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The	Madden–Julian	oscilla5on	(MJO)	is	the	largest	element	of	the	intraseasonal	(30–90	
day)	variability	in	the	tropical	atmosphere,	and	was	discovered	by	Roland	Madden	and	
Paul	Julian	in	1971.	
	
Large-scale	coupling	between	atmospheric	circulaKon	and	tropical	deep	convecKon.	
	
The	MJO	is	a	traveling	envelope	of	enhanced	and	suppressed	convecKon	that	
propagates	eastward	at	approximately	4	to	8	m/s.	
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Extratropical responses to MJO kicks have been extensively
described16–19. In this study, I adopt a novel approach more relevant
to forecasting issues, and combine both tropical and extratropical
clusters to investigate how the MJO influences the known and inde-
pendent North Atlantic modes on medium-range timescales. For the
eight MJO phases and for lags of up to 115 days (MJO in advance), I
count the number of occurrences of each weather regime and

compare this number to its mean (Fig. 3). The relationship between
phase 1 of the MJO and the occurrence of the four weather regimes is
marginally significant. By contrast, the other MJO phases strongly
suggest a significant tropical forcing upon the North Atlantic
dynamics. For instance, phase 3 is not discriminative for the NAO
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Figure 1 | Wintertime North Atlantic weather regimes. Centroids of the
four weather regimes obtained from daily anomalous geopotential height at
the 500-hPa altitude (Z500, colour) from the National Center for
Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis. Each percentage corresponds to the stated
number of days and represents the mean frequency of occurrence of the
regime computed over 1974–2007 from 1 November to 31 March. Contour
intervals are 25 m. Details on the algorithm used for clustering are given in
the Methods Summary and Supplementary Information.
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Figure 2 | Dynamical and thermodynamical signatures of the eight phases
of the MJO. Wintertime composite of OLR (colour) and stream function
anomalies at 300 hPa (PSI300, contours) for the eight phases. Only strong
MJO cycles are retained, corresponding to the stated number of days for each
phase (see Supplementary Information). Bluer colours correspond to
enhanced convection activity and wetter conditions, and redder colours
correspond to reduced convection activity and drier conditions. Shading
intervals are 4 W m22 for OLR. Contour intervals are 1 3 106 m2 s21 for
PSI300, starting at 62 3 106 m2 s21. Positive values (solid) in the Northern
Hemisphere and negative values (dashed) in the Southern Hemisphere
represent anomalous anticyclonic circulation.
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Madden-Julian	Oscilla5on	
(MJO)	

	
MJO	Standard	Phases	

	
Pictures	show	stream	func5on	at	300	

hPa	and	OLR	(W/m2)	

Phase	3:	ConvecKon	in	
Indian	Ocean,	equatorial	
westerlies	at	dateline	

Phase	6:	ConvecKon	in	W.	
Pacific,	equatorial	easterlies	at	
dateline	
	
Cassou,	C.,	2008:	Intraseasonal	
interacKon	between	the	Madden–
Julian	OscillaKon	and	the	North	
AtlanKc	OscillaKon.	Nature,	455,	
523–527	 6	
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Understanding	the	extra-tropical	response	to	the	MJO	
	

Ø  Measures	of	the	observed	Response:	
•  Simple	regression,	or	composites	of	upper	level	fields	(Z200)	based	on	different	phases	of	

the	MJO.	Should	Z200	lag	the	MJO	heaKng,	and	by	how	much?	
•  Changes	in	probability	of	teleconnecKon	pa^erns	(NAO,	AO)	and/or	circulaKon	regimes.	

Ø  StaKonary	Wave	Theory:	
•  Use	of	staKonary	wave	models	(and	other	simplified	models)	to	determine	the	steady	

state	response	to	the	diabaKc	heaKng	associated	with	each	phase	of	the	MJO.	(Ignore	
transient	nature	of	heaKng)	

	
Ø  Response	to	Tropical	Pulses	of	heaKng	

Ø  Role	of	mid-laKtude	instabiliKes	in	the	extratropical	MJO	response:	
•  Barotropic	instability	and	the	Simmons-Wallace-Branstator	modes	
•  Baroclinic	instability	and	the	role	of	storm	track	shihs	

Ø  Response	to	the	full	cycle	of	MJO	transient	heaKng			
•  IntervenKon	Experiments	
•  Response	to	Fast	vs.	Slow	MJO	Episodes	

Ø  Current	Work	and	Future	DirecKons	
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Lin,	H.,	G.	Brunet	and	J.	Derome,	2009:	An	Observed	ConnecKon	between	the	North	AtlanKc	
OscillaKon	and	the	Madden-Julian	OscillaKon.	J.	Climate,	22,	364–380.		

Lagged	composites	of	Z	500-hPa	anomaly	for	MJO	(a)–(c)	phase	3	and	(d)–(f)	phase	7.	Contour	
interval	is	10	m.	numbers	in	upper	right	corners	are	the	projecKon	of	the	composite	anomalies	
onto	the	NAO		



Extratropical responses to MJO kicks have been extensively
described16–19. In this study, I adopt a novel approach more relevant
to forecasting issues, and combine both tropical and extratropical
clusters to investigate how the MJO influences the known and inde-
pendent North Atlantic modes on medium-range timescales. For the
eight MJO phases and for lags of up to 115 days (MJO in advance), I
count the number of occurrences of each weather regime and

compare this number to its mean (Fig. 3). The relationship between
phase 1 of the MJO and the occurrence of the four weather regimes is
marginally significant. By contrast, the other MJO phases strongly
suggest a significant tropical forcing upon the North Atlantic
dynamics. For instance, phase 3 is not discriminative for the NAO
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Figure 1 | Wintertime North Atlantic weather regimes. Centroids of the
four weather regimes obtained from daily anomalous geopotential height at
the 500-hPa altitude (Z500, colour) from the National Center for
Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis. Each percentage corresponds to the stated
number of days and represents the mean frequency of occurrence of the
regime computed over 1974–2007 from 1 November to 31 March. Contour
intervals are 25 m. Details on the algorithm used for clustering are given in
the Methods Summary and Supplementary Information.
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Figure 2 | Dynamical and thermodynamical signatures of the eight phases
of the MJO. Wintertime composite of OLR (colour) and stream function
anomalies at 300 hPa (PSI300, contours) for the eight phases. Only strong
MJO cycles are retained, corresponding to the stated number of days for each
phase (see Supplementary Information). Bluer colours correspond to
enhanced convection activity and wetter conditions, and redder colours
correspond to reduced convection activity and drier conditions. Shading
intervals are 4 W m22 for OLR. Contour intervals are 1 3 106 m2 s21 for
PSI300, starting at 62 3 106 m2 s21. Positive values (solid) in the Northern
Hemisphere and negative values (dashed) in the Southern Hemisphere
represent anomalous anticyclonic circulation.
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regimes at lag 0, whereas ,10 days later the probability of a NAO2
event occurring is reduced by ,40% and is mostly compensated for
by an increase of ,60% in the probability of NAO1. The opposite is
found for phase 6, which shows an increase of NAO2 occurrence
probability building up to ,70% for lags greater than 10 days, with
NAO1 less probable. The Atlantic ridge regime seems to be less
affected by the progress of the MJO, its occurrence being simply
reduced by construction when NAO1 or NAO2 regimes are dom-
inant (phases 3–4 and 7, respectively). SBL occurrence is also weakly
altered, except at short lag time in phase 6 (enhanced excitation)
before NAO2 maturation. The changes in the regime distribution
occur progressively in accordance with the nominal 7–8-day persist-
ence of the eight MJO phases.

Thus, Fig. 3 constitutes a contingency table providing evidence
that phases 3 and 6 of the MJO can be interpreted as precursors of
NAO1 and NAO2 regimes, respectively. Lagged composites for
these two specific phases reveal a clear asymmetry in the tropical
forcing upon the two regimes. The days following phase 3 (Fig. 4a)
are dominated by a mid-latitude low-frequency anomalous wave
train that originates in the eastern Pacific, stretches across the
North American continent and propagates eastwards following the
Northern Hemispheric waveguide. Its penetration along the North
Atlantic mean storm track (40u–60uN) is associated with dominant
anticyclonic synoptic-scale wave breakings (AWBs) known as pre-
cursors for NAO120,21 from a lag of 16 days onwards (Fig. 4c), which
is consistent with the response to the local modified background flow
and the upstream shift towards the Equator of the tail end of the
Pacific storm track21,22 (Supplementary Fig. 5). The opposite picture
emerges in the days following phase 6 of the MJO. There is no signal
coming from the Pacific (Fig. 4b); height anomalies originating from
Europe and propagating westwards are found instead from a lag of 0

to 16 days, before the development of a quasi-standing pattern pro-
jecting on NAO2. The proportion of AWBs is then clearly reduced
from a lag of 16 days onwards (Fig. 4d). This reduction is almost
entirely controlled by very high-frequency transients, which is con-
sistent with the preferred in situ development of NAO2 events23

associated with more frequent cyclonic wave breakings20,21

(CWBs), and contrasts with NAO1 events, in which intermediate-
frequency eddy activity has a role23 (difference between the purple
and green curves in Fig. 4c).

The precursory wave train for NAO1 is initiated in the western–
central Pacific (phases 2–3) in response to the direct MJO forcing
following forced Rossby wave theories (Supplementary Fig. 6).
Processes for teleconnection between MJO and NAO2 regimes
appear to be less straightforward. Two non-exclusive mechanisms
are proposed. SBL regimes are present at short lag time in phase 6
(Fig. 3) and may subsequently trigger the onset of NAO2 events24,25.
This hypothesis is consistent with the retrograde propagation of
height anomalies23 (Fig. 4b). The enhanced occurrence of SBL in
phase 6, and consequently NAO2 at greater lags, can be interpreted
as the consequence of previous NAO1 excitation (phases 4–5), con-
sidering that the preferred transitions between regimes follow the
route NAO1 to SBL to NAO23 (Supplementary Information).
The hypothesis is based on evidence that the extratropical atmo-
sphere retains information about regime occurrences over med-
ium-range timescales3. In this case, enhanced NAO2 in late phase
6 and phase 7 would not be directly forced by the MJO, but would
correspond to the timescale resonance between the eastward pro-
pagation of the MJO and the preferred sequence of the North
Atlantic regimes.

The second mechanism proposed for teleconnection between MJO
and NAO2 relies on direct tropical forcings originating from the
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Figure 3 | Lagged relationships between the eight phases of the MJO and
the four North Atlantic weather regimes. Table of contingency between the
MJO phases (rows) and the North Atlantic weather regimes (columns). For
each MJO phase, I plot the anomalous percentage occurrence of a given
regime as a function of lag in days (with regimes lagging MJO phases). The
0% value means that the MJO phase is not discriminative for the regime
whose occurrence is climatological. A 100% value would mean that this
regime occurs twice as frequently as its climatological mean; 2100% means
no occurrence of this regime. The presence of a slope as a function of lag is

suggestive of the MJO forcing. For white bars, either the change in the
distribution between the four regimes is not significant on the basis of x2

statistics at the 99% significance level, or the individual anomalous
frequency of occurrence is lower than the minimum significant threshold
tested at 95% using a Gaussian distribution (approximation for binomial
distribution because of the sufficiently large sampling). For orange and
green bars, the regimes occur significantly more or, respectively, less
frequently than their climatological occurrences.
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The	phase	of	the	MJO	influences	the	development	of	NAO	life	cycle	two	weeks	later	
	

Change	of	Occurrence	of	NAO+	/	NAO-		Associated	with	MJO	Phases	(Cassou,	2008)			

11	
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Quasi-Sta5onary	Wave	Interpreta5on	of	Observed	Response	
	
-  Rossby	wave	source	is	created	in	the	Indian	and	western	Pacific	Oceans	as	MJO	

convecKon	propagates	eastward	through	the	Indian	Ocean	and	into	the	
western	and	central	Pacific	

	
-  	StaKonary	wave	trains	lead	to	the	retracKon	of	the	Pacific	jet	when	the	MJO-

related	convecKon	is	over	the	Indian	Ocean	and,	hence,	to	changes	in	the	
associated	fluxes	of	momentum	–	implicaKons	for	Rossby	wave	breaking?	

-  Quasigeostrophic	index	of	refracKon	relevant	to	the	response	– sensiKvity	to	
changes	(or	biases)	in	the	“basic	state”			

-  	The	propagaKon	of	the	MJO	influence	into	the	North	AtlanKc	region	is	less	
well	understood,	although	the	changes	in	storm	tracks	may	play	a	role.	
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∂ζ
∂t
+ J(ψ,ζ + f ) = S = −

!
∇⋅
!vχζ( ) = −Dζ − !vχ ⋅

!
∇ζ

TradiKonal	Source:	Divergence	x	VorKcity	
VorKcity	~	f	(Coriolis	parameter)	
D	used	to	specify	tropical	“heaKng”	

Addi5onal	Source:	Vor5city	Advec5on	by	the	Divergent	flow		
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Understanding	the	extra-tropical	response	to	the	MJO	
	

Ø  Measures	of	the	observed	Response:	
•  Simple	regression,	or	composites	of	upper	level	fields	(Z200)	based	on	different	phases	of	

the	MJO.	Should	Z200	lag	the	MJO	heaKng,	and	by	how	much?	
•  Changes	in	probability	of	teleconnecKon	pa^erns	(NAO,	AO)	and/or	circulaKon	regimes.	

Ø  Sta5onary	Wave	Theory:	
•  Use	of	staKonary	wave	models	(and	other	simplified	models)	to	determine	the	steady	

state	response	to	the	diabaKc	heaKng	associated	with	each	phase	of	the	MJO.	(Ignore	
transient	nature	of	heaKng)	

	
Ø  Response	to	Tropical	Pulses	of	heaKng	

Ø  Role	of	mid-laKtude	instabiliKes	in	the	extratropical	MJO	response:	
•  Barotropic	instability	and	the	Simmons-Wallace-Branstator	modes	
•  Baroclinic	instability	and	the	role	of	storm	track	shihs	

Ø  Response	to	the	full	cycle	of	MJO	transient	heaKng			
•  IntervenKon	Experiments	
•  Response	to	Fast	vs.	Slow	MJO	Episodes	

Ø  Current	Work	and	Future	DirecKons	
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(Quasi-)Sta5onary	Wave	Modeling	
(Ma\hews	et	al	2004)	

	
The	Basic	Method:	
-	Dry	non-linear	T42	model	(12	levels)	–	iniKalized	about	a	3D	DJF	climatological-
mean	basic	state	with	constant	forcing	term.		
-	Response	to	imposed	heaKng:	
-	Aher	~25	days	of	integraKon,	baroclinic	waves	begin	to	dominate.	but	during	the	
first	25	days	the	direct	response	to	the	imposed	fixed	MJO	hea=ng	anomalies	can	
be	diagnosed.		
	
The	Experiments:	
Time-varying	heaKng	experiments:		
-  Tropical	heaKng	anomalies	(corresponding	to	48	day	regular	MJO	cycle)	are	

prescribed	with	fixed	verKcal	structure	
-  Model	integraKons	started	at	days	1,	2,	…,	48	of	imposed	heaKng	cycle.	
-  Pick	a	fixed	forecast	Kme	(19	days)	in	each	run	so	that	response	to	heaKng	is	

well-developed	but	not	overwhelmed	by	baroclinic	transients	

Ma^hews,	A.	J.,	B.	J.	Hoskins	and	M.	Masutani,	2004:	The	global	response	to	tropical	heaKng	
in	the	Madden–Julian	oscillaKon	during	the	northern	winter,	Quart.	J.	Royal	Meteor.	Soc.,	
130,	1991-2011.	
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Ma^hews,	A.	J.,	B.	J.	Hoskins	and	M.	Masutani,	2004:	The	global	response	to	tropical	heaKng	in	the	Madden–Julian	
oscillaKon	during	the	northern	winter,	Quart.	J.	Royal	Meteor.	Soc.,	130,	1991-2011	

U200	Pa^ern	correlaKon	(20-90N)	between	Model	U	at	day	19	and	observed	U	at	
Kme	t	in	the	MJO	cycle.	

Model	Integra5on	started	10	days	previous	
to	5me=0	in	the	MJO	cycle.	Day	19	field	
matches	OBS	U	at	day	0	in	MJO	cycle	

Model	Integra5on	started	2	days	previous	to	
5me=24	in	the	MJO	cycle.	Day	19	field	
matches	OBS	U	at	day	24	in	MJO	cycle	
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Response	to	Tropical	Pulses	of	Hea5ng	
(Branstator,	2014)	

	
Mid-laKtude	response	to	localized	equatorial	heaKng	events	that	last	2	days	AGCM.	
Responses	to	such	pulses	serve	as	building	blocks	with	which	to	study	the	impacts	of	
more	general	heaKng	fluctuaKons.	
	
Short-lived	heaKng	produces	responses	in	mid-laKtudes	at	locaKons	far	removed	
from	the	source	and	these	responses	persist	much	longer	than	the	pulses	
themselves.	
	
Response	to	steady	hea5ng	can	be	reconstructed	from	responses	to	a	sequence	of	
2-day	pulses,	each	evaluated	with	the	appropriate	5me	delay.	
	
LimitaKons:	
-  low-resoluKon	GCM:	T42	(CAM3)	
-  Only	equatorial	heaKng	(idealized	hor.	&	vert.	structure),	24	locaKons		

BUT:	
-  Large	Ensemble	Size:	100	integraKons	of	length	62	days	for	each	heaKng	
	
*Branstator,	G.,	2014:	Long-lived	response	of	the	midlaKtude	circulaKon	and	storm	tracks	to	
pulses	of	tropical	heaKng.	J.	Climate.,	27,	8809-8826.	
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Ensemble	mean	v300	response	in	CAM3	to	a	2-day	pulse	of	heat	at	0°N,	135°E	(a)	3,	(b)	6,	and	
(c)	9	days	aher	the	pulse	begins.	(d)–(f)	As	in	(a)–(c),	but	for	a	pulse	at	0°N,	120°W	
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The	MJO	heaKng	is	not	a	single	localized	source	but	a	cycle	in	both	space	and	
Kme,	consisKng	of	negaKve	and	posiKve	anomalies.		
	
From	a	linear	point	of	view,	both	the	heaKng	and	cooling	distribuKon	Q(x,t)		at	
one	parKcular	Kme	may	be	thought	of	as	sources	for	wave	trains.		
	
The	remote	response																		at	any	point	x	some	Kme	t	later	will	involve	the	
sum	of	these	wave	trains,	each	having	traveled	a	different	distance	to	reach	the	
given	point	and	thus	in	a	different	phase	of	its	life	cycle.		

R(!x, t) = G(!x, !ʹx ;t, t ')Q(∫ !
ʹx , ʹt )d3 ʹx d ʹt

R(!x, t)
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Understanding	the	extra-tropical	response	to	the	MJO	
	

Ø  Measures	of	the	observed	Response:	
•  Simple	regression,	or	composites	of	upper	level	fields	(Z200)	based	on	different	phases	of	

the	MJO.	Should	Z200	lag	the	MJO	heaKng,	and	by	how	much?	
•  Changes	in	probability	of	teleconnecKon	pa^erns	(NAO,	AO)	and/or	circulaKon	regimes.	

Ø  StaKonary	Wave	Theory:	
•  Use	of	staKonary	wave	models	(and	other	simplified	models)	to	determine	the	steady	

state	response	to	the	diabaKc	heaKng	associated	with	each	phase	of	the	MJO.	(Ignore	
transient	nature	of	heaKng)	

	
Ø  Response	to	Tropical	Pulses	of	heaKng	

Ø  Role	of	mid-la5tude	instabili5es	in	the	extratropical	MJO	response:	
•  Barotropic	instability	and	the	Simmons-Wallace-Branstator	modes	
•  Baroclinic	instability	and	the	role	of	storm	track	shihs	

Ø  Response	to	the	full	cycle	of	MJO	transient	heaKng			
•  IntervenKon	Experiments	
•  Response	to	Fast	vs.	Slow	MJO	Episodes	

Ø  Current	Work	and	Future	DirecKons	
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The	role	of	mid-la5tude	barotropic	instability		
(Simmons	et	al.,	1983)	

	
-  Low	frequency	fluctuaKons	which	derive	their	kineKc	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	Kme	of	~6.8	days.	

-  With	an	e-folding	Kme	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	Kme	defines	the	growth	of	a	global,	low-frequency	
mode.	Locally	in	space	and	Kme,	their	may	be	episodes	of	rapid	growth.	

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

Simmons,	A.	J.,		J.	M.	Wallace,	and	G.	W.	Branstator,	1983:	Barotropic	Wave	PropagaKon	and	
Instability,	and	Atmospheric	TeleconnecKon	Pa^erns.	J.	Atmos.	Sci.,	40,	1363-1392.	
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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.	(Ferran5	et	al,	1990)	

Barotropic	Unstable	Mode	of	Simmons,	
Wallace	and	Branstator	(1983):	Period	of	45	
days	with	e-folding	5me	of	<	7	days.	

Barotropically	
unstable	&	
propagaKng	
modes:		two	
phases	in	
quadrature	
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FerranK,	L.,	T.	N.	Palmer,	F.	Molteni	and	E.	Klinker,	1990:	Tropical-extratropical	interacKon	associated	
with	the	30-60	Day	OscillaKon	and	Its	Impact	on	Medium	and	Extended	Range	PredicKon.	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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Understanding	the	extra-tropical	response	to	the	MJO	
	

Ø  Measures	of	the	observed	Response:	
•  Simple	regression,	or	composites	of	upper	level	fields	(Z200)	based	on	different	phases	of	

the	MJO.	Should	Z200	lag	the	MJO	heaKng,	and	by	how	much?	
•  Changes	in	probability	of	teleconnecKon	pa^erns	(NAO,	AO)	and/or	circulaKon	regimes.	

Ø  StaKonary	Wave	Theory:	
•  Use	of	staKonary	wave	models	(and	other	simplified	models)	to	determine	the	steady	

state	response	to	the	diabaKc	heaKng	associated	with	each	phase	of	the	MJO.	(Ignore	
transient	nature	of	heaKng)	

	
Ø  Response	to	Tropical	Pulses	of	heaKng	

Ø  Role	of	mid-laKtude	instabiliKes	in	the	extratropical	MJO	response:	
•  Barotropic	instability	and	the	Simmons-Wallace-Branstator	modes	
•  Baroclinic	instability	and	the	role	of	storm	track	shihs	

Ø  Response	to	the	full	cycle	of	MJO	transient	hea5ng			
•  Interven5on	Experiments	
•  Response	to	Fast	vs.	Slow	MJO	Episodes	

Ø  Current	Work	and	Future	DirecKons	
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Response	to	the	full	cycle	of	MJO	transient	hea5ng		
	

	Interven5on	Experiments	
	
-  Use	full	ocean-atmosphere	coupled	model	as	a	tool	

-  Don’t	force	the	model	with	specified	heaKng	evoluKon,	but	“nudge	it”	
	
-  ADD	MJO-like	heaKng	evoluKon	Qadd(x,y,p,t)	to	the	model’s	own	internally	

generated	diabaKc	heaKng.	

-  Add	the	idenKcal	evoluKon	of	heaKng	Qadd(x,y,p,t)	to	each	member	of	a	large	
ensemble	(each	member	having	different	ICs).	This	allows	you	to	pull	out	the	
daily	Kme	varying	response	with	Predictable	Component	Analysis	

			
-  Leave	all	internal	feedbacks	in	the	model	untouched	
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The	Specified	Addi5onal	MJO	hea5ng*	
	

•  The	three-dimensional	heaKng	is	based	on	TRMM	radar	observaKons	
	
•  The	observed	climatology	of	heaKng	for	each	month/day	for	each	MJO	phase	is	taken	

into	account	
	
•  The	evoluKon	of	the	addiKonal	heaKng	runs	through	slightly	more	than	3	full	cycles	of	

the	MJO,	starKng	the	first	cycle	with	phase	5	(convecKon	in	the	Indian	Ocean)	on	27	
October	and	ending	the	last	cycle	with	phase	6	(convecKon	in	the	western	Pacific	on	15	
April,	for	a	total	of	24	total	phases	

	
*Straus,	D.M.,	E.	K.	Swenson	and	C.-L.	Lappen,	The	MJO	Cycle	Forcing	of	the	North	AtlanKc	CirculaKon:	
IntervenKon	Experiments	with	the	Community	Earth	System	Model.	J.	Atmos.	Sci.,	72,	660-681.	



Temperature	
tendency	due	to	
addiKonal	heaKng	
at	various	
longitudes		
(ave.	25S	–	25N)		
as	a	funcKon	of	
Kme	(abscissa)	and	
pressure	
(ordinate).		
	
Day	1	corresponds	
to	02	October.		
	
Pressure	in	hPa.	
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Temperature	tendency	due	
to	all	diabaKc	heaKng	
processes	(including	the	
addiKonal	heaKng)	from	a	
single	ensemble	member	in	
colored	contours	from	
longitudes	60E-	240E.	
(averaged	10S-10N;	interval	2	
deg	K	/	day).	The	HeaKng	run	
is	shown	in	the	leh	panel,	the	
corresponding	Control	run	is	
shown	on	the	right.	The	
addiKonal	heaKng	is	shown	
in	black	contours	(interval	0.5	
deg	K	/day).	The	abscissa	is	
longitude	in	degrees,	the	
ordinate	is	forecast	Kme	(1	
to	181	days),	with	day	1	
corresponding	to	02	October	
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Temperature	tendency	due	to	all	
diabaKc	heaKng	processes	(including	
the	addiKonal	heaKng)	from	the	
ensemble	average	in	colored	contours	
from	longitudes	60E-240E.	(averaged	
10S-10N;	interval	2	deg	K	/	day).	
	
	The	HeaKng	ensemble	average	is	
shown	in	the	leh	panel,	the	
corresponding	Control	average	is	
shown	on	the	right.	The	addiKonal	
heaKng	is	shown	in	black	contours	
(interval	0.5	deg	K	/day).	The	abscissa	is	
longitude	in	degrees,	the	ordinate	is	
forecast	Kme	(1	to	181	days),	with	day	
1	corresponding	to	02	October.	
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Important	point:	
Full	tropical	hea5ng	(added	+	model	generated)	is	different	in	each	simula5on	
	
How	to	extract	the	“mechanis5c	mode”	=	mode	in	common	among	all	
simula5ons?	
	

“Predictable	Component	Analysis”	
•  also	called	“Signal-to-Noise	OpKmizing	EOFS”	
•  Expand	any	field	(	at	all	seasonal	Kmes,	all	years	and	all	ensemble	members)	as	

a	linear	combinaKon	of	“modes”	each	with	its	own	pa^ern	
•  The	coefficient	of	expansion	(the	variate)	depends	on	Kme,	year	and	ensemble	

member	
•  Maximize	the	“signal”	/	“noise”	ra5o	of	the	variates		
•  “Signal”	=	variability	of	the	ensemble	means	of	the	variates	
•  “Noise”	=	variance	of	deviaKons	about	the	ensemble	mean	of	the	variates	

•  Modes	ordered	by	signal	to	noise	raKo	(measured	by	the	F-value)	
	
	



Lag	correlaKon	between	the	two	most	predictable	(opKmal)	modes	for	200	hPa	geopoten5al	
height	(black),	300	hPa	synop5c	wave	geopoten5al	height	tendency	(red),	200	hPa	Rossby	
wave	source	(blue).	and	300	hPa	envelope	of	transient	kineKc	energy	(do^ed	line).		Advanced	School	on	Tropical-Extratropical	
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Each	mode	
represents	an	
oscillaKon	of	
about	30	days	
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Ensemble	average	verKcally	integrated	diabaKc	heaKng	anomalies	due	to	all	
processes,	including	the	addiKonal	heaKng,	averaged	25S-25N,	shown	in	
shading	in	W/m2.	Contours	show	the	planetary	wave	component	
reconstructed	from	the	leading	two	op5mal	modes,	averaged	25S-25N.		
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Role	of	transients	diagnosed	via	high-frequency	vor5city	flux	convergence	
	
	
	
	
	
	
	
	
	
	
(primes	denote	2-	10	day	Kme	scale	filtered	fields)	
	
Encompasses	both:	
	
•  Extrac5on	of	kine5c	energy	from	the	mean	flow	(as	in	slow	barotropic	instability	

modes	of	SWB)	
	
•  Effects	of	the	corresponding	momentum	fluxes	in	forcing	the	jets	(Rossby	wave	

breaking)	
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Pa^erns	of	two	most	
predictable	(opKmal)	
modes	for:	
200	hPa	geopotenKal	
height	(top	row)	
	
300	hPa	synopKc	wave	
geopotenKal	height	
tendency	(middle	row),	
	
200	hPa	Rossby	wave	
source	(lower	row).		
	
Contour	intervals	are:	
10	m	(upper)		
2	m/d	(middle)		
2	x	10-11	s-2	(bo^om)		
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Mode	1	(2)		Z200	with	DZ300	mode	1		

Mode	1	(2)		Z200	with	DZ300	mode	2		

Mode	1	RWS200	with	DZ300	mode	1		

Mode	2	RWS200	with	DZ300	mode	2		

DZ	(1)	à	Z	(1)	
	
DZ	(2)è	Z	(2)	
	
Z	(2)	à	DZ(1)	

RSW	(1)	à	Z	(1)	

RSW	(2)	à	Z	(2)	



Synthesis	of	leading	two	most	predictable	components	at	selected	Kmes	for	Z200	(top	row),	
300	hPa	height	tendency	from	synopKc	scale	vorKcity	flux	(middle	row),	and	200	hPa	Rossby	
wave	source	(contours)	and	ensemble	averaged	diabaKc	heaKng	(shaded),	bo^om	row.	Contour	
is	10	m	for	Z200,	2.5	m/d	for	height	tendency,	and	5	x10-11	s-1	for	Rossby	wave	source.		Advanced	School	on	Tropical-Extratropical	
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Z	500	
	
	
	
	
DZ/Dt	synopKc	
transients	
	
	
	
	
	
	
HeaKng	(color)	
Rossby	wave		source	



Synthesis	of	leading	two	most	
predictable	components	for:			
	
RWS200	at	32N:		
Interval	of		5	x	10-11	s-1	

	
300	hPa	high	pass	kine5c	
energy		(30-50N):		
Interval	20	m2/s2	
	

Ver5cally	integrated	diaba5c	
hea5ng	(averaged	25	S	-	25	N)	
in	W	m-2.		
	
Red	(green)	curves	on	right	
show	frequency	of	occurrence	
of	NAO+	(NAO-)	clusters	(set	
text	for	details).	Abscissa	is	
longitude,	ordinate	in	Kme	in	
days	
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What	have	we	learned	from	this	intervenKon	experiment?	
	

Ø  Strongly	propagaKng	nature	of	Predictable	Component:	Cycle	of	MJO	
heaKng	leads	to	propagaKng,	not	staKonary	response	

Ø  Elements	of	StaKonary	wave	theory	are	in	play:	Rossby	wave	source,	
Kght	coupling	of	baroclinic	(high	frequency)	vorKcity	flux	convergence	
and	geopotenKal	height	

Ø  Further	interrogaKon	of	the	results	needed	to	determine	the	roles	of:	
o  Rossby	wave	breaking		
o  Barotropic	instability	
o  InteracKon	with	storm	tracks	

Ø  SKll	assuming	relaKvely	uniform	phase	speeds	for	the	MJO	
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Understanding	the	extra-tropical	response	to	the	MJO	
	

Ø  Measures	of	the	observed	Response:	
•  Simple	regression,	or	composites	of	upper	level	fields	(Z200)	based	on	different	phases	of	

the	MJO.	Should	Z200	lag	the	MJO	heaKng,	and	by	how	much?	
•  Changes	in	probability	of	teleconnecKon	pa^erns	(NAO,	AO)	and/or	circulaKon	regimes.	

Ø  StaKonary	Wave	Theory:	
•  Use	of	staKonary	wave	models	(and	other	simplified	models)	to	determine	the	steady	

state	response	to	the	diabaKc	heaKng	associated	with	each	phase	of	the	MJO.	(Ignore	
transient	nature	of	heaKng)	

	
Ø  Response	to	Tropical	Pulses	of	heaKng	

Ø  Role	of	mid-laKtude	instabiliKes	in	the	extratropical	MJO	response:	
•  Barotropic	instability	and	the	Simmons-Wallace-Branstator	modes	
•  Baroclinic	instability	and	the	role	of	storm	track	shihs	

Ø  Response	to	the	full	cycle	of	MJO	transient	hea5ng			
•  IntervenKon	Experiments	
•  Response	to	Fast	vs.	Slow	MJO	Episodes	

Ø  Current	Work	and	Future	DirecKons	
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Kunio,	Y.,	C.	Zhang,	and	C.	N.	Long,	2013:	Tracking	pulses	of	the	Madden–Julian	OscillaKon.	
Bull.	Amer.	Meteor.	Soc.,	94,	1871–1891	



Advanced	School	on	Tropical-Extratropical	
InteracKons	on	Intraseasonal	Time	Scales	

2017		
42	

Yadav,	P.,	and	D.	M.	Straus,	2017:	CirculaKon	Response	to	Fast	and	
Slow	MJO	Episodes.,	Mon.	Wea.	Rev.,	145,	1577-1596.	
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Slow	MJO	Episodes:	
Strongest	NAO+	
response	occurs	10	days	
aher	middle	of	phase	4.	
	
Response	is	stronger	and	
later	than	in	composites	
using	all	MJO	episodes	
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Strong	enhancement	of	
baroclinic	storm	tracks		
(high	pass	v’T’)	in	Pacific	
aher	phase	3.	
	
Strong	shih	in	AtlanKc	
storm	tracks.	
	
à	Do	these	changes	set	
up	the	strong	NAO+	
response?	
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Current	Work	
	
•  Further	interrogaKon	of	exisKng	experiments	on	the	response	to	MJO	cycles	–	

both	fast	and	slow	episodes.	

•  Re-Forecast	intervenKon	experiments	involving	slow	and	fast	MJO	episodes	
separately	

	
Future	Direc5ons	

	
Ø  What	is	the	role	of	barotropic	instability?	Does	it	contribute	to:	

•  The	predictable	signal	
•  The	signal-modulated	noise	
•  Pure	Noise	
	

Ø  To	what	extent	would	a	“very	good”	predicKon	of	MJO	tropical	convecKon	2	–	4	
weeks	in	advance	be	associated	with	dramaKcally	improved	extra-tropical	
predicKons?	

Ø  Can	we	idenKfy	MJO	“windows	of	opportunity”	when	the	atmosphere	is	in	a	state	
favorable	for	the	propagaKon	of	the	tropical	signal.	

	
	


