pf.NIlIX TV ... 

Encq!,\' Con<,idc;rat lOTIS 
-;...-~..:.--- ""'--"-- -"~-'---

As bcforc, th9 p~rturhution gcopotC'ntial may. be writtC"11 

'\ m·% 

ëp'( e.À, z) ::: 1e{t~)[ 2;- ,,..{ e. z) e-A-t'tI) 

, .... -2, " 

rV-l 

and the d~nsity is iivc~ hy 

IV-2 

The volume in question IS houndcd by 

.. rV-3 

Perturbation Kinetic Energy 

The pcrturbatio'n kinetic energy is ," 

k'> tJ~(V'~~ v')dV • IV-4 

v 

Using the ge0st~ophic assumption? (equations,2.1.14), 

IV-5 

" 

, 
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. , c 

, . 

f '- . 
J 

,1 • --.>r7 ' - , 
1] ~ -

Suh-stitutÎT!g c({nations rV-,1 and 1\'-2 into J\'-5 rcsults in the 

C'}..prc5 s ion 

TIlt' int0gral arounJ the latitude drclc is\non-zcro OJ~Jy Nhon 

m = -k, so that 

, In tcrms o'f the am]! tuc1c and phosc of ltffi (cquaUon 2.] .18 c) 

IV-8 

jnto 1\'-7 rcsults in thc"followirlg expression. 

ln a volume in tcrP1S of the am1Hitudc and phase 

of 'lt-m: 
0. 'lI ' 1 

K~~ lTzVo·H::.)' t.,~;~~)' + C;(~)' + 

urba tion Availabl e Potent j·à1 Ener"&y 

. By t'he same procedure as above, 

" , 

, p~ = ~Jt".Je.Jt ~~ + fF} t 
",.1~ . ,t.. _ 

o 

IV-ID 

. . 
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~o l' i ~ 0 Il t ~1 ,_f !l (> 2J~L!J.!?~" 

Th(' ho ri ZOll ta 1 nO\.; of energy through a 

vcrUcal sjlle of th(' volume' is givcll, l,y 
. 'l, ~ Il' 

H fI f - cl ~I ~H>' = P'lwA--- ~_,."co~ecl"l.d" 
Flv)( f àl ~\::I' • 

IV-12 

10 0 

Procced Ilig as bcforc, 
~ 2 

H -= TTjt'tOA1./c.o~e[ mw Cr'2..dc:(rn~ \ 
FlvlC \-la ,ft \ fl 'M as-

""""'.1. 

rv-] 3 

'whcrc the quantityo in brackets is averagc(] ovcr Llz . 
• 

J 

Vcrtic:ll __ rl~rnT_ F]ON 9,211' 

V ~ r j-r w' ~I ~('ot>a dSd) 
F\ul( J ~ 

eoo ~ . 

IV-14 

'<Ihcrc the vertical v~e]ocity is evalyatedeby using the steady 

state thermodynamjc equatjo"n; 

Using equations 2.1.8 and the geostrophic assumptions (2.1.14) 

'~I= _, (~"B c f-'êA)A'~~'f'\ - dWR ~lt +\< dl) 
iJ1 Ho" èl.tn., 6 '1. 0;. t ~ 

, #, 
,~ . '. - .... not\\\T'IeQ'C' terms. 

. 
Substituting into IV-14 results in the expression 

0. lU' . 

v. -=JJtiOR C ·w,,~(~t'l ~ al-kt ~IJ~I Q?·c.o"edea~ 
t:l ~ Il ~ dl~r ~z D. 41. , .',' 'p"'. N n. '. IV-lS e. 0 . . 

~ terms ari~ing from nori-linear interactions • 

l 

• 

, . 
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l)l'ltl'r C(llll <"Il)~(, 

~llhc,tltlltlll!~ th(' ,!l1(I\'( Into 1\-1t; 1(C;lllts ln the ['ol]n\\'lllp, l,-

prC'C:;C:Jon; 

i\ r t (' l ] J J te! 1 . If i11); ; Jr () lIll,1 ;l 1.1 1 If li cl CC] l-\. 1 (', t II (' 

"1 111 

VFlv, ~) J ~,(WR ~j' -h~n!',,>cose dl}." 

6., 0 

+ tc:rms arjf;ing from non-lincor ;ntcrllct jon'>. 
(il, 

" lJsJng <>Cjuat:lons IV-}, J"-2 and 1"-8 and Jlrocccc1inf~ 
~ 

] n the s a III C In a n n (' r 3 s ber 0 r (', .it III él Y b c s ho \VJ1 t h a t 

, 

1. ~' ~TV-] 6 \/ 1T'~poo..zLH:l<:ô~e\ - C ld~""_\ ((~C. .... + C~\ 
VF\vx ::: ~~N2 L rnw", .... IT {\. t'ri dZ fid 

"" t tcrms arising from non-linear interactions 

where the quanti ty in brackets is averap:cd bver !J.9. 
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'Jlil, rate' or ln'.,,, or P('I tUlh,Jt i(\1l h~l\'t' l'lwrgy Jlif' 10 

'frlL"tloll ie; 

(c'>"''!) 1" ::- - r k r(u,2 t \/) dV • dl 't1("\rL\OV\ J f j 

y 

, Ç), 7, 2. 

(0d~~) fC'cL,,~~ ~ n~:J ~A)II<,GdJÇ0'f t C~'l~~)\ &ÙC102<o,d~~~jl,. 
0 0 'Zo 

Ra t l' II 1" 1.1H' rI'\' Loc, ~ Ill! (' t 0 J n fI :J r l' t1 Cool i 11 \: 
----~--- ....J,... - _______ ~ ___ .~_._ _ ___ _ __ _ ___ J_ 

The rate or 10'," of J)C'rtllrbdt]()1l \;',IVe (,1I('I-g)' duC' lu 

A[tcr proC'ccding in the same manner, 
<'il, l~ \ 

(~~~) ~ 1f~lH. r ~ h>~;)k t~J +' C; (~~)Ja'<~~d~~'.lV-20 
Go z .. 

,) 

• 

+ 
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ChélrllC'y, J,G., I\razin, l' •. C" 1901: PropCl~~:jtio.n of plal1ctary 

,sc31c clisturb,ll1cC'S [roIll thC' 10\'1('1' into the upper 

Cl t m 0:-' ]JIll' r C' , .T. Cc 0 P 11 >' s, I~ cs" (dl, R 3 - ] 00 . 

III c k *i 1 S 0 Il, R. j' ., 1 9 (1 S;J : P]:IIH·talY Hos~hr 1~:;j\,l's propagatlng 

SC1., 2S, CJp'l-]OOl. 

_. ___ ~__ ,19(1C): \'crtlcéJl plOprl)2lltjon of pla))ct:ny Ro<>-.,hy 

"ove, .th.rdU~l all almos!,!lcre wi lh NcwlonLm COOllllg. 

J _. r; (' Cl P h y!-. • JH cs. , .7 4, 0 2 ~) - 9 ;) 8 . 
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~73: j\lcthod of ParélmetcTj;:aUOIl for In[rarcù . 
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