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Welcome	

• If you are a visitor, welcome to our class. Please fill out
the guest log if you are interested in a copy of the notes
or further information on the course
• This is the 6th session of the course Earth Science and
Climate Change. Goal is for anyone to learn about the
climate system and be able to judge for themselves
what one hears about climate change
• Previous sessions have been on History of Climate
Science, the Earth and its Systems, Physics of Heat
Transfer, Chemistry of the Atmosphere and the
Greenhouse Effect.
• This session builds on what we’ve been learning. Please
feel invited to raise questions at any point

Guest  Lecturer  
Dr.  Brian  Von  Herzen	
• Welcome to Brian Von Herzen who will be taking the
second half. Brian runs an organization called The
Climate Foundation (www.climatefoundation.org)
which is involved in several climate mitigation
projects
• A self-described “serial entrepreneur”, Brian is also
involved in renewable energy and energy storage
development projects as well
• A good example of a “Can Do!” approach to
solving difficult problems, thinking “outside the box”

Overview  of  lecture	
The Carbon Cycle
o
o
o
o
o
o
o

Carbon Reservoirs and Pathways
Anthropogenic Contributions
Atmospheric Carbon and Gas Lifetimes
Ocean CO2 Uptake and Acidity
Biologic CO2 Uptake and Ocean Productivity
Geologic CO2 Uptake - the Earth’s Thermostat
Carbon Sequestration – New and/or Improved
Carbon Sinks

Carbon  -‐‑  the  backbone  of  life  
(or  dreadful  pollutant?)  	
• Why the focus on Carbon? What’s so bad about it?
o Carbon, element 6, has a half filled electron valence shell
enabling large, amazingly functional molecules
o Without it, difficult to imagine any life existing, anywhere
o Excess carbon dioxide (CO2) - a waste product of combustion
and respiration, and food for photosynthesis - is the issue.
o But we know atmospheric CO2 is necessary for life to exist. Too
much of a good thing, though…
Protein  complex	

The  Carbon  Cycle	
• Balance of material exchanges between reservoirs
(ocean, atmosphere, biosphere and lithosphere)
• In discussing atmospheric carbon, we mean CO2
and CH4 scaled to equiv. greenhouse effect as CO2
(will be discussed next lecture)
o Note the potential confusion in units:
o 1 unit mass of Carbon (12 AMU) = 3.66 units of CO2
(Molecular weight 12+2*16)
o Units generally used are Gigatons (billion metric tons) =
petagrams (1015 grams)

• Other cycles of interest
o Nitrogen cycle
o Phosphorus cycle
o Water cycle

Both  of  importance  in  ecosystem  processes  
(biological  production  and  decay)	
	

Reservoirs  of  Carbon	

Reservoir sizes in Gigatons = 1015
Reservoir	
 kg
Size  (Gt)  (1)	
 Size  (Gt)  (2)	
Atmosphere  (total  mass  5x106  Gt)	

590	

720	

Terrestrial  biosphere	
        Living  biomass	

2,300	

2,000	

Fossil  Fuels:	
      Coal	

3,700	

4,130	

Ocean  (total)	
        Inorganic	

38,000	
	

38,400	

        Dead  biomass	

600-‐‑1000	
1,200	
3,510	
230	
140	
250	

        Oil	
        Gas	
        Peat	

        Organic	
        Surface  layer  vs  depth	

1)
2)

37,400	
1,000	
670  vs  37,730	

Rocks  (organic)	

14,000,000	

15,000,000	

Rocks  (as  calcium  carbonate)	

60,000,000	

>60,000,000	

Preindustrial  era  -‐‑  From  Sarmiento  and  Gruber,  Physics  Today,    2002.  	
Diﬀerent,  current  estimate  from  Wikipedia  (Falkowski  et  al,  Science,  2000.)	

Carbon  reservoirs,  notes:	
1. Amount of carbon in atmosphere is tiny compared
with other pools, especially ocean and land
2. Anything which would shift even a small fraction of
carbon into atmosphere can have a huge effect
3. Biomass carbon transfers into the atmosphere has
been from land use changes
4. Living biomass: bacteria ~ plants, wild mammals <
humans < livestock < fish
5. Phytoplankton biomass estimated ~1% of total
6. Fungi biomass estimated ~25% of total
7. Rocks (organic) includes shale gas, tar sands

Cycling  between  reservoirs	
Same  reservoirs  as  in  the  
table,  showing  annual  ﬂows  
between  them	
Black  arrows  show  natural  
transfers  (pre-‐‑industrial);	
Red  show  additions  due  to  
human  activities  	
Time  scales  for  ocean  
surfaces  processes  is  years,  
where  deep  ocean  can  be  
centuries	

From  Sarmiento  and  Gruber,  Physics  Today,    2002	

Atmospheric  Carbon	
• Exists as CO2 (99.5%), CH4 (0.5%)
• Sources:
o
o
o
o
o

Respiration
Decomposition
Combustion
Concrete production
Volcanoes

• Sinks:
o
o
o
o

Photosynthesis (yearly)
Dissolves in bodies of water and precipitation (many years)
Biologic pump – to ocean floor sediments (millennia)
Geologic pump - Conversion to carbonic acid, absorption in
rocks by weathering (geologic)

Planetary  Respiration	

Atmospheric  CO2  
Concentration  (ppm)	

• CO2 concentrations fall in May-August (Northern
hemisphere summer) as trees leaf out, and Increases
September-April as leaves decay
• Saw-tooth pattern, ~5 ppm magnitude [25Gt CO2 in each
breath] on top of gradual increase [now 1.5 ppm/yr]
• Southern hemi breathes in while northern breathes out
410	
400	
390	
380	
370	
360	
2000	
 2002	
 2004	
 2006	
 2008	
 2010	
 2012	
 2014	
 2016	

Year	
The  “Keeling”  curve,  measured  since  1950’s  on  Mauna  Loa,  Hawaii	

Volcanic  CO2  Emissions	
• Volcanoes are massive CO2 emitters!
• Which is to say, they’re massive, and they emit CO2
• Prior to the industrial revolution, over geologic scales
(>105 years) volcanic CO2 emissions balance
absorption into rocks and sea floor sediments, giving
the “natural CO2” level (recently 280 ppm)
• Currently volcanic CO2 emissions estimated at ~1% of
those from combustion of fossil fuels
• Larger climate impacts from volcanic aerosol particles
which tend to block sunlight (discussed next week)

♮
Anthropogenic   CO

2  emissions	

• Introducing The Global Carbon Project
• Non-governmental organization established in 2001
“in recognition of the large scientific challenges and
critical nature of the carbon cycle for Earth's
sustainability.”
• Very clear reports and data, available on-line at
www.globalcarbonproject.org
• Lots of good stuff on different countries, projections,
references, and more
♮    Originating  in  human  Activity	

Total Global Emissions by Source
Land-use change was the dominant source of annual CO2 emissions until around 1950
Coal consumption continues to grow strongly
10  Gt  C/yr	

Others: Emissions from cement production and gas flaring
Source: CDIAC; Houghton et al 2012; Giglio et al 2013; Le Quéré et al 2014; Global Carbon Budget 2014

Observed Emissions and Emissions Scenarios
Emissions are on track for 3.2–5.4ºC “likely” increase in temperature above pre-industrial
Large and sustained mitigation is required to keep below 2ºC
Data: CDIAC/GCP/IPCC/Fuss et al 2014"

Over 1000 scenarios from the IPCC Fifth Assessment Report are shown
Source: Fuss et al 2014; CDIAC; Global Carbon Budget 2014

Fate of Anthropogenic CO2 Emissions (2004-2013 average)

32.4±1.6 GtCO2/yr

91%

15.8±0.4 GtCO2/yr
44%
Directly  
measured	

3.3±1.8 GtCO2/yr

9%

+

10.6±2.9 GtCO2/yr
29%
Calculated as the residual
of all other flux components

Estimated  by  
subtraction	

26%
9.4±1.8 GtCO2/yr

Estimated  from  data  
and  model  calculations	

Source: CDIAC; NOAA-ESRL; Houghton et al 2012; Giglio et al 2013; Le Quéré et al 2014; Global Carbon Budget 2014

Gas  Lifetimes  in  the  Atmosphere	
• The lifetime or residence time of a gas is the typical
time a molecule lasts before being taken up by a
“sink” mechanism
• In general, there are multiple sinks, with different
rates that can vary with concentrations and time
• For example, CO2 has several sinks, including:
o Photosynthesis (yearly)
o Dissolves in water (many year)
o Absorption in rocks by weathering (geologic)

• Each of these is a detailed multi-faceted subject in
itself

Accumulation  rate	
• General formula:

ΔQ
accumulation =
= (Fin − Fout ) + (P − R)
Δt
• accumulation is change in quantity per unit time,
which could be in Gt/year = 1012 kg/year
• Fin and Fout are the flow in and out (if talking about a
part of the atmosphere, 0 for entire atmosphere)
• P and R are the production and removal rates (in
Gt/year)
• The lifetime τ  is:	

Q Q
τ= ≈
R P

If  in  a  “quasi-‐‑steady  state”	

• Where Q is the total quantity in Gt.

Example:  Methane  (CH4)	
Recent concentration growth trend:

Δt	
ΔQ	

ΔQ/Δt  =  P-‐‑R    
~  (25ppb)  *  5x106  Gt/(5  yr)	
~  25Mt/yr  excess  produced	

Global  CH4  Budget  -‐‑  Sources	
Sources	

Type	

Amount  Tg/yr  =0.001  Gt/yr	

Wetlands	

Natural	

225  –  100  =  125	

Termites	

Natural	

20	

Ocean	

Natural	

15	

Hydrates	

Natural	

10	

Energy	

Anthropogenic	

110	

Landﬁlls	

Anthropogenic	

40	

Ruminants  (cows,  etc)	

Anthropogenic	

115	

Waste  Treatment	

Anthropogenic	

25	

Rice  Agriculture	

Anthropogenic	

100	

Biomass  burning	

Anthropogenic	

40	

Other	

Anthropogenic	

?	

Total  source	

600  Tg/yr    (Lelievelt  1992)	
598  Tg/year  (IPCC  2001)	

Global  CH4  Budget  -‐‑  Sinks	
Methane  Sinks	

Rate  (Tg/yr  =  .001Gt/yr)	

Soils  –  bacteria  intake	

30	

Tropospheric  OH  (hydroxyl  radical)	

506	

Stratospheric  loss  (photo  induced)	

40	

Total  Sinks	

576  (IPCC  2001)	

Total  Sources	

598  (IPCC  2001)	

Imbalance  -‐‑>  growth  rate	

+22	

Quantity: Q = (1.8 ppm) * 5 x 106 Gt = 9 Gt total
Lifetime: τ = Q  /  R  = 9 Gt / (0.576 Gt/yr) ~ 15 yrs

Ocean  Carbon  Uptake	
• 25% of CO2 emission has been entering the ocean, which
already contains 60x more carbon than the atmosphere
• Very fortunate, and interesting to understand why
• Solubility of gas in H2O:
Pgas(air):  partial  pressure  in  air	

[CGas (aq)] = K Sol * PGas (air)

[Cgas(aq)]:  concentration  in  H2O	

Ksol  is  Solubility  Coeﬃcient	

Compare solubility at 0°C with that of Ar  (of  which  there  
is  40x  more  in  the  atmosphere):
Gas	
 Partial  	
Pressure	

Solubility	
 Conc.  in  
KSol	
water  	

Ar	
 0.0093  (0.93%)	
 1.83  x  10-‐‑3	
CO2	

0.0004(400ppm)	
63  x  10-‐‑3	

17  x  10-‐‑6	
25  x  10-‐‑6	

Should  be  comparable!	

That  doesn’t  add  up	
• Though one might expect comparable amounts of CO2
and Argon in the ocean, that is not the case
• The reason: once CO2 enters the water, it can transform
through chemical reactions, first to carbonic acid
(slowly), then to bicarbonate and carbonate ions
• The latter steps release H+ ions, increasing the acidity
(lowering the pH)

Eﬀect  on  Ocean  Acidity	

Recall:  pH  is  logarithmic,  so  a  small  change  amounts  to  a  
sizable  acidity  change	

Consequence  on  Ocean  Uptake	
• As the pH of seawater changes, it changes the
fraction of carbon in the three forms (Carbonic
Acid+CO2, Bicarbonate and Carbonate ions
Lower  pH  à  more  carbon  in  
dissolved  CO2  +  Carbonic  
acid  (red  curve),  which  can  
move  into  the  atmosphere	

This  will  result  in  slower  
uptake  by  the  ocean  with  
rising  atmospheric  CO2  	

Rising  Temperature  and    
Ocean  CO2  Uptake	
• The solubility of CO2 in water falls with temperature (as
you may have noticed with warm fizzy soda)
• As the ocean temp rises, it
will tend to absorb less CO2
– and for a sizable shift
would become a source
rather than a sink of CO2
• This fact explains much of
the CO2 fluctuations during
the ice ages.

How  the  carbon  gets  down  deep	
• The deep ocean (abyss) is cold (<5°C), contains
most of the carbon, interacts little with surface
waters, and flows very slowly (~300-1000 year cycle)
• Much of the CO2 enters in N. Atlantic/Arctic
Schematic  “conveyor”  
diagram  shows  general  
trend  of  deep  ocean  
movements,  not  well  
understood	

Lower  pH  and  Marine  Organisms	
• Lower pH reduces amount of Carbonate ion (CO32-),
used in shells, corals & exoskeletons of plankton and
foramnifera in the form of Calcium Carbonate (CaCO3)
• The more acidic, the more corrosive seawater is to these
organisms, especially at depth (colder and lower pH)
• Would also cause decreased rate of burial of Carbonate
sediments, a pathway for lowering atmospheric CO2
Images  from  
Wikipedia	

Benthic  Foramnifera	

Foraminifera  Baculogypsina  sphaerulata  
of  Hatoma  Island,  Japan	

Biological  Carbon  Pump	
• Biological carbon sequestration to the abyssal ocean
mainly through photosynthesis of phytoplankton
• Cycling of calcium carbonate (CaCO3) formed by
plankton (foramnifera) and mollusks
• ~5% of fixed carbon ends up sinking to ocean floor

