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Changes	
  in	
  atmospheric	
  CO2	
  and	
  the	
  global	
  carbon	
  cycle	
  

How	
  much	
  carbon	
  do	
  
marine	
  and	
  terrestrial	
  plants	
  
fix	
  each	
  year?	
  
	
  
How	
  is	
  the	
  rate	
  of	
  CO2	
  uptake	
  
impacted	
  by	
  climate	
  forced	
  
changes	
  in	
  ocean	
  physics	
  and	
  
biology?	
  
	
  
How	
  much	
  carbon	
  is	
  taken	
  up	
  
by	
  the	
  ocean?	
  	
  How	
  fast	
  does	
  
this	
  happen?	
  
	
  
	
  

hFp://en.wikipedia.org/wiki/Keeling_Curve	
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Agouron	
  2014	
  Summer	
  Course	
  in	
  Microbial	
  Oceanography	
  
	
  

An	
  overview	
  of	
  the	
  Marine	
  Carbon	
  Cycle	
  
	
  

What	
  are	
  the	
  major	
  reservoirs	
  of	
  marine	
  carbon?	
  
	
  

What	
  are	
  the	
  major	
  fluxes	
  of	
  carbon	
  between	
  them?	
  
	
  

How	
  do	
  we	
  measure	
  do	
  we	
  measure	
  reservoir	
  	
  
size	
  and	
  fluxes?	
  

	
  
How	
  well	
  do	
  we	
  know	
  this?	
  

	
  
What	
  are	
  some	
  of	
  the	
  ways	
  by	
  which	
  microbes	
  impact	
  	
  

these	
  reservoirs	
  and	
  fluxes?	
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Visit	
  the	
  NASA	
  Earth	
  Observatory	
  Website!	
  
hFp://earthobservatory.nasa.gov	
  

What	
  are	
  the	
  major	
  reservoirs	
  of	
  Carbon	
  on	
  the	
  planet?	
  	
  How	
  do	
  we	
  measure	
  them?	
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hFp://earthobservatory.nasa.gov/IOTD/view.php?id=82142	
  

Carbon	
  Dioxide	
  in	
  the	
  mid	
  troposphere,	
  May	
  2013	
  (800,000	
  year	
  high)	
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hFp://www.nasa.gov/images/content/121557main_landCover.jpg	
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Carbon	
  Sequestradon	
  in	
  soils	
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Arcdc	
  watersheds	
  drain	
  vast	
  areas	
  of	
  Asia	
  and	
  North	
  America	
  

Max	
  Holmes	
  WHRC	
  
Mackenzie River  

Arcdc	
  watersheds	
  are	
  dominated	
  by	
  5-­‐6	
  large	
  
basins	
  that	
  reach	
  into	
  and	
  drain	
  large	
  pordons	
  
of	
  Asia	
  and	
  North	
  America.	
  	
  Smaller	
  rivers	
  may	
  
contribute	
  another	
  50%	
  of	
  the	
  freshwater	
  and	
  
carbon	
  to	
  these	
  systems.	
  

Much	
  of	
  the	
  arcdc	
  is	
  characterized	
  by	
  low	
  lands	
  that	
  have	
  
a	
  swampy/peaty	
  nature	
  to	
  them.	
  	
  They	
  store	
  lots	
  of	
  organic	
  
carbon	
  that	
  has	
  been	
  deposited	
  over	
  centuries	
  and	
  millennia	
  
That	
  is	
  locked	
  away	
  and	
  frozen	
  for	
  much	
  of	
  the	
  year.	
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  Frey and Smith, JGR 32 L09401 (2005) 

Possible impact of climate change 
driven arctic warming on DOC 

flux and fate 
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  Frey and Smith, JGR 32 L09401 (2005) 
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hFp://www.pmel.noaa.gov/pubs/outstand/feel2331/images/fig07.jpg	
  

CO2	
  (gas)	
  	
  -­‐>	
  	
  CO2	
  (aqueous)	
  
CO2	
  (aqueous)	
  	
  -­‐>	
  	
  H2CO3	
  (carbonic	
  acid)	
  

H2CO3	
  	
  -­‐>	
  	
  H+	
  +	
  HCO3
-­‐	
  (bicarbonate)	
  

HCO3
-­‐	
  	
  -­‐>	
  H+	
  +	
  CO3

2-­‐	
  (carbonate)	
  	
  

The	
  ocean	
  carbon	
  inventory	
  is	
  reladvely	
  easy	
  to	
  measure	
  



From Giordono et al. 2005 Ann Rev Plant Biology 

Inorganic carbon transport and CO2 accumulation in higher plants (top)!
and  eukaryotic algal cells (bottom)!

www.orkron.com 

webberenergyblog.wordpress.com	
   15.9 



Typical 1D profile of dissolved organic carbon in the ocean 

Often measured as TOC 
 
Surface values typically 60-80 µM 
 
Deep water values @ 40 +1 µM 
(implies some unknown feedback/ 
control of DOC values) 
 
Global inventory about 660 GT C Data from Peltzer and Hayward (1996) DSR 

TOC (µM) 
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Terrestrial Plants 
900 GT C 

Atmospheric CO2 
750 GT C 

Soils 
2000 GT C 

Dissolved Organic 
Carbon   660 GT C 

Particulate Organic 
Carbon 10-20 GT C 

Microbial Biomass 
2 GT C 

Carbonate rocks 60 x 106 GT C 
 
Kerogen  20 x 106 GT C Sediments 150 GT C 

Terrestrial Primary  
Production 50-100 GT C yr-1 

Marine Primary  
Production 50-100 GT C yr-1 

Burial 0.1-0.2 
GT C yr-1 

Uplift, exposure 
and erosion 

River flux 
0.5 GT C yr-1 

Major Planetary Inventories and Fluxes of Carbon 
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DIC 
  35000 GT C 
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August	
  2010	
  

December	
  2010	
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Hansell	
  et	
  al.,	
  GBC	
  2012	
  
hFp://earthobservatory.nasa.gov	
  

Chlorophyll-­‐a	
  µg/L	
  

Global	
  distribudon	
  of	
  Chlorophyll-­‐a	
  
as	
  a	
  proxy	
  for	
  biomass	
  and	
  producdvity	
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We	
  disdnguish	
  a	
  “physical”	
  (solubility)	
  	
  pump	
  and	
  a	
  “biological	
  pump”	
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What is “particulate” and what is “dissolved” carbon? 

Organic matter is classified by size, as defined by filtration 

BACTERIA

MESO, MICRO, NANO, PICO - PLANKTON

100µm 10µm 1µm 100nm 1 nm10nm 

 10 A

_
 _

 _
 _

 _ _ 
MACROMOLECULES

SMALL MOLECULES

PHOTOAUTOTROPHS

o

VIRUSES

Particulate Organic Matter Dissolved Organic Matter 
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The	
  biological	
  pump	
  and	
  organic	
  carbon	
  transfer	
  to	
  the	
  sea	
  floor	
  

“grain-­‐by-­‐grain	
  deposi0on	
  is	
  by	
  far	
  the	
  most	
  common	
  phenomenon	
  of	
  pelagic	
  sedimenta0on”	
  
Jacobs	
  et	
  al.	
  (1973)	
  Marine	
  Geology	
  v14,	
  117-­‐128	
  

Photos	
  from	
  Jim	
  Bishop	
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The	
  biological	
  pump	
  and	
  organic	
  carbon	
  transfer	
  to	
  the	
  sea	
  floor	
  

“grain-­‐by-­‐grain	
  deposi0on	
  is	
  by	
  far	
  the	
  most	
  common	
  phenomenon	
  of	
  pelagic	
  sedimenta0on”	
  
Jacobs	
  et	
  al.	
  (1973)	
  Marine	
  Geology	
  v14,	
  117-­‐128	
  

Pardcle	
  diameter	
  (µm)	
  

#	
  
pa
rd
cl
es
	
  m

L-­‐1
	
  

10.15	
  

0	
  

Photos	
  from	
  Jim	
  Bishop	
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Large,	
  rapidly	
  sinking	
  pardcles	
  	
  are	
  collected	
  with	
  sediment	
  traps	
  

www.whoi.edu/science/B/people/lmullineaux/RIDiane.htm	
  

www.bbsr.edu	
  

www.io-­‐wamemuende.de	
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Carbon	
  flux	
  

De
pt
h	
  
	
  

J	
  =	
  J100	
  /((Z/100)0.858)	
  

Mardn	
  et	
  al	
  (1987)	
  DSR	
  v	
  34;	
  267-­‐285	
  

What	
  drives	
  carbon	
  flux?	
  

C	
  flux	
  is	
  closely	
  coupled	
  to	
  the	
  biological	
  
processing	
  of	
  organic	
  maFer	
  

New	
  producdon	
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Microbial	
  degradadon	
  of	
  organic	
  maFer	
  and	
  aFenuadon	
  of	
  carbon	
  flux	
  
Dominates	
  below	
  500-­‐1000m	
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Intercomparison	
  of	
  12	
  GCE	
  models	
  (Najjar	
  et	
  al.,	
  GBC;	
  	
  2007)	
  

Usbeck	
  et	
  al.,	
  J.	
  Mar.	
  Systems	
  2003	
  



Geographic	
  correladon	
  between	
  carbon	
  flux	
  and	
  wt%	
  C	
  in	
  sediments	
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Terrestrial Plants 
900 GT C 

Atmospheric CO2 
750 GT C 

Soils 
2000 GT C 

Dissolved Organic 
Carbon   660 GT C 

Particulate Organic 
Carbon 10-20 GT C 

Microbial Biomass 
2 GT C 

Carbonate rocks 60 x 106 GT C 
 
Kerogen  20 x 106 GT C Sediments 150 GT C 

Terrestrial Primary  
Production 50-100 GT C yr-1 

Marine Primary  
Production 50-100 GT C yr-1 

Burial 0.1-0.2 
GT C yr-1 

Uplift, exposure 
and erosion 

River flux 
0.5 GT C yr-1 

Major Planetary Inventories and Fluxes of Carbon 
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CO2	
  

O2	
  

DOC”reacdve”	
   DOC”semi-­‐labile”	
  

DOC”semi-­‐labile”	
  

Cycling	
  of	
  reacdve	
  and	
  semi-­‐labile	
  DOC	
  by	
  
phytoplankton	
  and	
  bacteria	
  

Bacterial	
  growth	
  and	
  respiradon	
  is	
  thought	
  to	
  be	
  
fueled	
  by	
  reacdve	
  DOC	
  that	
  has	
  a	
  residence	
  dme	
  

in	
  seawater	
  of	
  hour	
  to	
  days.	
  

Heterotrophic	
  bacteria	
  

Autotrophic	
  
microbes	
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A16 

P16 
From	
  Dennis	
  Hansell	
  CLIVAR	
  data	
  set	
  

P	
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Pacific	
  

Atlandc	
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Hansell	
  et	
  al.,	
  GBC	
  2012	
  
hFp://earthobservatory.nasa.gov	
  

Ocean	
  chlorophyll-­‐a	
  (µg/L)	
  

Dissolved	
  Organic	
  carbon	
  
Chlorophyll-­‐a	
  



Time	
  series	
  analysis	
  of	
  	
  DOC	
  (µM	
  C)	
  at	
  Bermuda	
  

Data	
  from	
  Dennis	
  Hansell	
  and	
  Craig	
  Carlson	
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Global circulation and the distribution of DOC 
Hansell	
  et	
  al.	
  Oceanography	
  2009	
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D
epth (m

) 

Expected Mixing Curve 

A16: DOC on δθ 27.0 – 27.3 
Data from Dennis Hansell   (www.rsmas.miami.edu/groups/biogeochem/Data.htm) 

2013	
  CMORE	
  Agouron	
  Repeta	
  Lecture	
  1	
   35	
  

Globally,	
  about	
  30%	
  of	
  dissolved	
  organic	
  carbon	
  disappears	
  
Between	
  the	
  poles	
  and	
  the	
  North	
  Pacific	
  (200	
  GT	
  C)	
  

Are	
  there	
  enough	
  acdve	
  microbes	
  in	
  the	
  deep	
  sea	
  to	
  respire	
  this?	
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1)  Major	
  inventories	
  are	
  fairly	
  well	
  known.	
  	
  Derived	
  esdmates	
  from	
  a	
  	
  
	
  combinadon	
  of	
  area	
  (or	
  volume)	
  x	
  mass.	
  	
  Mass	
  is	
  measured,	
  and	
  fairly	
  
	
  well	
  known	
  for	
  the	
  atmosphere	
  and	
  ocean.	
  	
  Less	
  known	
  for	
  terrestrial	
  
	
  biomass	
  and	
  soils.	
  

	
  
2)  Globally,	
  about	
  80,000,000	
  GT	
  C.	
  	
  Most	
  (essendally	
  all)	
  of	
  it	
  in	
  sedimentary	
  

	
  rocks	
  as	
  carbonates	
  (75%)	
  and	
  organic	
  kerogen	
  (25%).	
  
	
  
3)	
  	
  Of	
  the	
  reservoirs	
  impacted	
  by	
  “climate”	
  (<1000-­‐2000	
  yr),	
  inorganic	
  carbon	
  in	
  

seawater	
  is	
  the	
  largest	
  (35,000	
  GT	
  C)	
  followed	
  by	
  soil	
  >terrestrial	
  biomass	
  =	
  
atmospheric	
  CO2	
  =	
  dissolved	
  organic	
  carbon	
  >>>	
  pardculate	
  organic	
  maFer	
  
living	
  biomass.	
  	
  
	
  

Global	
  carbon	
  inventories	
  and	
  fluxes	
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Global	
  carbon	
  inventories	
  and	
  fluxes	
  	
  

4)  Terrestrial	
  and	
  marine	
  primary	
  producdvity	
  are	
  modeled	
  esdmates	
  
based	
  on	
  proxies	
  (ocean	
  color,	
  etc.)	
  globally	
  integrated	
  by	
  remote	
  
sensing.	
  	
  Each	
  is	
  about	
  50-­‐100	
  GT	
  C	
  yr-­‐1.	
  	
  Terrestrial	
  biomass	
  cycles	
  slowly,	
  
marine	
  biomass	
  turns	
  overmuch	
  more	
  quickly.	
  
	
  

5)  Fluxes	
  between	
  reservoirs	
  are	
  small	
  and	
  dynamic.	
  	
  Much	
  harder	
  to	
  
measure.	
  	
  Of	
  cridcal	
  importance	
  for	
  climate	
  is	
  the	
  flux	
  of	
  carbon	
  from	
  
the	
  atmosphere	
  into	
  the	
  ocean	
  and	
  terrestrial	
  biosphere.	
  This	
  	
  
biological	
  “pumping”	
  of	
  carbon	
  is	
  in	
  large	
  part	
  mediated	
  by	
  microbes	
  
that	
  fix	
  and	
  respire	
  carbon.	
  	
  Decoupling	
  of	
  producdon	
  and	
  consumpdon	
  
allows	
  for	
  carbon	
  to	
  move	
  between	
  reservoirs	
  and	
  uldmately	
  be	
  sequestered	
  	
  
in	
  the	
  deep	
  ocean,	
  soils	
  and	
  sediments.	
  

6)  	
  Biological	
  pumping	
  occurs	
  by	
  gravitadonal	
  seFling	
  of	
  pardculate	
  organic	
  
	
  carbon	
  (operadonally	
  defined)	
  and	
  calcium	
  carbonate.	
  	
  Most	
  of	
  the	
  pumping	
  
	
  comes	
  through	
  large,	
  rapidly	
  sinking	
  pardcles.	
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