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A s~es of fjfteen 96 heur farecasts was mad~ with a spectral 
1 

, . 
primitive EqUations nanerical weather: preliction m::xiel te inveStiqate e:rrars 

. in the Planet.arY waves. '!he' ~li~éS am phases of the geopotenkl euot:s' 

are stulle:i as fuœtions of zonal wavem.mber, spherical haJ::nt:)nic coefficient, 

time, pressure height, ~ lati tu:ié. 

'!he geog:raphl.-c am syncptic cha:racter of the planetary wave errars 
r 

is also st:l.xU.Ed • 

. 
- '!hé major contdhutaP te the shqrt range Cless than 48 heur), farecast 

ermr is identifiEd as an external rocxIe. '!he inprovanent in the forecasts of ,... -, 

five cases, result.:ing fJ:an the ranoval of the external ~e is shown. 

1. 

'!he rnEdillll rarYJe fareqast errœ: (96 hours) is internaI in characte:r 

am s~ly resarbles the mOLS s~Ed in the vertical reso1utiém ~iments 
'G;; 

of Nakarnurci (1976) am 'nesnara.ts (1977). 

\ ' 
BasEd on the similari ty of the en crs , it is hypothesize:i that the 

najor 'cause of p~tmy wave er:xarstls an inadeguate vertical struct:m:é of 

,the waves. 
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Une 'œrie de quinze p~visions â kMance de 96 heures a ~té effectœe 
~ , 

! 1 f aidE71! d' un rood~e spectral de pdivision nurerigue ~u tarps â ~ua tions 

~~les afin d'~tu:tier les erreurs dans les oIXies Pla~taires. Les anplitu:ies 

et les phases des ex:reurs du géopotentiel sont analy~és en,~tant que fonctions 

du rxrnbre d'orde zonal, du coefficient dthalmonique sph&ique, du tarps, du 

niveau de pression ainsi que de la Jatitlxie. 

le caractêre gêographique et:, synoptique des erreurs ~ les ames 
\ . 

- pl.arétai.res est égalénent é~. 

le priœipal facteur qui contr 

(3chéance (!Toins de 48 heures) est un 

~ 1 t ec:reur de ~vision a courte 

L'~liorat~ 

relevée dans les prévisions de cinq cas, enant de 'la suppression du m:xIe 

externe est dem:>ntlée. L'erreur dans la ~viSiO~ ! 1l'Oyerme ~~ (96 
\ '\ 

heures) est interne quant au caractË!re et s.'apParente fortanent aux erreurs ' 
, \ 

\ . 
étudiéeS dans les expérieooes sur la ~solup.on verticale de Nakamura (1976) 

et Desmarais (1977). 

Si on se base sur la ressanb~e d~ erreurs on peut d&luire 

hypotMtiquement que la prirclpale cause dt e:r::reurs dans les Ol'Xies pl.anf§taires 

provient d'une structure .imparfaite d~ ondes,dans la verticale. ! 
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CHAP'l'ER l 

1 

1.1 '!he Observe:1 structure of the Iarge Scale l'laves 

~e ~ tien of· mid-t:r:q;x>spheriC analyses of geqx>tential height, , 
- 1 

t:irne-avE!fagEd CNer one nonth perioàs, shc::Ms' the existence of quasi-statio~ . . ~ 

waves of large horizontal scal-e. A st1Xiy by Eliasen (1958) gave a haJ:m:mic 

analysis of average roonthly 500 mb am 1000 nb charts as well as a daily 

harncnic ana1ysis of ,a forty day series ~ data. Figure (1.1) gives \the 
~ 

daily pœi tions _of a ridge for wavenumbers lone te ~ur durirq the period 

Octc:ber 21, 1950, te NovE!lber 30, 1950. 

It can he seen that, in general, the large scale wa~ consist ,of 
CI 

~ relatively large stationary canponent am srraller transient canponents. 

Stlld.!-es by Cha.rney am Eliassen (1941) ard ~garinsky (1953) .irdicate that ~~ 
• 1 

the sta tionaxy part of the large scale waves "" is due te farcirq by the earth 1 S 
.r 

, 
~aphy am lard-sea. terrperature contrasts. '.nlble' (1.1) fran Eliasen (1958) 

giV'eS the anpli~es and phases (positions of a ridge) of the stational:y 

carponents of 'tevenunbers one te three abtai.nfd :fJ:an the average IOOIlthly 

analyses of January.and JUly at 1000 IOO am 500 nb. 

~en's st:u:ly al.so shcwed that wav~ one te four'were 

quasi -stat:ionaJ:y, that wavenœbers grea ter ','~Ii or equal' te six sl'lcMed a 
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Zonal 

, 
Jamaiy 

lat. Wëlve- 500 mb 1000 nt> 

runber Anp. Phase Anp. Pœse 

300 N 
1 59 -6s 16 351 
2 10 145 16 liO 
3- 28 83 17 102 

1 84 -34 39 46 
40~ N 2 34 42 48 . 89. 

3 64 98 32 108 
li 

1 1 B4 6 76 66 
50° N 2 79 .. 43 , 83 . 85 

3 80 106 .33 2 
'" 

600 N 
~ 1 62 40 71 114 

2· 100 33 .64 79 
3 63 108 43 12 

70° N 
1 50 84 87 163 
2 98 21 19 TI 
3 40 108 18 3 

mBLE (1.1) 1Jal:naù.c analy, 
nw*"""R and phases are in ~ 

.., 

1 

-----
JUly 

500 lIb ~OOO lI'b 

Anp. /Phase Anp. phase 

41 -48 79 -104 
16 175 53 165 

4 17 21 77 

38 -28 66 ~98 

12 77 48 179 
12 79 22 83 

32 . 22 38 . '-89 
43 73 32' 14 

·22 111 12 93 

35 73 17 ~101 

42 58 19 30 
24 114 6 104 

39 116· 3 -86 
40 40 l2 2l 

c 14 101 2, 110 

Anpli~ are in geqx>teDtial 
Fran Eliasen (1958). 
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general ea.stward rrotion am ,that wavenunber five, whi1e generally transient, 
_ ,1 . 

~ .... - '" 
shcMe:1 a preference far certain positions of its ridges. 

Subsequent studies of the prc:perties of the large scale waves have .. 

concentrated on the transient cc:rtpOnents. In a sttxly of Jan1.lal:Y 1957 

500. rnb data, Eliasen an::1 Machenha.uer (1965) observerl that the transient 

.• ccmponents of the la:rge scale waves propagate::1 westward with periods as short 
" , . 

as a ffM days. Del.an::l an:l Johnson (1968) shc:Me:1 tha t westwa.J:d IlOVi,ng transient 

~nents of the large scale waves were present thrO\.:ghout the year. ''lllese 

authars also examinai the yertical st:Î:ucture of ,the ~inter transient CClTpOnents 

arrl p:>serve:i a general increase in anplitu::ie with height am a weak wesbard 

tilt of the phases with hei.ght. 

'!he rate of errer grc::M1:h in the various horizontal scales bas been 

investigated by prerlictabil j ty ~edll\ents. 'lhese ~erirnents usually consist 

of perfarming a farecast with a rrodel am canparing these results to those 

ootained when the farecast is repeate:1 with slightly clifferent initial 
, . 

ri 

corxiitions. ,.'lhe differinJ iniQ.al ooniitions' represent aI1 errer 'an:l the 

subsequent difference be~ the 00 forecasts rep.resents the en:or 

resJ,Ùting fran the incoJ:rectly specified initial corxiitions. 'llle time taken 

for th.j,s errer to reach sane predetennina:l 1evel, which can l?e carpared far 
# k 

the various scales of rrotion, is a mea.sure. of pre:llctability. Iorenz (1967), 
usin; a sinp1e one-level rrr::Xie1 of incaupressible unbourde:1 flDri, àrd 

Srragorinsky (1969), usirg a cx:rrplex nille level hanispheric general 

circulation m:del., sllcMed that the la:rgest sca1e waves have the highest 
\ 

prallctability am that the rate of errer g;rcMth i.ooreases with decreasin;1 

scale of mtion. '1his result, tcgether with the quasi-statiorw:;/ character 
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of the large scale waves, suggests that farecasts of these scales of rrntion 

should meet with considerable success. CUriously, such is net the case. 

1.2 '!he large Sca1e Waves am Numerica1 Models 
. 

Alm::>st frc:m the begi.nnirxJ of numerical wea ther pre:Uction, the 

large scale waves have been a proble.n far atJoospheric rocdels. As soon as 

henispheric fareœsts with s.inp1e one-1evel barotrcpic nodels beçan, it was 

ooser:va:i (Wolff (1958)) that,the lazge scale waves retrogressed (ncva:i 
, 

westwazd) with a~tely the :Rossby-Haurwitz (Rlurwitz (1940») phase 

spee:1. Since this rapid ret:rcçression was in violation of cbserved 

a tnospheric behaviar, i t was controlled by oo1.ding the large scale \laves 
, ' 

'stationary durin; a farecast or by usin;1 the "lo~ve stabilization" term 

deriVEd by Cressttan (1958). 

D • 

'Ihe systanatic ez:rar in large scale \lave farecasts with a one-level 
Il 

hanispheric barotropic ~el with topography was det:er:rninerl by Martin (1958). 

His results shcMa:i that a strong geographical bias ~tej, caus~ the 500 nD 

geopotential heights to be farecast toc high off thè est coast of Asia an:1 
\ 

toc 1CM in the mid-Atlantic. Fourier anal.ysis shcMed that the nodel ' s 

systenatic eaurs were caused. by in::aJ:rect fareœsts of wavenumbers one to , 

.'four. 

Investigations of .large scale wave fo:reœst eaClIS in nore advaooei 

IU.Jnerica.l wea ther prediction no:1el.s were slcM te appœr in the litera ture. 

lobst verification of such m:xïels is perfaz:med syllq)~œ1ly or by cœputirç 

sJdll scores or root mean square eaOLS anl usually ro attEmpt ls nade to 

assign farecast er:rar to the various horizontal scales. '!he quality of 

fareœ.sts made with advaœe:i m:x:lels was steadily .ünprovin;' am visual 
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inspection oil' forecast- weather rnaps shcMErl that the major quasi..station;u:y 
, 1) , 

trough arx'!- ridge patterns were generally carrectly. forecast in position. 

'lbese facts could 1ead one te be1ieve that significant large scale wave 

eILœ:s 00 lonJer ~ted in advanced numerical weather ~ction ncdels. 

6 

lkMever, it saon became apparent that the prcblan of large scale 

wave etXULS sti1l~ e"dstal an:1 stu1.ies were urXiertaken in an att.atpt to firJ:Ï' 
~ , " 

1 

their causes. ' Miyakoda et al. (1.971) observed that the waves in the 

, westehies were farecast with insufficient anplituies am that cut-off leMs 

were seldan prodUCErl. In this pape:r, the authars stlXtie:1 the effeCts of 

horizontal resolution Qn farecasts of the large scale waves. 'lbeir results 
-, 1 

, 

r 
shcMe::l that these waves were oot sa:t:isfactarily foreœst; an:i, wlùle inc::rease1 

h:trizontal resc1ution jnprove:i farecasts of t:h.e arder of ten days, it clid rot 
, 

ini>rove 36 to 48 hour farecasts of large scale waves. 

Further ev:ideœe of large scal.e waVfJ ea:UL: came fran Ieith (1974) .,j 
In a series of 36 hour farecasts at 500 mb with a spectral one-level barot:rcpic 

,~ 

rrcdel, the errer was CCIlputeÇl. as a function of wavernrnber. 'lbese exper.iments 

shc::Me:1 that the snallest errar was present at wavenUTber six an:i that the en:or 
'. 

increase:l in the sharter am longer 'WElVl?S.,-

1.3 'lbe Sccpe of the Present Study 

'lbe abn of this thesis is te investigate far:eca.st euClls in the 

planetary waves am is an extension te a bal:oclinic JOOdel of Le.ith' s 

barot:r:cpic stu:ly. '!he collective tean planetary ~ves wih henceforth refer 

te zonal wavenurrbers one te five siœe these \tRlves possess bath a quasi .. 
, 1 

stationa.xy nature an:1 a large harlzontàl scala,' aDi, the collective tecn 

( 

\\ 
- l' 
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-
long waves will refer te wavenumbers one te eight. Chapter 2 wUl describe 

the experimental proCEdure am the ez::rors will he docunented in Chapter 3. , 

Chapter 4 will give the ,geographica.l an:1 syrrptic character: of the p~taJ:y, 

\ wave eaors. '!he detailed nature of these etl:OI'S will be presented' in Chap~ 5 

alon;1 with a hypothesis of their cause am (suggestions of ~thods of their 

, el.imination • 

. ) 
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DES:R:IPTION OF '!BE M:DEL AM) -'lm: EXPERIMENlS ' 
\ 

2.1 ~ntroduction 

g 

Far investigation of f~t ec::~s in teI:ms of wavenunber, it is 

very conveni~t\ te erploy a spec~ ~el. An advaœed global barocllnic 

prinù. ti ve equation spect:r:a1 IOOdel d.eveJ.q>al at the Division dè Recherche en 
, 

~vision NlIœrigue of the Abrospheric Environnent Service wa.s made available 
• . <" 

te the autl'm'. 

2.2 '!he lttxlel 

'!he mdel usai far this stu:iy was that of Da1~ et al. (1976) with 
1 

min::xr ncdifications. 'n1e roodel uses si91l'l (CT) co-;-az:dinates (Phillips (1957» . 
ard bas five 1evels EqUally spacErl in C" •• '!he node1 t 8 horizontal spectral 

< 

représen~tion possesses a rhcrrix>idal trunè:at:ion (Ellsaesser (1966» and 

finite-differeJ'lCirg i8 usai in the vertical • .. 

ç~ ~"'-x-=·-!.,...- ..... rr: ~ __ Z_1""r~ ___ -~_ " ... 
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di 
cr Ôtr = -RT.-

where f ~ Cbri~lis parameter, 

Q • vertical ~t of vorticity, 

V ~ hati.zontal wird vector, 

D = horizontal divergence,' 
, 

T- ... tarperature, 

q • natural logaritlm of the surface--pressure, 

~ *' static stability (Y - aI) 
• Il atp ao-
(j : vertical. vel.oci ty in sigrtla ~tes, 

. II (o--,)(D~~.Vq) + 15<7"+ ~a:Vq' 
l :: geqx:>tential height, 

f .. harizontâl friction farce per unit mass, 

~ ~ diabatic heatin], 

~ ~ gas constant for dry air, 

Cp" spec;fie he!st far cb:y air at constant pressure, 

''* 
• - ) ( ~ ) - ) der - , -

\ 
C) 
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1 
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Glcbal an::l he:nispheric farèCaSts œn be nade wi th the rrode1. When 

the rroàel is used hsnisph~icallY, the folladng quantiti~, 1) , 'i , T , 
q" an:1 the zonal cœponent of the winl are reguirEd te be syrrmetric about 

the equatar1 am, the quantities Q am the meridiOnal c:xrtpOn.eIlt of the wirx1 

are anti.-synmetric about the equatar in oroer te be cxmsistent with the 

goverrû.n;J equa.tions (2.1) te (2.5). 

'lbe sani-inplicit method of'Pobert, et al. (1972), which is 

iœcu:paratErl in the l'CCtiel, aJ..l.cMs relatively long time s'teps te be us~. ~ 

'" .~», .. 

1 .. ~, 

control numerica1
l
iru;tabi1; ty introducEd by the diss.ipative t.ecns in ,the, 

bourdaJ:y' layer parcureterization a weak t.ime filter (Robert (1966» is neaie1. 
... • .......... 1 

. ' . ~ version of the lOOdel usai does rot incmparate radiation or -

noisture calculations but does ÏOOluie the effects of tqxx]raphy, 'hœtin] 

fran wam oc~ns, su!face :fri~tion, am dl:y convective adjustJnent. 

'!he data input te the m::x:1el is the tarperat:ure, ~tential, am . ' 

streamfunction field definecl' on a 2805 point' polar- stereographie grid with a 

grid spacing of 381 km at 60
0 

Non seITen st:a.roard pressure levels 1000 ni>, 
. ' 

850 rob, 700 mb, 500 m, 300 rob, 200 rob, anl 100 m. 'lbe stre:uofunctions were 
l ' 

obtained fron the ge:potent:1a.b by solution of the œlance equation 

./ 

---________ ~U'_2·,.·~'a....__ _____ _ 
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where Coriolis parameter, 
o 

'\' ~ 'streamfunction, 

l · geqx>tential. 

~ 'are a rruh!ber of ~f~ti~ pi t:tJ datr ~ bef~ 
~ , 

it is in' a foxrn suitable far integration. First~1tthey are bi-cebically 

interpolatEd on each of the seven Pressure levels fl:an the polar S~Laphic 
1 .. 

grld to a transfcmn grid Prszag (1970» which consists of egually spaced 
1 ' '" 

~itu:les am a)rœt e;rua1ly J;pace::l Gaussian la?-t:uies. 'lhis pLOCeJure 

requires extmpolation .th of' ISO N to the EqUator. 'l11e :œtriC fields 

have the average arowxl the latitule cl.xc1e at 15- N exterilEd to the equatar 

am the depa.rture fran this average a t a gi ven longi tu:le decays l.inearily te 

zero.at the ~tor. Far the anti-syMnetric fields,' both the 1So N zoml 
1 

average am the depart:ure decay l.inea:d.J.y te z~ at the equatar. Secorxl, 

tl;te data are vertically inteJ:polatEd" using the surface t.c:pcgrap~, ;fran the 
~ . 

" transfqnn grids on the pressure surfaces to the transfmm grids. on the signa 

surf~.and finally, t1'1E!i are spect:rally aniUyzed far use by the m:xiel. 
, . 

Afw a fareœs:t bas been carpleted., a reverse procedure yields the farecast 

spectral coefficients on the seved constant pressure surfaces. 

'!he spectral representation in the ncdel U, in tex:ms of spheri~ 
~I ' 

ha:nrcnics of the' fcmn 

, . 

where spherlcal bmoonio, 
1 (' 

associated Leg~ fuoopm of the first ld.td, 

• 
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, , 

<p :. latitllde, 

À -::. longitude, 

yy\ :1 zonal wavetUnber, 

t\ - t't\ 'li meridiQnal wavenurrèer. , 

12 

A given field 'X. is represented by a truncaterl series consisti.rY:J of a linear 

canbina tion of spherical ha:r:m:mics 

~ \'Ifo\"~ -: . L 2 )((11\,,,) y~{ ~ lÀ) , 
lC\ .. -l\. l\-\~\ 

where ~ • rhanboidal resolution, 

X(",,~) .. spherical ha:tnonic ooefficient. . . 
In this 'stuiy, a given sphe:r:ical hannonic coefficient~tlC\n}J of the variable 

'X, will be refernrl to as the coefficient (m, ~) of thè field ~ ~ 
, 

'!he spheri.cal ha:rJronic ooefficients of the synmetric fields (0, 
1 

, q ,am the zonal ~nent of. the wird) will he non-ze.ro only if 

(m-n) is even ard the coefficients of the ail'ti-symnetric (~am the 

meridioœl catp)nent of the wirxi) fields will he non-zero only if (n-:-m) is odd. 

2.3 'lhe ~ts 
'J 

, , 

A ~eri~ of fifteen 96 heur ~éni.spheric forec:asts was made using " 
1 

the ncdel describa:1 above. - '!he m:x1el. was used with a 20 wave resolution arx1 
u 

a 40 minute time step. tttle output consistai of .. the spherica1 hal:naù.c 
\ ' 

coefficients of fue geqx>tential at intervaJ.s of l2 hours for each Of the 
" . 

e- /' 

" .1 
.' 
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1 • 

sev-en pressure surfaces. Of the fifteen casJ-, six were sunmeI', i.e." between 

the vernal am aut:umnal equirox9!f' am the raraining half year oontaina:1 n.iM 
1 1 

winter cases •. '!he dates were chosen ~y with the restriction that each ~ . 
oonth must contain at least one case. Table (2.1) gives the initial times of 

each of the f.ffteen cases. 

INITIAL mm 

1 

2 

3 

4 

5 

6 

7 

1 8 

10 

li 

12 

13 

14 

15 

'1 

Dec. 31, 1974 

Jan. 16"t -:l974. '", 
,,1/'. 1 • 

Jan. 2l~ 197~ 

Feb. li, 1975, . 

1 ~. t 
Mar. l, 1975. 

Ck:t. 19; 1~74 

Nov. 21, 1974 
{ 

Dec. 13, 1974 

~ • .{.14, 1975 

Apr. 7, 1~74 

Aug. 25, 1974 
.f 

J\.lné li, 1974 

May ~8, ~74 

July 4, 1974 

Sep. 11, ,1974 

00 GMT 

00 GMT 

12 Gf1' 

00 GR 

" 00 GMT 

12 GMT 

12 GiT 

00 G1T 

00 GMT 

12 G1T 

12 G1'l' 

·00 Gfl'. 

12 G1T 

12 G.f1' 

00 G1T 

J •• 
l , 

• 

i-
J 

./ ~~ 

, , 

", 

,. 
')': 
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'Ihe analyses used te verify eacl;l twelve hour .. period of the 

farecasts were availab1e OIÙy as g:rid point valués on the 2805 point polar 

steroographic grid.. 'lb obtain the ~ veri:fyir:ç spherical hallnonic 

coefficients of the geqx>tentials, the no:lel was initialized usine] the 
\ . 

verifyiriq analyses, a fareœst of z~ time length was nade, and the 

coefficients of the gecpotentials were prcdU::ed for the seven pressure levels. 

,,-

,t, 

f 

.... .. 
/ 

j 

. \ 

/ 

\ 

'. 

, , 
.. ~ 

," 
i: , 
./~ 

" '. -
~ .. t~ ., , 

1 

: 
'l 

I,;aj.ti 
~'~. . 

, ~ f ' 

," riI~ 
~'I? ~~~', 

~I;f~~ 

1,<." 
\ ~ ~, 

.J,- ~ yI!' 

1 :~ 



, '<1 

i 
~ 
1 
l ' 
! 

'. 15 

CHAP'lER 3 

i 
/ 

3.1 Introduction 

----'-~this chapter, detailed statistics of the euars producel bytl1~ , 
. , 

'è!xperlments of the previous cha.pter will he presentErl. '!he spectral er.rors 

in both the gecpotentiall ~ght am thickness (vertiœllyaVerage::1 terrperat:ure) . . ' 

wU! he given as fuœtions of tUne, pressure height, aDl latitude. In addition 

te d.ocmIenting the ea:a:rs in ea.ch ,zonal waVenurrber, the ermr statistics far 
, , 

the spherlcal tanoonic ooefficieilts will he given. 

3.2 'lhe Defini tien of the Ec:ars in the Zonal Waves 

A field cbtained fran cbservation can he written as 

, ~ly, a farecast field :i.ç., can he written 

l - >. ~~ 1: ( ) pW\ ;'1't\~ 
""" 1 f ~ ... ;~;t:;~.f rt\," " e.. • . 

'!he differeooe ~' &ese two 'yiel.ds the fareœst eaar field le. 
i.e. ! e:a 10 -.I~~ ". ' 

~ ~, ! 

= 2: 2. ta(ft\.I\) r:é...À- 2: LI{(1I\,I\) (e"";~ 
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, . 

= l L (~o(IT\·~) - I~(~.I\))P:é"'~ 
, 

With the definition !e.(m t (\) ': lo tm,n) - !,,{m
l
(\), the expression for the 

errer field becanes 

'!he contribution of a given zonal wave "ma te the error field is 

UsinJ the relations 
-W\ tc'\ ~ 

o ~ (-\) Pl. r" ,,)\ , 
~ ~. 

Ie(-Tt\,t\): (_\)ft\ le(t'(\,~) J ' 

where Îe (m.n) is the dtnplex c,onjugate of Ie<~.f\). it,.(M) œn 

he written in the fom 1 

~e(W\) " A"tM ) «:'0"'1 m(À- 'be(",))l ) 
where 'j 

\ 
~ ___________ """"".",~~"Ü~~,U:wd"":"~R«~_L tt=mnt .',1,. 

\ ' 

, " , 

. " 
, ,~ 
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'.ttle quantity Ae.{tf\) will he refec:e:l to as the errar ar el:ror anplitude and 

the'quantity' ~e {m) as the enuc phase. ~ sum of the Ae.tm) 1 ~ far 

the fifteen caSes will he refe:o:ed to as the total zonal wave errer. 

3.3 Resu1ts far the Zoœ1 Wéives 

Figures (3.1) to (3.7) give the total zonal wave en:or of the height 

field ex:presserl. in g~ xœters (gpn) as a function of time f~ seven 

pressure level.s frou 1000 ~ in 100 rob at 50
0 

N. An exam:i.retion of the figures 
\ 

sl1cMs tha t the wa~es of small~ wavenurrber have the largest total errer at 

an pressure levels am at an times. 'l.\Ir:'I1in;1 our attention tD the character 

of the planetaJ:y wave enms, we can .see, apart f:ron the fact tha t thErt i.nc:re;tse 

.~ th height, \ tha t the eI1ars possess ;ery li ttle vertical structure durin;J 

the first 36 murs. On the average, the ea:ors ~ in time but net in a unifoon 

rnaImer. 

'\ 

At 96 heurs, the planetary wave eaars possess a noticœ.ble vertical 

structure. In general, wavenunber one is rrost poarly fareœst except at mid­

t::I:'qx>spheric leveJ.s where wavenunbers b«> an:1 three are daninant. Also, very 
• 1 • 

mticea.ble on 'the 96 mur curves is the enet:gence of large euatS in wa~ 

five wlùch lhas OlÙya weak vertiœl structnre. \ 

cp tD this point, OIÙy the ahsolute eaors have been presentai. 

Figure (3.8) gives the average errer {total ec:or dividEd by the number of 
, 

- - <'- -_. -_. _.- ---------
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FIGURE (3.1) Graph of total en:or (15 cases) against 
wavenœiler far the 1000, mb height field at 50° N. 
Figures adjacent to each of the curves give foreca.st 
length in hours. 
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850 rrb height field at 50° N. 
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WAVENUMBER 
FIGURE (3.3) Same as Fi~ (3.1) except far the 
700 .rrb height field at 500 N. 
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500 mb height field at 50° N. 
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FIGURE (3.5) Same as Figyre (3.1) except far the 
300 rrb height field at 500 N. 
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cases) oonralized by the average arrpli~e of d'ie 'zo~ \fiBve for 500 rnb at ' 

50 N for 12, 24, am: 36 heurs. '!he purpos~ of l'lOI:mlliz~ is to ensure that 

the erxars are large rot only in an absolute sense but also large in cœparison 
, ... ~ 

t:o the anplitude of the wave. 'l1ùs diagram shc:Ms that in a "perœntage errer" 

sense the very lcm:.1 waves are still farecast with laJ:ge eIXOi:S. For a 36 

hour farecast, there is a mirùmun a t wavenumber four. 

Figure (3.9) canpares the IOOdel to persist:e!lce far a 36 hour forecast 

at 500 nb at 40° N. 'Ihese results, which nay rot be significant because of 

the sanple size, . SOCM that persistence is a better farecast than the IOOdel. for 

wavenumbers one am three ard that the m::x:1el' s best perfœ:mance, uslnJ 

persistence as a starrla:J:d, is at wavenumber Severl. 

Figures (3.10) to (3.12) give the latit:Lriina.l variation of the total 

er:ror (absalute) far 500 ntl. 1hese diagrams sl'nl that, in gener:al, there is 

a slight dec:rease in the anplitlXIes of the euoxs JOOIiin;r fl:an 40
0 

N to 70° N 

in the longest waves an:1 a dramatic decrease in the errers in the shari:er waves. 
\ 

It is felt that the decrease in the shorter wave er.rors is due to the fact that 

thê data ~t reso1ve these short wavelengths at high latitu1es. 

, 

'!he positions of the 36 hour en:or phases at SOc» N, as a functiôn 

Of height far wave.nunbers one to five, are given in Figures (3.13) to (3.17). 

F.:çan these, it is evident that the ez:rar phases have a terxlency te cluster in 

o lorgitu:1e. wavenumber one, far e.xanple, c1usters at 25 W at 500 nb. Further 

inspection reveals that the er:ror phases have their 'WSkest deperxïence on height 

near the c1us"t:er\i.rç points. 1 \ 

'!he latituiinal structure of.the error phases at 500 mb far 36 hours 

is shoIm in Figures (3.18) te (3.22). It can be seen that the c1uster:irç 

! 
21 ;g , j, J ... 
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<llininishes with increasing latitule •. 'lhls fact makes it difficult to 

deter:mine the ,latitudina.l structure of the error phasesi but, in lCMet 

latitudes, it appeal;'S te have the weakest depen::lenœ-OI'l latituie at the 
',. 

cluste:rln:J pointS. " 
I~,.t.t~-: 

25 

'!he weak vertical structure of the eadts of the gecpotential 

height at 36 hours :iItplies' that the planetary wave ertaJ:s in the thickness . 

pattern should be snaller. Figure (3.23) shcMs a ~on of the total 

36 rour 1000 mb to 500 nb thickness errer at 50° N arxl the 500 nb gecpotential 

errer at 50° N. It is roted that the wavenunber one ecr:c:œs are reduced by a 

factor of t:wo arXi ~ t the gecpotential ez:r:t.Jr curve am the thi.ckness errer 

curve becane asynptotic at app:taxiIratel.y wavem.Jnber six. 'lhe thickness errer 

phases for the planetaJ::y waves, like those of the geqx>tentials, sb:M a 

clustering"in longit:l.de. 

\ 

3.4 Definition of the Ec:ars in the SphErlcal BaJ:nordc Coefficients 

'!he ec:ar field can be e>q:Iressed as (Equation (3.1) 

1 1 

1he oontriburon of a coef!icient l t t 1'C\ l ,,\ te the ec:or is 

E{m,n) = ie(YY\,Y\) P:t""'~ + !e,(4<\,f\) f"è.-.. ..J.. 
It is necessary to use the sun Of the pœitive am, negative arder coefficients 

in cxtder to obtain a real (as cwosEd ta catplex) contribution te the eè:or. 
. \ 

FollOOng t?e \~evelcpnent of Section· (3.2), the al:x:Ne ErJUation œ.n be written l' 
in the fcmn -', it;§l 

4 1 
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where 

l 

t\e(m ,{\) ~ ~ L R~ t 1e(~,1\)1 + I~ {~etm,Y\))] ~ 

• 

o 

'lb rerove the latitu:tina1 depemence of tJ'le e:a::rar given in the figures thatl 
follCM, the associata:l LaJerdre furx::tion bas been factarErl frou the ermr 

arrplitlrle. In the results that follCM, the ec:ar amplltllde AtC'1',n) bas 

been nœ:malized by the average magni t1Xle of the spherical ha.J:nDnic ~ 

coefficient, i.e. the average of , 
°l [ R~ { ~j) (II\,I\)} i- I~ { t( min)) J l: , 

" ~ \ 

3.5 , Ex:ror Results far: the Spherical H:mronic Coefficients 
1 • 

Figures (3.24) to (3.31) give the ncmrallzal enars in the spherica~ 

haDnonic coefficients of the 500 nb ge:potentials as a function of time a.n:i 

zonal 'flvenurrber: ~e et:tOLS in rrost of tlre" cœponents of Cach zonal wave 

grcw at awroximately the same :rate. 'lhe rate of grœth is slcwest in the 
o 0 

lo~ waves am OOst rapid in the shorter waves. '!he time taken far the 

ncmnalize:l eaor to reach two-t:hi.xds in waven\ll'!i)er one is about 96 hours, 
, " 
while in ~venunber eight, it is pOOut 42 hours~ '1here are, llcMever, sE!\7eral 

'~fici~ts wro"se raPid error ,grCM:h does oot oonfacn te the above pattern. 

l 
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36 

'!hese coefficients.'6re (1,1), (2,2), (2,4), (3,3) am (4,4). It is reasomble 

t to postulate that' the ~e coefficients contribute significantly to -<the large 
! 

errors in the planetary waves.' It is interestin:J to note that these carponents 

possess bath lCM meridional wavenumber arrl lCM zonal wavenurrber. '!he character 
, 

of the errors in these coefficients will be discusssl mare fully in Chapter 5. 

3.6 Smmary 
, 

Predictabi1j ty eJ<Periments described in Section (1.1) -suggest that , 

farecast er.rars should have the smallest rate of grcMth in the largest scales 

of notion with an incrœsin:J rite of growth far decrea:sing scales. '!he' 

height field farecast er:rar in the present m:x:iel bas a minimun at applx>x:inately 

, wavenumber four ah:l incrœses with higher an:l lcwer wavenurrbers. ' Although 

these ièsults are rot expected fran predictablliq considerations, they are 

very si.mi1.ar to thœe of Leith' s one-Ievel barotrcçic stlldy which shcMe:i an 

e:c:or minimun a t wavenumber six. 

'!he lOCldel f s 1000 ni:> to 500 mb thickness (vertically average:i 

tarperature) errer depenience on wavenunber a t 36 ~ur~ shcMs a IOOootonically 

i.rx:::reasin:] er:ror wi th increasing wavenunber. '!he large er:rars in the lCMest 

wavern.tmbers, which were Jesent ~n the height field, do rot 'exist in the 

thickness field. rus result suggests that the 36 heur planetaJ:y wave errer 

in the hei.ght field is barotropic in nature. 

'1he errar phases a t 36 heurs have a ter:derx:y to ·cluster' in 

10lJ]ituie sl1c:Jwirrg that a significant time-average1 erxor exists. 

When the zonal waves are deccnposa:1 into their cc::rrponent spherical 

ha:r:monic coefficients, those coefficients possessin;J lCMeSt meridional 

wavenunbers have 'the la:rgest e:r:rar in the short tirne ~e. 
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CBAPTER 4 

, 

4 .1 Int:rcxIuction 
.,./ 

It was, shcMn in the previous chapter that the p1anetaI:y waves pœsess 

a sigrùficant t:.ime-averagai or systanatic e:c:ar. In this chapter, the '\ 

geographica). bias of planeta:r:y \lave farecasts will he shc:Mn. As weil, the 

syrx:ptic appea.raœe of the eaors~ be presente1. 

'lhe improvenent in p1anetary wave farecasts, resul~ franthe 

remva.l of the baxotrtpic canponent of the errer by cc:u:rection of the , 
m::xlel' s surface pressure, will ~ shCMn. 

4.2 ~phical Distribution of the Average Errar 

~ 'lhe sYsteratic nature of the p1anetary wave errer pattern jnplies 
\ 

that a geographica1 bias exists in farecasts. 'lb sbcM this errer, each of 
1 

the SJ?heriœ.l hal:monic ~ficients of ~ errer ~ield.waB averagei over the 

'" . fiftéen cases and the systenatic ez::r:ar field wu then proda?ed usiD:J 



\ 

~ \ 

, . 

\ 

\ 
\ 

~~. __ I __ \", __ , _______ ..... " .~_~\Ir-,._.- ____ _ 

where l~'(\ ~. systanatic error field, 

. y~ • 
n spherica1 hannonic 1 

':2,,'(\ \Y'I\,,,). systanatic en:ar field coefficient, 

am 

, , 

where le:tMi") ~ errar ooefficient of the -i -th case, 
J,. 

N li' n~ of cases (15). 

42 

,/ 
/ 

\ 

\ 
Figures (4;1) to (4.3) give the 36 hour eaor field in the 10pO rnb 

gec:potential height, the 500 ni> gE!q?Otential height, an:l the 1000 mb to 500 nO 
l 

thicknesses. 'Ih~e charts display the systaratic er.rar i ~'11à in the mid-

latitude belt fron 30° N to 75Q N: At 1000 rrb, the rrax.imun en:OIS occur in 
, ..... 

the southern portion of the belt off the east coas,t of Asia arrl in the Atlantic 

Ocean. In contrast, the narthern portion of the map is relatively errer free 

(in a systanatic sense). 'lhe 1000 ni> to 500 mb thickness pattern possesses 
, \ 

snaller et:ror values, as expecten fion the resul. ts of the previous chapter, 

wi th the J..az9est errers occur:d.~ in the narth near Baffin Isl.arè. 'Ille 500 nt> 

error field, which f:s the sun of the'pretious -00, slx::ws that the e:aors ~ 
- ~ 

at a maxiJm:rn axoum 40~ N am that the phases of the ec:or field are relative1y , 
\ . 
, ' 

~epement of làtitu:le except in the narth.. '!he nagnitl.J:ies an:! positions of 
, . 

the .500 rob systematic e.rtUIS agree :rararkably well with those fourrl by Martin 

(1958) in a one-leve1 barot:zq:>ic rrcde1. If the 500 rob systenatic error field 

is catq?arEd to a 500 mb mean JantlB.1:y map, it œn be seen that the gec:potentia1 

heights are systanaticaJ.l.y f~t lCM in mean ~'idges and high in mean troughs. 

/ 
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4.3 5;iIq'tic Depiction of the Inllvidual Case EI:rors ! 

'lb see hcw the irdividual œse errors in the planetary waves ~e 

rranifested synoptiœlly, the er:ror field was canpare:1 te the verifyin:] 

analysis far each of the fifteen œses. In construc~ the errar field 

arrl the carresporrling verifying analysis, only the planetazy \eves were 

USal. ~ fields were prodUCal usiD; . 

l = ~ \~' lt~.~) '( l 
V'n-:.-S' y\=.\W\\ 

where " i (~If\). spherical ~nic coefficients of error field 
or verifying analysis., 

When the errar fielâ \eS superjnposed on the 36 hour verifyin:;l- analysis at 

500 mb, a typica1 resJ,Ùt as' given in Figure (4.4) was produca:l. 0Ver the 

chart as a whole, the irrlividual e:crars are larger than the systanatic errars • 

given in the previous section. In the southern portion of the' chart,- the ~ <i . , 
, ~ 

erraI' centres!:lie on the trough ~ ridge lines irrlicating that the positions 

of ~e troU;hs ard ridges are correct but the amplituies are toc srral!l. In 

\ the narthern pciti.ons of the chart, bath the positions arrl ~li tudes of the 

troughs an:1 ridges are incar1:ect. 

4.4 1he surface Pressure SUbstitution EXpep.ments 
i 

'ltr control a suspecteè. baro~ic node, it was dECided te substi:blte 
l ' 

the observe:1 planetary \eve canponentS of the surface pressure field far those 

CCITpOnents forecast during the runrrl.n:J of the roodel. '!he surface pressure 

coefficients were substituta:l at eve:r.y ti.Iœ step. Since the observe:l surface 

1 

,\. ~------- ._-- ----~---
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pressure was available a't; 12 nour intervals orùy, linear interpolation was 

userl to canpute "the ~termerliate values. During the first 12 hour periCXI of 

a forecast, the interpolated surface pressures were obtained fran 

where surface pressure coefficimt at the Nth t.ime step, 
\\ 

cbserverl initial surface pressure coefficient, 

the oose:rvro surface pressure cOeffiçient for 
12 hours af ter the itû tial time, 

6'- ::' time step in hours, 

N Il i.n:iex of the time step. 
/ 

A s.i.rrù.lar piocedure was used far each of the succeedi.r:ç 12 heur intervals. 

Orùy the first five non-zero spherica1 hanronic coefficients of zonal waves 
,~ 1 , ; 

zero to five were substituted. 'lhese 30 coefficients represent less than one 

percent of the total progmstic coefficients in the m::de1. 

4.5 Resulta of the Pressure SUbstitution 

'Ihe above expe:r.i.ment was perfanned on five cases, ranely, œ-ses 

l, 3, 4, 5, am l1.. '!he total absolute er:rar far 36 heur farecasts of 500 rob 
p 

geopotential am the 1000 rob te 500 rob thickness was ootained. arrl canpa.ra:1 to 

forecasts where 00 pressure substitution was made. '.Ihe results far the 500 rob 
, 1 

gec:potential at 40° N versus ~venunber are </J-ven in Figure (4.5), With the 

~ception of wavenl.lrTiJer four, a11 waves in the ra.n:Je; of wavenurrbers one te 

five have been substantially.lnproveJ. In the range of wavenmbers fran six 

to eight '(wh~ 00 substi tu'tion was roade), a slight, though net convincing, 

1 1 ~en~ resulted. '!he results far the thickness are given in Figure (4.6) 

!Po ... __ --.-----------------------~-
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which shows little difference between the altered arrl unaltere1 forecasts. 

~e veri.fyin;r analysis, the control (unaltere::1) forecast, am the 

altererl forecast at' 500 rn15 far œch case were carpared. In general, three 

:int;>tovanents were mticeabie. Fmt, the anpli tu:les of tro1.Çhs am r~ 
were irx:reased but were still insufficient. SecorXi, the position arrl depth 

'. . \ 

of cold lCMS was .linprovej am third, the œclusion process was jnproved 

al though ~e centres of occluiing cyclones were still toc waDn. Figures 

(4.7) to (4.10) give the maps for œse 51 together with the initial 500 l'Ii:> 

analysis. 
t (011 

4.6 SUrÎnal:y 

Fran the results of this chapter, it can be seen that t;he planetary 

wave encrs far a short rëm;1e forecast are systaratic. ~ systanatic errer 

pattern, result:.in;r fran the present roodeJ., is very s.imilar to",that cbtained 

fran' ë!- sinple one-level barot:r:q>ic nodel. 

At mid-trc:pospœric leve1s, the effect of planetaJ:y wave er:rar on 
1 

syttptic charts is to gÏve insufficient anplitudes to troughs arrl ridges. In 

addition, the pressure substitution exper:iments have sl'nm that the planetru:y 
1 \ '. • 

wave er.rar has a narka:l barot:r:q>ic character. 
) 

J 

'f' 
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CHAPTER 5 

5.1 Introduction ,.-~-~ , 

In this chapter, the planetaxy ~ve farecast er.rar: will he closely 
, i . 

e:xami.ne:l. A very convenient method of stlilying the prc:perties of ~ves is , 

by the use of a SO\Called -haJ:monic dial-. Follc:wing the spirit of Section 

(3.4), the S1.lll of a given sphericiü. haJ::monic coefficient am its cx::trLesporxling 

negative arder can be written in the faz:m 

Far ~e ~ af~~: i:~ ~~~~) ~ 
fi" ' 

is the arx;le in, a polar cq-ardinate- systen. 

'lhe llne on which the polar' angle equals zero represents the 
\ 

~ch Meridian an:l the ~ .. an.;le increases to the east. If a given 

1 \t8ve consista only of a' stationary c:mpcment; that is, if the anplitu:ie am 

phase are i.n:leperrlent of tinte, the 'wave will be 1ep:tesentèd ,as, a sirx]le point 
, 1 0, 1 l ' 

on the hamcnic dial.. A Wil~ tbat is c:::œpletely transieht in nature with 
, 

constant anplltllie arxi l!DVing eastward at constant speai,would he repiesentai 
, dJ 

as a clrcl~--be radius is eguaJ. 1:0 the W!ive anplit1lde am centered at the 

origin. If a wave consista of a canb~tian of\a ,~ient ~ sta~ 
part, it giVes tise 1:0 a c.i:rcle displaced fran the origin. In thiJs cas~, the , , 
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co-ordinates of the cent:r'e of the circ~e repres~t the stationary ccnponents 

of the wave an:l tbe radius of the c~e gives the amplitu::ie of the transient ' 
III 

part. '!he ti.me taken for the transient part of the WëWe te carplete one 

revolution of the cb:cl.e is i ts period am clCX::kw:\se motion is westward 

propagation an::l. anti-clockwise notion is eastwa:rd propagation. Figure (5.1) 
,1 

displays this graphically (ass~"m" equals one). If a wave consists of 

m::rre than one transient part, very carplex patterns, difficult te intetp:ret 

œn result. Figure (5.2) shoiIs a schanatic hanocmic dial of threé transient 

waves \'lith pericxis in a ratio of ~:-2:8 am anplittrles in a ratio of 1:2:5 

respective1y. 

STATIONARY COMPONENT 
AMPLITUDE AS : 135 
PHASE 8s = 345

0 ~ 15
0 

W 

TRANSIENT COMPONENT 
AMPLITUDE A~ = 100 
PERIOD = 8 ~t 

ARSITRARY S'CALE . 
o 50 100 1.50 

Fl~ "(5.1) 

t =3at 

t=Àl 

t= 7Ât 
! 

'/ ' 

,'. 
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FIGURE (5.2) A carplex schsratic hal:nPnic d.ial of lthree transient ~ves 
With periods in a ratio of 1:-2:8 an.i anplltudes in a ratio of ,1:2:5 
~tive1y.', . ~ , . . \. 
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5.2 'Errors in the Spherica1 Hanronic Coefficients of !.cM Meridional Wavenurrber 

Fran the results of Section (3.5), it was noted' that the coefficients 
, 

(1,1), (2,2)', (2,.4), (3,3). am. (4,4) of the geopotentials were net forecast 

lin a satisfactory rnanner. Hal:nonic dials of the forecast spherical hanoonic 

coefficients we:re p1otte1 an:l it was neticed that the graphs of a given 

coefficient changErl little. fran case ta case. Figures (5.3) ta (5. 7) ~ive 
the ~ical results for each of the abov-e coefficients. '!he oœ:respordin;J 

ooserva tions are inc1uded on the farecast hanronic dia1s. ~e ooservations 
, , 

s~Ed li ttle cha.n3'e fran the ini tia1 position unlike the forecast wh;ich •• 
, . 

shC7flEd a large departu:re frcm the ini tia1 position. 

It can be seen that the foJ:ecas~waves consist of a sta~' • 
canponent an:l a westwa:r:d rrovin;J t:rculSient o:Il'pJnent with a period of a few ' 

days. '1hf approxima te pèriod of the transi~t part of' each wave cbtaineJ. by 

visua1 inspection is given in '!able (s.l). 

~g~t Field Coeffièient J' ,Period in Olys 

f,' 

(1,1) 5 
Il 

(2,2) 3! 

r (2,4) 3! 

(3,3) 4 

(4,4) 4 

'mBLE (5.1) AH;>.tOXimate perlods of the transient <XJ1q;X)nedts of the spherica1 
harnonic coefficients of the 500 IJIb height field f~t with large en:or. 

, 
, , 

, -1 

'1 



\ , 

1 
l 

(j 

'" 

Observations +---+ 
Fo~~st ./. 
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1 1 1 
a 10 20 

gpm 

FIGtl:RE (5.3) H:u:roonic dial of a typica1 farecast of spherical haJ:m:>nic 
coefficiënt (1,1) of the 500 mb height field 't:c:xJet:her with the verify~ 
oQservations. Figures adjacent te the dots am crosses are the time in 
heurs fran the initial time. 

( 2,2) 

24 

1 1 1 

o 5 10 
gpm 

Observations t--+ 
Foreeast ....... 

'0 FIGURE (5.4) SaIne as Figure (5.3) except far coefficient (2,2). 
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t' (2,4) 500 mb 

, 
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ASE Il, 

Forecost 

FIGURE (5.5) Sarne as Figure (5.3) except far coefficient (2,4). 

(~.3) 500 mb 
""'CASE 3 

----, -24...--, 

SCALE , , , 
o 5 "..JO 

gpm 

FIGURE (5.6) SaIne as Figw;e (5.3) except for coefficient (3,3). 
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(4,4) 500 mb 

"" CASE 3 4 

96 

"2~~48 
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o 

Observations -Ir -----+ 
• • 

o 

FIGUlŒ (5.7) SaIne as Figure (5.3) -e.xcept for coefficient (4~4). 
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It is evident especia11y f:ron the haJ:nDnic dial of coefficient (1:,1) 

that other transient c:arponents e.xist but are difficult to resolve due to the 

coarse sanpling interval. use:i (12 hours). If the ~ are p1otte:i wib a , , 

time inte:va1 of 80 nùnutes, the existence of higher frequency canponents 
1 

becanes evident. Figure (S.S) is a high resalution plot of Figure (s.3). 

Righ resolution dials' far the other coefficients ,also shcM 'the existence of 

hi~her frequency ocmponents. A ha:monic, analysis was perfaan"ed on the time 

series of the coeffi~ents (1,1) am, (2,2) with, the results given in 

'!able (5.2). 

, 1 

, 1 
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(1,1) 500 mb 
CASE '2 

"-
~ SCALE , 

0 30 
90

0
W opm 

" 
FiGURE (5.8) High t:ime resolution haxroc>nic dial of Figure (5.3). 9nall dots 
are placsi at intervals of 80 minutes. Figures adjacent to the large dots 
give the tiJœ in heurs fran the initial time. 
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Height Field 
Coefficient 

(1,1) 

\ 

(2,2) 
\ 

, , 

" 

Pericxl 

5 days 

33,hours 

13} heurs 

3! days 

17 hours 

if li 'hours 

'.. 

l'èvel 

Prcpagation 

west 

east 

west 

west 

east 

wert 

\' 
~ll>"'·);.) 

TABLE (5.2) '!he pericxls am directions of ph:pigation of the farecast 
transient cœpc;>nents of spherical haJ:rrDI}ic coefficients (1,1) am ,(2,2) 
of the 500 mb height field • . 
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Figure (5.9) g-Ïves the lati'bXünal structUre of the ,three transient 

cœponents of wavenurcber one. 'lbe five day wave of wavent.lTber one bas been 
, ' 

observed in the :real. atm:>sphere by Madden am Julian (1972). '!he observe:l 

magnitlX1e of the wave, however, is typically an oroer of magnittxle less than 

that forecast by ,the nOOel. ' 

lFo~ the deveÏq;ment tt Section (3.4), the st:r:udture of a 

transient c:arponent of ë;l given zonal wave "m" can he written as 

It\~~ 

Am = ";).' L A(I'I\;I\) P ~ c.os. ( mÀ - 'b:-url) , 
,,'&"' \ 

, 
anplltlx1e of the transient C'a1pOI1E!IÏt of wavemnber "ln-, 

anpllta:le ,of the. transient c:x:nponent in spherlcal 
ha:arDnic coefficient (m,n), ! 

'.. ' 
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position of a ridge of the transient canponent at t l:\. 0,. 

UJ :r fre:.ruency of ~e transien~ carponent.-

Bach of the non-zero spherical ha:rJnonic coefficients of wavenuniJer one \taS 

• haIn'cnically analysaI to detennine the anplittrles am initial phases of the 

5 day, 33 hour, ar:d the 13} heur waves in arder to d~ their lati~l 
• • 1 

structure. ~ignificant anplitudes of each of the waves occur.red ~r in 1 

coefficients (1,1) an:! (1,3); am, in addition, the phases of the wa,}es were 
. ~ ft\ ,. \ 

the same in bath "coefficients. Since the phases (} n were Weperrlent of 
1 \ 

-n-, the above becanes 

Am: to .. (m~ - ~-wt) ~ l A(",_,,) P; · 
Bence, the latitu::linal structure, A(~), of each of the th:ree waves can be 

wtitten as 

'lhé vertical: structure of the forecast ~day, 33 hour, am 13j WiVes 

wa.s deteJ:mined am i~ shcM'a:l that the pllase wa, Weperrlent of height ani that 

,the arplitules iœreased with height. Figure (5.10) gives the arrplitu:le 

dtFerrlence on height of the 5 day wave. ~e other tlvo \Vc1ves ara not inclu:1ed . 

'hecause they have a weak vertical anplitn:1e structure. 

' ....... 
Holton (1975) states that ~ves èan he div;i.ded into 0'«') broad C1J3ssJj: 

external an:i internal. EKternal waves t phase Unes which are iniepéMent 

of height. Far sœh waves, the eœrgy q ity decays exponentially away 'fran 

the levels of farciIY:J. I!lternal waves have phase lines that tilt with height. 

t.d;rl.s 'Vertical tilt J:mplies tPa t sœh m:x1es are able te transfer energy and 

~t:u"n vertica1ly. 
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waven.unber one far' case 3 at 500 Jnb. '!he abscissa 1s labelled in degrees 
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'lbe deP,enlenœ of the average anplitlùe of these external nOOes on 

," 

" ' . 
wavernmPer can be infez:red. fran Figure (4.5). If it is assuned that the external - . 

m:des are CClrf?lete1y rem:wed Dy the sürface pressure substitution, then the 

e errer redûction will' he a measure of the average amplitudes of the extexnal 

o 
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waves. Henee, they are strongest in wa,ven~~ one am decrease with 

increasing waven1Jnber. 

(f 
\ 

100 

tIit. -.J:) 

E 

J -L&J 
a: 
:J 
CI) 
CI) 
L&J 
a: a. 

40 '50 60 70 
AMPLITUDE (opm) 

FlGURE C5.l0) 'lhe vertical st:J:'u::ture of the 
external :Rossby .mxle. 

o 1 

\ 

\: 
\ 

In their paper, ~en am JUlian also sta~ that thè hori2Ontal 

structure of the 5 day wave is descr.ibed. by Iaplace' s 'lïdal Equations. 

5~3 !aPlacè's ~da1 Equati~ 

Iaplace' é Tidal Equations describe the free notion éxf a·' thin layer 
( v 0 

'of flUid of height H on the surface of a gravitatinq spher;e which J:Otates with 

1 constant angU:tar veloci:ty 1)., . '!he tidal. a;JUël~ are ~ 
l' 

~. 

~u. l ·9 l+- I L(qh)=O, (s-a) 'd t - fl '\}" t. 0 c:" , S\n e ~ , 
, ' ,. 

'f , .... , 

, 1 

, 

; . 

o . ' 

o 
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) , ~ .. . 

-\- d. ?-u.. c:od3 - -t, \ q ~ ) = 0 ~ ( 
df\T -ot 

~"i\~-\e [~(-nr~\,,~ + ~)J=O, 
• where U. =- zonal CCIlIX'nent Çlf the f1uid notion, 

( 

v - - meridional canponent of the fluid roUan, 

t = tirne, 

8 - colatituie, 

h - perturbation arrplitl.xle of fluid heigl;1t, 

À • lcnft tLrle, 

Cj .:. acceleratian due to gravi ty. 
~-~ 
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\ 
\ 

\ 

'Iayiar (1936) shcMed that the above e::ruations apply also k the free rotions 

of a ncre g~ system in ~ch the fluid is botP. stratifiEd am canpressible • . 
In this case, a vertical. structure equation defines an equivalent depth H 

\ 

which then allCMS equations {5-1) to (5-3) to be ussl. 
o 

~ If perio::lio solutions na]. te e.~p\i.t~~ -ot.)} ~ . 
desi.re::1, th~ the system of equations (5-I' to (5-3) can ~ written a~ 

~ 

t~-4\ 

where the l.inear ~tar l is 

\ .. 
. , 

, • < 

m ...... --------------------~ 
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S :. zonal wa\œIll.llllber, 

0" • frequency , 

do :: cr I~A . 
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LonJUet-Higgins (1968) det:ecnined solutions of (5-4) over a wide ran:]e of the 
, v 

~ter ,E- • Far positive equivalent depths, there are three elasses of 
Q ~/ 

solutions - tl\1o gravi ty nodes, one prq:lëlga t.in3' eastwaJ:d am the other 

pIq)ëlgatiri:3" westl4ard, an:1 a lbSsby nqie propagati.rg wes'twanl. 'lbe latitu:lina1 . . , 
.. l' .. ( 

structure "'Of thesè eigenfuœttions, which are ter:ma1 Fbugh functions, ~ 
• 

'" tha t the ene:rgy terrls te be concentra tei in the equa toria1 regions. 

, 
For nega ti. ve equi valent depths, which II:m::JUet-Higgins shcMs are , .. 

fa+ce::l m:x1es, fhere erlst oru.y ~ classes of solutions~ One ~ is eastlolard 
l' ," li ~ (\ 

. , 

1 ~" r 1 

~ating an:i the other is westwazd ~t.in;. In these cases, the ené1:9Y ... 

is concen~~ in. thë· ~ re;ions.' 0 

. • <ri' \ _ 

Figures ~ ani (5.12) give the eigenfrequenQies of -the three 
l 

~ # J \ 

lcMest OIder syzÎmetric free nodes of the tidal' eauations far zonal .wav~ 

, 

. ~ ard three. 

. ' 

. 
-

5.4 'lbe Specifie, N:lt1l1:'e'of the EKternal Mcides . ... '"\ 

"~ , I~ an isO~ ~ a~ at rest, there' is a unique 
, 11, ' 

..,. ,.' 0 

EqUivalent 'd4>th ciiven by <~ vert.ical s~ f?ClU2Ip.on. 'lbe equivalent 1 

depthis' ,. ~ il 
, .\. 

t', , 
'. " . . , - . 
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\-\ = EqUivalent depth, 

"6 :::a ratio o~ the specifie heats fOIi air, 

R '= gas constant for dIy ,air, 

Tc::: taTperature, 

CJ ,~ acc~eration due to gravi ty • 

71. 
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" '" f "",/,/ 

For a tatperature of 300 K, the equivalent depth is 10.5 Jqn-imich 
. / 

gives an equivalent depth pararneter of 0.34. If Figure (5 .. \,H/iS entered 
1 .//.;_ 

with Ws value, a period of five days is d:>tainEd ~or ~e/Hough m:x1e s= 1, 
. , // "-

n~2. 'Ibis IOOde is the lcMest atder syrrmetric ~sb:f m:>de. \ 
, / 

. ~/ . 
'lhe latibXlinal structure of ~ above HoU;]h function'cor.resporr;ij, 

. / ' . 
to an Elquivalent depth of 10.5 km is.- s.imilar to the obs~ed structure of the 

j ,: 

forecast 5 day wave {cf. Figu;:e (5.9». 
/ 

./ 
/' 

'lbe perioo/of the eastWcu::d prcpagat.in:1 gravity wave, obtainErl f:r:art 
/ 

" ~/ " 

,Fi~ (5.~~~ ,W\th an equivalent depth of 1~5 km, is approxjmate1: 32 heurs 

an:1 the .pêricx1 obta.i.nErl far the west:ward tra . gravity wave is about 14 
~' , Q 

heurs. 'lhe lati~ structure of l:oth ~e rro:ïes agrees with the forecast 

latitLrlinal structure given in Figure (5 .. 9) J If de saIne e;ruivalent depth 
, 1 

is t1$ec1 to determine the. pericrls of the nrX1es far zonal wavenunbers two to 

four, perieXis very close to tbose given in Tables (5.1) an:::l (5.2) result. 

"-

BÊ.lCause of the above, ~t is conclu::1ed that the najar contributar 

. "lx> the planeta:ry wave error·.in the short ~ peric:à (0 te 48 lxrurs) consists' 

of spurious ~ m:xIes - one Rossby wave am tl«> gravity waves with an 

.valent depth ~ apprax:ïnâtely 10 km. 

'\ 

, 
j -.I:~*,.~.?f ~... j d erriw 
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5.5 '!he N:l.ture of the Matiun Farlge Farecast Errol' 

In Section (3.3), it was observed that the charact.er of errors at 
1 \ .. 1 C ". 

96 hours was' considerahly different fran that OOServe:l at 36 hOurs. '!he 

planetary wave en:or, resul ting fran th~ external rro:1es, reaches a maxirnun 

in the 36 te 48 hoùr periexi ard then begins to dec:rease. Hence, another class 
J 

of eLZaz:s is responsible for the contiriued errer grc:wt:h after this periode 

'!he latitu:linal",structure of the total eo:or (defined in Sectio,n 

(3.2» was exarnine1 far the set of 96 hoUI' farecasts of zoœl wavenunber ore 

at 1000 rnb. ~e results are given in Figure (5.13) together with cœpa.rative 

resul,ts for 36 hours. '!he 36 hour e:r:rar curve strorçly resanbles the 

latitudinal structure of the external rrodes, sl'poling the danina.nce of this 

erzcrr. At 96 hours, the er:ror structure is cc:rrpletely changa:1. ~e er:ror 

is a maximun' ~t 70
0

,N arxl the total eo:or at 40° N has decreased in the per.l4d 
. . 

\ , 
fran 36 ta 96 hours. Figure (5.14) gi.ves the latitu::1ipal deperxience of the 

96 heur 1000 rnb height field ez::rar phases far zonal wavenunber one. At 70° N, 

where the total er:rar is largest, there are two distinct clustering points. , 
In rrore southerly}atituies, where the total er:rar is snaller, the clustering 

is less pronO~ed. to th the "eKception of t:wo cases,' there i5 a marked 

œsOOl:d or westward . t with increasirç latituie in the E!FŒ phases. 'Ihere 

does pot appear te he any sœsonal pref~ence far a westwazd or eastwa.rd tilt 

of the phases. 

Figure (5.15) sb::Jws the vertical structure of the 36 bour rup the 

o 
96 hour total er::rar far zonal wavern.rnber one at 70 N. 'lhe. 96; heur cu:rve .' 

shcMs an- 'etrar minimun at 500 rob. Above this level, the er.rars inc:re:lse . ' 

rapidly' with height, rea~ a maJdmun at 100 rob. Figure (5.16) gives the 



, 1 

1. , 

,~ 
t 

. , 

; l ' 
1/ 

73' 

vertical structure of th: ~00in;J e;.rar phases. E.\Ten at 96 hours, the 
. / 

phases cluster at an levels, shcMing that the aLors are very syst.enatic. 

'!he typical wavenunber one errer wave slq;>eS westwam' with height to 300 mb 

an::1 above this level slopes east:wa:rd wi th height. 
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l.LJ 60 c 
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136.HOUR 
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WAVENUMBER 
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'. 

450 600 

TOTAL lERROR (gpm) 

1; 
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FIGURE (5.13) Iatituiinal structure of the 36 00ur am 96 hour' total 
er::ro:r far wavenumber one at 1000 mb. 

Sjmilar reslÙts exist far tHe rena:ini.ng pJ..anetazy waves. 'lhere is . ' 

a treni far ~ latit:u:ünal et:rOr maximun 1:0 nove sout:hward with inc:reasing 

" 
, ! 
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o 
wavenumber, rea.ching 50 N for wavenumber five. 

1 

'!he errer rcaximun in the 

vertical, fourrl at 100 rob in zonal wavenuzÎlber one, decreases ,ip height with 
"J 

increasing wavemrnber am a sirni1ar trend exists far the vertical errer 

rnirUmUITl. '!he kven~ fi ve profile has i ts maximun a t 300 rob an:i i ts 

miIÙJT\un at 850 rnb. '!he systanatic rature of the error pattern becanes less 

pronouncErl wi th increasing wavenunber. 

5.6 Behavior of the Farecast Sta tionary am Transient eœponents of the 
Planetary Waves, . 

When ~ the '~a::tral coefficients by means of ha:cronic dials, 

it was noticed that the farecast stationary ccmponents were considerably 
"-

'" 
different fJ:an the observaI stationazy ccrrpdnents. 'lb investigate this effect 

,~ 

. \ rrore closely, a 240 hour farecast of case 3 \'laS, nade. '!he phases an:i 

anplitu:1es of the stationary cœponents d:>t.a.inal subjeCtiy-elyc fran the 

ha:coonic dials were carp3red· te the abserved s tationary canponents. Figure 
9 

(5.17) SOO-lS the results of the cœparison far the coefficient (2,4) of the 

height field. F.rcrrl. the diagram, i t is evident tha t the phares .Of the f~st 

an::l observed statioi'm:y cœponents do IlOt differ greatly fran sach other • 

.re farecast anplituies, haoever, are only about o~ the observe'! values. 

'lhe incorrect forecast stationary cœpo~ts will cause observations 

te he incarrectly partitioned between stationaJ:y arrl transient parts. As a , ' 

result, the rrode.1 is able to generate an unnatu:rally large transient ccmponent. 

'lhe behaviar of the forecast transient o:rnponent of coefficient (1,1) 
1 

of the 500 Irb height fi,ekI: Over a period' of ten days is given in FigÛre ,(S.18). -
j 

Fran ws, it can he seen that the anplibJde of the, transient canponent l 

PC:., .l i.2Il44J,,1A, .. 

1 
1 l 

o 

t 

,l, :!,c.~~;rr/,~I ~.;l',.iL', 
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decreases with time • ..: 'lhis damping is larger t.hah that which is çausErl by the ... 
m::xlel.' s time ~ilter which can account for only a two percent decrease in 

anpli tu1e in tell days. 

.J 
«....-.-
~'" 300 

REAL PART 
1,1) 500 mbl-#-+---fltr---+---+-+---I--.--I ~' 

o lU 1. \, 

~ m, 260I-+---+--+-----+--,I--+----+--++---+---4--I+-~ 
en'" ' 
LL! 100 ~--+--+__--j---+--~---+t---i--a--J~I___--I 
Ot-
..... z 
a::~ O~--\+---+---+-+---+--I-----t---\--+---~-+-----I 

~~ 
~~-IOO 
a::u' 

o ~, 3 4 5 6 7 8 
TIME,(OAYS) 

9 10 

FIGURE "(5.18)~ 'llle behaviar of the farecast transient canponent of spherical 
hcu:nonic coefficient (1,1) of the 500 mb height field far Case 3. 

5.7 Vertical Resolution arrl the P.l.ar)eta:J:y Naves 

A recent paper by Nakamura (1976) shcMErl the effects of vertical 
. " 

resoluti6n am the upper boun:'lal:y on the stationazy ccmponents of the planetary 
\ , 

waveS, using a m:x1el which utllizErl the quasi-geost::rq>hiq mid-latitu:::1.e ~ -plane 

approxllnation arrl' arploye::l a dissipative layer near the uwer 00unJary at 90 

km. In the m:::x1el, a lon; wave is ;farce::I by a given oonfiguration of vertical 

veloc,ity' at the lcwer boWliary. '!he vertical structure of the resulting wave 
• - - - Il' 

1 Was examined, usID:J 356 equally spaced verticalr levels fran 1 km te 90 km. 

'lhis high resolution solution was usErl as a con't:r91 solution. NakaJn!lra' s 

\ -

1 
\ ' 

" 
" 
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expedments copsiste:l of det.errni.nin:1 the steady state forea:i 'wave struct:l.n:'est 
\'> 

wi th various nur.bers an:î po~i tions of the vertical levels am canparing the . ' 

wave stcucture fran the lCMer resolution rrrodels te ~t of the control solution. 

Figure
l 
'(5.l~) shows the control solution am a three level solution for a wave 

of 20,000 km length am 7,000 km width, using the rnean winter' zonal wiIrl and ' 
, • , < 

, 

"tarperat:ure profiles. In general, the phases of the lCM resolution are fairly 

weil rep.ro1uce:i by the low resolution rrodel while the ampli tuqes are :poor. 

'!he results for sumner am 5pril"'q am far various widths am lengths of the 
f 

foreed wave shaY that a lCM vertical resolution rcodel carmot. adequately 

reprcduce the stationazy CO'I'pOnents of the atm<;>Sphere (cOntrol solution). A 

sirnilar ~estigation by ID.rkwood (1976) shcMa:i the profoun:1 effect of ~ 
1 • 

stratosphere win::l structure on the stationazy\ canponents of the"planetary 
1 . 

• Q 

wa'ltes. In one experiment, with an eleven level 1~ resolutioh ~el to 

l ' 
f 

\~ 
1 

. , 
1 

s.ùpulate the aStrucbJre of planetaxy ~ves with a rrean su;mer wind profile" the " 

uppenrost canputational level was located at 17 m, just belCM the region of 

éaster1y win.:ls, ~1hich prevent the propagation of trq:x>spheric-,:>.lanetaI:y waves 

into the"upper atmosphete (Charney am Drazin (1961». '!he planetary waves 

were ~ly t;XXittued. - HcMever, when thè wim profile was m:xtlfie:i 50 that the 

" 'UppetI!Pst level of the leM resolution rrodel was in the easterly w.i.nis, the 
waves wereo~tly,reprcx:1uced. 

'lb de.kne the effect of incorreêtJ.y roodelle:i piaœt.a.ry wave 
1 

. stationary canponents on the ezror ~ in atnospheric IOOd~ls, one' can 

sinply use the hign resoiution control solution as input data to a lc:w 
~- - --i-

resolution rrode1 •• since the 100 resolution rrodel t s stationary cœponents aJ:7 \ 

not the same as the high résolution m:x:le1 t s stationaty canponents, the lCM \' 
o < 



: 
l 
\ 
l ' , 

!f 
f '-) 

" 

1 

t" 

" 

/ 

'. 

" 

-.\-: _.-- , 
/' 

81 \ t 1 

~uti~el will pro;luce spurious tzanSient ~nents ~ch will cause 

an el/O~UtiOr1 ~ the initial state. '!he \ference between the ini~l state 

ard the ION resOlution roodel's state at arr:! given'tiroe is the errer resulting \ \ .' 
fran er.roneous sti\tionazy. c:arponents. ' 1 • " ,t 

-

\ ' 

.. 00 

PHASE 

l 
1800 50 100 

" 

AMPLltuDE(m) 
I;l. Ù .... , 

• . . ! 

. . 

FIGtiRE (5.19) High resolution structure (solid lined) of a forced planetary 

~
e cœpare::1 ta the lov resolution s'trUo (daShed liries). Fran 

uia (1976). ~D ~ , , 

• 0 , . 
• , 1 .' 

Iœsults of such ~.iments were aIs presentai in ~ (1~76) 
, .> • • 

an::1 in muèh nore ,detail by Desmarais (1977) ~ Fi (5.20) sl1q.qs ~Kamura'S 
~ ". 1 J a,. 'f t 

results far the control solutiOn cf Fi~ (5.19) a lied te the three lave! 
l' , '" ~" , ; \~el. 1: can be seen ~t) :s ~e nodal evo~~ f~ the. in:itial ~tate te 

:1 a 'sta~ 9i~ by the 10'1 resolution,~el/' stationazy ~~ts,~.a danped,. -'" 

. . 

'l' external ~sby, wave is produced ~th a péricx1 'Of about fi" days': His results . 
~ . 

'. alse s~est that the short range forecastt-ezrar is daninated the ex~l' :.:;' 
'" \,. l -' ... 

-' , - -.,.' Q' 

\ 
0 . 0 ~ • 

1 - ) f 

wa7 t;hat t;his nroe becanes 1ess .i.npàrtant,< with 1;.ime. 

.. ' Desmarais' .results for the 96 hour ~~ wa~ one 
. \\ 

in Fi9Ute (5.21). 
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for a six level lCM resolution rrodel. It can be seen that the errar struèture 

" 
is stri.kirYgly similar to that given in Figures (5.15) am (5.16). 
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FIGURE (5.20) Evolution of a leM resolution node1 (dashErl Unes) suppliErl 
with the steady state solution (solld llnes) of the corresporrlin] high vertical 
resolution or control m::x:lel. Fran N:ùœrnura (1976). 

5.8 Seaso!fÜ Variation of the planet.aJ:y W:lVe Errars 

'lb detecnine if there is any -seasOl'tal depen:lence on the magnitude 

of the external m::rles, the 36 mur errar in the spheriœ1 hal:roonic coefficieI'lts 

(l, l.Z., (2,2), am (3, 3) of the 500 nt> height field. were plotta:1 against the " 

"-
time 'of year. ~e results appear 'in Figure (5.22). In coefficient (1,1), 

there is a narkErl hi -roodal distribution with maxina in Februaxy aIXi August 
,- , 

am mi.niJra in May am October. 'Ibis bi-m:dal distr.ibu~n is also present in 

coefficient (2,2) am less conviqcl.ngly in coefficient (3,3). It must be 

rE!'l\E!tbe:red, as statEd ~ Section C5,,2), that the anplitu:ies of the ext.ernal 
\ 

m::x:les da:::rease with i.nc:reasi.rq wavem.trber; am, as a result, the external 

IOOdes contribute l~ to the eaœs in coefficient (3,3) thàn in (1,1). 

r · 
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A possible explana tien of the seàsonal deperrlence of the external 

m:xie amplitudes is based on the m:xiel's pressure terrlency EqUation 

where 

~. 

~= 
Ô-t 

- -..... 
- D - V· 'Va. ~ 

(-)" 1 ( ) do- · 
~ 

'!he mean zonal Wirrl regime of the stratosphere is strongly deperoent en the 

seasons as shcMn in Figu:te (5.23) whieb -gives the mean sumner ard winter 

profiles. In the ncxiel, the wirrl is decrea.se::l iran the uppetmost carputational 

leve1 te zero at a -0 which will result in a relatively srnall value ~f V 
, ' . ( 

F~ the surrner am winter profiles, it can be sean that large contributions 

to V are present above the carputatio~ leve1s of the m:xlel. 'lhis will 

cause an e::rar in the ~ tj · \lr:t \ whi~h will affect the surface pressw::e 

farecasts. Only in the sprirv3' arrl. autumn, when relatively weak wi.nls are 

present in the stratosphere, will"'the nodel's values of 'fj agree clœely 
. ~ 

with the correct values of V . Hence, an external wave with a bi-mXlal 

distribution will result. 

'!he en:or pattern !for 96 hours shcMs 00 seasoœ.l depen:lence. 5jnce 

the rrodel does IlOt arploy a radiative bounial:y coniition or a "sponge layer", 

spurious reflections fran the upper JX>1.11-xlal:}', which affect the model t s 

,~tationary carponents, are possible at arrt time of the 'Year. 

5.9 Coœlusions 

'!he ncst ser.i:ous e:cror in the present rrcde1 is in the fareéasts 
"'~;,_A 

of the station:u:y canponents of the planetal:y waves. Vertical.resolution 

stu:ües shcMe::l the nerke:i effect of vertical resolution on the statioœu:y 
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ccrcponents of the planetaxy waves. '!he ex:rar pa tt:ern produced by a sinple 

"m:xiel, cperatin:r with ïncar:rect stationary canponents result.i.ng fran insufficient 

vertical resolution, is a.lm:>st identical te the errar pattern produced by the , 
spectral rocx:lel use::l in this ~stu:iy. Hence, it is postulat:e:l that lack of vertical 

resolution am the UR'er boundaJ:y cordi tion are respons.ihle,for large forecast 

et"LClts in the planetary waves. 'lhi.s jnplies tnat the prcblen of planetaxy 

wave forecasts cotù.d he rene:iie::l by in::reasing the nunber of vertical levels 

ii1 the m:xiel. " . 
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Nakamura states that a reso1ution' of one to two kilaneters is 

,rEqUi.re::1 in the troPosphere arti two to three kllanet.ers i? the stratosphere. 

If this requirimènt is ~ he met, 40 te 50 ,Vertical l~el.s tOgether with 

initial dà ta arè needei. 
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1 ~ 

6.1, Contributions to Rrr:wleige 

'!he original work, contained in this stu:iy, is first a full 
\ 

docunentation of the planeta.J:y wave eums in an' advancei n\l!œrical weather 

pre:ll.ction nd1el. Secom is the identification df external gravity am Rossby 

'll,IJdes as the najar contributar to planetaxy wave er.rar in short ~e (0-48 

heurs) farecasts. 'Ihird is a discussion of madium range farecast errer am 

\ the hypothesis that it is due te an iIa~te Vert.l.~ struc~ am uwer 

oouroary coOOi tion. 

6.2 SI.ll1nB:tY of the Ecjpr Character 

It has been shcMn in this st:u!y that the planetal:y waves possess 

.' relatively large euUIS, over the entire pericx1 of a 96 hour farecast., As 

daoonstrate:i in Chapter 3, the euax:s are Wepen:ient of the statistical 

method usoo in their CCltputation, i.e. large eaar::s exist in an absolute 

sense, in a relative sense, am in a cœpa:dson with persistenœ. !!he 
. " (, 

spectral JfOdel, us~ in thi.s investigation, pe:fcmns best ip the ~ O,f 
1 -. u J 

wavenmbers fl:an four to seven with Cfecreasing perfc:mnance at lùqh~,p.ni 

" .1CMer wavemrnbers. " . 

'lhe character of the error -changes with time.' In forecasts': or 
" JO" 
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short ra~e, the erraI' in the height field is daninated r~ three ext:ernal 
.' 

m::des (two gravity waves am one Rossby wave) which hav~i a systanatic 
, 

nature. '!he errer is rronotonically in:re:lsin; with. heigl;lt am ha~ its 

largest contr.ibution in the t:rc:pics an:i mid-latitOOes. 'Ibis ettar also 
, 

has a marked sœsonal depen:ience wi th maxima ih the sunner am winter am . \ 

JtIi.nina in the sprin3' an::l fall. 
~ 
1 

1 ~ 
l' 

89 

Far II'IE!diun ~ farecasts (96 hours), the plane~ wave er.rar in 

the height field is fnternal in character. E\Ten at this tirne length, the 
1 

euO!s are mticeably systsœti.c. 'Ihe vertical structure ~ the eJ:rQr field, 

which is daperrlent on wavenunber, has a mirûmum at 700 to 500 rob am a rraxjmun 
, 

at 300 to 100 rob. '!he vertical structure of the phases shc:ws that errer field 

slcpes westwaId with height l:::eJ.cM 300 rob an:! eastward with height abovè 300 

rob. '!he ~idional er.rar distribution has a m:OOmun arrplitlde in tIle polar 
o 1 

ragions with a weak narthea..st te southwest tilt of the phases. 
-

o '!he! IlDSt skiOUS shart-caning of the nodel is the poar farecasts of 

the sta tionary ~nents ~f tHe pla,netary waves. ~erallY, the phase 
l ' 

structure of the wave is rea.sonably s.imulatEd but large e:aO!s in the arrplitude 

strœture are presen~. Stu:lies by Nakamura (1976) ani Kirkwood (1976) have 

~ tbat vertical. resoJ.ution an:i stru::ture mlve a profoum effect on a 

o nrde1's" ability. te reproduce a planetazy wave's stationary ~ts. 

'!!le er:rar grc::Mt:h pmdl:ce:l, when atnDspheric cbservations (havin] 
, 0 )" i 
the coaect stationary cc:nponents) are ~e:l as data by a 10\' reso1ution roodel 

oha~ i.rcan:ect stap.ona:ry carqxments,·. can he sttxliêd using a sinple IOOdel 
1 

in the Jnalll'leJ;' of N:lk8inura arxi Desrnanû.s as outlinEd in Chapter 5.. '!he great 

- , 
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Isirnilarity hetween the errer g:rcMth obtainèd by ~ia, usÏlXJ a s:inple 

model, ar.d that obtained by the. authar, using a carq:llex m:rlel, s~sts that 
, . 

the p~tary wave encra in the Spectral Model are causai Dy inade:JUate 
, 

vertical resolution and stru::ture. 

6.3 SUggestions far Further b'k 

~e above hypothesis sb:>\Ùd be testEd by incar:pœ:a ting a :real.istic 

lstratosphere am rœsœphere inte mrnerical weather prediction m:rlels am ~ 
usin:;J a radiative upper boumazy ·cordition ar dissipative layer to control 

spurious reflections ~ the upper b::>un:3azjr. 

~e need 1:0 lnprove the vertical strlx:ture of m:rlels raises the 

question Of stratospheric data. '.At the present time, such data are 
. . 
relativeJ.y sœrce am are l'lOt avaj~able far 1 several hours after a given 

cbservation' tlme •. As a result, stulles need te' ~,urdertaken to deter:mine 

hc:M much stratosplieric data are necessa:ty. Far exarrple, are cbservations a 
l' • 

day or .. two old '[arl wen clinata1ogy) S1#ficient? Will persistence in upper 

S~~ê a~ mesosphere greatly reduce the planetary wave errer in the 
1 

t:rqx:sphere or must ~,high levels of the rrodel he predicte::I? 

'lhe rrodel 's eJl]:Or statistics as a fWlCtion of waven\l1\ber ~ be 

exteniEd te inclme an waves ~VEd by the no;'iel ~in11 a 1tIld1la:rger sanple. 

1 ! . . 
'lhe behaviar of the noielfs stat.i.aW:y OCI1pOIl8I1ts ~ be studiEd 

in œ:der te detecnine the climatology of the ltâle;l.. . , . . 
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