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Importance	
  of	
  sea	
  ice	
  climate	
  dynamics	
  

•  Global	
  warming/cooling:	
  amplified	
  by	
  the	
  ice-­‐
albedo	
  feedback	
  

•  Sea	
  ice	
  freezing/melBng	
  influences	
  ocean	
  
deep	
  water	
  formaBon	
  and	
  thermohaline	
  
circulaBon	
  

•  NH	
  sea	
  ice	
  bridges	
  communicaBon	
  between	
  
the	
  atmosphere	
  and	
  ocean	
  in	
  mulBdecadal	
  
modes	
  of	
  climate	
  variability	
  



Ice	
  –	
  albedo	
  feedback	
  



Sea	
  –	
  ice	
  albedo	
  feedback:	
  
large-­‐scale	
  dynamics	
  and	
  
internal	
  sea	
  ice	
  processes	
  



Global	
  Sea	
  Ice	
  Area	
  1979	
  -­‐	
  present	
  

Source:	
  UIUC	
  









Arctic Sea Ice Thickness	


Submarine and Satellite Record 1958-2007	



Reference: Kwok & Rothrock, Geophysical Research Letters, 2009	





Arc$c	
  sea	
  ice	
  enters	
  a	
  new	
  regime	
  	
  
(thinner	
  and	
  younger)	
  

Interannual	
  changes	
  in	
  ice	
  thickness	
  
from	
  submarine	
  and	
  ICESat	
  esBmates	
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Big	
  ques$ons:	
  	
  

•  Is	
  the	
  recent	
  ArcBc	
  sea	
  ice	
  decline	
  unusual	
  in	
  
the	
  last	
  100-­‐200	
  years?	
  

•  Is	
  the	
  current	
  ArcBc	
  sea	
  ice	
  decline	
  caused	
  by	
  
anthropogenic	
  global	
  warming?	
  

•  Why	
  is	
  the	
  AntarcBc	
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IPCC	
  AR5	
  Ch	
  10:	
  	
  “ArcBc	
  temperature	
  anomalies	
  in	
  the	
  1930s	
  were	
  
apparently	
  as	
  large	
  as	
  those	
  in	
  the	
  1990s	
  and	
  2000s.	
  There	
  is	
  sBll	
  
considerable	
  discussion	
  of	
  the	
  ulBmate	
  causes	
  of	
  the	
  warm	
  
temperature	
  anomalies	
  that	
  occurred	
  in	
  the	
  ArcBc	
  in	
  the	
  1920s	
  
and	
  1930s.”	
  

Polyakov	
  et	
  al.	
  2003	
  

Surface	
  air	
  temperature	
  anomalies	
  poleward	
  of	
  62N	
  





IPCC	
  AR5	
  Ch	
  10:	
  	
  
	
  
“It	
  is	
  likely	
  that	
  there	
  has	
  been	
  an	
  anthropogenic	
  contribuBon	
  to	
  the	
  very	
  
substanBal	
  ArcBc	
  warming	
  over	
  the	
  past	
  50	
  years.”	
  
	
  
	
  “Comparing	
  trends	
  from	
  the	
  CCSM4	
  ensemble	
  to	
  observed	
  trends	
  
suggests	
  that	
  internal	
  variability	
  could	
  account	
  for	
  approximately	
  half	
  of	
  
the	
  observed	
  1979–2005	
  September	
  ArcBc	
  sea	
  ice	
  extent	
  loss.”	
  

Stroeve	
  et	
  al.	
  2012	
  

Xxxxxxxxxxxxxxxxxxxxxxxxx	
  
	
  
	
  



Disagreement	
  between	
  models	
  and	
  observa$ons	
  

Climate	
  models	
  underpredict	
  the	
  recent	
  sea	
  ice	
  decline,	
  find	
  
potenBally	
  ice	
  free	
  in	
  2050:	
  

	
  

•  Models	
  are	
  too	
  insensiBve;	
  ArcBc	
  sea	
  ice	
  is	
  on	
  a	
  ‘spiral	
  of	
  
death’	
  trajectory	
  and	
  ice	
  free	
  ArcBc	
  is	
  imminent	
  

	
  

	
  	
  -­‐-­‐-­‐-­‐	
  	
  OR	
  -­‐-­‐-­‐	
  
	
  

•  Models	
  fail	
  to	
  account	
  adequately	
  for	
  mulBdecadal	
  climate	
  
variability	
  and	
  we	
  could	
  see	
  at	
  least	
  a	
  parBal	
  recovery	
  of	
  the	
  
sea	
  ice	
  



Currently:	
  
•  Warm	
  AMO	
  
•  Cool	
  PDO	
  
Previous	
  analogue:	
  
•  1946-­‐1964	
  

AMO	
  

PDO	
  



“Stadium	
  Wave”	
  

Climate	
  as	
  a	
  Stadium	
  Wave:	
  

PropagaBon	
  of	
  a	
  low-­‐frequency	
  climate-­‐signal	
  through	
  a	
  
network	
  of	
  atmospheric,	
  Ice,	
  and	
  oceanic	
  self-­‐sustained	
  

oscillaBng	
  indices	
  

Hypothesis	
  

Wyai	
  and	
  Curry	
  2013	
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Indices	
  DJFM:	
  	
  

NHT, AMO, AT, 
NAO, NINO3.4, 

NPO, PDO, ALPI  

AMO	
  

NAO	
  

AT	
  

NINO	
  3.4	
  

NPO	
  PDO	
  

ALPI	
  

NHT	
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Random	
  Red-­‐Noise?	
  or	
  Coherent	
  Signal?	
  

•  Lagged	
  correlaBons	
  of	
  mulBdecadal	
  signal	
  in	
  various	
  indices	
  
•  MulB-­‐channel	
  Singular	
  Spectrum	
  Analysis	
  (M-­‐SSA)	
  assesses	
  

significance	
  of	
  signal	
  

-­‐AMO	
  (4y)	
  +NAO	
  (8y)	
  +PDO	
  (4y)	
  +ALPI	
  



Climate	
  as	
  a	
  stadium	
  wave	
  

The	
  ‘stadium	
  wave’	
  climate	
  signal	
  propagates	
  across	
  the	
  NH	
  through	
  a	
  
network	
  of	
  ocean,	
  ice,	
  and	
  atmospheric	
  circulaBon	
  regimes	
  that	
  self-­‐
organize	
  into	
  a	
  collecBve	
  tempo.	
  
	
  
M-­‐SSA	
  is	
  used	
  to	
  extract	
  and	
  characterize	
  dominant	
  spaBo-­‐temporal	
  
paierns	
  of	
  variability	
  shared	
  by	
  indices	
  within	
  a	
  network.	
  	
  
	
  

Wyai	
  et	
  al.	
  (2012)	
  

www.wyaionearth.net	
  



Wyai	
  &	
  Curry,	
  2013:	
  	
  Climate	
  Dynamics	
  

Stadium	
  Wave	
  Wheel	
  
N.	
  AtlanBc	
  sector	
  of	
  the	
  ArcBc	
  

Siberian	
  sector	
  of	
  the	
  ArcBc;	
  
	
  	
  	
  North	
  Pacific	
  

North	
  Pacific	
  

NH	
  high	
  laBtudes	
  

•  19th	
  &	
  20th	
  century	
  tempo	
  of	
  60-­‐64	
  years.	
  	
  
•  ConBnued	
  cool	
  phase	
  into	
  the	
  2030’s	
  

CURRENT	
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•  When	
  sea	
  water	
  freezes	
  to	
  
form	
  sea	
  ice,	
  salt	
  is	
  rejected	
  
into	
  the	
  ocean.	
  

•  Salinity	
  of	
  the	
  surface	
  water	
  
increases	
  where	
  sea	
  ice	
  is	
  
formed.	
  	
  

•  Water	
  with	
  a	
  higher	
  salinity	
  
has	
  higher	
  density	
  than	
  
water	
  with	
  lower	
  salinity.	
  	
  

•  Salty	
  water	
  sinks	
  to	
  lower	
  
levels	
  in	
  the	
  ocean,	
  while	
  
warmer	
  water	
  from	
  the	
  
south	
  replaces	
  what	
  used	
  to	
  
be	
  surface	
  water.	
  	
  

Ocean	
  thermohaline	
  circula$on	
  



Role	
  of	
  sea	
  ice	
  in	
  the	
  stadium	
  wave	
  

1)  Eurasian-­‐ArcBc	
  shelf	
  sea-­‐ice	
  plays	
  a	
  strong	
  role	
  in	
  the	
  
propagaBon	
  of	
  the	
  hemispheric	
  climate	
  signal	
  	
  

2)  mulBdecadal	
  paierns	
  of	
  internal	
  saline	
  Rossby	
  modes	
  and	
  
North	
  AtlanBc-­‐ArcBc	
  salinity	
  exchange	
  

3)  mulBdecadal	
  fluctuaBons	
  of	
  heat	
  and	
  salt	
  advecBon	
  and	
  
their	
  role	
  in	
  sea-­‐ice	
  formaBon	
  	
  

4)  Ice	
  influences	
  basin-­‐scale	
  meridional	
  temperature	
  gradient	
  

5)  atmospheric	
  response	
  to	
  this	
  ice-­‐induced	
  temperature	
  
gradient	
  

6)  the	
  many	
  consequences	
  of	
  that	
  atmospheric	
  response,	
  
largely	
  due	
  to	
  the	
  regime-­‐related	
  geographical	
  shits	
  of	
  the	
  
atmospheric	
  and	
  oceanic	
  centers-­‐of-­‐acBon,	
  and	
  reinforced	
  by	
  
oceanic	
  centers	
  of	
  acBon	
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warming	
   cooling	
  

Stadium	
  wave	
  hypothesis	
  
predicts	
  a	
  reversal	
  in	
  the	
  sea	
  
ice	
  decline	
  over	
  the	
  next	
  1-­‐2	
  
decades	
  

Neg	
  anomaly	
  

Pos	
  anomaly	
  

Pos	
  anomaly	
  

Neg	
  anomaly	
  



1989-­‐1995:	
  Anomalously	
  
posiBve	
  anomaly	
  of	
  ArcBc	
  
OscillaBon	
  
	
  
à Enhanced	
  transpolar	
  drit	
  
à Flushing	
  of	
  mulByear	
  ice	
  
through	
  the	
  Fram	
  Strait	
  



Regional factors 
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   Sea	
  ice	
  export	
  

Influenced	
  by	
  atmospheric	
  
dynamics,	
  thermodynamics	
  

Geographical	
  variaBons	
  
give	
  rise	
  to	
  regional	
  
variaBons	
  in	
  processes	
  
that	
  contribute	
  to	
  sea	
  ice	
  	
  
decline/growth	
  
	
  
Hence	
  ocean	
  and	
  atm	
  
dynamics	
  contributes	
  to	
  
regional	
  variaBons	
  in	
  
sea	
  ice	
  decline/growth	
  
	
  



East	
  Siberian	
  Sea	
  Ice	
  

Kara	
  –	
  European	
  Sea	
  Ice	
  

Beaufort	
  N.	
  Amer	
  Sea	
  Ice	
  



Global	
  surface	
  temperature	
  anomaly	
  	
  

warming 

warming 

cooling 

cooling 

Natural variability as per the stadium wave provides for a stair 
step evolution against background of overall warming trend 
 
Human impact on warming apparent post 1980 
 
 
 



IPCC AR5 Chapter 10 

Solar + volcanoes +  
natural aerosol 

Natural + 
greenhouse 
gases + pollution 
aerosol 
 

Warming since 1950: 
IPCC - Human forcing 
 
Warming 1910-1940: 
Models produce slight 
warming due to reduced 
volcanic activity and 
small human effects 
 
Cooling 1940-1975: 
Not reproduced by the  
models 
 
Flat in 21st century: Not 
reproduced by models 

What has caused 
the warming? 



Figure courtesy of Steve Mosher 

IPCC	
  AR4:	
  	
  Surface	
  temperature	
  expected	
  to	
  
	
  increase	
  	
  0.2oC/decade	
  in	
  early	
  21st	
  century	
  

El Nino 

  Warming ‘pause’ or ‘hiatus’   



Significance of the ‘pause’ since 1998 

CO2 concentration since 1998:  ~ +25% of total human impact 

Under conditions of human-caused greenhouse forcing: 
•  modeled ‘pauses’ longer than 15 years are rare;  
•  probability of a modeled pause exceeding 20 yrs is  

vanishing small 

IPCC AR5 



Questions raised by the discrepancy 
between models & observations 

•  Are climate models too sensitive to greenhouse 
forcing? 

•  Is climate model treatment of natural climate 
variability inadequate? 

•  Are climate model                                           
projections of 21st                                                  
century warming                                                         
too high? 



IPCC	
  AR5:	
  Equilibrium	
  climate	
  
sensiBvity	
  is	
  likely	
  in	
  the	
  range	
  
1.5°C	
  to	
  4.5°C,	
  extremely	
  unlikely	
  
less	
  than	
  1°C,	
  and	
  very	
  unlikely	
  
greater	
  than	
  6°C.	
  	
  

Lewis	
  and	
  Curry	
  2014:	
  	
  	
  
ObservaBon	
  analysis	
  finds	
  likely	
  
range	
  for	
  equilibrium	
  climate	
  
sensiBvity	
  is	
  1.25-­‐2.45°C	
  

MODELS	
  

Lewis	
  &	
  Curry	
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Whither	
  the	
  Arc$c	
  Ocean	
  sea	
  ice?	
  

Important	
  role	
  for	
  natural	
  variability	
  suggested	
  by:	
  
•  Increasing	
  AntarcBc	
  sea	
  ice	
  
•  Hiatus	
  in	
  global	
  surface	
  warming	
  
•  Evidence	
  that	
  climate	
  models	
  are	
  too	
  sensiBve	
  to	
  CO2	
  

Stadium	
  wave	
  hypothesis	
  suggests:	
  
•  ConBnued	
  sea	
  ice	
  decline	
  in	
  

Siberian	
  sector	
  for	
  another	
  decade	
  
•  Reversal	
  of	
  overall	
  decline	
  in	
  2020’s	
  
•  Increasing	
  sea	
  ice	
  extent	
  into	
  2050’s	
  	
  
•  Importance	
  relaBve	
  to	
  AGW?	
  
•  CriBcal	
  importance	
  of	
  early	
  20th	
  

century	
  sea	
  ice	
  observaBons	
  



http://judithcurry.com 

Climate	
  Etc.	
  blog	
  provides	
  a	
  forum	
  for	
  technical	
  
experts	
  and	
  the	
  interested	
  public	
  to	
  engage	
  in	
  a	
  
discussion	
  on	
  topics	
  related	
  to	
  climate	
  science,	
  
its	
  impacts	
  and	
  policy	
  opBons.	
  	
  	
  
	
  
	
  





Thanks	
  for	
  your	
  aienBon! 


