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a short story of carbon and climate 



1. Climate change and ice ages 
  

2. Carbon dynamics : the Earth’s thermostat 
 
3. Some remarks 



Ice ages : the first evidence 
of climate change 

«	
  Roches	
  moutonnées	
  »	
  	
  
(de	
  Saussure,	
  18th	
  century)	
  

Stria:ons	
  

(from	
  S.	
  Couteran,	
  PhD	
  thesis)	
  



Lower sea level (~ -120 m)	



Northern hemisphere ice sheets	



Ice ages : the first evidence 
of climate change 



Two « physically based » theories	



Tyndall, 	


1861, 1863	



Arrhenius,	


1896	



Chamberlin,	


1897,1899	



Croll, 
1864,1867	



Milankoviç,	


1920, 1941	



CO2	

 Astronomy	



Adhémar, 1842	



Ebelmen, 1845	



Ekholm, 1901	



(physics:	
  cf.	
  Fourier,	
  1824)	
  

(analogy:	
  3rd	
  movement	
  of	
  Earth,	
  Hipparchus,	
  127	
  BC)	
  



Arrhenius, 1896	



0.67xCO2	
  

-­‐3°C	
  

2.0xCO2	
  

+5°C	
  



(Lüthi	
  et	
  al,	
  2008)	
  

CO2 does change ! …	



(Delmas	
  et	
  al,	
  1980;	
  NeNel	
  et	
  al.	
  1982;	
  Barnola	
  et	
  al,	
  1983)	
  

- CO2 was lower during glacial times	



(Barnola	
  et	
  al,	
  1987;	
  PeOt	
  et	
  al.	
  1999;	
  Lüthi	
  et	
  al,	
  2008)	
  

- CO2 variations correspond to glacial-interglacial cycles	
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!!   The important message   !!	
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V(t) ice sheet volume	
  

Calder’s Model (Nature, 1974)	
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V(t) ice sheet volume	
  

Calder’s Model (Nature, 1974)	





- 100 m	



230 ppm	



CO2	



Sea level	



The	
  Southern	
  hemisphere	
  and	
  
atmospheric	
  CO2	
  are	
  leading	
  the	
  
deglacia:on	
  
	
  
	
  
(known	
  since	
  Pichon	
  et	
  al.	
  1992;	
  
Sowers	
  1993)	
  

Terminations…	



:me	
  



(Shakun	
  et	
  al,	
  2012)	
  

Terminations…	



:me	
  



Who is the winner ?	



+	
  Hays	
  et	
  al.	
  (1976),	
  Varia:ons	
  in	
  the	
  earth's	
  orbit:	
  pacemakers	
  of	
  the	
  ice	
  ages	
  

+	
  A	
  sound	
  physical	
  basis	
  for	
  the	
  Milankovitch	
  theory	
  

	
  

-­‐	
  Predicted	
  periodicity	
  (41	
  ka)	
  is	
  not	
  the	
  dominant	
  one	
  «	
  today	
  »	
  (100	
  ka)	
  

-­‐	
  Leads	
  and	
  lags	
  during	
  termina:ons	
  

Astronomical	
  theory	
  

CO2	
  theory	
  

+	
  CO2	
  does	
  changes	
  in	
  parallel	
  with	
  ice	
  ages	
  

+	
  A	
  sound	
  physical	
  basis	
  for	
  the	
  greenhouse	
  effect	
  

+	
  CO2	
  leads	
  during	
  termina:ons	
  

	
  

-­‐	
  No	
  defined	
  periodicity,	
  CO2	
  needs	
  ini:al	
  causes	
  to	
  change,	
  unknown	
  dynamics	
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Building a synthesis	



Astronomical/geochemical	
  theory	
  

CO2	

 Ice sheets	



Climate	





Coupled ice sheet - carbon cycle models	



B.	
  Saltzman	
  

The	
  Saltzman-­‐Lorenz	
  adractor	
  

(Saltzman, 1962; Lorenz, 1963)	



(Saltzman,	
  1977;	
  …2001)	
  

€ 

dV

dt
= α1 −α2 cC + k1θ + k2FV (t)( ) −α3V

dC

dt
= β1 − β2 − β3C + β4C

2( )C − β5θ + F
C
(t)

dθ

dt
= γ1 − γ 2V − γ 3θ

(Saltzman	
  et	
  al,	
  1993)	
  

The	
  first	
  conceptual	
  model	
  trying	
  to	
  
understand	
  the	
  role	
  of	
  CO2	
  	
  

V : ice sheet volume	


C : atmospheric CO2	
  	
  
θ : deep ocean temperature or 	

	


      thermohaline circulation	
  



V = ice volume	


A = Antarctic ice sheet area	


C = atmospheric CO2	



F   = a V - b A - c I60 + d 	


CR = α I65 - β V + γ H(-F) + δ	


VR = - x C - y I65 + z	



(Paillard and Parrenin, EPSL, 2004)	



Conceptual model for ice sheet volume and CO2	





The	
  RAISED	
  consorOum	
  et	
  al,	
  QSR,	
  2014)	
  

The ice sheet - CO2 link	



Ice-­‐sheet	
  grounding	
  line	
  
today	
  

LGM	
  

Bodom	
  water	
  
forma:on	
  



A short history of climate	
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  5°C	
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A short history of climate	





Metasequoia occidentalis 

Tropical forest in 
the arctic area 
 
-  palm trees, 
coniferous,… 

-  crocodiles, 
turtles, 
mammals, … 

Vertèbres de crocodilien 

Eocene : + 8 - 10°C 
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A short history of climate	
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T	
  

ac
id
ifi
ca
:o

n	
  

-­‐ 	
  Impulse	
  response	
  to	
  a	
  greenhouse	
  
gas	
  perturba:on	
  
(~	
  1000	
  -­‐	
  5000	
  PgC)	
  

-­‐ 	
  recovery	
  :me	
  
	
  ~	
  200	
  000	
  ans	
  

Paleocene-Eocene transition	



temps	
  

(Zachos et al, Science 2001) 



Volcanoes (V) 

C org 
preservation CaCO3 

     Ocean 
+ Atmosphere 

Solid 
Earth 

CO2 
Weathering (W(T)) 

dC

dt
=V −W (T )

• 	
  «	
  Fast	
  »	
  regula:on	
  (	
  ~	
  200	
  000	
  years)	
  

The Earth thermostat : carbon	





  Explains	
  the	
  stability	
  of	
  Earth’s	
  climate	
  in	
  the	
  «	
  liquid	
  water	
  »	
  

range	
  (eg.	
  why	
  snowball-­‐Earth	
  is	
  an	
  excep:on)	
  

  Fits	
  with	
  some	
  observa:ons	
  (eg.	
  Paleocene-­‐Eocene)	
  

  Good	
  geochemical	
  basis	
  

	
  

-  is	
  too	
  efficient	
  to	
  account	
  for	
  the	
  observed	
  variability	
  

-  Role	
  for	
  organic	
  carbon	
  
-  And	
  for	
  calcium	
  cycle	
  

The Earth thermostat : carbon	
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A short history of climate	





:llite	
  

Coal	
  

Carboniferous	





Pälike	
  et	
  al,	
  2006	
  

Astronomical 
forcing of the 
carbon cycle ?	





Role of the Ca cycle	



(Hoenisch	
  et	
  al.	
  2012)	
  

(Paillard	
  et	
  al.	
  2014)	
  



Snowball Earth	





2050	
  
2100	
  

2500	
  

Groenland	
  

AntarcOca	
  

« Near » future ?? 

Paleo Future climates	





106 years	



(Paillard,	
  Science	
  2006)	
  

Conceptual model for NH ice sheets + pCO2 

0	
   106ans	
  -­‐3.106ans	
  



103 years	



(Zickfeld	
  et	
  al,	
  2013)	
  

2000	
   3000	
  

•  CO2 emissions in the XXI-XXIIth century 

•  pCO2 is the integral of emissions 

•  Large thermal inertia of the ocean 
 
 
•  Slow components (eg. ice sheets,.. ) are 
not accounted for 



(IPCC	
  2014)	
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High	
  la:tudes	
  

Low	
  la:tudes	
  

(Huybers	
  and	
  Curry,	
  2006)	
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What is climate ? (what is a climatologist ?)	





High	
  la:tudes	
  

Low	
  la:tudes	
  

(Huybers	
  and	
  Curry,	
  2006)	
  

101	
   102	
   103	
  10-­‐6	
  10-­‐7	
  

GCMs	
  

EMICs	
  

Weather	
  

Atmos.	
  dynamics	
  

Climate	
  

Atmos.	
  chemistry	
  Tectonics	
  
Surface	
  ocean	
  Deep	
  ocean	
  
Vegeta:on	
  Ice	
  sheets	
  

Carbon	
  cycle	
  

???	
  

What kind of numerical tools ?	





Surprises to come … ??	



Large	
  amplitude	
  abrupt	
  changes	
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~16°C	
  

~10°C	
  

	
  
• 	
  +10-­‐16°C	
  

• 	
  transi:ons	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  <	
  100	
  ans	
  

NGRIP 



Abrupt	
  sea	
  level	
  rise	
  …	
  
	
  
…	
  like	
  during	
  the	
  last	
  
deglacia:on	
  
	
  
MPW1a:	
  
	
  
~	
  14	
  600	
  years	
  BP	
  
+	
  20	
  m	
  in	
  300	
  years	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (>	
  6	
  m/century)	
  

(Deschamps	
  et	
  al.,	
  Nature	
  2012)	
  

time 
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Some key points	



•  «	
  Climate	
  »	
  is	
  not	
  a	
  well-­‐defined	
  object.	
  

•  Phanerozoic	
  climate	
  did	
  change	
  (between	
  roughly	
  -­‐5°	
  and	
  
+12°)	
  in	
  close	
  connec:on	
  with	
  the	
  evolu:on	
  of	
  life.	
  

•  The	
  large	
  long-­‐term	
  varia:ons	
  are	
  (probably)	
  caused	
  by	
  
changes	
  in	
  pCO2	
  whose	
  dynamics	
  is	
  poorly	
  understood	
  on	
  
these	
  :me	
  scales.	
  

•  We	
  need	
  simpler	
  tools	
  (simple	
  models	
  and	
  theories)	
  



Thank you !	




