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Response	to	ESNO	warm	
event	1982/83	
	
Anomaly	of	DJFM	mean	
compared	to	32	year	
DJFM	climatology	
(1980/82	–	2011/12)	
ERA-Interim	Reanalysis	
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Ver8cal	structure	of	
extratropical	
response	to	tropical	
forcing	-	ENSO	
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Midla6tude	U	à	



Response	to	ESNO	warm	
event	1982/83	
	
Anomaly	of	DJFM	mean	
compared	to	32	year	
DJFM	climatology	
(1980/82	–	2011/12)	
ERA-Interim	Reanalysis	
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Ver8cal	structure	of	
extratropical	
response	to	tropical	
forcing	-	ENSO	

Tropical	ψ*	à	

Midla6tude		ψ*	à	



Response	to	ESNO	warm	
event	1997/98	
	
Anomaly	of	DJFM	mean	
compared	to	32	year	
DJMF	climatology	
(1980/82	–	2011/12)	
ERA-Interim	Reanalysis	
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Ver8cal	structure	of	
extratropical	
response	to	tropical	
forcing	-	ENSO	

Midla6tude		ψ*	à	

Tropical		ψ*	à	



	
Tropical	Forcing	

	
Tropical	hea6ng	gives	rise	to	rising	mo6on,	since	the	adiaba6c	cooling	term		
balances	the	diaba6c	hea6ng.	
	
	
	
	
	
For	mid-level	rising	hea6ng,	you	expect	divergence	(D	>	0)	alo_	(200	hPa)	and	
convergence	(D<0)	below	(850	hPa).	This	response	has	the	form	of	the	first	baroclinic	
mode.	
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u	200	hPa			D	>>		0	

	
	

OLR	<	0	
(convec8on)	

	
	
	

u	850	hPa		D	<<	0	

rising	mo8on	
ω	<<	0	

Two	Dimensional	Tropical	Convec8on		
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“First	Baroclinic	Mode”	



	
The	Rossby	Wave	Source*:	

One	level	vor8city	equa8on	model	for	upper	levels	
	
The	non-linear	vor6city	equa6on	can	be	approximated	as:	
	
	
	
	
where	v	is	the	full	horizontal	velocity,	ζ =	total	vor6city:		
	D	=	divergence,	F	is	fric6on	and	S	is	the	Rossy	Wave	Source.	
	(Ver6cal	advec6on	and	twis6ng	terms	are	ignored	since	ver6cal	velocity	is	expected	to	be	small)	
	
BUT:	For	equatorial	forcing,	the	absolute	vor8city	is	small,	and	oLen	occurs	in	regions	
of	background	Easterlies*	(e.g.	in	the	western	Pacific	where	Q	is	large).		
	

So	how	can	S	act	as	a	source	for	mid-la8tude	Rossby	waves?	
	
*Sardeshmukh,	P.	D.,	and	B.	J.	Hoskins,	1988:	The	Genera6on	of	Global	Rota6onal	Flow	by	Steady	
Idealized	Tropical	Divergence.	J.	Atmos.	Sci.,	45,	1228-1251.	
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*Detour:	Why	do	Background	Easterlies	Prevent	Rossby	wave	propaga8on?	
	

Barotropic	Linear	Wave	Theory	in	Mercator	Coordinates	
Assume	wave	propagates	eastward	with	zonal	wavenumber	k.	What	are	the	
allowed	meridional	wavenumbers	l	?		
	
	
	
	
	
	
	
	
	
Sta6onary	Waves	(ω=0)

ψ ≈ ei(kx+ly−ωt )

ω =UM −βM
l

k2 + l2
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UM < 0⇒ l2 < 0
Easterlies	è	l	is	imaginary	è	waves	are	damped	
in	the	y-direc6on	(NO	PROPAGATION)	
Hoskins	B.	J.,	and	D.	Karoly,	1981:	The	Steady	Linear	Response	
of	a	Spherical	Atmosphere	to	Thermal	and	Orographic	Forcing.	
J.	Atmos.	Sci.,	38,1179-1196.	
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The	Rossby	Wave	Source	(con8nued)	
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The	answer	is	that	to	describe	mid-la6tude	Rossby	waves,	we	can	solve	only	for	the	
rota6onal	component	of	the	flow*,	and	must	specify	the	divergent	component	as	
part	of	the	tropical	forcing.	This	leads	to	a	new	Rossby	Wave	Source:	

*Rota6onal	component:	
	
	
Divergent	component:	
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Tradi6onal	Source:	Divergence	x	Vor6city	

Addi8onal	Source:	Vor8city	Advec8on	by	the	Divergent	flow		
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Rossby	Wave	
Source	S	from		
Idealized	D	

Rossby	Wave	Source		
Note	role	of	Advec6on	
of	vor6city	by	the	
divergent	flow		

Ini6al	6me	t=0	

Time	t=8	days	

Cri6cal	Result:	
S	is	pulled	out	of	
deep	tropics,	out	of	
the	region	of	
Easterly	background	
winds	at	200	hPa.	
	
Thus	S	is	more	
effec6ve	in	forcing	
Rossby	waves	
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The	role	of	mid-la8tude	barotropic	instability		
(Simmons	et	al.,	1983)	

	
-  Low	frequency	fluctua6ons	which	derive	their	kine6c	energy	from	barotropic	

instability	of	the	mean	flow.	

-  Climatological	300	hPa	flow	has	fastest	growing	barotropic	mode	of	period	
about	45	days,	and	e-folding	6me	of	~6.8	days.	

-  With	an	e-folding	6me	of	the	order	of	a	week	or	more	for	the	most	unstable	
normal	mode,	it	might	be	thought	that	this	barotropic	instability	would	be	of	
much	less	importance	than	baroclinic	instability.		

-  However,	this	e-folding	6me	defines	the	growth	of	a	global,	low-frequency	
mode.	Locally	in	space	and	4me,	episodes	of	rapid	growth	may	occur.	

-  This	mode	may	play	a	large	role	in	the	response	to	MJO	hea6ng,	which	has	6me	
scales	similar	to	the	mode	itself.	

Simmons,	A.	J.,		J.	M.	Wallace,	and	G.	W.	Branstator,	1983:	Barotropic	Wave	Propaga6on	and	
Instability,	and	Atmospheric	Teleconnec6on	Panerns.	J.	Atmos.	Sci.,	40,	1363-1392.	
	 16	
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Streamfunc8on	of	the	
most	unstable	mode	at	
selected	days	within	one	
half	cycle	of	most	rapidly	
growing	mode:	Period	of	
45	days	with	e-folding	
8me	of	<	7	days.		
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Composite	Z500	based	on	four	phases	of	the	MJO	
(determined	from	EOFs	1,2	or	OLR.	Contour	interval	
of	20	m.	(Ferran8	et	al,	1990)	

Barotropic	Unstable	Mode	of	Simmons,	
Wallace	and	Branstator	(1983):	Period	of	45	
days	with	e-folding	8me	of	<	7	days.	

Barotropically	
unstable	&	
propaga6ng	
modes:		two	
phases	in	
quadrature	
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Ferran6,	L.,	T.	N.	Palmer,	F.	Molteni	and	E.	Klinker,	1990:	Tropical-extratropical	interac6on	associated	
with	the	30-60	Day	Oscilla6on	and	Its	Impact	on	Medium	and	Extended	Range	Predic6on.	J.	Atmos.	Sci.,	
47,	2177-2199.	

Composite	Z500	based	on	four	phases	of	the	MJO	
(determined	from	EOFs	1,2	of	OLR.	Contour	interval	
of	20	m	

12-day	mean	Z	response	from	barotropic	
model	forced	by	48-day	MJO	cycle,	with	
Rossby	Wave	Source	included.	Contour	interval	
of	30	m	
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Meteosat	infrared	image	of	a	tropical	plume	over	northwest	Africa	at	00	UTC	31	March	2002.	
Superimposed	streamlines	and	isotachs	on	the	345-K	isentropic	level	(dashed	contours	at	40,	50,	60,	
and	70	ms−1)	from	the	ECMWF		TOGA	analysis.	The	345-K	level	is	close	to	200	hPa	in	the	Tropics.	
Streamlines	indicate	extratropical	wave	incursion	into	the	Tropics.		
Knippertz,	P.,	2007:	Tropical-extratropical	interac6ons	related	to	upper-level	troughs	at	low	la6tudes.	Dyn.	Atmos.	
Ocean.	43,	36-62.	

Tropical-extratropical	interacFons	related	to	upper-level	troughs	at	low	laFtudes	
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Climatology	of	boreal	winter	at	200	hPa,	where	u	is	the	zonal	wind,	v	the	meridional	wind,	the	
primes	denote	a	high-pass	filter	(retaining	periods	less	than	10	days),	and	the	overbar	denotes	an	
average	from	01Dec	–	16Mar.	Computed	from	ERA-Interim	reanalysis,	averaged	over	the	35	
winters	1980/81	through	2014/15.		

Momentum	flux	due	to	fluctua6ons	with	6me	scale	less	than	10	days	

ʹu ʹv > 0⇒
NH	Equatorward	
Propaga6on	of	
waves	

ʹu ʹv < 0⇒
SH	Equatorward	
Propaga6on	of	
waves	
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Daily	boreal	winter	(01Dec	–	16Mar)	intra-seasonal	covariance	between	200	hPa	high-pass	momentum	flux	and	
low-pass	layer	integrated	(700	–	300	hPa)	diaba8c	hea8ng	Q,	averaged	over	all	winters	1980/81	–	2014/15	(le_	
panel),	and	for	1989/90	winter	(right	panel).	Interval	is	100	(Wm-2)(m2s-2).	Map	projec6ons	are	orthographic	with	
equatorial	aspect.	The	central	longitude	is	180oE.	
	

Intra-seasonal	covariance	between	momentum	flux	and	diaba6c	hea6ng	Q		

Cov u 'v ',Q( )

Climatology:	
no	tropical	
ac6on	

Equatorward	
Propaga6on	&	
tropical		Q	>	0	
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Le_	panel:	High-pass	meridional	wind		on	19Feb2013	(contours)	and	low-pass	layer	integrated	(700	–	
300	hPa)	diaba6c	hea6ng	Q	(shading).	Right	panel:	Product	of	high-pass	meridional	and	zonal	wind	
(contours)	and	low-pass	layer	integrated	(700	–	300	hPa)	diaba6c	hea6ng	Q	(shading).	High-pass	
filter	retains	period	less	than	10	days,	and	the	low-pass	filter	retains	periods	greater	than	20	days.	
Interval	is	10	m	s-1	in	the	le_	panel,	100	(m2s-2)	in	the	right	panel.	Hea6ng	in	(Wm-2).		Map	
projec6ons	are	orthographic	with	equatorial	aspect.	The	central	longitude	is	180oE.	
	

	v’	contours	
Q	shading	

	u’v’	
contours	
Q	shading	

InteracFon	between	equatorward	propagFng	waves	and	heaFng	on	a	single	day	
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Tropical	and	Midla6tude	intra-seasonal	fluctua6ons	are	intrinsically	linked?	
(Straus	and	Lindzen,	2000)	

	
Ø  Studies	of	baroclinic	instability	on	the	sphere	with	realis6c	basic	states	

indicate	that	the	shorter	waves	(zonal	wavenumber	8–15)	are	most	
unstable,and	that	these	waves	saturate	rela6vely	quickly.	

	
Ø  	The	more	slowly	growing	longer	waves	are	able	to	achieve	higher	

amplitudes,	par6cularly	in	the	upper	troposphere	(Gall	1976a,b;	
Simmons	and	Hoskins	1978,	Straus	1981).		

Ø  Theore6cally	expect	phase	speed	c	to	be	in	the	range	of	1	–	10	m/sec,	so	
that	steering	levels	are	close	to	the	ground.	c	=	ω	/	k			(ω	is	frequency,	k	
is	dimensional	wavenumber).	

Ø  Phase	speeds	of	1	–	10	m/sec	for	k	corresponding	to	zonal	wave	1*	
have	frequencies	which	strong	overlap	with	MJO	frequencies	!!	
	*(zonal	wave	m=1	corresponds	to	k	=	a	/	cos(lat)	)	

	
Ø  Thus	long	wave	(m	=	1)	instabili8es	with	phase	speeds	~	1	–	10	m/sec	

have	same	space	and	8me	scales	as	MJO	circula8on	fluctua8ons.	
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Tropical	and	Midla6tude	intra-seasonal	fluctua6ons	are	intrinsically	linked?	
(con6nued)	

	
Ø  Study	the	coherence	between	eastward	propaga6ng	planetary	waves	in	the	

zonal	wind	field	u	between	different	la6tudes	and	levels	

Ø  Coherence	measures	the	degree	to	which	two	8me	series	have	a	similar	
phase	rela8onship	over	a	wide	range	of	frequencies	(here	those	frequencies	
corresponding	to	phase	speeds	of	1-10	m/sec	for	zonal	wave	1)	
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Squared	coherence	(contours)	and	phase	(arrows)	of	eastward	propaga6ng	fluctua6ons	for	zonal	
wavenumber	m	=	1	with	respect	to	a	base	point	of	32°N	and	300	hPa,	as	a	func6on	of	la6tude	and	
pressure	level.		
Arrows	poin6ng	to	the	right	indicate	no	phase	shi_,	arrows	poin6ng	in	the	first	quadrant	mean	that	the	
indicated	point	leads	the	base	point	(wave	ridge	to	the	east	of	the	base	point),	etc.	The	length	of	the	
arrows	is	propor6onal	to	the	squared	coherence.	
	
Straus,	D.	M.,	and	R.	S.Lindzen,	2000:	Planetary-Scale	Baroclinic	Instability	and	the	MJO.	J.	Atmos.	Sci.,	57,	3609-3626.	

MJO		

Jet	instability		
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(1) Mid-La6tude	Response	to	Tropical	Forcing:	Can	we	use	ideas	from	sta6onary	wave	

theory?		Tropics	Force	the	Extratropics	

(2)  Changes	in	mid-la6tude	instabili6es	due	to	Tropical	Forcing:	Tropical	forcing	can	
excite	mid-la8tude	barotropic	instabili8es.	

(3)  Possible	ways	in	which	the	tropics	may	respond	to	mid-la6tudes:	Extratropical	
disturbances	can	lead	to	tropical	hea8ng.	

(4)  Are	tropical	and	midla6tude	fluctua6ons	some6mes	coupled	?	There	are	
mechanisms	for	directly	coupling	the	tropics	and	extratropics.	
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