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NASST	in	Observations	and	CESM	Large	Ensembles

(a)$NASST$index$(185422005);$LME (b)$NASST$index$(192022005);$LE

(c)$Corr.$Coeff.$with$obs 185422005 (d)$Corr.$Coeff.$with$obs 192022005
NASST	index	=	SST	averaged	over	the	North	Atlantic (0-60N,80W-0)
LME	=	Last	Millennium	 Ensemble	(10	members,	CESM)
LE		=	Large	Ensemble	 (42	members,	CESM)
Light	red	=	individual	 ensemble	members

Observed
LME	mean

Observed
LE	mean

NASST	index	1854-2005 NASST	index	1920-2005

Mean:	the	internal	variations	are	averaged	out;
≈		Forced	Component	only

Bellomo et	al.	2017



AMO:	LE	correlation	with	Observed	1920-2005

(a)$NASST$index$(185422005);$LME (b)$NASST$index$(192022005);$LE

(c)$Corr.$Coeff.$with$obs 185422005 (d)$Corr.$Coeff.$with$obs 192022005

r of	LE	mean	=	.79

PDF	over	LE	
ensemble

AMO	index	=	NASST	linearly	detrended	and	LP	filtered	(20-year	Lanczos filter)

Pre-Industrial	control	(no	historical	forcing)
LE	minus	mean	(forcing	removed)
Random	numbers	

All	are	detrended	and	LP	filtered

From	Bellomo et	al.	2017



(a)$NASST$index$(185422005);$LME (b)$NASST$index$(192022005);$LE

(c)$Corr.$Coeff.$with$obs 185422005 (d)$Corr.$Coeff.$with$obs 192022005

r of	LME	mean	=	.72

PDF	over	LME	
ensemble

AMO	index	=	NASST	linearly	detrended	and	LP	filtered	(20-year	Lanczos filter)

Pre-Industrial	control	(no	historical	forcing)
LME	minus	mean	(forcing	removed)
Random	numbers	

All	are	detrended	and	LP	filtered

From	Bellomo et	al.	2017

AMO:	LME	correlation	with	Observed	1920-2005



Murphy	et	al.	2017	

CMIP5	models	withouthistorical	forcing	do	not	
produce	agreement	with	observations	

BLACK:		
No	external	forcing
(Pre-industrial)

COLORS:		
External	forcing
(HIST)
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NASST	Index	Power	Spectra

NASST	index	=	SST	averaged	over	the	North	Atlantic (0-60N,80W-0)
LME	=	Last	Millennium	 Ensemble	(10	members,	CESM)
LE		=	Large	Ensemble	 (42	members,	CESM)
Light	red	=	envelope	of	individual	ensemble	members
Light	blue=	envelope	of	individual	ensemble	members,	mean	(forced	part)	removed

LME:	1854-2005 LE:	1920-2005

Observed

LE	mean
LME	mean

Observed

LME	de-meaned
LE	de-meaned

LME	all
LE	all

From	Bellomo et	al.	2017



These	correlations	imply	Bounds	on
INTERNAL/TOTAL	variance	in	Observed	AMO	index

MAX										MIN			.
LME	1854-2005:					0.48	 0.0
LE					1920-2005:					0.39	 0.0
LME	1920-2005:					0.28												0.0

• Maximum is	reached	only	if	the	model	perfectly captures	the	forced	
response.		(any	takers?)

• Minimum (0.0)	means	no internal	variability	at	all.	(Not	credible.)	
A	reasonable	estimate	for	the	observed	is	20-40%;				

FORCED:INTERNAL	≈		2:1.
Model	is	 ≈	0.4	(too	high)	but	model	variance	is	too	low

What	is	the	nature	of	the	internal	variability?



Coupledmodels	(CMIP	pre-
industrial	multimodel	mean)	
reproduce	this	pattern!
So	do	the	same	atmosphere	
models	coupled	to	a	slab
ocean Clement	et	al.	2015



The	fact	that	the	coupled	and	slab	results	are	
so	similar	is	a	surprise,	and	creates	a	puzzle:
How	can	the	Atmosphere	+	(constant	depth)	Ocean	
Mixed	Layer	generate	the	same	AMO	patterns	as	a	
model	with	fully	active	ocean	dynamics?

• There	is	an	ocean	circulation	and	it	surely	
transports	heat	and	salt.	
• In	the	current	prevailing	paradigm,	the	ocean	
circulation	(usually	the	AMOC)	is	considered	
essential	for	Atlantic	Multidecadal	Variability

Lets	look	at	the	time/frequency	behavior:



NASST	in	CMIP3	slab	models	 (red)
and	CMIP3	coupled	models	 (blue)	

NASST	in	coupled	models	
CMIP3	(blue) and	CMIP5	(purple)	

How	do	the	temporal	characteristics	compare	with	and	
without	interactive	ocean	dynamics?

NB:	All	are	PI	runs;	No	External	Forcing.	All	variability	is	Internal.

• Slab and	coupled,	CMIP3,5 have	the	same	variance
• All	look	like	red	noise,	without	a	multidecadal	peak

Clement	et	al	2015



No	spectral	peak	in	long	model	
simulations	(Ba	et	al.	2014)



To	enlighten	us	about Internal	Variability	in	Pre-Industrial	
(no	external	forcing)	GCMs,	we	go	very	simple:

dT/dt =	-αT	+	qa +	qo
v Qs

and	take	qa and qo to	be	white	noise	forcing.
Cane	et	al.	2017	

The	SST	Equation	may	be	written	as

-αT	is	the	turbulent	flux	(latent	+	sensible)	damping
qa are	the	other	atmospheric	fluxes	– radiative,	non-feedback

turbulent	fluxes
Qs =	-αT	+	qa is	the	total	surface	flux– the	total	heat	exchange	with	

the	atmosphere
qo is	the	ocean	heat	flux	convergence	+	ocean	mixed	layer	effects



Qs

dT/dt

AMO_mid SST

Residual

But	are	the	ocean	and	atmosphere	fluxes	white?
Wunsch,	1999;	Stephenson	et	al	2001	say	NAO	is	white.

Spectra	of	Fluxes	in	the	Coupled	Model	(CESM-CAM5)

Cane	et	al.	2017	

Qs	=	Surface	Heat	Flux
Residual	= dT/dt-Qs

=	Q_ocean

All	quantities	are	averages	
over	the	AMO_mid region	

(60-20W,	40-55N)	



the	ACF	of	LP	noise	and	the	cross-correlation	of	LP	dT/dt and	dT/dt for	AMO-mid

r(T,T)

r(dT/dt,T)

r(dT/dt, dT/dt)

Comparison	of	AMO_mid from	two	Coupled	Models	
(GFDL	CM2.1,	CCSM)	with	functions	of	the	Filter

Autocorrelation	R(t)	derived	from	white	noise	forced	theory

Rt(t)/[-Rtt(0)R(0)]1/2

-Rtt(t)/[-Rtt(0)]

R(t)/R(0)

Cane	et	al.	2017	



Correlation	r(dT/dt,T)	with	varying	(Butterworth)	
filter	cutoff	periods	of	5,	10,	20, 30	years

NFM	(noise	 forced	model)

Periodic	forcing	T=	sin(2pt/60years)

Coupled	Model	(CESM)

10 52030

(4th order	Butterworth	 filter)

10 52030

10 52030

30	20	10 5

White	Noise	Forced	Model	(NFM)

Coupled	Model	(CESM)

Periodic	Forcing	T	=	sin(2p/60 years)

Cane	et	al.	2017	



Low	frequency	forcing	+	noise

dT/dt =	-αT	+	qa+	qo +	c2	sin(2pt/60years)

qa,	qoare	white	noise	with	variances	!2(qa)= a2;	!2(qo)=	b2
Set		a2=	0.85,	b2=	0.15,	c2=	0.1

r(dT/dt,T)

T(t)

Signal/Noise	=	c2/2	=	5%

c2=0

With	periodic
c2=	0.1

Cane	et	al.	2017	



Low	frequency	forcing	+	noise

dT/dt =	-αT	+	qa+	qo +	c2	sin(2pt/60years)

qa,	qoare	white	noise	with	variances	!2(qa)= a2;	!2(qo)=	b2
Set		a2=	0.85,	b2=	0.15,	c2=	0.1

r(dT/dt,T)

T(t)

c2=0

Cane	et	al.	2017	

Signal/Noise	=	c2/2	=	5%

-20												-15											-10												-5																0															5															10												15												20
Lag	(years)

c2=0

With	periodic
c2=	0.1



But	there	is	some	evidence	from	decadal	
prediction	work	that	ocean	circulation	matters	in	

the	Subpolar	North	Atlantic

ENSO interannual variability plays such a large role.

Even without the problem of spurious ENSO excitation,
there is scant evidence that ENSO can be predicted

beyond the seasonal time-scale (Kirtman et al. 2001; Jin

2008). Relatedly, Garcia-Serrano and Doblas-Reyes
(2012) conclude that multi-model prediction skill

declines during years when ENSO events are observed

because they are not predictable by the models in their
study.

4.3 Indian Ocean region

In the central Indian Ocean, where the warming trend is a

large source of the total variability, both the HDInit and
DAInit experiments outperform the statistical reference

forecasts at 6–9 year leads. At the 2–5 year lead, the HDInit

experiment shows a degradation of skill that is consistent
with the ENSO excitation discussed above (Tables 1, 2).

Neither HDInit or DAInit outperforms the NoInit
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Fig. 9 Average of correlation
coefficient distributions for the
HDInit forecasts (evaluated for
start-dates from 1961–2005).
Only those correlation scores
that exceed the ‘no-skill’
statistical reference forecast at
the 90 % confidence level are
plotted
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Fig. 10 Same as Fig. 9, but
only those correlation
coefficients that exceed the ‘no-
skill’ statistical reference
forecast at the 90 % confidence
and exceed the NoInit run at a
90 % confidence are plotted

An evaluation of experimental decadal predictions using CCSM4 917

123
Karspeck et	al.	2015
Figure	10

“Only	correlation	coefficients	that	exceed	the	
‘no-skill’	 statistical	reference	forecast	at	the	
90%	confidence	and	exceed	the	NoInit*	run	
at	90%	confidence	are	plotted.”

*		Noinit =	(small)	HIST	ensemble;
i.e.	Externally	Forced

“…near-term	prediction	 in	this	region	may	not	rely	on	skillful	AMOC	prediction,	only	on	
adequate	AMOC	initialization—or	more	precisely,	adequate	initialization	of	temperature	
and	salinity	fields	that	support	 the	correct	geostrophic	currents.”

But	perhaps	not	the	buoyancy	
driven	circulation	-- the	AMOC:

Piecuch et	al.	2017	show	it	is	wind-driven	horizontal	
circulation	(1994–2015)



Conclusions



Thank You

Jacob	Riis	Park,	New	York	City



Figure	6	Lead-lag	correla5ons	between	the	SST	response	and	the	imposed	NAO	forcing	
for	the	50-year	idealized	NAO	forcing	experiments.	The	SST	response	was	first	calculated	
as	the	SST	in	the	simula5ons	with	NAO	forcing	minus	the	SST	in	corresponding	sec5ons	
of	the	Control	simula5on.	Linear	correla5ons	were	computed	at	each	grid	point	between	
the	SST	response	and	the	imposed	NAO	forcing.	The	correla5ons	were	then	zonally	
averaged	over	the	domain	60oW-20oW.	Regions	with	s5ppling	do	not	pass	a	sta5s5cal	
significance	test	(using	a	resampling	technique	as	described	in	the	Appendix).	(a)	Results	
from	CM2.1_SLAB_Ctrl_NAO_50yr.	(b)	Results	from	CM2.1_Ctrl_NAO_50yr	.	(c)	Results	
from	FLOR_Ctrl_NAO_50yr	.		
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Figure	1	Zonal	averages	of	the	lagged	correla5ons	between	annual	mean	SST	and	the	
NAO	(for	DJFM)	based	on	observa5ons.		Correla5ons	were	first	computed	at	each	grid	

point,	and	then	zonally	averaged	from	60oW	to	20oW.	Nega5ve	(posi5ve)	lags	denote	

years	prior	to	(aNer)	a	maximum	in	the	NAO.		Lag	zero	indicates	a	correla5on	between	

the	NAO	(Dec,	year	0	through	Mar,	year	1)	with	annual	mean	SST	(Jan,	year	1	through	

Dec,	year	1).	(a)	Correla5ons	calculated	using	High	Pass	data	(filtered	to	retain	5me	
scales	shorter	than	10	years).	(b)	Correla5ons	calculated	using	Low	Pass	data	(filtered	to	

retain	5me	scales	longer	than	10	years).	For	both	(a)	and	(b)	the	s5ppling	denotes	points	

that	do	not	pass	a	sta5s5cal	significance	test	(described	in	detail	in	the	Appendix).	The	

analyses	shown	here	were	based	on	5me	series	that	were	not	detrended.	Analyses	using	

detrended	5me	series	produce	similar	results,	with	somewhat	larger	correla5ons.		
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Figure	6	Lead-lag	correla5ons	between	the	SST	response	and	the	imposed	NAO	forcing	
for	the	50-year	idealized	NAO	forcing	experiments.	The	SST	response	was	first	calculated	
as	the	SST	in	the	simula5ons	with	NAO	forcing	minus	the	SST	in	corresponding	sec5ons	
of	the	Control	simula5on.	Linear	correla5ons	were	computed	at	each	grid	point	between	
the	SST	response	and	the	imposed	NAO	forcing.	The	correla5ons	were	then	zonally	
averaged	over	the	domain	60oW-20oW.	Regions	with	s5ppling	do	not	pass	a	sta5s5cal	
significance	test	(using	a	resampling	technique	as	described	in	the	Appendix).	(a)	Results	
from	CM2.1_SLAB_Ctrl_NAO_50yr.	(b)	Results	from	CM2.1_Ctrl_NAO_50yr	.	(c)	Results	
from	FLOR_Ctrl_NAO_50yr	.		
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Figure	6	Lead-lag	correla5ons	between	the	SST	response	and	the	imposed	NAO	forcing	
for	the	50-year	idealized	NAO	forcing	experiments.	The	SST	response	was	first	calculated	
as	the	SST	in	the	simula5ons	with	NAO	forcing	minus	the	SST	in	corresponding	sec5ons	
of	the	Control	simula5on.	Linear	correla5ons	were	computed	at	each	grid	point	between	
the	SST	response	and	the	imposed	NAO	forcing.	The	correla5ons	were	then	zonally	
averaged	over	the	domain	60oW-20oW.	Regions	with	s5ppling	do	not	pass	a	sta5s5cal	
significance	test	(using	a	resampling	technique	as	described	in	the	Appendix).	(a)	Results	
from	CM2.1_SLAB_Ctrl_NAO_50yr.	(b)	Results	from	CM2.1_Ctrl_NAO_50yr	.	(c)	Results	
from	FLOR_Ctrl_NAO_50yr	.		
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Figure	1	Zonal	averages	of	the	lagged	correla5ons	between	annual	mean	SST	and	the	
NAO	(for	DJFM)	based	on	observa5ons.		Correla5ons	were	first	computed	at	each	grid	

point,	and	then	zonally	averaged	from	60oW	to	20oW.	Nega5ve	(posi5ve)	lags	denote	

years	prior	to	(aNer)	a	maximum	in	the	NAO.		Lag	zero	indicates	a	correla5on	between	

the	NAO	(Dec,	year	0	through	Mar,	year	1)	with	annual	mean	SST	(Jan,	year	1	through	

Dec,	year	1).	(a)	Correla5ons	calculated	using	High	Pass	data	(filtered	to	retain	5me	
scales	shorter	than	10	years).	(b)	Correla5ons	calculated	using	Low	Pass	data	(filtered	to	

retain	5me	scales	longer	than	10	years).	For	both	(a)	and	(b)	the	s5ppling	denotes	points	

that	do	not	pass	a	sta5s5cal	significance	test	(described	in	detail	in	the	Appendix).	The	

analyses	shown	here	were	based	on	5me	series	that	were	not	detrended.	Analyses	using	

detrended	5me	series	produce	similar	results,	with	somewhat	larger	correla5ons.		
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Figure	6	Lead-lag	correla5ons	between	the	SST	response	and	the	imposed	NAO	forcing	
for	the	50-year	idealized	NAO	forcing	experiments.	The	SST	response	was	first	calculated	
as	the	SST	in	the	simula5ons	with	NAO	forcing	minus	the	SST	in	corresponding	sec5ons	
of	the	Control	simula5on.	Linear	correla5ons	were	computed	at	each	grid	point	between	
the	SST	response	and	the	imposed	NAO	forcing.	The	correla5ons	were	then	zonally	
averaged	over	the	domain	60oW-20oW.	Regions	with	s5ppling	do	not	pass	a	sta5s5cal	
significance	test	(using	a	resampling	technique	as	described	in	the	Appendix).	(a)	Results	
from	CM2.1_SLAB_Ctrl_NAO_50yr.	(b)	Results	from	CM2.1_Ctrl_NAO_50yr	.	(c)	Results	
from	FLOR_Ctrl_NAO_50yr	.		
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Correlation	of	LP	filtered	SST	with	NAO
PI	runs;	Internal	variability	only

Figure	3	Zonal	mean	(600W-200W)	of	the	correla5on	coefficient	between	simulated	annual	
mean	SST	and	the	model’s	DJFM	NAO	index,	calculated	from	various	Control	simula5ons.	
Data	were	5me	filtered	prior	to	analysis.	High	Pass	(HP)	data	retain	only	5me	scales	shorter	
than	10	years,	while	Low	Pass	(LP)	data	contain	only	5me	scales	longer	than	10	years.	
Nega5ve	(posi5ve)	lags	along	the	x-axis	indicate	years	prior	to	(following)	a	maximum	NAO	
value.	A	lag	of	zero	year	(dashed	line)	denotes	a	correla5on	coefficient	calculated	between	
the	Dec-Mar	NAO	index	and	the	mean	SST	for	Jan-Dec,	where	the	Jan-Mar	period	is	the	
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Figure	1	Zonal	averages	of	the	lagged	correla5ons	between	annual	mean	SST	and	the	
NAO	(for	DJFM)	based	on	observa5ons.		Correla5ons	were	first	computed	at	each	grid	

point,	and	then	zonally	averaged	from	60oW	to	20oW.	Nega5ve	(posi5ve)	lags	denote	

years	prior	to	(aNer)	a	maximum	in	the	NAO.		Lag	zero	indicates	a	correla5on	between	

the	NAO	(Dec,	year	0	through	Mar,	year	1)	with	annual	mean	SST	(Jan,	year	1	through	

Dec,	year	1).	(a)	Correla5ons	calculated	using	High	Pass	data	(filtered	to	retain	5me	
scales	shorter	than	10	years).	(b)	Correla5ons	calculated	using	Low	Pass	data	(filtered	to	

retain	5me	scales	longer	than	10	years).	For	both	(a)	and	(b)	the	s5ppling	denotes	points	

that	do	not	pass	a	sta5s5cal	significance	test	(described	in	detail	in	the	Appendix).	The	

analyses	shown	here	were	based	on	5me	series	that	were	not	detrended.	Analyses	using	

detrended	5me	series	produce	similar	results,	with	somewhat	larger	correla5ons.		
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Figure	3	Zonal	mean	(600W-200W)	of	the	correla5on	coefficient	between	simulated	annual	
mean	SST	and	the	model’s	DJFM	NAO	index,	calculated	from	various	Control	simula5ons.	
Data	were	5me	filtered	prior	to	analysis.	High	Pass	(HP)	data	retain	only	5me	scales	shorter	
than	10	years,	while	Low	Pass	(LP)	data	contain	only	5me	scales	longer	than	10	years.	
Nega5ve	(posi5ve)	lags	along	the	x-axis	indicate	years	prior	to	(following)	a	maximum	NAO	
value.	A	lag	of	zero	year	(dashed	line)	denotes	a	correla5on	coefficient	calculated	between	
the	Dec-Mar	NAO	index	and	the	mean	SST	for	Jan-Dec,	where	the	Jan-Mar	period	is	the	
same	for	the	NAO	and	SST.	The	s5ppling	denotes	points	that	do	not	pass	a	sta5s5cal	
significance	test	(described	in	detail	in	the	Appendix).(a)	HP	output,	CM2.1_SLAB.	(b)	LP	
output,	CM2.1_SLAB.	(c)	HP	output,	FLOR_SLAB.	(d)	LP	output,	FLOR_SLAB.	(e)	HP	output,	
CM2.1	(f)	LP	output,	CM2.1,	(g)	HP	output,	FLOR,	(h)	LP	output,	FLOR.		
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Figure	7	Lead-lag	correlation	analyses,	similar	to	Figure	3f	and	3h,	using	output	from	
CMIP5	models	(models	were	used	that	had	Control	simulations	at	least	300	years	in	
length).	
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Figure	1	Zonal	averages	of	the	lagged	correla5ons	between	annual	mean	SST	and	the	
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the	NAO	(Dec,	year	0	through	Mar,	year	1)	with	annual	mean	SST	(Jan,	year	1	through	

Dec,	year	1).	(a)	Correla5ons	calculated	using	High	Pass	data	(filtered	to	retain	5me	
scales	shorter	than	10	years).	(b)	Correla5ons	calculated	using	Low	Pass	data	(filtered	to	

retain	5me	scales	longer	than	10	years).	For	both	(a)	and	(b)	the	s5ppling	denotes	points	

that	do	not	pass	a	sta5s5cal	significance	test	(described	in	detail	in	the	Appendix).	The	

analyses	shown	here	were	based	on	5me	series	that	were	not	detrended.	Analyses	using	

detrended	5me	series	produce	similar	results,	with	somewhat	larger	correla5ons.		
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Msadek et	al.	(2014):	predicting	the	1990’s	shift	

Initialization	gives	no	significant	improvement	
over	Persistence



Predicting	the	1990’s	shift

McCarthy	et	al.	(2015):	
observations	of	NAO	(red),	sea-
level	(blue),	and	OHC	SPG	(black)

Msadek et	al.	(2014):	
predicting	the	1990’s	shift	
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Sea	Level

NAO
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AMO
The	AMO is	associated	with	
societally	important	climate	
variations.
The	AMO	Index	is	the	
average	SST	over	the	entire	
North	Atlantic.	Usually	it	is	
detrended	and	low-passed.

Upper	figure	shows	the	
regression	of	SST,	SLP	and	
winds	on	the	AMO	Index.	
Lower	figure	is	the	time	
series.	
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AMV	Impacts	(Davini et	al	2015,	ERL)

Interestingly, we observe an increase in precipita-
tion a few degrees north of the equator for FAMV+
minus FAMV− and TAMV+ minus TAMV−. This
signal is consistent with the warmer SST anomalies
imposed, which lead to increased evaporation and
convection. This is confirmed by the outgoing long-
wave radiation anomalies in the same region (not
shown). Conversely, XAMV does not show any evi-
dent precipitation anomaly.

In addition, both FAMV and TAMV experiments
show an equatorial dipole in the upper-tropospheric
streamfunction, characterized by two anticyclonic
anomalies at 300 hPa across the equator at 20° N and
10° S (figures 3(b)–(d)). This implies a change in the
zonal winds over the Tropical Atlantic, with stronger
westerlies right north of the streamfunction anomaly.
It is interesting to note that the the diabatic heat source
associated with the precipitation anomaly is placed
exactly on the node of the 300-hPa streamfunction
dipole, suggesting a possible dynamical relationship
between the two.

A final note should be devoted to the weakening of
the Aleutian low observed in both FAMV+ and
TAMV+. This is likely due to the excitement of Rossby
Wave trains associated with the minor poleward

displacement of the ITCZ over the Pacific (e.g. Oku-
mura et al 2009)—which in turn may be due to chan-
ges in the Walker circulation. However, a deeper
analysis of the signal over the Pacific goes beyond the
scope of this study.

3.3. Themechanism: theGill response and the shift
of the subtropical jet
In their GCM-based work, Sutton and Hodson (2007)
applied a positive SST anomaly to the Tropical Atlantic
and found a dipolar anticyclonic response at upper
levels centered around the equator. This anticyclonic
signal was accompanied by a cyclonic anomalies at
lower levels. They highlighted that this response
shared many features with the linear model presented
by Gill (1980), where an off-equatorial heating pro-
duces a stationary equatorial Rossby wave to the
north-western and south-western side of the heating
source, characterized by a single baroclinic mode.
Even though Sutton and Hodson (2007) underlined
that the strongest response was produced in summer,
they remarked that the mechanism was solid through-
out all seasons.

Interestingly, the precipitation and streamfunc-
tion anomalies discussed in the previous section are in

(a) (b)
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(f)(e)

(c)

FAMV+ minus FAMV- : 2m Temperature and Sea Lavel Pressure FAMV+ minus FAMV- : 300hPa Streamfunction and Precipitation

TAMV+ minus TAMV- : 300hPa Streamfunction and Precipitation

XAMV+ minus XAMV- : 300hPa Streamfunction and Precipitation
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Figure 3.Anomalies of 2 m temperature (color) and sea level pressure (SLP, contours) for (a) FAMV, (c)TAMVand (e)XAMV
experiments. Anomalies of 300-hPa streamfunction (colors) and precipitation (contours) for (b) FAMV, (d)TAMVand (f)XAMV
experiments. Anomalies are expressed as positiveminus negative AMVphase. Solid contours is positive and dashed is negative. For
SLP, contours are drawn each 0.5 hPa. For precipitation, contours are drawn each 0.5 mmday−1. Only values where the 2% significant
level is reached are drawn.
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Summary	
• The	AMO	in	pre-industrial	runs	of	both	fully	coupled	and	slab	ocean	

models	have	the	same	spatial	characteristics,	and	the	same	red	
spectrum.	They	match	the	observations.

• Interactive	ocean	heat	and	salt	transport	in	climate	models	does	not	
change	space-time	characteristics	of	the	AMO.

• Low	frequency	20th C	variability	in	models	is	due	to	radiative	forcing	
by	external	factors	(aerosols,	CO2,	solar),	not	the	ocean.

• The	AMO	is	the	ocean	mixed	layer	response	to	N.	Atlantic	
atmospheric	forcing,

• both	to	white	noise	and	to	low	frequency	external	forcing.
• The	surface	heat	exchange	is	seemingly	able	to	adjust	to	
ocean	heat	flux	divergences	and	largely	maintain	the	AMO	
pattern.

Interpretation	(model	based)


