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The strength of the sub- tropicci.l jct stream in the south­

west Pacific baa been rather a nystery. By performi.n a scale­

analysis of the equations of motion simplified equations for 

synoptic scale motions in the tropics a.re derived . This allows 

the determination of vert ical veloci ty , and toos a atudy of the 

kinetic enerey procooses can be L'la.d.e . I'or tho caae considered 

it ia found that there ia kinetic enerr.;y 68nora.tion within a. 

cloud zone to the north of the jet stream. This onerc_y io trans­

ported aloft and southwards towards the jet streW!I. It ia 

suge;ested that such a process is partially responsible for the 

ma:intainance of the jet stream. 
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I. D11'.PnO.:..UCTIOU 

~urin winter the zone of ~aximum cloudinc s o - t ho "con­

vergence zor..e" - in tho t ropical Southwest Pacific is oriented , 

in the mean, rou _hly northwes t-southea.ot f rom Hew Guinea to near 

J i j i (Sadler, 1969). On .!!any ocoasiono t his zo11e io marked 

m inly by extensive n l tos tr,i. tus with some high cloud , and , as 

it d.oes no l fit into ordirmry i doae of conver, e nce zones, it will 

be re .L'errod to here as the cloud zono . 

~y the use of isontropic analyses Hill (1963) has shonn that 

the vertical motion in the cloud zone i s initiated by a trough 

and jct strear:1 in the upper tropospheric westerli es. Campbell 

( 1968) e.lso shoY1ed t:ha t CtUch of t he rainf a.11 O'li er eastern 

/.ustralia is related to an upper troush . This trough i n the 

eastern Australian region is a f amiliar feature on upper level 

charts in r;inter (: a.Dlaf>'G, 1970) . The a.noocia.ted sub- tropical 

jet is extremely strong and reaches speeds of over 200 knots at 

times. Thia j et is more or less anchored (t uffatti , 1963). 

1.rhe otrencth of the jet stream is rather a nwstary. It n:.a;y 

be compared with the winter 1et stream over ca.stern Asia and Japan. 

The strength of this jo t can be accounted for largely by the 

Himalayan - Tibetan mountains (Ramago , 1960) . Australia does 

not ruwe co1 parable mountains so a aimi.lAX explanation can not 

be used. Neither are there large land- sea temperature contrasts. 

'l'he problem is tackled here from t t.e kinetic ener8Y point of 

view. llill (1963) has shown t hat, f or the situations he studied , 

t here is ascend.inc motion towards t ho j ct stream f rom the area 

of ~he cloud zone . lt therefore s eems possible t hat ki netic energy 



[,""enera.ted within t he cloud zone woul be t r ansported aloft to help 

r:ainta.in the jet stroa.o . Thi n possibility l s examined here for 

a particular situation, the 20th June , 1963 . 

Tht: vertical aotion field is required for t in discussion and 

its detor;71in~ tion is most iraportant. It is knov111 thl'!.t use of the 

continuity equation produces laree errors at the hieher levels. It 

is therefore noceasary to take a. different npproaoh. !:Joa.lo 

analyses (Charney and hliassen , 1949, Phillips, 1962) have been 

used in midJle l a titudes to produce proenostic oyste .s. These 

syster.;s have i ncluded an (J -equr> tion, but are applicable only where 

Ross by 1;ur:ibera are loss t han one. ln the tropics Roasliy ?:uobers 

c n be o f order ono or more so the s .re equntior.s can not be used . 

A s cale analysis which appliao to the tropical area and to 

synoptic s1ste s can be ma.de . This allows the detemination of 

the presi::ure fieln from the v;ind field nnd finr.ll loads to the 

vertical •. otion field . Thin was done by using h five level model. 

'rhe resul ta were then used to di ;cuss tho kinetic energy processes 

within t 1lo vicini ~Y of the cloud zone a.n jet stream . 

Un the 20th ,,mnc, 1;)63 the j et otream ea.at o Australia was 

very stron with a maxi mum o l r.1oro t han 180 k.noto ru d the cloud 

zone was in a r:!oro or less nori:ial position. Corr.putations for 

t his situation agree with t he sueeost1on tlat kinetic energy 

generated within t he cloud zone i s transported aloft to help main­

tain t he jct stream. 

2 . 



II. .hi.SIC L .U •. 'l'lOHS 

The x ,y , p cc- ordinate aystcc wao u ed with the followin four 

equations: 

The horizontal equationo o I!',otion on a tans-ential plane 

11'4 + u ) t.( 
t v- ~ + w h - fv- = ll 

~t ~x ~'j )J> ~)( 
1 • 

~ ... u~ + v- )~ + W d V +f u = u. 
)t l~ ~'j '),, ,.., 2 . 

where friction h s been ignored. The model don.la with the 

atmoeph0re abo e the friction layer so friction is smnll except 

near the jet stream where it can be large because of strong vertical 

ana horizontal wind shear (liolopainen , 1963, :Kung, 1966) . The 

jet , ho\ ever, covers only a si..all area. 

The thermal equ~tion 

= 0 3 • 

aesurninb no di~batic heating. .. 11ere there ere no dinturbancee 

there is no larL~ scale condensation anc heatin • However in the 

situation under consideration the cloud zon~ co erod a broad area 

and tho hoatin,: due to condens tion could h ve been importnnt . 

'.rhc cloud zone had been in exi stence for some. days , tr ou ,h , and the 

heatin due to this woulu have had an effect on the win and 

pressure dis~ribution . 111heae quanti tics nre included in the 

equations and so hcatin due to condensation in included in this 

sense . _or a more complet e discussion the diabatic hc~ting slould, 

of course , be included explici tly. 

The equation of continuity 

)u + ~v-
'h )'j 4. 



u • velocity component in the x direction 

v • velocity component in they direction 

"" - :!J!_ 
Jt 

"' "vertical" velocity cocponent 

f • ~oriolis parameter 

¢ - eeopotentia.l 

... ~ ~,1,,, e 
)~ )/' 
where e is 

• a moasure of static stability 

the potential temperature. 

4· 



III. SC.Aili AhALYSIS 

The basic equations 0 1 motion apply to all sc<'les of i:.1otion. 

ly applying a scalo analysis the baoic equa ti one are simplified and 

the re~ults apply only to the scale of interest, in this case the 

synoptic scale . 

Wind speeds in the tropics are o served to be nainly of the order 

of 10 ri./sec and thio valuo is taken for the wine velocity ocale Y. 

liiohl (1954) a.~d Pal~er (1952) found tropical disturbances 

(called 11eaoterly wavea11 by Hiehl) with wavelengths of 2000-4000km 

and perioJs of about four days. 1' or the si tua ti on on 20th June, 

1963 the wavelen,_, ths o the disturbances varied from about 2500lan 

in the lower a. ti::m;phcro to nearly 7000km in the upper troposphere . 

The period of these disturbances was not de termined tut, f ror.1 

experience, of such situations, two to five days would be about 

averag-e. .;>O a horizontal scale L of 106
0 can be used and a. timo 

scale of 105 ace or ono day. This ce.n ce expressed by 1/i. 

Pressure is sea.led by the factor P • 103r.ib. This is becauoo wo are 

dealing with tho full depth of the atmosphere. 

Thus x can be expressed by 

x - Lx' 

where x ' is non- dimonsional and of order 1 or less. 

Similarly y - I.if' 

p -

u "" 

v -

t -

Pp ' 

Vu' 

Vv ' 

~t ' v 
}or vertical velooit-J the factor~ 13 used. This ia equivalent 

1 



to 10- 2 b - 1 sec • 

Thus w :: VP w ' 

L 

~'he s tatic stabilit/ is written 

v;here 

Ceopotontial i s expressed by 

{> :: ~ -f- <P If 

0 

" where ~ is tho space- time mean for a particula r level and </> i s the 

departure from tlli~ mean. ! .• ura.ka.ni (1970) h."s ohown that in the 

}_ li 
thermal equation tho terms )t l/' and a--~ balance nt all latitudes; 

is of the same order as o-w • 

• ritin this with the scaling fac tors so fa:r i ntroduced we have : 

U I 

_jf__ .l... U ...__ VP CT- r ' w 
LP ')t' ""11' L 

' ' ,_ I _,,. 

~ ri tin .,. ¢ := r/> f where r/J "'If ,/. I contain11 the ~i ..,'lnsion., of 'f' , and rr 

is of order 1 or les~ , we have v t .l... ~· - VP - I , 

LP )t' ') ;' L o- r w 

and uy equatin the di.!:;ensional qua11ti tics 

y_j_ -
Lf 

VP~ -L 
whore Cg b t t e phLlae apced of i n tern.al .,-a.vi ty wD.ve s . 

It is appropri~tc hore to i ntroduce a non- dimensional pci.rameter 
..., ::: .Y_ 

Ci 

~ is 0 1 order 10- 1 at a l l latitudes. 

I/ 

The acc.lin f cto .. for </> ccn now be v;ri tten 
1 ¢ == ./1v 

In thia analysis t;{' waa c.ctually expressed by ¢"::::. "-• V-i. cp · 

~his expression yields the geos trophic relation an a first approx-

i r.-.a. tion in mi ddle la.ti tudcs and eventually gi veo tho qua.<:Ji-tJeostrophic 

6. 



eyeten propor;oc by harnoy and Eliassen ( 1949) . Thus thia 

expre~sion aan bo uaod in M:J .la.ti tudo. 

The ~orioliu pa.ruootor f 1.; conni ere a.a n fu 'ction of y 

nn is exp ~ ec in a Tay lo rien . 
' Jl ) 

f(u) :: f + ~ cos Cf. u - ~ ~ - L- C 05 f. ~ + , '' ' · ' 
J o GI o J ct" 1J a 1 

" )! 

.m:~ lJle SPbSC"rint iT dicuto"' ~ re erence le.ti tuue r.d 

f o = l. ...n. •• ,, I{'., 

...n. = n)\~lar volocity of the earth 

a : rndiu5 of the earth 

r~qua tion3 1 to 4 a.re no•. rewritten in ter so the ocalin,, 

factors and the non-di ension;l quantitioa. Afto~ soo.c c cell-

ntion the followin. system is obtained . 

~ :I. Yi. ( ~u' + u' k + v' )u' + w' ~)- (f + '1Jlcos v. ..h. 1./ 
L lt' )x' \•/ lft' " • 4 J 

-f (.L' ..i_ • ..1 "l.J 

( 
L )) I) ) I _, Ji. ~ ~ I 

- l Jl. GOS~ - ~ + .,,,,. Vv- = - v ..!.l7 
4 l! L 'h 

- - ~w ' 

\ow let L 
"),, I 

d 

,,3 is of order 10-1 an non"'"(iimenoion<'ll . 
_, 

The Rossby .1nu:1'her f io ci ven by e = feL 
v 

7. 

5. 

6. 

8. 

a1.d a.nothor non-d.i ea.n2ionn.l p""ra: 3ter Y is oo incd h i' • 'l Jl :·s 'f. L 

If the equator i 1 ta. "n c.a thJ reference le ti tude then _, 
£ =- 0 



8. 

and. )'· ' is of order 10. 

In tropicnl l :ititudeo within 20° o ~ the equator £_, is of order 
_, 

1 or leos anc. Y is of order 10 . 

The horizontal component equations 5 and 6 can r.ow be written 

, ,..> 1> ) I - y )'-~ ~ .... . • , • • • v 
3! 

= - )c/>' 
~x' 

9. 

_, "'.\> ,J ) , 

-vY;d~+······ u 1 o. 

u •, v ', w ' and rp 1 are now expanded in 8.~ ini ini te power series of v 
' e . g . u = 

where u, , u, , u\. etc. are of order 1 or less. 

11.a 'V io of order 10- 1 this series converaes. 

Those expressions are subati tuted into equations 7 to 10. If , then, 
., 

terms of ord~r v are picked out the following s stem is obtained . 

where 

¢ .. = 0 

(,Jo = 0 

D = 0 . 
D - ~~ )v;, 

.. - °))(' + }~' 

11 • 

Equations 11 are the :irst approximations to t e equations for 

synoptic ocale motions in the tropics. Tho prossuro gradient is 

givon as zoro, in actual fact it is observed to be smnll. 

Si .ilarly for divergence ana vertical motion. 



Ter.ns o order v vive the followin set 

w, - 0 

D = 0 
I 

'\. '- ) ( -I -1 " I} ~ + u o'-r. + \T ~ + f. 1'" )' · .B ~ U., 
') t' " )x' " ')':I' I ~ 

-1£. 12. 

rom the last two equations of 12 

equations 

') f, 
~t' 

where 

can bo obtained. 'lhey are 

_, :: ~VO 
J., 

)y' 

vorticity and divorgonce 

As yet no expression for w has been f ound apart fro1" w-= O • 

1 

If we consiaer torr n o1 order '7 in the thcrn·l e ua.ti on we obtain 

I 
l.oturnin the dir'ien ions to the " - order equations of con-

".\. 

tinui ty , vorticity , ru d divergence and. to the V - order thermal 

equation -:ro octain the f ollowin 

(i) Continuity cque. tion 

(ii) r arotropic vorticity equation ~1 + u}[ ...- v )f + Bv- ::: 0 
')t ),. )~ I 

(iii) hala.nce equation 

14. 

15. 

(iv) '.1.'hcr':'.sl equation ( ~t +- 1.4: + v: ) ~ ¢ + ~ w :=. 0 16. 
.. ..x .. 'j "P 

9· 



In those equ tions u h~s been expressed lrJ 

u "' Vu 
0 

~irnil<:.rl v • Vv 
0 

! .. i:fo 
<fl - "'_, v' ( <f>o + v<P,) 

~ 

V ¢ beca.une A. =- 0 
I 'f'D 

VJ.' ~ 
- -v w L ~ 

because w, = w, = 0 

) f ... -
)~ 

the noTth- south variation o the Coriolio 

para.r.ie tor. \,here f appears in the "balance equation we ohould have 

(from the scale analysis) f
0 

+ ,8!1 i.e . thcf' - nlane a:pproxi a ti on. 

However :mbsti tu ting f rna.Kes little dif1erence and facilitates 

cor:iputati on l r:.ter . 

10. 



IV. DI ... CUSSlON 01'' E UA'l'lO.NS 

Equations 16 are a set o,· simpHfied equn.tions for oynoptic 

scale motiono in the tropics and forn the basis for ~ diagnoatic 

nUI:lerical model. 

The fact tat divornence is zero i mplies tla~ the otream 

function ('f ) field must be t;ivcn. rom thio the geopotential field 

can "be obtainud by uee of the balance equation. Used t' io 'l'>a" the 

balance equation is always elliptic and a solution can always be 

found . Indeed, if used the other wa;y to determine tho y - lield 

from1he '1 - field, solution becomes i:npossiblf! near the oquator, 

or unrealistic i modifications are nade to the input data 

(Houghton and mshington, 1969) . 

It i s inle.cestin to note that the complex ome"a equation 

used by Krishna.rl!Urti (1968) and :Baumhefner (1968) is not required. 

If a similar scale analysis is applied to middle latitudes, 

the Rossby !,wnter f. is of order 10-1 and the qua.si-geostrophic 

sche. e (Phillips, 1962) is obtained. The balance equation is found 

to be the Sil!ne for midt.lo and tropical la.ti tudoe . 



V. TEE Sl'l'1JA'l'.t0N 01- 20!'li .TJNE , 1963 

On this dn.y aurface charts showed the cloud zone o ~ the 

Southwest Pacific as a broad zone in the Uew Guinea - Coral Sea 

a.re a. ( ... ic.1 .) Observations on this day , and also the 19th 

and 21st, in icatod that the zone was composed ma.inly of 

al tostrat us with somo hit h cl oud an(1 with onl71 isolated toweri ng 

cumulus and cumulonimbus. 

At the 300rnb level a. trou ·h lay over eastern Auatralia and a 

jet stream r.iaxir.ium of &-rea.ter than 100 lmota lay cast of Australia. 

(l! ig. 3. ) 

Strcamlino- isotach analyses coverinc; the e.rea from 20 N to 

50 S and from 100 E to 170 W were ~e of tho levels 850, 700, 

500, 300 e.nd 100mb. Data froc these a.~alynes were uoed as input 

to the numerical rnoJol. The levels are not O\•enly spaced but 

were chosen accordin, to avallabili t; of data. The analyses for 

the 850nb ancl. 300mb levels are :Jhown in l' i a , 2 and 3. Data 

points (includin~ aircraft and ship obsarvation~)nro marked by 

spots. 

In aome areas the data a.re rather sparse but , by applying 

principles of vortica.l aJld time continui ty a.nd with knowledge of 

the cli matol oc;ical and synopti c featureo of the area. , very reason­

able analyses can be made. 
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~I. CO.&PIJ'.lATIOl.aL ETAIL3 A!.u RG.:i1JLTS 

As mentioned in the previouo section five levels were used for 

data input. The erid was square with sides measurinB five degrees 

of latitude at the equator (1.ercator projection) . ihere diffcr-

entia. tion wao required the centered differences technique was 

used, u and v values for each gria point and for each level were 

the main input to the model. As the nodal required divercence 

to be zero , tho atrea.rn function f ield should have b1·en calculated 

and u and v values obtained from this. To oa.ve timo , however, and 

notinc that laree scale motions oi the tropical atmosphere are 

quasi-nond.iver~ent (Charney, 1963), observed values of u and v were 

useCi inatea.d. 

The first step was to in·.iert the balance equation to obtain 

the geopotential height at each of the five levels. This was done 

using tho Liebmann over- relaY..a.tion ~othod . Hand-analyses o f the 

eeopotential hei&}lt had beon na.de for all the lovels and boundary 

values of ¢ (req,uired to invert the balance equation) were obtain -

ed from these. 

01 oompa.rison, the results for the 850 and 300mb levels and 

the correspondin , hand analyses are ahown in l iga. 4 to 7. There 

is very resonable agrceraent , which was aloo true for the other 

levels. \1hen zr.a.ltinc these comparisons it sho ld be borne in mind 

tha t (i) the hand analyses are sub.,ect to error because of weak 

eeopotential gradients in the tropics, and , 

(ii) the 69opotential fie lde calcti.lated from tho balance 

equation are derived froo the atrea.rnline-isot<. ch analyses which 

are more accurate in the tropics, 
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Sorr.e o the hi h ~"1£\ lo .. ce! ters in the computed geopotentia.l 

h.eieht fields are s hifted slightly !'ro:n the posi tiors of the cc: ters 

in the analysed hei ht and win fields . This is probably an 

effect of the crid size . A f i ner gTid would have given finer 

resolution of these oonters. 

Tho next step wns to cnlculate tho vertical velocity "' a.t the 

four intermedia te levels of 775 , 600 , 400 a.nri 200mb. Firat ~) was 
)t 

oaloulc-i.tod for tro fivo levels f rom the barotropic vorticity' ec:uation. 

inversion aives ~ i {' boun1lp,:ry va lues of ~ are 

prescribed. In this c <Je it was assumed trot 'l"" = o on the bound­
')t 

aries. 

•. ow u - -~ and v "" 
~'I' 

)~ ~)( 

~u = _}_ .ft ar.d ~ = .)__ k 
~t ')'j )~ )t 'lx )t 

Tho ref ore 

ihose va.luoa a.re ea.oily calcult tcd and are required below. 

If tho balance equation is di fferentia ted with respect to tine 

the .ollowin, cqu, tion is obtained 

v1. ~ = l [..L (~"') k + h .L (k) - .1.. (b.) ~ _ ~ ..L (~v-)] 
) t )lt'. )1: )~ )x )';) )t .,.., )t ) >' )~ "b ')t. 

- t8 (~~) + f ~r 
hy asoumin '?Ir/>= O on the boundrrios , relaxation s i vos 

~t 
~ 
)t 

Thia w s done f o · the five le; els. ~0 is required to obtain w from 
') t 

the thcr.al equation. 

rrho thorn.al equ· tion can bo rewritten 

w = 

i.:e· surew nts 01 o- were ciade an"!. i t was deci ded to use the 

followin moan v<-lues. 

At the 775rab level <Y c: • 02. everywhere 



At the 600rlb level 

At the 400mb level 

and 

At the 200ob level 

and 

~ == 

~ ::: 

~ IS 

<5' -
" = 
tY .. 

Units of " a.re m2aeo- 2mb- 2 

. 03 everywhere 

.OS" from the equator to 205 

.07 south of 20S 

.l fror.1 the equator to 20S 

.~ froo 20 to 29S 

• 4- south of 29S 

If u and v arc interpolated at the intermediate levels all 

the terms on the ri1.::ht hand side equation 17 are known ancJ w can be 

calculated. 

It becai:;e apparent that the rela.xation process had been affected 

by the preaence of u1 tra.- long waves at the hi her levels. Y1ave 

~umber one as fil tered out and this produced reasonable results , 

which are shown in Pi s s . 8 to 11. The area covered in these 

figures is smaller that the original area because boundary values 

arc lost each time the centered di f ference technique ia applied . 

Of course tho results only a pply to the tropics , but the 

ca.lcula t i ons have been extenaed to l:l:ii,her lati tudee i n the south in 

order to keep the boundaries sufficientl y f a.r away from the area 

0 1 interest. 

If the vertical velocil;y' at 775mb i s compared with the 850mb 

cha.rt, i t is foun that there i s upward mot ion eas t oi tho t r oueh 

in the Goral Sea - Tasman uea area and east 01 the troueh nort h-

west 0 1 Australia. ~he ~.a.xi.mun of about 10 x 10- 4nb sec- 1 , or 

about 1 cr../sec , occurs in th:? central Coral Sea. Subsi dence 

occurs in the anticyclonic area over Aus tra l i a west of the troughs, 

anC. in t he eaaterlies north of the Hew Ilebrideo. The ver tical 

22· 
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27 . 

ootion field in the Coral Sea area a~-rees with tl.e cloud distribution 

shown in ~ ig. 1, except a.bout Uew Guinea where this is not true. 

The vertical J·Otion a.t 600r.ib shows more a .rcement in this 

region, but there is a band of weak subsidence runninb across the 

cloud zone. ?art of this band correeponco \',i th an area. of less 

cloud coverage near Bouga.nville, but is of greater oxtent. 

The data \Vere rather sparse in this region. rrore data, 

resultini in more accurate analyses , L'Ucy' have given better agreement 

between the vertical motion a.nd tho cloud zone . Also, inclusion 

in the no el of condensation heatin may havo resulted in ascending 

motion in this area . Certainly inclusion of condensation heating 

would have inc:coased the values of w where areas ot ascending air 

were found within the cloud zone . 

Maximum upward cotion at 600mb is a little further south and 

west in agreement. with the westward tilt of t he trough. 

At the 400 and 200mb levels most of the clou.d zone ia overlaid 

by subsidence showing that it is the upward motion below these levels 

that is responsible !'or the cloud . Comparison with tho 300· b chart 

shows that the maximum upward motion at these levels is in the 

vicinity of the jet entn1nce as may be expected. 

The values o vertical motion compare favourable with those 

fowid by Daumhcfner (1968) for a case study in the Caribbean. Here 

he used a more complex o~ega-cquation which included friction and 

condensation heating. 



VII . h.DTL'TIC EM'.:RGY 

I• ollowine l..:urakami ( 1959) and Sma.gorinsky et a.J.ia. ( 1965) , 

kinetic ener gy proceeaea can be treated in the following manner. 

rora the primitive equa.tions of notion a kinetic energy 

equation can be obtained. 

~ + V. V' K + w ~K = - _V • \I "" + V . £ 
) t - )p "f' 

where 

£ is the f riotione.l force , ')/, tho horizontal wind, and 

V is the horizontal operator. 

To consider tho contribution of a ro ion to the entire atl:loe-

phere , equation 18 c n be intercrate~ over "'"' area S givin.!J 

= -fv"(K+<f)JC - n ")w(K+¢') dS 
c s ~~ 

+ H w !<£ dS -t H v. F cl s 
s ~~ s. - -

where V is the ou ard. now.al cornponont of velocity along the 
n 

~I ¢ bounua.rJ C, ~ 't' is too departure from tho space mean of • 

18. 

19. 

The f i rst term on the rieht conta.ina the f lux of kinetic and potential 

enere;y acrons tho boun ary of the a:roa. '.!.'he second term is the 

vertical transport 0 1 kinetic and potential onerp-1. The thi~ 

term is a genera ti on term. I t may be wri tton -J{ ,.,ce' JS where °'-' is 

' 
the departure f rom tho moan specific volume. The last term is the 

frictional dissipation of kine tic enerp;y. 

Except for the friction torm all torma on the right of equation 

19 were evaluated for the 20th June , 1963 by usins rosul ts from the 

diaenostic ~o el . The resion co ered was from 120 to 170 degrees 

.:!ast and from the Equator to 20 degrees South. This aroa is mainly 



outsioe the . et stream and the levels ccnnidcrcd are below the 

tropoP'use .nd above the f riction layer. Thus friction will be 

s r.:a.11 (Holopainen, 1963 , Kun0 , 1966 , ~rout End Pa.nofsky, 1969) . 

:.s well c.1 6 per.i. omin{; tho intoC;,TG>tions, grid point or boundarJ values 

"IJ¢' 
of VnK ' Vll: wK, w</>', anc ""l~ v.crc celoulated nt the 

~wK ~w¢' 
lnte0Ta.ls of )~ "md '>tp wero 

775 , 600, 

400 and 200mb levels. naturally 

calculated at the iniermocliate levels. 
I 

At the 775mb level loct.i.l boundary values of VnK and vn¢ were s mall. 

¥£.' The generation term w )f> shows a maximum within thn cloud zone and east 

of the 850:-:lb trough (. i~ . 1 2) . This is an area. o e.acor...ding warm air 

which releasc3 kinetic energy, as pointed out by nreules. There is a 

second raaxiour:i in tho southwest corner where there is subsidin cold air 

in the antic clonic region. ~ xi::um -i, ertical trensport (wk) occurs in 
I 

tt.e same rcgionn (1- i • 13) while w ¢ is a r.:axir.mm in the so~ t he a stern 

corner near new Caledonin .• This is ar1 area of aaoendi n. motion vd th 

hich values of aoopotential. 
?>(>' 

At the 600mb level "" ),P is tn1oh a: .aller everywhere liu t tLere e..re still 

v1eak r iaxir..a. i n the sar.ie o.rea.5. w ¢' is a ma.xir.i.um i n the sMe a.rea of 

the clouo. zone and '-'K is a r.iaxi.mur.1 just southv:ost of this. Ac;ain local 
I 

bounnary values of V K and V ¢ a.re relatively s• all . 
n n , 

At the 400rnb level values w~ aro a1 nll in tl~e area o 

interest s 0\1in that generation o kinetic enerrrJ is not i mportant 

at this level . A.' Maximum upward transport of K and ~ is now 

further west in the region of rAXimwn upward motion (:HIJ.10) . 

Some local values of V K anC. \i ¢' are now becomin largo and these 
n n 

are sho~n in figures 14 ann 15. 'i'here ia signific nt i rlport of 

both quantities in the oouthweat corner or the area near a second 
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jet stream, ana significant export of both quantities in the south 

anc southeast towards tho jet stream. In addition there is 
I 

significant import of ¢ in tho northeast and export in the 

northwest . Thi3 is bocauae in the northeast, there is inflow 

from an aroa of' high eopotentia l , and in the northwest there is 

outflow in a rebion o .. hit;h geopotential. Tlis can be seen from 

a study of the 3 Omb chtrto in Figs. ~and 7, 

At the 200mb level the K~noration term w~f ~a s mall everywhere. 
I 

Ua.xinum upward values of wf( ani "'ti occur in tho region of maximum 

upward motion (_ ig.11) md similar downward values oc 'ur just west 

of this. Values of V K and V ¢ ' are a.gain large (Fig.1 6 and 17) n n 

an show a similar pattern to that at the 400mb level. 

The coobincd export o kinetic energy in the south and south-

east towards the jet stream at the 400 and 200 mb levels is about 

19 per cent e;reater than tr.e combined i mport a t these levels from 

the southwest. It is interesting to note that on the ~ollowing 

d~ the jet strea.n was a little otronuer. 

Values of the integrated terms 0 1 equa.tion 19 are shown in 

Fig. 18 which io also a S'\W.r·ary o the energy processes of the 

region. Horizontal arrows directed toward.a t he center indicate 

transport into the region, and thoae directed out from the center 

indicate tr,.nsport out or the re61on. vertical arrows show the 

direction of vertical tra.i:ieport. 

) (/ 
Generation ( )) w )~ dS ) is positive at all levels except the 

top, with the mruciruum at the 775rrib level. As seen earlier, the 

ma.xiroum within this level was within the cloud zone . Kinetic 

energy is imported at the lowest level and exported at the renaining 

34. 
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levels, the largest values being at the 400 and 200mb levels. 

Potential enerf!.Y, however , io imported into the lower three 

levels and exported at the top, with significant vnluea at all 

levels except the lowest. Vertical tranoport of both kinetic and 

potential energ:r is directed downwards a.t the 200mb level and 

upwards at the romainin1 levels with convorgence (with :respect 

to the vertic~l) of both qua11titieo between the 200 and 400mb levels . 

Intee;ratin equation 19 with respect to pressuro we obtain th a 

complete '.i:i.etic energy c< 1ation or the re ion. 

- t ~ f v., ( f( 4 ¢I) d ( d ~ + t ~ \ ~ ~ ~1 

d s d p 

+t UJ y.£ d SJ~ 20. 

V1 ith the friction torm omitted, this intee-.rat1on was performed 

for the area above nd for the area from tte equator to 33 South 

which includes the first rreq. 

!ior tho first area t HJ~~ JS Jf' 

and for the second area i ~~ ~ ~~ d 5 df> 

l.I 

• +.llx 10 ergs. sec- 1 C.1 • 
u. 

• -.11 ><10 ergs. sec 1 22. 

There is an error nue to friction in the result for the first area 

but as win~ speeds are low in this area the error cay be asou.~ed 

am 11 . l• or the oecon<l area. the1•0 id so mo error due to tho fact 

that the diagnostic model is not applicable in hi her latitudes. 

'l.'his error is P"'Obabl.; not too la.rec a.a the calcula.ted vertical 

velocities a peared reasonable. ~rrors duo to n·glecting the 

38. 

friction terr~ a.my , however, be larg1) in the icinitJ of tl e jot stroa.m, 

but they woula act t o keep the result negative. Jo , for the whole 

area, there is a net decrease 01 kinetic ener ;y. } or the first 

area - the tropical sub- area - there ia a net incroa.se o .. kinetic 



v 

39. 

energy which mn.kes a pos itive contributio,.., to the whole area. 

·' 



VllI. co.~cLUdIOlld 

It aecms tha~ the tropical area, and in particular the cloud 

zone, may be a aource o energy foi· the sub-tropical .jct a troam. 

Rasul ts f ro:n t he pre~ iour, section r,u u'Cst a possi' le mo el of (i) 

kinotic enerr;y .g-enera.tion within th clou· zone- (ii) transport aloft 

to the upper troposphere , a.nd then (iii) transport sou thwa.rds 

tov1ards the jet stream. Hill (1963) con.o. t:r:ucted isentropic stroa.m­

linos for t 1e situation on the follov.ing two dars (w11en the situation 

had not chc.ngcd materially) and. his resul tD support the abovo oodal. 

'i'ho inclusion.,of dia.batic hee..tin.:, in t.he determinati.on of 

'- ertical velocity would support this r:iodel . Kinetic enerc:t gener-

a tion ('"' oe. ' ) within the clouc zone woul~ be increased aa would the 

upward transport in this region. 

}or future consideration, rr.orc occasions of a similar nature 

should be studied to oonfim the suggested ,rr,o,'el. Also f study of 

available potential ener£,Y i u neceosary to complete the otucy of the 

enereetics of the systom. It m~ be that croos-equatorial tranaport 

of kinetic and a.vailablo potential ener f.::J' in the Indian Ocean ia 

ioportant . Hore, in the upper troposphere, air wrdch originates 

over the oonsoon areas of Asia is transported across tb0 equator 

into the southern hemisphere and may make an i mportant contribution 

to the strength of the subtropical jet s trea.I!l (Ba.t:arre, 1970) , 

Tho fa.ct that this jet io more or lees anchored an.fl the monsoon 

is anchored, otronely su£mests t hat the i;:onsoon does play a large 

part. Tllo model suc-cested above may 'ne , relatively, a sr-.a.11 scale 

e t fect superimposed on the larger scale inter-hemispheric reaction. 

Thua an extension westi1ard of the area of interest is i ndicated. 



. : inally, the mesh size o the diagnostic model should be decreased 

by about one half, the number of level~ increased , and f riction 

antl diabatic heatin_ considered. 

41 • 
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