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IntroducEon	
•  MulEple	lines	of	evidence	from	observaEons	(?)	&	models	(!)	suggest	that	deep	

water	formaEon	through	persistent	North	AtlanEc	OscillaEon	(NAO)	forcing	is	
the	primary	mechanism	of	decadal	AMOC	variability	in	modern	Emes.	

•  Decadal	predicEon	simulaEons	(iniEalized	coupled	climate	model	simulaEons)	
show	significant	skill	in	the	subpolar	AtlanEc	at	interannual-up-to-decadal	lead	
Emes.	This	is	generally	aXributed	to	the	iniEalizaEon	of	persistent	ocean	heat	
transport	variaEons	related	to	AMOC.	

•  What	are	the	mechanisms	underpinning	skillful	predicEon	of	recently	observed	
decadal	changes	in	the	North	AtlanEc?		What	role	does	AMOC	play	in	
predicEons?	Might	gyre	variaEons	be	more	relevant	for	predicEon	than	AMOC	
(at	least	on	~10-year	Emescales)?	
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Figure 1. Formation and propagation of buoyancy-forced water mass anomalies. (a) Annual rate (Sv (sverdrup);
1 Sv = 106 m3 s−1) of surface formation of NADW (!0 > 27.6 kg m−3) over the subpolar North Atlantic (60∘W–20∘E;
50∘N–90∘N) diagnosed from observed atmospheric and oceanic surface fields (thick green curve) and the winter
(DJFM, December–March) NAO index (thin blue curve, right axis). The remaining panels show 3 year running mean
anomalies from CORE (black curves), the CESM DP averaged over the 5–7 year forecast period (red curves and shading
are ensemble mean and minimum/maximum range, respectively), and various observational time series (blue curves;
see Text S3 in the supporting information for details). Apart from the winter NAO in Figure 1a, all time series are
based on annual mean data. (b) Upper 1050 m density anomaly (!0; 10−2 kg m−3) in the central Labrador Sea region
(56∘W–49∘W; 56∘N–61∘N). Note that for these observations, the region of spatial averaging is ill defined because of the
sparse measurements. (c) SSH (cm) in the central Labrador Sea, with satellite observations averaged over the same box
region (note that the y axis is inverted). (d, e) Same as Figures 1b and 1c but for a region to the east of Grand Banks
(50∘W–35∘W; 40∘N–50∘N). Anomalies are relative to the following climatologies: 1964–2013 (green, black, and red
curves), 1964–2010 (blue curve in Figure 1b), and 1993–2010 (blue curves in Figures 1c and 1e). Geographical regions
are shown in Figure S1.
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Figure 2. Variations in large-scale Atlantic circulation, poleward heat transport, and winter sea ice extent. As in Figure 1
but showing the following: (a) Barotropic stream function averaged over the Grand Banks region (note that more
negative values indicate stronger cyclonic circulation); (b) ocean poleward heat transport across 50∘N in the Atlantic;
(c) SST in the central subpolar gyre region (45∘W–10∘W; 50∘N–60∘N); (d) Northern Hemisphere winter (JFM) sea ice
area over the whole Arctic (40∘N–82∘N); (e) Northern Hemisphere winter (JFM) sea ice area over the Atlantic sector
(90∘W–90∘E; 40∘N–82∘N). Anomalies are relative to the following climatologies: 1964–2013 (Figures 2a–2c), and
1979–2013 (Figures 2d and 2e). The purple dashed curves show the ensemble mean of the six-member uninitialized
CESM 20C simulations.

4. Ocean-Driven Trends in Arctic Sea Ice Extent

The CESM DP system offers evidence that the rapid Arctic sea ice loss observed between about 1997 and
2007 was related to the very anomalous ocean heat transport that contributed to the rapid mid-1990s
warming of the SPG and the early 2000s warming of the Nordic Seas. The 5–7 year forecasts show sig-
nificant skill at reproducing the accelerated rate of winter sea ice loss over this time period (Figures 2d
and S4f; r(DP,OBS) = 0.91, MSSS(DP,OBS)=0.82), most of which occurred in the Atlantic sector (Figures 2e
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Yeager,	Karspeck,	&	Danabasoglu,	2015:	Predicted	
slowdown	in	the	rate	of	Atlan5c	sea	ice	loss,	Geophys	
Res	Le+:	

	
•  Changes	in	surface	forma5on	of	NADW	linked	to	

winter	NAO…	

•  drive	large-scale	density	and	thermohaline	
circula5on	(THC)	changes	east	of	Grand	Banks…	

•  with	associated	decadal	heat	transport	changes	
across	50oN…	

•  Resul5ng	in	predictable	subpolar	gyre	(SPG)	SST	and	
winter	ice	extent	(not	shown)	changes.	Future	SPG	
cooling	(slowdown	in	winter	ice	loss)	linked	to	
cumula5ve	deficit	of	NADW	since	~1996.	
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•  Key	mechanism	:	high	skill	at	predic5ng	

ocean	heat	transport	varia5ons	at	long	lead	
5mes	(north	of	40oN)	
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•  Despite	low	skill	at	predic5ng	AMOC	
maximum	transport	!	

	
«  Thermohaline	gyre	is	more	important	for	

long	lead	(O(10-year))	predic5ons	than	
AMOC		



Large-Scale	CirculaEon	Variability	in	HD	
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è	Gyre	variability	largely	
decadal/buoyancy-forced	in	HD;	
vor5city	balance	via	bobom	
pressure	torque	

HDtot														≈											HDM								+									HDB	
	

ç	AMOC	variability	in	HD	≈	
sum	of	momentum	and	
buoyancy	forced	varia5ons	
(HDM	+	HDB)	

Zhang	&	Vallis	(2007)	
Yeager	(JPO	2015)		

HDtot														≈											HDM								+									HDB	



•  Rapid	loss	of	AMOCmax	skill	
•  Good	skill	at	predicEng	deep	AMOC	

MOC:	

BSF:	

correlaEon(DP,HD)	

•  Good	skill	at	predicEng	gyre	variaEons	
on	the	western	flank	of	the	MAR,	
where	buoyancy	forcing	dominates	in	
this	model	

PredicEng	the	Large-scale	CirculaEon	

(3-year	mean	detrended	Eme	series)	



PredicEng	Surface	Fluxes	

WSC:	

TAUx:	

correlaEon(DP,HD/OBS)	

DJF	NAO	index:	

è	Skill	at	predicEng	buoyancy-forced	
gyre	flow	appears	to	be	enErely	
associated	with	(buoyancy-forced)	iniEal	
condiEons	à	anomalous	water	masses	



anomaly g1.5 of the potential vorticity ‘‘core’’ of the homogeneous
LSW94 class in the Labrador Sea, derived from these tracer distribu-
tions, was about 34.685 kg/m3.

In the upper 200 dbar above the LSW94 core in the Labrador Sea,
shown in Fig. 2, re-stratification after the preceding winter was
reflected by a rise of the potential vorticity in the near-surface layer.
This re-stratification had raised the temperature and lowered the
salinity of the upper ocean. The near-surface oxygen concentration
was already high because of the onset of the spring bloom. The near-
surface concentration of dissolved silicate was relatively low, due to
a spring bloom of diatoms. The surface concentrations of CFC-11
were high because of recent air–sea interaction. Along the surround-
ing slopes of the Labrador Sea, a warmer and more saline water
mass was observed at the density levels of the LSW core, the
Icelandic Slope Water (ISW; van Aken and de Boer, 1995; van
Aken and Becker, 1996). This water mass had relatively ‘‘aged’’
tracer properties compared with the LSW core, a lower oxygen
concentration, higher silicate values, lower CFC-11 concentrations,
and a higher potential vorticity. The ISW at the LSW levels could be
followed along its path from the north-eastern Iceland Basin to the

Labrador Sea as a slope bound water mass in the Iceland Basin, the
Irminger Sea, and the Labrador Sea (Yashayaev et al., 2007a). Below
the LSW core a more saline water type was found, the North East
Atlantic Deep Water (NEADW), characterised by higher salinities
(434.90), lower oxygen and CFC concentrations, and a higher
silicate concentration. This water mass is formed when Iceland
Scotland Overflow Water (ISOW) spreads to the western Atlantic
Basins through the Charlie-Gibbs Fracture Zone in the Mid-Atlantic
Ridge at !521N (van Aken and Becker, 1996). From there NEADW is
brought to the Labrador Sea by the deep cyclonic sub-arctic gyre
circulation. It is suggested that the transport (Boessenkool et al.,
2007) and properties (Yashayaev and Dickson, 2008) of ISOW and
subsequently NEADW are significantly regulated and influenced by
the varying formation rates and properties of LSW.

Also in the Irminger Sea a homogeneous water type was
present in 1994 at intermediate levels where convectively formed
(low PV) LSW is found, although the coldest and densest mod-
ification stage of the LSW94 class had not yet fully reached the
Irminger Sea in 1994 (Yashayaev et al., 2007a, 2007b). The
potential temperature of the LSW was between 2.78 and 2.9 1C,

Fig. 2. (Continued)
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Figure	courtesy	Igor	Yashayaev	

OBS	
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Labrador	Sea	water	mass	thickness	

Model	LSW	is	denser	than	observed	but	
shows	similar	variability.	
	
Consider	varia5ons	in	thickness	of	dense	
LSW	(27.85	-	27.9		kg/m3	)	
as	simulated	in	HD…	
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Color:		
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Contours:		
Upper	315m	northward								
heat	transport	anomaly		
	
(anomalies	rela5ve	to	
1958-2014	monthly	
climatology)	
	
	



(3-year	mean	
detrended	Eme	series)	

LSW	formaEon/SSH	relaEonship	in	HD	

Lag	correlaEons	of	(LSW	thickness	in	central	Lab	Sea,	SSH)	in	HD:	

Hypothesis:	
	
LSW	formaEon	in	the	
Labrador	Sea	drives	SSH	
variaEons	over	the	MAR	
at	decadal	lead	Emes	
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Summary	
•  IniEalized	CESM	simulaEons	show	good	skill	at	predicEng	recent	observed	upper	ocean	heat	content,	

SST,	and	sea	ice	extent	changes	in	the	North	AtlanEc,	up	to	a	decade	in	advance.	
	
•  Recent	predicEons	suggest	that	we	should	expect	conEnued	ocean-driven	cooling	of	the	SPG	&	

Nordic	Seas,	and	a	slowdown	in	the	rate	of	winter	sea	ice	loss,	due	to	a	weakening	thermohaline	
circulaEon--the	integral	effect	of	recent	weak	NAO	forcing.		(Hermanson	et	al.	2014;	McCarthy	et	al.	
2015;	Yeager	et	al.	2015;	Robson	et	al.	2016)	

	
•  The	primary	mechanism	underpinning	predictable	N.	AtlanEc	decadal		variability	appears	to	be	

persistent	NAO,	which	imprints	strongly	on	ocean	iniEal	condiEons	(V’	and	T’),	allowing	for	long	lead	
Eme	predicEon	of	anomalous	ocean	heat	transport	(north	of	~40N)	despite	a	rapid	loss	of	AMOC	
skill.	

	
•  Predictable	decadal	ocean	heat	transport	variaEons	associated	with	THC	change	(V’<T>)	appear	to	

be	dominated	by	highly	predictable	fluctuaEons	in	the	strength	of	the	intergyre	gyre,	not	AMOC.	
Decadal	predicEon	simulaEons	underscore	the	disEncEon	between	THC	and	AMOC,	with	the	former	
playing	a	key	role	in	predicEon.	

	
•  In	CESM,	NAO-driven	LSW	anomalies	follow	highly	predictable	interior	pathways.	These	generate	

large,	buoyancy-driven	surface	flow	(&	SSH)	anomalies	upon	reaching	the	Mid-AtlanEc	Ridge,	
through	flow-bathymetry	interacEon,	that	can	be	well-predicted	up	to	10	years	in	advance.	


