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Global Estimates of Air-Sea CO2 Fluxes

The presentation is largely based on application of the bulk flux equation 

F = k ∆ C  = k Ko ∆pCO2

Outline of ideas that Wally Broecker and Taro Takahashi had a defining role:
 Determination of k (the piston velocity) from natural and man-made perturbations by

using radio-isotopes
a. Natural radio-activity 222Rn,  14C 
b. Results from nuclear bomb tests in the atmosphere  “bomb 14C”

 Estimation of ∆pCO2
Measurement
Mapping

 Confounding issues and controversies (boundary layers, chemical enhancement,  direct 
flux measurements)

 Putting it together (flux climatologies)
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The gas transfer velocity is a proportionality factor or kinetic driving force relating 
air-water concentration differences of a gas to air-water fluxes:

F = k ∆ C  = k Ko ∆pCO2

k  = [length time-1]
∆C= concentration gradient between top and bottom of a liquid boundary layer for 
slightly soluble gases

Also referred to as:
Gas transfer velocity 
Gas exchange coefficient
Gas transfer coefficient
Reaeration coefficient
Impaction coefficient
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The piston velocity and film thickness 

Broecker and Peng 1974

Film thickness = molecular diffusion coefficient/ 
piston velocity 
(independent of gas)
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Gas exchange estimates based on natural radioactivity
Natural 14C: A global constraint

 For steady state: production of 14C in atmosphere and invasion into ocean:  invasion of 
14C = decay of 14C

 14C Decay constant  =8200  y: Provides a long term constraint
 Need to know average 14C in ocean and atm 
 Method “does not work anymore” because of contamination by 14C by nuclear tests 
 Gas exchange related to atmospheric residence time

Broecker and Peng 1974
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Gas Exchange estimates based on natural radioactivity
222Radon: local constraints

Deficit of (gaseous) 222Rn  (relative to (soluble) 226Ra)  in surface mixed layer directly related 
to the rate of gas loss from the surface mixed layer 

 For steady state: Efflux  = deficit of 222Rn relative to 226Ra (measured by alpha-decay counting)
 Provides a shorter term constraint 222Rn Decay constant =5.5 days  
 Need to know Rn deficit in surface mixed layer
 Average film thicknesses are ≈20 % greater than global averages natural and bomb  14C (k lower)
 Works best with well defined mixed layers, intermediate and steady winds 

Broecker and Peng (1980)
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Estimates based on Bomb-14C
 Flux = change in inventory of bomb 14C in the ocean 
 Global based estimate using simple model: k 14C atm   =  ∆I
 Challenge: Need to separate the bomb 14C inventory from the natural 14C
 Improved estimates using numerical models and refined inventory estimates
 Updated estimates ≈ 20 % lower than original estimates
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Gas exchange estimates based on 14C released into environment



Using constraints and field studies
The effect of wind on film thickness/piston velocity
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Bomb 14C

Peng, Broecker, et al. 1979

1974: [222Rn] results appear to 
support k proportional to the square 
of the wind speed 
1979: “At this point we suggest 
caution in adopting a strong wind 
speed dependence” 



Determining CO2 fluxes from ∆pCO2 and 222Radon

Sidebar: the skin effect
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Combining ∆pCO2 and gas transfer to obtain fluxes 

From 10˚N to 10˚S 
the flux was 0.15 Gt 
C  y-1 if flux was 
applied for full year



Estimates of ∆pCO2
Measurement of air equilibrated with water (air phase measurement) and marine air
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Measure XCO2
requires T and P at 
equilibration  for 
pCO2



Progression of pCO2w estimates
Global constraints

 Between ≈1961- 1990 few underway surface water CO2 measurements were performed by 
Takahashi’s group, focusing instead on discrete pCO2 measurements (better constrained)

 Skepticism (by WSB) if global fluxes could be determined through surface water measurements 
(due to small disequilibrium and uncertainty in k)  

“The observed differences between the partial
pressure of CO2 in the surface waters of the Northern
Hemisphere and the atmosphere are too small for the
oceans to be the major sink of fossil fuel CO2. Therefore,
a large amount of the CO2 is apparently absorbed on the
continents by terrestrial ecosystems.” 

“E(moles of CO2 m-2 year-1  µatm-1)= 0.016 [W(m s-1) – 3]
is 0.067 mol of C02 m-2 year-1 µatm-1 which is consistent with
the global mean C02 gas exchange rate of 20 mol of C02 m2

year-1, based on the distribution of 14C02 in the atmosphere and
oceans 
Observational Constraints on the Global Atmospheric CO2 Budget
Pieter P. Tans; Inez Y. Fung; Taro Takahashi, 1990”
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The ocean fluxes were calculated from the seasonal 
∆pCO2 maps and monthly climatological winds. This 
analysis gave a net CO2 uptake of 1.6 Gt of C per 
year (1 Gt equals 1015 g), which corresponds to 
about 30% of the current rate of fossil fuel 
emissions.

To extrapolate ∆pCO2 values into areas where measurements were not available
(black areas in Figure ). The seawater pCO2 was assumed to be a function of
temperature alone. The following temperature coefficients were determined on the
basis of the measurements made during various seasons and are assumed to be
independent of seasons: 
1.6% ˚C -1 in the western North Atlantic (10˚to 40˚N) and the south Indian Oceans (10˚S to 34˚S); 
2.3% ˚C -1 in the South Atlantic (10˚S to 34˚S) and South Pacific (10˚S to 34˚S); 
4.3% C-1 in the eastern North Pacific (10˚N to 34˚N, 84˚W to 154˚W); 
1.2% ˚C-1 In the Southern Ocean (34˚S to 62˚S). 
The climatological sea surface temperature data compiled by S. Levitus (1982)

Tans, Fung and Takahashi, 1990 

Global air-sea CO2 fluxes- The Takahashi pCO2 climatology 
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Global air-sea CO2 fluxes- The Takahashi pCO2 climatology 

Interpolation and gap filling based on 
pCO2w alone. No inferred dependencies
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Controversies and unresolved issues with Broecker and 
Takahashi original works set the stage for improvements 

 The stagnant film model was replaced by  replacement model, eddy impingement model 
 The chemical enhancement  of CO2 exchange remains a “dark horse” in air-sea CO2 fluxes 
 Direct CO2 flux measurements can be done in nature
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Gas transfer models

Stagnant film model: k D;  Film replacement model k= D1/2

 Different models  indicate a different dependence of gas transfer on the 
molecular diffusion coefficient (D2/3 or D1/2 instead of D) 

 Practical aspect:  Conversion of k between different gases  and gases at 
different temperatures 

 Impact: Conversion from k Radon to kCO2 yields a 21 % increase in k instead 
of a 46 % increase and thus a greater discrepancy Rn and 14C exchange
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Chemical enhancement 

Broecker and Peng, 1974
Mono Lake
pH ≈10 

H2O+ CO2 = H2CO3
OH-+CO2 = HCO3

-

Peng and Broecker, 1980

“Dark horse” explanation
Different exchange mechanisms or catalyst
(carbonic anhydrase)  could make chemical 
enhancement a contributor to air-sea 
exchange
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 Reaction between CO2 and OH-, H20 will enhance exchange
 Theoretical and lab studies suggest little enhancement under average oceanic conditions



Broecker, W. S., Ledwell, J. R., Takahashi, T., Weiss, R., 
Merlivat, L., Memery, L., et al. (1986). Isotopic versus 
micrometeorologic ocean CO2 fluxes: A serious conflict. J. 
Geophys. Res., 91, 10517-10527. 

Direct Flux Measurements
 Investigation of processes on shorter time scale 
 Along with ∆pCO2 we can use the direct Flux (at hourly scales) to determine k
 “It’s the real thing”

Eddy correlation/co-variance technique:  F = w’ c’

Net flux is small difference between
Large efflux + large influx

Efflux

Influx

Global air-sea CO2 flux density≈ 0.5 mol m-2 yr-1
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Businger & Delaney, 1990



The final chapter of the Takahashi pCO2 climatology
The climatology centered on 2010 (Munro, Fay and others)
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pCO2 based flux climatologies provide uptakes 
lower than AI based methods.
Why???



 [Re]-read the “classic” papers and books
 Recognize the assumptions that went into the conclusions
 Continue to build and improve upon their seminal works

Closing thought and take home messages
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Wally Broecker and Taro Takahashi taught us to :
 Use geochemical horse sense
 Adherence to global constraints
 Study processes with opportunistic tracers and natural disequilibria
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