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Or Why we need a thorough mechanistic 
understanding to get the right answer
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Overview
• Philosophy 101
• Gas Transfer Equation
• Counter-Gradient Transfer
• Asymmetric Transfer
• Transfer Velocity
• Philosophy 201
• Regional and Seasonal Transfer Velocities
• Solubility
• Wind and Sea State
• Calculating Fluxes
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Shoring up the foundations

• Scientific knowledge is often taught as a 
cumulative process
• But it is important to inspect the 
foundations and occasionally they need 
some repair

• That thing you know
• How do you know it?
• Are there exceptions?
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Bulk Air-Sea Gas Flux Formulae

Sea-to-Air Flux = K (Cw – SPa)

Describes air-water gas transfer as a 
(molecular + turbulent) diffusive process. 
Net flux is “down gradient” and 
proportional to the gradient.

6



A broken surface
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Counter gradient transport; a 
recipe

• Ocean is undersaturated in a highly soluble gas
• A strong dry air flow over the ocean 

• Strong wind lifts sea spray from the ocean
• Sea spray droplets shrink in the dry atmosphere
• Shrinkage supersaturates the gas in the particles

• Particles return to the sea surface with less gas than they 
started

• Gas has been transferred from sea-to-air in an 
undersaturated ocean

8



A broken surface and asymmetry
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za ρa

zw ρw

A bubble or droplet experiences a different static pressure to the sea surface  and 
that changes the dynamics. Changes the appropriate equation
e.g. for bubble-mediated transfer

Bubble-Mediated Sea-to-Air Flux = K (Cw – Spa(1 + Δ))



Transfer Velocity Parametrisations

• Since Kanwisher (1963), transfer velocity for poorly soluble gases is 
proportional to the square of the wind speed

• Generally we are comfortable with kw proportional to Sc-1/2

kw = 0.254 U2 (660/Sc)1/2 (Ho et al., 2006)

• Why sweat the detail?
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“All models are wrong but some are useful”
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“All models are wrong but some are useful”

We use models because they are useful

Since they are inevitably wrong, we need to 
understand the implications of the errors
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Is the model sufficient at a regional and 
seasonal scale?
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No!

Carbon isotope evidence for the latitudinal distribution
and wind speed dependence of the air–sea gas transfer
velocity
By NIR Y. KRAKAUER1∗ , JAMES T. RANDERSON2, FRANC¸ OIS W. PRIMEAU2, NICOLAS
GRUBER3 and DIMITRIS MENEMENLIS4, 1Department of Earth and Planetary Sciences, University of
California, Berkeley, CA 94720, USA; 2Department of Earth System Science, University of California, Irvine, CA
92697, USA; 3Environmental Physics, Institute of Biogeochemistry and Pollution Dynamics, ETH Zurich, Zurich,
Switzerland; 4Jet Propulsion Laboratory, Pasadena, CA 91109, USA
(Manuscript received 13 January 2006; in final form 11 July 2006)



Solubility
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kd ~ Sc-1/2

j ~ Sc-1/2



Solubility: Bubbles “lose drive” with a 
characteristic time scale
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kd ~ Sc-1/2

j ~ Sc-1/2 Tg = r/3jα
“equilibration time scale” 
depends on solubility
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Log kb

Log Solubility

Slope 0

Slope -1

Bubbles are “efficient” 
for highly insoluble 
gases.

Inefficient for more 
soluble gases
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Log kb

Log Solubility

Slope 0

Slope -1

Bubbles are “efficient” 
for oxygen, helium …

Inefficient for DMS 

?? For CO2
Sensitive to 
temperature for CO2



18

Log kb

Log Solubility

Slope 0

Slope -1
Result for CO2 depends 
on size and lifetime of 
bubbles

Sensitive to 
temperature for CO2
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Log kb

Log Solubility

Slope 0

Slope -1
Asymmetric transfer of CO2
across a broken sea 
surface (2018) TG 
Leighton, DGH Coles, M 
Srokosz, PR White, DK 
Woolf
Scientific reports 8 (1), 1-9

https://scholar.google.co.uk/citations?view_op=view_citation&hl=en&user=VNfPhuoAAAAJ&sortby=pubdate&citation_for_view=VNfPhuoAAAAJ:umqufdRvDiIC


Wind and Sea State 

• Wind speed, sea state and 
temperature influence 
bubble-mediated transfer at 
a range of scales.

• Deike and collaborators
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Go Calculate!
FluxEngine Python library version (v4.0.7) https://pypi.org/project/fluxengine/

Github location for all code (v4.0.7) https://github.com/oceanflux-ghg/FluxEngine

Papers
Holding et al 2019 https://os.copernicus.org/articles/15/1707/2019/

Shutler et al 2016 https://journals.ametsoc.org/view/journals/atot/33/4/jtech-d-14-00204_1.xml
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