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Drivers	
  for	
  decadal	
  climate	
  variability	
  

Decadal climate variations composed of at least two components: 
 
•  Internal variability of the coupled climate system 

•  Response of the climate system to external forcing changes (greenhouse gases, etc) 

è  Most climate change projections typically focus on the response to radiative forcing 
changes. 

è  However, there is substantial internal variability in the climate system on decadal scales. 

 
Key question: Can we produce better predictions for the coming decades if we use initial 
condition of the climate system in addition to the response to radiative forcing changes? 
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Internal	
  variability	
  can	
  be	
  a	
  significant	
  source	
  
of	
  uncertainty	
  on	
  decadal	
  Cme	
  scales,	
  
especially	
  on	
  regional	
  spaCal	
  scales.	
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EsCmates	
  of	
  potenCal	
  predictability	
  of	
  5-­‐
year	
  mean	
  temperature	
  from	
  radiaCve	
  
forcing	
  and	
  internal	
  variability	
  	
  

Key	
  Point:	
  On	
  mulC-­‐year	
  to	
  decadal	
  scales,	
  
radiaCve	
  forcing	
  is	
  the	
  dominant	
  source	
  of	
  
potenCal	
  predicCve	
  skill,	
  with	
  the	
  excepCon	
  
of	
  a	
  few	
  regions.	
  



Components	
  of	
  Dynamical	
  PredicCon	
  and	
  ProjecCon	
  Systems	
  

•  Observing Systems 

•  Assimilation Systems 

•  Models 

•  Changing radiative forcing 
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Ini$al	
  Value	
  Problem	
  
(synop$c	
  to	
  seasonal	
  predic$on)	
  

Boundary	
  Value	
  Problem	
  
(mul$-­‐decadal	
  to	
  	
  
centennial	
  projec$on)	
  

Decadal	
  
Predic5ons	
  
and	
  
Projec5ons	
  

Goal:	
  Unified	
  system	
  for	
  predic$ons	
  and	
  projec$ons	
  from	
  seasonal	
  to	
  decadal	
  to	
  
centennial	
  $me	
  scales.	
  
	
  
Key	
  point:	
  Such	
  systems	
  are	
  also	
  highly	
  relevant	
  for	
  understanding	
  and	
  aFribu$on	
  
of	
  observed	
  climate	
  changes.	
  	
  



Drivers	
  for	
  decadal	
  climate	
  variability	
  

For internal variability, are there phenomena that lend predictability? 
 
•  Daily weather prediction: mid-latitude storms, air-masses, fronts 
•  Seasonal prediction: ENSO 
•  Decadal?? 
 
 
 
Paradigm: There are decadal-scale oceanic variations that may be predictable and of 
climatic relevance. These include: 
 
(a)   Pacific Decadal Oscillation (PDO) 

(b) Atlantic Multidecadal Oscillation (AMO), likely associated with the Atlantic 
Meridional Overturning Circulation (AMOC) 

 
(c) Others? Southern Ocean processes? 
 

Mahajan	
  et	
  al.,	
  2011	
  



PDO in observation (HadISST) 

 
Time scale: 
15-25yr, 50-70yr 
(Minobe 1997) 

Definition of PDO 
index: the leading 
principal component of 
SST in the North 
Pacific (poleward of 
20oN) 

Adapted	
  from	
  Zhang	
  and	
  Delworth,	
  in	
  review	
  



Spatial pattern of the leading EOF of the  
internal HC deviations in the historical 
 run during 1961-2013 

BoSom	
  line:	
  PDO	
  predicCve	
  skill	
  up	
  to	
  ~2	
  years 

PDO predictability (EOF Projection method) 
Correlation : Hindcast versus Observation 

Adapted	
  from	
  Zhang	
  and	
  Delworth,	
  in	
  review	
  



surfaces of equal density (diapycnal mixing). Munk and
Wunsch [1998] described this mechanism in detail. The
action of winds and tides generates internal waves in the
oceans. These waves dissipate into small-scale motion that
causes turbulent mixing. This mixing of heat lightens water
masses in the deep ocean and causes them to rise in low
latitudes. Resulting surface and intermediate waters are then
advected poleward into the North Atlantic where they are
transformed into dense waters by atmospheric cooling and
salt rejection during sea ice growth. These waters sink to
depth and spread, setting up the deepwater mass of the
ocean. Thereby a meridional density gradient between high
and low latitudes is established. A sketch of the involved
processes and their locations is given in Figure 2.
[5] The second candidate is wind-driven upwelling, as

put forward by Toggweiler and Samuels [1993b, 1995,
1998]. On the basis of observational radiocarbon constraints
they concluded that the actual amount of upwelling of
abyssal water caused by diapycnal mixing is insufficient
to sustain an estimated overturning of about 15 Sv (1 Sv = 1
Sverdrup = 106 m3 s!1) in the Atlantic Ocean. As an
alternative they suggested that most of the oceanic upwell-
ing is wind-driven and occurs in the Southern Ocean. The
strong westerly circumpolar winds induce a vigorous north-
ward transport of waters, called Ekman transport, near the
ocean surface. Since there is a horizontal divergence of the

Ekman transport, an upwelling from depth is induced that is
associated with the so-called Drake Passage effect (see
Figure 2). In this view it is the strength of Southern Ocean
winds rather than the oceanic diapycnal mixing that governs
the strength of the AMOC. Note that in this theory the
winds induce large-scale motion of the water masses in
the Southern Ocean, which enter the Atlantic and flow to
the northern deepwater formation sites. Wind-driven mix-
ing, i.e., small-scale turbulent motion that is induced by
surface wind stress, is part of the mixing processes and is
not considered as a direct wind-driven upwelling.
[6] Determining which of these two processes is the main

driving mechanism of the MOC is of great interest, even
beyond the mere aim of physical understanding. The two
could imply different sensitivities to variations in external
forcing [Schmittner and Weaver, 2001; Prange et al., 2003]
and thus a different evolution of the MOC under continued
global climate change. In the present paper we review work
on theory, modeling, and observations that argue for either
or both of the possible driving mechanisms.
[7] We wish to emphasize that the driving processes do

not fully determine the AMOC’s spatial extent and strength.
The amount of water that actually sinks in the North
Atlantic is controlled by a variety of processes including
the horizontal gyre circulation, atmospheric cooling, pre-
cipitation, evaporation, and ice melting. These processes

Figure 1. Strongly simplified sketch of the global overturning circulation system. In the Atlantic, warm
and saline waters flow northward all the way from the Southern Ocean into the Labrador and Nordic
Seas. By contrast, there is no deepwater formation in the North Pacific, and its surface waters are fresher.
Deep waters formed in the Southern Ocean become denser and thus spread in deeper levels than those
from the North Atlantic. Note the small, localized deepwater formation areas in comparison with the
widespread zones of mixing-driven upwelling. Wind-driven upwelling occurs along the Antarctic
Circumpolar Current (ACC). After Rahmstorf [2002].
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Transports ~1.3 PW of  heat poleward in the Atlantic at 26oN 
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Most	
  predictable	
  paSern	
  from	
  APT	
  (average	
  predictability	
  Cme)	
  analysis	
  resembles	
  
AtlanCc	
  MulCdecadal	
  Variability/OscillaCon	
  

There	
  are	
  also	
  indica:ons	
  of	
  
possible	
  predictability	
  of	
  Atlan:c	
  
hurricane	
  ac:vity	
  on	
  mul:-­‐year	
  
:me	
  scales,	
  but	
  	
  much	
  more	
  work	
  
is	
  needed	
  related	
  to:	
  
	
  
• 	
  role	
  of	
  radia:ve	
  forcing	
  
• 	
  changing	
  observing	
  system	
  
• 	
  shortness	
  of	
  observed	
  record	
  

Vecchi	
  et	
  al.,2013	
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Current	
  AMOC	
  predicCons	
  
from	
  GFDL	
  mulC-­‐model	
  
decadal	
  predicCon	
  system	
  	
  
	
  
-­‐	
  All	
  predicCons	
  show	
  
weakening	
  AMOC	
  



MulCmodel	
  assessment	
  of	
  predicCve	
  skill	
  of	
  surface	
  air	
  temperature	
  for	
  years	
  2-­‐5	
  

Measure	
  of	
  total	
  skill	
  in	
  
predicCon	
  	
  

Measure	
  of	
  skill	
  from	
  
predicCng	
  internal	
  
variability	
  	
  
	
  
“Red”	
  indicates	
  area	
  where	
  
predicCng	
  internal	
  variability	
  
is	
  a	
  meaningful	
  source	
  of	
  skill	
  

IPCC	
  AR5	
  Fig.	
  11.4	
  



Climate	
  signals	
  over	
  the	
  coming	
  decade(s)	
  are	
  a	
  combina5on	
  of:	
  
-­‐  Response	
  to	
  changing	
  radiaCve	
  forcing	
  
-­‐  Internal	
  variability	
  of	
  the	
  climate	
  system	
  

	
  
To	
  what	
  degree	
  can	
  we	
  predict	
  the	
  internal	
  variability	
  component?	
  And	
  on	
  what	
  
spa5al	
  and	
  temporal	
  scales?	
  
	
  
For	
  Pacific	
  Decadal	
  Oscilla:on,	
  predictability	
  of	
  up	
  to	
  ~2	
  years.	
  	
  
	
  
For	
  Atlan:c	
  Mul:decadal	
  Oscilla:on	
  (related	
  to	
  AMOC),	
  there	
  exists	
  greater	
  
predictability	
  (up	
  to	
  a	
  decade).	
  Largest	
  decadal	
  scale	
  predictability	
  in	
  climate	
  
system	
  is	
  in	
  the	
  extratropical	
  North	
  Atlan:c	
  (subsurface	
  temperature)	
  associated	
  
with	
  the	
  AMOC.	
  
	
  
However,	
  for	
  both	
  phenomena	
  this	
  translates	
  into	
  limited	
  predictability	
  over	
  
conCnental	
  regions.	
  Largest	
  predictability	
  for	
  ocean	
  heat	
  content	
  in	
  North	
  AtlanCc.	
  
	
  
Also	
  …	
  some	
  early	
  indicaCons	
  of	
  potenCal	
  decadal	
  scale	
  predictability	
  for	
  the	
  
Southern	
  Ocean.	
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Is	
  there	
  the	
  poten5al	
  for	
  greater	
  skill	
  than	
  we	
  can	
  currently	
  realize?	
  	
  
	
  
Some	
  factors	
  to	
  consider:	
  
	
  
•  Models	
  used	
  to	
  esCmate	
  predictability	
  may	
  be	
  inadequate	
  

-­‐  Coarse	
  resoluCon	
  
-­‐  Unresolved	
  processes	
  (mesoscale	
  eddies,	
  shelf	
  processes,	
  sill	
  overflows,	
  …)	
  
-­‐  Air-­‐sea	
  coupling	
  	
  

•  IniCalizaCon	
  of	
  models	
  is	
  problemaCc	
  
-­‐  Changing	
  observing	
  system	
  
-­‐  Lack	
  of	
  measurements	
  in	
  the	
  deep	
  ocean	
  
-­‐  Challenges	
  to	
  iniCalize	
  at	
  high-­‐resoluCon	
  
-­‐  Model	
  bias!!!	
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Is	
  there	
  the	
  poten5al	
  for	
  greater	
  skill	
  than	
  we	
  can	
  currently	
  realize?	
  	
  
	
  
Even	
  without	
  addiConal	
  predicCve	
  skill,	
  some	
  factors	
  to	
  consider:	
  
	
  
•  Large	
  ensembles	
  of	
  simulaCons	
  over	
  the	
  next	
  several	
  decades	
  are	
  extremely	
  

useful	
  to	
  esCmate	
  the	
  Cme-­‐evolving	
  PDF	
  of	
  climate	
  in	
  response	
  to	
  radiaCve	
  
forcing	
  changes	
  

•  IniCalizaCon	
  of	
  those	
  models	
  adds	
  some	
  level	
  of	
  predicCve	
  skill	
  for	
  certain	
  
regions	
  and	
  phenomena	
  –	
  North	
  AtlanCc	
  Ocean	
  is	
  the	
  most	
  predictable!	
  

•  It	
  is	
  CRITICAL	
  to	
  improve	
  our	
  understanding	
  of	
  the	
  dynamics	
  underlying	
  decadal	
  
variaCons	
  to	
  place	
  decadal	
  predicCons	
  on	
  a	
  sound	
  theoreCcal	
  basis	
  

•  Even	
  if	
  it	
  is	
  not	
  predictable,	
  a	
  beSer	
  understanding	
  of	
  decadal	
  variability	
  is	
  
crucial	
  for	
  efforts	
  to	
  assess	
  and	
  aSribute	
  the	
  underlying	
  causes	
  of	
  observed	
  
decadal-­‐scale	
  change	
  

	
  
	
  


