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Rossby-Haurwitz wave perturbations under tropical forcing

ISMAEL PÉREZ-GARCÍA
Centro de Ciencias de la Atmósfera, Universidad Nacional Autónoma de México, Circuito de la Investigación 

Cient‡Ýca s1n, Ciudad Universitaria, 04710 México, F0H0 
E-mail: ismael@unam.mx

Received February 19, 2013; accepted May 5, 2014

RESUMEN

Guvg"vtcdclq"gzrnqtc"gn"Þwlq"¦qpcn"gp"hqtoc"fg"rqnkpqokqu"fg"Ngigpftg0"Gn"Þwlq"dƒukeq"ug"fkxkfg"gp"wp"Þwlq"
¦qpcn"ukofivtkeq"{"wpc"qpfc"fg"Tquud{/Jcwtykv¦"*TJ+0"Xctkcu"ectcevgt‡uvkecu"*oƒu"tgcnkuvcu+"fg"guvg"Þwlq"¦qpcn"
lo hacen particularmente interesante, como las corrientes en chorro con dirección oeste en latitudes medias 
{"wp"xkgpvq"eqp"fktgeek„p"fgn"guvg"cntgfgfqt"fgn"gewcfqt."ow{"ukoknct"cn"Þwlq"ogfkq"jqtk¦qpvcn"fgn"rgtkqfq"
fkekgodtg/gpgtq"c"422"od0"Gn"Þwlq"¦qpcn"ug"eqodkpc"eqp"nc"qpfc"TJ"rctc"gxcnwct"ncu"gvcrcu"vgortcpcu"fgn"
ogecpkuoq"fg"ceekqpgu"fg"dnqswgq"gp"gn"Rce‡Ýeq"pqtqtkgpvcn0"Ug" nngx„"c"ecdq"wpc"ukowncek„p"pwofitkec"
wvknk¦cpfq"wp"oqfgnq"dctqvt„rkeq" nkpgcn"eqp" hqt¦cokgpvq" vtqrkecn"{"fkukrcek„p"rctc"cpcnk¦ct" nc" tgurwguvc"
gzvtcvtqrkecn"fgn"ogecpkuoq"fg"tghqt¦cokgpvq"fg"vqtdgnnkpqu"gp"nqu"ukuvgocu"fg"cnvc"rtguk„p"c"nq"nctiq"fg"nc"
equvc"qeekfgpvcn"fg"Pqtvgcofitkec0

ABSTRACT

Vjku"uvwf{"gzrnqtgu"vjg"¦qpcn"Þqy"kp"vjg"hqto"qh"Ngigpftg"rqn{pqokcnu0"Vjg"dcuke"Þqy"ku"fkxkfgf"kpvq"c"
¦qpcnn{"u{oogvtke"Þqy"cpf"c"Tquud{/Jcwtykv¦"*TJ+"ycxg0"Ugxgtcn"hgcvwtgu"qh"vjku"*oqtg"tgcnkuvke+"¦qpcn"
Þqy"ocmg"kv"rctvkewnctn{"kpvgtguvkpi."uwej"cu"vjg"okfncvkvwfg"yguvgtn{"lgv"uvtgcou"cpf"cp"gcuvgtn{"ykpf"ctqwpf"
vjg"gswcvqt."yjkej"enqugn{"tgugodngu"vjg"ogcp"jqtk¦qpvcn"Þqy"cv"422"od"qh"vjg"Fgegodgt/Hgdtwct{"rgtkqf0"
Vjg"¦qpcn"Þqy"ku"eqodkpgf"ykvj"vjg"TJ"ycxg."kp"qtfgt"vq"vguv"vjg"dnqemkpi"hqtocvkqp"ogejcpkuo"qp"gctn{"
uvcigu"hqt" vjg"pqtvjgcuvgtp"RcekÝe0"C"pwogtkecn"ukowncvkqp"jcu"dggp"rgthqtogf"wukpi"c" nkpgct"dctqvtqrke"
oqfgn"ykvj"vtqrkecn"hqtekpi"cpf"fcorkpi"vq"ejgem"vjg"gzvtc/vtqrkecn"tgurqpug"qh"vjg"ogejcpkuo"qh"gffkgu"
tgkphqtegogpv"qh"vjg"tkfig"cnqpi"vjg"yguvgtp"eqcuv"qh"Pqtvj"Cogtkec0

Keywords:"Tquud{/Jcwtykv¦"ycxg."Ngigpftg" rqn{pqokcnu." pqtocn"oqfg" uvcdknkv{." pqtvjgcuvgtp"RcekÝe"
dnqemkpi"hqtocvkqp"ogejcpkuo."vtqrkecn"hqtekpi."RcekÝe/Pqtvj"Cogtkecp"rcvvgtp0

1. Introduction

Fwtkpi"vjg"rgtkqf"htqo"Fgegodgt"422;"vq"Hgdtwct{"
4232."vjg"ugc"uwthceg"vgorgtcvwtg"*UUV+"kp"vjg"egp-
vtcn"RcekÝe"ycu"cpqocnqwun{"ycto0"Vjg"Pqtvjgtp"
Jgokurjgtg"ykpvgt"qh"422;/4232"ycu"pqvcdng"hqt"kvu"
nqy/htgswgpe{"cpqocnqwu"dgjcxkqt"dgecwug"kv"ycu"
gzvtgogn{"eqnf"kp"ocp{"rncegu"*Rfitg¦/Icte‡c"et al0, 
4232="Ycpi"et al0, 2010; Kim et al0, 2011; Ratnam et 

al0."4234+0"Hkiwtg"3"ujqyu"vjg"422/jRc"igqrqvgpvkcn"
jgkijv."c"ogtkfkqpcn"fkrqng/nkmg"uvtwevwtg"kp"kvu"kp-
ekrkgpv"uvcigu"vjcv"gzvgpfgf"htqo"vjg"yguvgtp"Pqtvj"
Cogtkec"vq"vjg"uqwvjyguv"qh"Ogzkeq"qp"Lcpwct{"49."

42320"C"eqpxgevkxg"jgcvkpi"qxgt"vjg"vtqrkecn"egpvtcn"
cpf"gcuvgtp"RcekÝe"nkpmgf"vq"c"vgngeqppgevkqp"ecnngf"
vjg"RcekÝe/Pqtvj"Cogtkecp"rcvvgtp"*RPC+"*Ycnnceg"
cpf"Iwv¦ngt."3;:3+."ku"mpqyp"vq"jcxg"kpÞwgpegf"vjg"
gzvtcvtqrkecn"ektewncvkqp"qxgt"vjg"pqtvjgcuvgtp"Rcekh-
ic, Canada, and the southeastern USA. 

Many theories have been proposed to understand 
vjg" qpugv" cpf"ockpvgpcpeg" qh" vjg" vgngeqppgevkqp"
rcvvgtpu" cpf" vjg" u{pqrvke" dnqemkpi" gxgpvu" kp" vjg"
cvoqurjgtg" *Jqumkpu" cpf"Mctqn{." 3;:3="Jckpgu"
cpf"Octujcnn."3;:9+0"Vjg"RPC"ocpkhguvu"kvugnh"cu"
c"ycto" tkfig" *uqwvjgtn{"Þqy+" cnqpi" vjg"yguvgtp"
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eqcuv."cpf"c"eqnf"vtqwij"qxgt"gcuvgtp"Pqtvj"Cogtkec"
*Tgz."3;72="Nglgpcu"cpf"Qmncpf."3;:5+0"Vjg"wug"qh"
a one-level barotropic model to simulate the extra 
vtqrkecn"tgurqpug"vq"c"Ýzgf"vtqrkecn"jgcvkpi"jcu"dggp"
tgrqtvgf"kp"ugxgtcn"uvwfkgu"*Ukooqpu."3;:4="Dtcpu-
vcvqt."3;:5="Jgnf"cpf"Mcpi."3;:9="Uctfgujowmj"cpf"
Jqumkpu."3;::="Itkoo"cpf"Uknxc/Fkcu."3;;7+."yjkej"
hqwpf"vjcv"vjg"tgoqvg"tgurqpug"vq"*uvgcf{+"vtqrkecn"
hqtekpi"jcu"cp"gswkxcngpv"dctqvtqrke"uvtwevwtg."cpf"
vjcv"gpgti{"rtqrcicvkqp"ku"kpÞwgpegf"d{"dqvj"¦qpcn"
cpf"ogtkfkqpcn" xctkcvkqpu"qh" vjg"dcuke/uvcvg"Þqy0"
Simmons et al0" *3;:5+"ujqy"uvtwevwtgu"ukoknct" vq"
vjg" qdugtxgf" RPC"yjgp" vjg" dctqvtqrke"oqfgn" ku"
nkpgctk¦gf"cdqwv"vjg"¦qpcnn{"xct{kpi"Þqy"*522"jRc"
ogcp"qh"Lcpwct{"Þqy+0"Vjgug"Þqy"rcvvgtpu"ctg"tg-
lated to the more unstable normal mode associated 
ykvj"dctqvtqrke"kpuvcdknkv{0"Jqumkpu"cpf"Codtk¦¦k"
*3;;5+"gzcokpg"vjg"oquv"htgswgpv"vtclgevqtkgu"qh"vjg"
Tquud{"ycxgu"kp"c"nqpikvwfkpcnn{"xct{kpi"Þqy."cpf"
hqwpf"vjcv"vjg"lgv"uvtgco"ecp"cev"cu"ycxgiwkfgu"kp"
the atmosphere.

Vjku" uvwf{"ckou" vq" kpetgcug" vjg"wpfgtuvcpfkpi"
qh" vjg" pqtvjgcuvgtp" Rcekhke" dnqemkpi" hqtocvkqp"
ogejcpkuo" kp" kvu" kpekrkgpv" uvcigu." kp" eqppgevkqp"

ykvj" vjg"Tquud{/Jcwtykv¦"*TJ+"ycxg0"Fwg" vq" kvu"
korqtvcpeg."pwogtkecn"ukowncvkqpu"ygtg"rgthqtogf"
ykvj"c"dctqvtqrke"oqfgn"qp"c"dcuke"Þqy"tgictfgf"
cu"vjg"uwo"qh"c"¦qpcnn{"u{oogvtke"Þqy"cpf"cp"TJ"
ycxg"eqorqpgpv0"Okfncvkvwfg"yguvgtn{"lgv"uvtgcou"
ctg"godgffgf"ykvjkp"vjg"¦qpcnn{"u{oogvtke"Þqy0"
Kp"cffkvkqp." nkpgctk¦gf"dctqvtqrke"oqfgnu" vjtqwij"
vjg"¦qpcnn{"u{oogvtke"uvcvg"ctg"gcukgt"vq"ukowncvg"
vjcp" vjqug" qdugtxgf" kp" vjg" ¦qpcnn{" cu{oogvtke"
Þqy." dgecwug" vkog/cxgtcigf" dcuke" Þqyu" igpgt-
cnn{"fq"pqv" ucvkuh{" vjg" uvgcf{"dctqvtqrke"xqtvkekv{"
gswcvkqp"*DXG+0"Ugevkqp"4"qh"vjku"rcrgt"jkijnkijvu"
uqog"rtgxkqwu"tgugctej"tgncvgf"vq"vjg"DXG"qp"vjg"
urjgtg"ykvj"hqtekpi"cpf"fcorkpi."cpf"cnuq"c"dtkgh"
fguetkrvkqp"qh"vjg"wr/vq/fcvg"uqnwvkqpu"vq"vjg"pqt-
ocn"oqfg"kpuvcdknkv{0"Kp"Ugevkqp"5."vjg"dcuke"Þqy"
ku" eqpuvtwevgf" cpcn{vkecnn{=" vjg" ugngevkqp" qh" uwej"
dcuke"Þqy"cnnqyu"hqt"vjg"crrnkecvkqp"qh"cpcn{vkecn"
ogvjqfu."yjkej" kpetgcug" kvu" rqvgpvkcn" wug" kp" rgt-
ukuvgpv" cpqocnkgu" cpf" nqy/htgswgpe{" xctkcdknkv{"
uvwfkgu0"Vjg" pqp/fkxgtigpv" xqtvkekv{" gswcvkqp" hqt"
vjg" xqtvkekv{" rgtvwtdcvkqpu."yjkej" ku" pwogtkecnn{"
vkog/kpvgitcvgf"cpf"jcu"c"uvgcf{"vtqrkecn"fkxgtigpeg"
hqtekpi"cpf"fcorkpi."ku"cfftguugf"kp"Ugevkqp"60"Kp"

90N

60N

30N

EQ

30S

60S

90S
0 60E 120E 180 120W 60W 0

200mb Geopotential heigh (m) composite mean

1/1/10  to  1/31/10

NCEP/NCAR reanalysis

NOAA/ESRL Physical Sciences Division

Hki0"30"Vkog/ogcp"Þqy"qh"igqrqvgpvkcn"jgkijv"cv"422"jRc"hqt" vjg"rgtkqf"Lcpwct{"3/53."42320"Vjg"
extended jet stream is shaded. 



241Rossby-Haurwitz wave perturbations under tropical forcing

order to test the extra-tropical response to tropical 
hqtekpi."yg"gzrnqtg"vjg"ogejcpkuo"kp"yjkej"gffkgu"
ecp"tgkphqteg"vjg"ycto"tkfig"cnqpi"vjg"yguvgtp"eqcuv"
qh"Pqtvj"Cogtkec0"

2. Barotropic vorticity equation and linear insta-

bility on a sphere

C"xkueqwu"vyq/fkogpukqpcn"kpeqortguukdng"tqvcvkpi"
Þwkf"qp"c"wpkv" urjgtg" ku"iqxgtpgf"d{"c"pqp/nkpgct"
DXG"ykvj"hqtekpi"U"cpf"fcorkpi"H."yjqug"pqp/fk-
ogpukqpcn"hqto"ecp"dg"ytkvvgp"cu<"

J (Ψ, ς) = S + F
∂ς

∂t
+ " *3+

yjgtg"ょ *そ, -, t+"ku"vjg"uvtgco"hwpevkqp="- = sin轄; 轄 
and そ"ctg"vjg"ncvkvwfg"cpf"nqpikvwfg="な = 〉ょ + 2た is 
the absolute vorticity; 〉 is the Laplace operator; 

∂Ψ

∂
= vΨ •    ς,J (Ψ, ς) =

∂ς

∂μ λλ ∂μ

∂Ψ ∂ς

∂
–

∆

 
ku"vjg"Lceqdkcp="vょ = k × ½ょ = {uょ, vょ} = {– 1 – μ2  

},
∂Ψ
∂μ

∂Ψ
∂λ

1

1 – μ2
" ku" vjg" jqtk¦qpvcn" ykpf" xgevqt 

ykvj" gcuvyctf" cpf" pqtvjyctf" eqorqpgpvu" uょ 
and vょ, respectively; and k is the normal vector to 
unit sphere. The term H"?"Îj〉ょ + v*Î〉+s+1ょ, j is the 
Tc{ngkij"htkevkqp"eqghÝekgpv."yjgtg"v is the viscous 
dissipation constant, and s"œ"3"owuv"dg"c"tgcn"pwodgt"
*Umkdc."3;:;+0"

Gs0"*3+"ecrvwtgu"ocp{"hgcvwtgu"qh"vjg"nctig"uecng"f{-
pcokeu"qh"vjg"dctqvtqrke"cvoqurjgtg"yjkng"rtqxkfkpi"
c"fggrgt"wpfgtuvcpfkpi"qh"vjg"vgngeqppgevkqp"rcvvgtpu"
*Jqumkpu"cpf"Mctqn{."3;:3="Ukooqpu."3;:4="Dtcpu-
vcvqt."3;:7="Uctfgujowmj"cpf"Jqumkpu."3;:7."3;::="
Jgnf"cpf"Mcpi."3;:9="Jcctuoc"cpf"Qruvggij."3;:;="
Ncw"cpf"Rgpi."3;;4+."cpf"cnuq"vjg"u{pqrvke"dnqemkpi"
gxgpvu"kp"vjg"cvoqurjgtg"*Ujwvvu."3;:5="Dwk¦¦c"cpf"
Oqnvgpk."3;;8="Pcmcowtc"et al0."3;;9="Pcuekogpvq"
cpf"Codtk¦¦k."4224+0"Cpqvjgt"ygnn/mpqyp"ogejcpkuo"
hqt"vjg"igpgtcvkqp"qh"nqy/htgswgpe{"xctkcdknkv{"ku"vjg"
kpuvcdknkv{"qh"pqp/¦qpcn"dcuke"Þqy"cu"rtqrqugf"d{"
Simmons et al0"*3;:5+0"

Vjgtg"ctg"hqwt"ykfgn{/ceegrvgf"uqnwvkqpu"qh"DXG"
*hqt"vjg"kfgcn"Þqy+<"vjg"ukorng"¦qpcn"Þqyu"ょ*た+."oqtg"
eqornkecvgf"Þqyu"ecnngf"TJ"ycxgu."vjg"Yw/Xgtmng{"
*YX+"ycxg" *Yw" cpf"Xgtmng{." 3;;5+" cpf"oqfqpu"
*Vtkddkc."3;:6="Xgtmng{."3;:6."3;:9."3;;2="Pgxgp."
3;;4+0"TJ"ycxgu"ctg"xgt{"wughwn"hqt"kpvgtrtgvkpi"vjg"
nctig/uecng"ycxg"uvtwevwtgu"kp"vjg"cvoqurjgtke"ektewnc-

vkqp"qh"okfncvkvwfgu0"Pgxgtvjgnguu."kp"vtqrkecn"ncvkvwfgu"
these structures cannot easily be described in terms 
qh"TJ"ycxgu0"Vjgtghqtg."TJ"ycxgu"ctg"uvknn"hct"htqo"
tgcn"cvoqurjgtke"eqpfkvkqpu"kp"vjgug"tgikqpu."dgecwug"
vjg"rtkoct{"uvqtg"qh"cvoqurjgtke"mkpgvke"gpgti{"ku"vjg"
¦qpcn"ogcp"Þqy."cpf"vjg"itqyvj"qh"rgtvwtdcvkqpu"oquv"
qhvgp"tguwnvu"htqo"vtcpuhgt"qh"ogcp"gpgti{"vq"vjg"rgt-
vwtdcvkqpu0"Vjku"uvwf{"gzrnqtgu"jqy"vjg"ejcpig"kp"vjg"
ogcp"Þqy"cnvgtu"vjg"gxqnwvkqp"qh"vjg"rgtvwtdcvkqpu"vq"
vjg"Þqy0"Vjwu."vjg"vqvcn"Þqy"ycu"fkxkfgf"kpvq"c"¦qpcn"
u{oogvtke"Þqy"ょo*た+"cpf"c"ycx{"Þqy0" Kv" ku" kp" vjg"
kpvgtguv"qh"vjku"uvwf{"vq"qdugtxg"vjg"¦qpcn"u{oogvtke"
Þqy."ykvj"vjg"okfncvkvwfg"yguvgtn{"lgv"uvtgcou"cpf"c"
ygcm"gcuvgtn{"ykpf"ctqwpf"vjg"gswcvqt"*Hki0"4c+0"Vjgug"
¦qpcn"Þqyu"ょo*た+"ctg"cuuwogf"kp"vjg"hqto"qh"c"nkpgct"
eqodkpcvkqp"qh"Ngigpftg"rqn{pqokcnu0"

Vjg"dcuke"oqfgn"wugf" kp" vjg"rtgugpv"uvwf{"ycu"
vjg"pqp/fkxgtigpv"xqtvkekv{"gswcvkqp"hqt"vjg"xqtvkekv{"
rgtvwtdcvkqpu"nkpgctk¦gf"cdqwv"vjg"dcuke"Þqy" : 

+ ℒςʹ = Sʹ + σ ξʹ + v (–∆)s+1ψʹ 
∂ςʹ

∂t
" *4+

yjgtg"な) = つ) + 2た and つ) are the absolute and relative 
xqtvkekvkgu"qh"vjg"rgtvwtdcvkqp."tgurgevkxgn{."

1
ℒςʹ ςʹ ς J Ψ ςʹ J+ ς ,= =+ψ ψ

ku"vjg"DXG"qrgtcvqt"nkpgctk¦gf"cdqwv"vjg"dcuke"Þqy."
ね"ku"vjg"pqp/fkxgtigpv"eqorqpgpv"qh"vjg"dcuke"ykpf."
vjg"vknfg"tgrtgugpv"dcuke"Þqy."cpf"rtkogu"ctg"tghgttgf"
vq"kpÝpkvgukocn"rgtvwtdcvkqp."yjkej"kp"vjg"hqto"qh"c"
normal mode 

ψ ψ

leads to the spectral problem

LG = ωG" *5+

hqt"vjg"nkpgctk¦gf"qrgtcvqt"LG = J* , 〉–1 G+"Î"J* ."I+"Î"
[j + ち*Î〉+s]G."yjgtg"の = のr + iのi."ku"vjg"gkigpxcnwg"
and G"vjg"gkigphwevkqp0"Kp"vjg"pqtocn"oqfg"*nkpgct+"
uvcdknkv{"cpcn{uku."vjg"dcuke"uvcvg"owuv"dg"tgictfgf"cu"
c"uvgcf{"uvcvg0"Gs0"*5+"ku"vjgp"uqnxgf"d{"tgrtgugpvkpi"
cnn" xctkcdngu" cu" ugtkgu" qh" urjgtkecn" jctoqpkeu" cpf"
wukpi"c"vtkcpiwnct"vtwpecvkqp"TM"hqt"uqog"M."tgfwekpi 
Gs0"*5+"vq"c"fkuetgvg"urgevtcn"rtqdngo"

L g = ω g," *6+
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hqt"c"ocvtkz"L"ykvj"gngogpvu"

Lαγ = Bß αγ ςß + Dαγ, 
M

n
ß
=1

∑
n

m
ß
=–n

ß

ß

∑

yjgtg"Bくgけ = *  – ) < J*Yく,Yけ),Yg> is the triad 
pqpnkpgct"kpvgtcevkqp"eqghÝekgpv."cpf"
 
Dα γ = {−(σ+ν χγ)+2i mγ χγ  }δαγ,

s −1

ku"vjg"eqorngz"gngogpv"qh"c"fkciqpcn"ocvtkz"F. We 
used here the complex index g ?"*mg, ng+"d{"Rncv¦ocp"
*3;84+"cpf"Umkdc"*3;:;+."vjg"Mtqpgemgt"fgnvc"hgけ, and 
ぬく = nく"*nく"-"3+0"Kv"hqnnqyu"htqo"Fgけ, that the linear 
ftci"*jhgけ+"ujkhvu"vjg"urgevtwo"qh"L"cnqpi"vjg"tgcn"czku"
vq"vjg"nghv"d{"xcnwg"j"*¥jcpi."3;::+0"Kpfggf."hqt"c"kth 
gkigpxcnwg"ykvj"c"nkpgct"ftci"j can be represented 
cu"**のr+k – j + i*のi+k+"cpf"vjg"uvtgco"hwpevkqp"qh"c"
normal mode is 

ψ′ (λ, μ, t ) = Ψ (λ, μ)  e[(ωr)k −σ]t cos [θ (λ, μ)+(ωi)k t]ˆ

 
Vjwu."vjg"kpuvcdknkv{"*kh"のr"@"2+"fgetgcugu"ykvj"j, 

yjgtg"し*そ, た+"?"arg *そ, た+"ku"vjg"kpkvkcn"rjcug"qh"vjg"
oqfg0"Vjg"fkciqpcn" vgto"v " tkugf"ykvj"v, and nけ 
kpetgcukpi"vjg"fkuvcpeg"dgvyggp"gkigpxcnwgu"cpf"vjg"

pgv"ghhgev"qh"jqtk¦qpvcn"fkhhwukqp"ku"vjg"fcorkpi"qh"
uocnn"uecng"oqvkqp"hqt"c"nctig"rqygt"s.

3. Zonal circulation and superimposed Rossby- 

Haurwitz perturbation

Kp"vjku"ugevkqp"vjg"kpvgtcevkqp"dgvyggp"c"¦qpcn"Þqy"
cpf"cp"TJ"ycxg"ku"cfftguugf0"Vjku"kpvgtcevkqp"ku"qh"
rctvkewnct"korqtvcpeg"vq"vjg"vjgqt{"qh"vjg"igpgtcn"ekt-
ewncvkqp"qh"vjg"cvoqurjgtg0"Cu"c"tgrtgugpvcvkxg"qh"vjg"
ogcp"¦qpcn"ykpf"rtqÝng"cpf"cnuq"crrtqrtkcvg"vq"vjg"
DXG."vjg"fkuvtkdwvkqp"qh"vjg"enkocvqnqikecn"¦qpcn"ykpf"
cv"722"od"ku"cpcn{¦gf"chvgt"Mcucjctc"*3;:2+0"Hkiwtg"3 
kp"Mcucjctc"*3;:2+"*pqv"ujqyp+"ujqyu"vjg"hqwt"ogcp"
¦qpcn"ykpf"fkuvtkdwvkqpu"qh"vjg"hqwt"fkhhgtgpv"ugcuqpu"
eqttgurqpfkpi"vq"Fgegodgt."Lcpwct{."Hgdtwct{"*FLH+="
Octej."Crtkn."Oc{"*OCO+="Lwpg."Lwn{."Cwiwuv"*LLC+="
cpf"Ugrvgodgt."Qevqdgt."Pqxgodgt" *UQP+0"Qxgt"
vjg" tgikqpu"qh" vjg"uwdvtqrkecn"PJ"lgv" uvtgco."¦qpcn"
ykpf" urggf"fgetgcugf" htqo"FLH" vq" LLC0"Jqygxgt."
htqo" LLC" vq"FLH." ¦qpcn"ykpf" kpetgcugf"ykvj" vkog0"
Ykvjkp" vjg"PJ" vjg" gzrgevgf" ¦qpcn"ykpf" rcvvgtp"
ku" vjcv" ¦qpcn"ykpf"yknn" kpetgcug"ykvj" vkog." fwg" vq"
vjg"ugcuqpcn"ejcpigu" htqo"LLC"vq"FLH."cpf"cnuq"cp"
kpetgogpv" kp" vjg" vgorgtcvwtg"itcfkgpv"dgvyggp" vjg"
Pqtvj"Rqng"cpf"vjg"gswcvqt0"Vjg"¦qpcn"ykpf"dgjcxkqt"
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kp"vjg"UJ"ku"vjg"qrrqukvg0"Cu"vjg"ugcuqpcn"vtcpukvkqp"
htqo"ykpvgt" vq" uwoogt"fgxgnqru." vjg" vgorgtcvwtg"
itcfkgpvu" ujqwnf"fgetgcug"dgvyggp" vjg"Uqwvj"Rqng"
cpf"vjg"gswcvqt."cpf"¦qpcn"ykpf"ujqwnf"fkokpkuj"cu"
ygnn0"Vjgtghqtg"vjg"¦qpcn"ykpf"rtqÝng"ku"fktgevn{"tg-
ncvgf"vq"vjg"gxqnwvkqp"qh"vjg"nqygt"ngxgn"vgorgtcvwtg"
Ýgnf0"Eqpugswgpvn{."c"¦qpcnn{" u{oogvtke"Þqy"ykvj"
jqtk¦qpvcn"ujgct"ecp"dg"eqpuvtwevgf"cpcn{vkecnn{0"Vjg"
ukornguv"gzcorng"ku"c"Þqy"fgÝpgf"d{"ょo*た+"?"aPn"*た+. 
kh"n"ku"qff."kp"yjkej"Pn"*た+"ku"c"Ngigpftg"rqn{pqokcn."
ykvj"a"cu"cp"ctdkvtct{"eqpuvcpv0"Vjg"¦qpcn"u{oogvtke"
Þqy"ku"vjgp"cpcn{vkecnn{"hqtowncvgf"uq"vjcv"vjg"okfncv-
kvwfg"yguvgtn{"lgv"uvtgcou"ctg"rtgugtxgf"ykvj"c"ygcm"
gcuvgtn{"ykpf"ctqwpf"vjg"gswcvqt0"Pqv"qpn{"ujqwnf"vjg"
¦qpcn"ykpf"rtqÝng"dg"eqpukuvgpv"ykvj"enkocvqnqi{."dwv"
cvvgpvkqp"owuv"cnuq"dg"ikxgp"vq"vjg"xqtvkekv{"qh"vjg"¦qpcn"
Þqy"kp"vjg"gswcvqtkcn"tgikqp"cu"pqvgf"d{"Yw"*3;;5+0"
Vjg"ghhgev"qh"vjg"¦qpcnn{"u{oogvtke"Þqy."ikxgp"d{"c"
nkpgct"eqodkpcvkqp"qh"vyq"Ngigpftg"rqn{pqokcnu."P1 
*た+."cpf"Pn"*た+"qp"vjg"Tquud{"ycxg"fkuvtkdwvkqp"ycu"
uvwfkgf"d{"Mctwpkp"*3;92+"cpf"Yw"*3;;4+"hqt"n = 3. 

Qdugtxcvkqpcn"gxkfgpeg"kpfkecvgu" vjcv" vjg"¦qpcn"
Þqy"rcvvgtp"ecp"dg"crrtqzkocvgn{"tgrtgugpvgf"d{"c"
nkpgct"eqodkpcvkqp"qh"ugxgp"Ngigpftg"rqn{pqokcnu"
qh"qff"rctkv{"*Dcgt."3;8:+<

Ψo (μ) = Σj=0 bj P2  j+1 (μ)N 0 " *7+

yjgtg"N" ?" 9" cpf"b0" ?" Î204899."b1 ?":042"'" 32–2, 
b2 = –5.95 × 10–2, b3 ?"30289"'"32–2, b4 ?"403;:3"'"32–3, 
b5"?"Î5093"'"32–3, b6"?"4079"'"32–3 and b9"?"Î80697"'"32–4. 
Vjg"¦qpcn"hnqy"jcu"vjg"oczkowo"yguvgtn{"qh"""55"ou–1 at 
57³"pqtvj"cpf"uqwvj."cpf"cp"gcuvgtn{"ykpf"qh"7"ou–1 
cv"vjg"gswcvqt0"Vjku"¦qpcn"ykpf"Ýgnf"tgugodngu"vjg"wr-
rgt"vtqrqurjgtg"fwtkpi"vjg"pqtvjgtp"ykpvgt"*Hki0"4c+0"

Several papers have been devoted to the linear 
kpuvcdknkv{"qh"vjg"¦qpcn"Þqyu"ukpeg"Tc{ngkij"*3::2+0"
Yg"wugf" vjg"Tc{ngkij/Mwq"pgeguuct{"eqpfkvkqp" hqt"
vjg" kpuvcdknkv{" *Mwq."3;6;+<" Kh"ょo" *た+" ku" ngv" vq"dg" c"
¦qpcn"Þqy"qp"vjg"urjgtg."vjgp"c"pqtocn"oqfg"oc{"

dg"wpuvcdng"qpn{"kh"vjg"fgtkxcvkxg"∂ ςo

∂ μ
"qh"vjg"cduqnwvg"

vorticity なo = 〉ょo*た+"-"4た."qh"Þqy"ょo*た+"ejcpigu"kvu"
ukip"cv"ngcuv"kp"qpg"rqkpv"qh"vjg"kpvgtxcn"*Î3."-3+0"Vjgp"
∂ ςo

∂ μ
= 2−Σ j=1

N ∂ P2 j + 1

∂ μ
χ2 j+1 bj

o

" ejcpigu" kvu" ukip" cv 

ngcuv"kp"qpg"rqkpv"qh"vjg"kpvgtxcn"*Î3."-3+0"Vjwu"Gs0"*7+"
oc{"jcxg"cp"wpuvcdng"pqtocn"oqfg" *Rfitg¦/Icte‡c."
4223+."dgkpi"cnoquv"vjg"qpn{"wughwn"kpuvcdknkv{"eqpfkvkqp 

mpqyp"hqt"¦qpcn"Þqy"fguetkdgf"d{"c"nkpgct"eqodkpc-
vkqp"qh"Ngigpftg"rqn{pqokcnu0"Vjg"pwogtkecn"cniq-
tkvjo"fgxgnqrgf"hqt"vjg"pqtocn"oqfg"kpuvcdknkv{"qh"ct-
dkvtct{"uvgcf{"Þqy"*Rfitg¦/Icte‡c"cpf"Umkdc."4223+"jcu"
dggp"rtgxkqwun{"vguvgf"hqt"vjg"¦qpcn"Þqy"ykvj"c"nkpgct"
eqodkpcvkqp"qh"vyq"Ngigpftg"rqn{pqokcnu"*¦qpcn"TJ"
ycxgu+."P1"*た+"cpf"Pn"*た+0"Pqy."kh"vjg"ucog"pwogtkecn"
cniqtkvjo" ku" vguvgf" hqt" vjg" ¦qpcnn{" u{oogvtke"Þqy 
*Gs0"7+."yjgtg"4j-3"ku"qff."vjg"cornkvwfg"qh"oqfgu"ecp"dg"
symmetric or antisymmetric around the equator. There 
ctg"hgy"wpuvcdng"oqfgu="c"oqfg"ね)"ku"wpuvcdng"kh"のr > 0, 
fgec{kpi"kh"のr">"2."pgwvtcn"kh"のr ?"2"cpf"uvcvkqpct{"kh"
のi ?"20"Vjg"ockp"rctcogvgtu"qh"vjg"Ýtuv"vyq"oquv"wp-
uvcdng"oqfgu"ctg"ikxgp"kp"Vcdng"K."cpf"vjg"kuqnkpgu"qh"
vjg"tgcn"rctv"qh"vjg"cornkvwfgu"ょr"*そ, た+"ctg"rtgugpvgf"

kp"Hkiwtg"5c." d0"Vjg"e/hqnfkpi" vkog" τe =
2 π    ωr

1
, 

period T =
ωi

1
, and the spectral number χΨ̂ 

*Umkdc." 4222=" Umkdc" cpf"Rfitg¦/Icte‡c." 4226+" ctg"
cnuq" ikxgp" kp"Vcdng" K0"Wpuvcdng" rgtvwtdcvkqpu" ctg"
observed in vjg" pgkijdqtjqqf" qh" subtropical jets, 
cpf"vjg"fqokpcpv"¦qpcn"ycxgpwodgt"qh"vjg"oqfgu"
are m"?"9"cpf"m = 5. 

Vjg"TJ"ycxg"jcu"rtqxgf"vq"dg"xgt{"wughwn"hqt"
kpvgtrtgvkpi"vjg"nctig/uecng"ycxg"uvtwevwtgu"kp"vjg"cv-
oqurjgtke"ektewncvkqp"qh"okfncvkvwfgu0"Qp"vjg"vtqrkecn"
latitudes these structures cannot easily be described in 
vgto"qh"TJ"ycxgu0"Cuuwog"cv"c"oqogpv"t that a basic 
ycxg"ku"vjg"uwo"qh"c"¦qpcn"u{oogvtke"Þqy"ょo"*た+"cpf"
cp"TJ"ycxg."vjgp"vjg"dcuke"Þqy"ecp"dg"ytkvvgp"cu<

Ψ (λ, μ, t) = Ψo(μ)−wo μ +Σm=−n n
n mamY (λ−cn t, μ)"*8+

yjgtg"

 (μ)Ψo (μ) = Σ
n

0
2 j+1

j=0

bjP

and 

cn RH =wo− ,
2 (wo + 1)

χn

Vcdng" K0" Vjg"oquv" wpuvcdng"oqfg" qh" vjg" ¦qpcn" hnqy"
fguetkdgf"d{"Gs0"*7+0

Modes m のr のi χΨ̂
ke

*fc{u+
Period T
*fc{u+

1 9 2022995 Î206353: 424099 42099 2.42
2 5 0.00523 204:78: 223.61 30.39 3.50
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ku"c"eqpuvcpv"fgpqvkpi"vjg"cpiwnct"rjcug"urggf"qh"vjg"
TJ"ycxg."wo"ku"vjg"uvtgpivj"qh"uqnkf/dqf{"tqvcvkqp"
Þqy."cpf"Pn (μ)

m "ku"vjg"Ngigpftg"hwpevkqp"qh"fgitgg"n 
and the am"ycxg"cornkvwfg0"Vjg"TJ"ycxg"RH*m, n+ 

ku"uvgcf{"yjgp"cnRH = 0, and 
 

χn− 2
wo=

2 0"Qpg"oc{"cnuq"

eqpukfgt"vjg"jqoqigpgqwu"urjgtkecn"rqn{pqokcnu"qh"
vjg"fgitgg"n:

 (λ−c t , μ)Ψn(λ, μ, t) = Σ
n

m
n

m=−n

amY

cu"c"rgtvwtdcvkqp"qh"vjg"dcuke"Þqy"ょo *た+"Î"wo た. This 
rgtvwtdcvkqp" ku"c" nkpgct"eqodkpcvkqp"qh" vjg"4p"-"3"
urjgtkecn"jctoqpkeu."oqxkpi"kp"vjg"そÎ"fktgevkqp"ykvj"

the speed χn 
c = .

–2

Yjgp"vjg"dcuke"uvtgco"hwpevkqp"ku"ょ*そ, た, t+"?"ょo 
*た+"Î"wo た + ょn"*そ, た, t+"cv"vkog"t."Gs0"*3+"hqt"vjg"kfgcn"
Þqy"*j = ち"?"2+"cpf"ykvjqwv"cp{"gzvgtpcn" hqtekpi"
leads to 

2 2 2
=

λλ

n n

0 n 2 1 w

0
w

n n
0.

λ

λ

Ngv"vjg"¦qpcn/ogcp"¦qpcn"ykpf"U0*た+"?" 1
2 

0 ."cpf"vjg"¦qpcn/ogcp"cpiwnct"xgnqekv{"vjcv"tgncvgu"
vq"vjg"¦qpcn/ogcp"uvtgco"hwpevkqp"*Ejgp."3;;5+"cpf"

¦qpcn/ogcp"ykpf"d{" W

. Then

0

0

j 0

N
bj

P2 j 1 U0

1 2 

n

0
2 1 w

n
W0 w

n

n n

∑

0,

+

+

+ +

+

+

λ

λ

kp"yjkej" "ku"cp"gkigphwpevkqp"qh"vjg"Ncrnceg"qrgtcvqt"
ykvj"gkigpxcnwg"Îぬn Y n

m
χn

Y
n

m

n
χ n

n
;

λ λ
n

n

n
χ

qpg"ujqyu"gcukn{"vjcv"

n
w0 ∑

j 0

N

bj

P2 j 1 2

χ n

1

2 λ

0
1 w

n
0,

+

+

a b

Hki0"50"Kuqnkpgu"qh"vjg"tgcn"rctv"qh"vjg"cornkvwfg"vq"vjg"wpuvcdng"oqfgu"eqttgurqpfkpi"vq"のr ?"2022995"*c+."cpf"のr 

?"2022745"*d+0"
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htqo"yjkej" kv" hqnnqyu" vjcv" c" ¦qpcnn{" rtqrcicvkpi"
uqnwvkqp"ecp"dg"igpgtcnn{"gzrtguugf"kp"vjg"hqto"

n cλ λ

yjgtg"

c w
2 w 1

χn χn

W0

1 0+
" *9+

ku"vjg"rjcug"urggf0"Vjgp."d{"pqvkpi"vjcv

0
∑ j 1

N
b j χ2 j 1

P2 j 1

+
+ ""vjg"hqnnqykpi"

assertion is valid:
Proposition0"Ngvvkpi"ょo"*た+"dg"vjg"nkpgct"eqodk-

pcvkqp"qh"vjg"NR"Þqy"*Gs0"7+."hqt"cp{"N, and –wo"た 
+ ょn"*そ."た, t+"vjg"dcuke"TJ"ycxg."vjgp"vjg"ょ*そ, た, t+"? 
ょo"*た+"Îwo た + ょn"*そ, た, t+"Þqy"ku"c"ycxg"rtqrcicvkpi"
¦qpcnn{"ykvj"cpiwnct"xgnqekv{"c"*u+"ikxgp"d{"

c w
2 w 1

χ n

b0

P1

∑ j 1

N χ 2 j 1

χn

1 b j

P2 j 1

+

+ +

+

" *:+

As 0 U0 , its latitudinal 
derivative 

 
0

2
U 0

2
.

Vjg"rcvvgtp"qh"vjg"rjcug"xgnqekv{"*Gs0"9+"hqt"cp"
TJ"ycxg" godgffgf"ykvjkp" c" ¦qpcn" Þqy" ku" vjgp"
cpcnk¦gf<

c cn RH

U0

1
2

1

χ n

0
.+ " *;+

Qp"qpg"jcpf." vjg"ugeqpf"vgto"qh"Gs0"*;+"yjgp"
eqorctgf"ykvj" vjg" qdugtxgf" ¦qpcn"Þqy" kpetgcugu"
cdqwv"52'"ykvjkp"vjg"lgv"uvtgco"tgikqpu."yjkng"vjg"
kpetgogpv"kp"fkhhgtgpv"ncvkvwfgu"ku"qh"vjg"ucog"qtfgt"
as Uo"*た+0"Qp"vjg"qvjgt"jcpf."vjg"vjktf"vgto"qh"Gs0"*;+"
ujqyu"xcnwgu"qh"vjg"ucog"qtfgt"cu"Uo"*た+"ykvjkp"vjg"
lgv"uvtgco"tgikqpu0"Kp"ceeqtfcpeg"ykvj"vjg"TJ"ycxg"
vjgqt{"cpf"cnuq"wukpi"Gs0"*;+."ykvjqwv"¦qpcn/ogcp"
¦qpcn"ykpf"Uo"*た+"nqpi"TJ"ycxgu"rtqrcicvg"oqtg"
swkemn{"vjcp"ujqtv"TJ"ycxgu"cickpuv"vjg"fktgevkqp"qh"
vjg"¦qpcn"Þqy0"Yjgp"vjg"¦qpcn/ogcp"¦qpcn"ykpf"Uo 
*た+"ku"cffgf"vq"vjg"ukvwcvkqp."ujqtv"TJ"ycxgu"oqxg"
hcuvgt"kp"vjg"fktgevkqp"qh"vjg"¦qpcn"Þqy"dgecwug"qh"
vjgkt"kpkvkcn"uocnn"urggf"cickpuv"vjku"Þqy0"TJ"ycxgu"

godgffgf" kp" vjg" ¦qpcn" Þqy" gzjkdkvgf" fgetgcukpi"
urggf"cu"vjg"TJ"ycxg"pwodgt"fgetgcugf0"

Vjg"ycxg"ょ"ku"uvgcf{"yjgp"c = 0, and 

w
2

χ n 2

χ n

χ n 2
b0

P 1

∑
j 1

N χ2 j 1

χ n

1 b j

P 2 j 1
.

+

 
Vjg"jqtk¦qpvcn"uvtwevwtg"qh"vjg"uvgcf{"ycxg

 wλ λa Pn

m
m+ + " *32+

ykvj"a = 5 × 106, n = 6, and m"?"5"ku"ujqyp"kp"Hkiwtg"4d0 
The scheme developed above is particularly interest-
kpi"dgecwug"kv"tgrnkecvgu"uqog"qh"vjg"oquv"korqtvcpv 
hgcvwtgu"qh"vjg"¦qpcn"Þqy."g0i0"vjg"okfncvkvwfg"yguvgtn{"
lgv"uvtgcou"vjcv"enqugn{"tgugodng"vjg"ogcp"jqtk¦qpvcn"
Þqy"cv"vjg"wrrgt"vtqrqurjgtg"fwtkpi"vjg"dqtgcn"ykpvgt"
*Hki0"3+0"Vjgug"dcuke"ycxgu"ctg"cnuq"htgswgpvn{"ecnngf"
rncpgvct{"ycxgu"fwg"vq"vjgkt"mpqyp"inqdcn"uvtwevwtgu0"

Vjg"pwogtkecn"pqtocn"oqfg"uvcdknkv{"qh"vjg"TJ"
*5.8+"ycxg"jcu"dggp"uvwfkgf"d{"Rfitg¦/Icte‡c"*4223+0"
Vjg"umknn"qh"vjg"*pqtocn"oqfg"uvcdknkv{+"cniqtkvjo"qh"
vjku"uvwf{"jcu"dggp"ejgemgf"d{"eqorctkpi"kv"ykvj"vjg"
pwogtkecn"uvcdknkv{"tguwnvu"*Umkdc"cpf"Rfitg¦/Icte‡c."
4228."422;+"wukpi" vjg"cpcn{vkecn"uqnwvkqp"qdvckpgf"
d{"Umkdc"*4222+0"

4. The extratropical response to tropical forcing

Yg"pqy"eqpukfgt"vjg"dctqvtqrke"oqfgn"qh"vjg"gzvtc-
vtqrkecn"tgurqpug"vq"vtqrkecn"hqtekpi0"Vjg"hqtekpi"cv"
Gs0"*4+"cuuqekcvgf"ykvj"fkxgtigpeg"ku"gzrtguugf"cu"
U)."urgekÝgf"d{"

χ χ

yjgtg"vぬ"ku"vjg"kttqvcvkqpcn"ykpf0"Vjg"Tquud{"ycxg"
uqwteg" *U)+" eqpvckpu" eqpvtkdwvkqpu" htqo" dqvj" vjg"
xqtvgz"uvtgvejkpi"ghhgev"cpf"vjg"cfxgevkqp"qh"cduqnwvg"
xqtvkekv{"d{"vjg"fkxgtigpv"Þqy0"Gs0"*4+"ku"pwogtkecn-
n{"kpvgitcvgf"*ukoknctn{"vq"Rfitg¦/Icte‡c"cpf"Umkdc."
3;;;+" kp" vjg" urjgtg" wukpi" vjg" urgevtcn" vtcpuhqto"
vgejpkswg"d{" tgrtgugpvkpi" cnn" xctkcdngu" kp" c" ugtkgu"
qh" urjgtkecn" jctoqpkeu" vtwpecvgf" cv T42. The case 
s = 2 at H = –-j〉ょ + ち*Î〉+s+1ょ has been consid-
gtgf."dgkpi"j"c"nkpgct"fcorkpi"ykvj"c"vkog"uecng"qh"
3609"fc{u"uq"vjcv"nkpgct"kpuvcdknkv{"ku"kpjkdkvgf."ち is 
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c"dkjctoqpke"fkhhwukqp." cpf"ち"?"4055:'3216 m4 s–1 
*Uctfgujowmj"cpf"Jqumkpu."3;::+0"

Pwogtkecn"ukowncvkqpu"ctg"rgthqtogf"ykvj"nkpgct"
dctqvtqrke"oqfgnu"ykvj"c"vtqrkecn"fkxgtigpeg"hqtekpi"
cpf"fcorkpi0"Vjku"uejgog"ycu"ejqugp"kp"qtfgt"vq"
vguv"vjg"gzvtcvtqrkecn"tgurqpug"vq"vtqrkecn"hqtekpi"vjcv"
kpenwfgu"c"j{rqvjgvkecn"ogejcpkuo"d{"yjkej"gffkgu"
ecp"tgkphqteg"vjg"tkfig"cnqpi"vjg"yguvgtp"eqcuv"qh"
Pqtvj"Cogtkec0"Uqog"oqfgnu"vjcv"nkpgctk¦gf"cdqwv"
c" ¦qpcnn{" u{oogvtke" Þqy" jcxg" ujqyp" korqtvcpv"
fkhhgtgpegu" htqo" vjqug" vjcv" nkpgctk¦gf" cdqwv" vjg"
¦qpcnn{"cu{oogvtke"enkocvqnqikecn"Þqy."cu"tgrqtvgf"
d{"Dqtigu"cpf"Uctfgujowmj"*3;;7+0"Kp"vjg"rtgugpv"
uvwf{"yg"wugf"Gs0"*32+"cu"vjg"dcuke"Þqy."dgecwug"
enkocvqnqikecn"dcuke"Þqyu"ctg"pqv"ockpvckpgf"qpn{"
by barotropic processes. 

Kp"qtfgt" vq"gzcokpg"vjg"rtqrcicvkqp"qh"uvcvkqp-
ct{"Tquud{"ycxg" vtckpu" kp" vjg"oqfgn." c" ektewnct"
tgikqp"qh"uvgcf{"fkxgtigpeg"*Jqumkpu"cpf"Mctqn{Óu"
dnqd"]3;:3_+"qp"vjg"gswcvqt"ku"kpvtqfwegf"*Hki0"6c+ 
cpf" vjg" tguwnvkpi" uvgcf{" rgtvwtdcvkqp" qp" vjku"
nqpikvwfkpcnn{" xct{kpi" dcuke" hnqy" ku" fgvgtokpgf"
d{" kpvgitcvkpi" vjg"oqfgn" dcugf" qp" Gs0" *4+" vq" c"
steady state. The source S is approximated to be 

χ DS

∆ " cpf" ku" ujqyp" kp"Hkiwtg"6d. 
dgkpi" ukoknct" vq" vjg"oqfgn" qh" Uctfgujowmj" cpf"
Jqumkpu" *3;::+0"Vjg" tgurqpug" qp"fc{"57."yjgp" c"

steady state is almost reached, can be observed in 
Hkiwtg" 7d0"Vjg"ycxg" cevkxkv{" gocpcvgu" htqo" vjg"
tgikqp"qh"vjg"fkxgtigpeg"cpf"rtqrcicvgu"gcuvyctfu"
cpf"rqngyctfu"kp"cnoquv"itgcv/ekteng"rcvju0"

Ftcocvkecnn{." vjg" pwogtkecn" ukowncvkqpu" tgkp-
hqteg" vjg"ycto" tkfig" cnqpi" vjg"yguvgtp" eqcuv" qh"
Pqtvj"Cogtkec."cu" uggp" kp"Hkiwtgu"7c"cpf"30"Vjg"
ocipkvwfg" qh" vjg" gzvtcvtqrkecn" tgurqpug" gzjkdkvu"
oqtg"ugpukvkxkv{."cu"uggp"kp"Hkiwtg"7d0"Hkpcnn{."vjgtg"
ku"pq"ycxg"rtqrcicvkqp"dgvyggp"dqvj"jgokurjgtgu"
dgecwug"vjg"gswcvqtkcn"tgikqp"ku"eqpvtqnngf"d{"gcuv-
gtn{"ykpfu0"

5. Conclusions

Vjku"rcrgt"jcu"gzrnqtgf"c"dcuke"Þqy"hqt"vjg"DXG"ykvj"
c"oqtg"tgcnkuvke"¦qpcn"Þqy0"Vjg"ugngevkqp"qh"vjg"dcuke"
Þqy"cnnqyu" vjg" crrnkecvkqp"qh" cpcn{vkecn"ogvjqfu."
yjkej"kpetgcug"kvu"rqvgpvkcn"wug"kp"rgtukuvgpv"cpqocnkgu"
cpf" nqy/htgswgpe{"xctkcdknkv{" uvwfkgu0"Vjgug"dcuke"
ycxgu"hqto"c"fkhhgtgpv"ugv"htqo"TJ"ycxgu."YX"ycxgu."
cpf"oqfqpu0"Vjgkt"inqdcn"uvtwevwtgu"enqugn{"tgugodng"
vjg"ogcp"jqtk¦qpvcn"Þqy"cv" vjg"wrrgt" vtqrqurjgtg"
fwtkpi"vjg"dqtgcn"ykpvgt0"Uwej"dcuke"ycxgu"eqorqug"cp"
TJ"ycxg"godgffgf"ykvjkp"c"¦qpcn"Þqy."engctn{"fkhhgt-
gpv"htqo"vjg"mpqyp"TJ"ycxg"uqnwvkqp0"TJ"ycxgu"ctg"
wughwn"hqt"kpvgtrtgvkpi"vjg"nctig/uecng"ycxg"uvtwevwtgu"
kp"vjg"cvoqurjgtke"ektewncvkqp"qh"okfncvkvwfgu0"Pgxgt-

a b

Hki0"60"Fkxgtigpeg"rgtvwtdcvkqp"egpvgtgf"cv"2³"P."3;7³"G"*c+"cpf"eqttgurqpfkpi"hqtekpi"wrrgt/ngxgn"pqtvj/uqwvj"
fkrqng"*d+0"
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theless, these structures cannot easily be described in 
vgtou"qh"TJ"ycxgu"qp"vjg"vtqrkecn"tgikqpu0"

Pwogtkecn"gzrgtkogpvu"ygtg"rgthqtogf"wukpi"vjg"
pqp/fkxgtigpv"xqtvkekv{"gswcvkqp"hqt"vjg"xqtvkekv{"rgt-
vwtdcvkqpu"wukpi"vjg"dcuke"ycxg."ykvj"nkpgct"fcorkpi."
fkhhwukqp"cpf"c" vtqrkecn" hqtekpi" kpenwfgf0" Kp"qtfgt"
vq" gzcokpg" vjg" rtqrcicvkqp" qh" uvcvkqpct{"Tquud{"
ycxg"vtckpu"kp"vjg"oqfgn."c"ektewnct"tgikqp"qh"uvgcf{"
fkxgtigpeg"ycu" kpvtqfwegf"qp" vjg"gswcvqt." nqecvgf"
cv"3;7³"G."cpf"vjg"tguwnvkpi"uvgcf{"rgtvwtdcvkqp"qp"
vjku" dcuke"Þqy"ycu"fgvgtokpgf"d{" kpvgitcvkpi" vjg"
oqfgn"dcugf"qp"Gs0"*4+"vq"c"uvgcf{"uvcvg0"Vjg"ycxg"
cevkxkv{"gocpcvgu"htqo"vjg"tgikqp"qh"vjg"fkxgtigpeg"
cpf"rtqrcicvgu"gcuvyctfu"cpf"rqngyctfu"kp"cnoquv"
itgcv/ekteng"rcvju."cpf"vjg"ocipkvwfg"qh"vjg"gzvtcvtqr-
ical response exhibited more sensitivity. A dramatical 
tgkphqtegogpv"qh"vjg"tkfig"cnqpi"vjg"yguvgtp"eqcuv"
qh"Pqtvj"Cogtkec"ycu"qdugtxgf."xgt{"ukoknct"vq"vjg"
RcekÝe/Pqtvj"Cogtkecp"*RPC+"rcvvgtp0"Kp"vjg"pgct"
hwvwtg"yg"yknn"vguv"vjg"pwogtkecn"pqtocn"oqfg"uvc-
dknkv{"cniqtkvjo"ykvj"vjg"dcuke"Þqy0"
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