NOAA COARE  SEQ CHAPTER \h \r 1Gas Transfer Model 

Updates For May 2000
C. Fairall

1.  Theory


The flux, Fx, of trace gases between the atmosphere and ocean is characterized by a simple parameterization of the form
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(1)

where the flux is by definition the mean covariance of vertical velocity fluctuations (w’) with turbulent fluctuations of gas concentration (x’), αx the dimensionless solubility of the gas in seawater, Xwr the mean concentration of the gas at some reference depth (zwr) in the ocean, Xar the mean concentration of the gas at some reference height in the atmosphere, and kx the transfer velocity.  Historically, kx has been determined experimentally; a simple windspeed dependence has often been used to describe its environmental variations (e.g., Wanninkhoff 1992).  

Interests in developing a more general form has led to the application of physically-based models derived from the turbulent-molecular diffusion theory near the air-sea interface (Soloviev and Schluessel 1994; Fairall et al. 2000).  From this theory a transfer velocity on each side of the interface can be computed (Fairall et al. 2000)
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where K(z) is the turbulent eddy diffusivity and Dx the molecular diffusivity.  The total transfer velocity is given by
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(3)

From surface-layer similarity theory K(z)≈κzu* where κ is the von Karman constant (0.4) and u* the friction velocity in the fluid (air or water).  Because small-scale turbulence is suppressed by dissipation, there is a region near the interface (z<δu) where transport is dominated by molecular diffusion.  The integral can be approximated as
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(3)

where Sc is the Schmidt number for the gas in the fluid h a coefficient of the molecular diffusion sublayer.


Fairall et al. (1996a) used this approach to describe how the transfer of heat in the cool skin on the ocean for the TOGA COARE bulk flux model (Fairall et al. 1996b; Fairall et al. 2003) and Fairall et al. (2000) adapted it more the NOAA/COARE gas transfer model.  The final version of the model (Hare et al. 2004) uses
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(4b)

The factor of the ratio of density of water to air in (5a) follows from assuming the momentum flux is the same on both sides of the interface.  Hare et al. (2004) defined 
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where Λ=13.3, φ an empirical function to account for buoyancy-driven transfer at low wind speeds, and A is a factor that is adjusted to fit measured gas transfer velocities.  Soloviev and Schluessel (1994) suggested A=1.85 for CO2.  

The final complication is accounting for bubble-mediated gas transfer in the ocean.  In the NOAA/COARE model, a parameterization from Woolf (1997) is used
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(6)

where kb describes the enhancement of transfer associated with plumes of whitecap-generated bubbles
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Here f is the whitecap fraction (a strong function of wind speed).  Woolf (1997) gives the values Vo=6.8E-3 ms-1=2450 cmh-1, e=14, n=1.2 for CO2; we have added the factor B which is adjusted to fit measured transfer velocities.    Woolf originally implemented the bubble factor in the linear form expressed by (6).  Following Blomquist et al. (2006), (6) was changed to
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(8)
It turns out that for CO2 the difference between (6) and (8) is negligible.



The NOAA/COARE gas flux parameterization is principally contained in (8) with (4) through (7) representing the details.  There are two adjustable factors: A for the molecular sublayer transport and B for the bubble-mediated transport.  Hare et al. (2004) optimized the fit of the parameterization to the GASEX-1998 CO2 flux measurements (McGillis et al. 2001a,b).  The GASEX-1998 values (A=0.63 and B=2.0) are certainly different from the original references (A=1.85 and B=1.0).  For GASEX-2001 (McGillis et al. 2004) the fit to the measured CO2 fluxes yields A=1.3 and B=0.82, although the limited wind speed range of the GASEX-2001 data do not constrain the value of B very well.  The difference in the 1998 and 2001 results for CO2 is puzzling but, given the exploratory nature of the measurements and theory, the significance is unclear.  The difference could be the result of (for example) surfactants or perhaps a measurement problem (see the extensive discussion in Hare et al. 2004 and Blomquist et al. 2006).   

2.  Matlab Implementation

A simple program, cor30_ks_co2.m, has been written in Matlab to implement the parameterization.  The algorithm accepts input in the form

x=[U ts ta qa Rl zi P zu usr hsb hlb  ];
where

U=x(1);%wind speed, m/s

ts=x(2);%water temperature, C

ta=x(3);%air temperature, C

qa=x(4);%specific humidity, g/kg

Rl=x(5);%downward IR flux, W/m^2

zi=x(6);%atmospheric inversion height, m

P=x(7);%atmospheric pressure, mb

zu=x(8);%height of the wind speed data, m

usr=x(9);%friction velocity, m/s

hsb=x(10);%sensible heat flux, W/m^2

hlb=x(11);%latent heat flux, W/m^2

The parameterization calls a separate routine to compute CO2 solubility and Schmidt numbers as a function of ocean temperature.  If the matlab program is executed as qo=cor30_ks_co2(x), then the program returns a vector that gives the deposition velocity variables:

qo=[rwo ra rw vtco  vtc phi sol alc scwc vtc2]; 
where

rwo=qo(:,1);%oceanic normalized turbulent resistance, RHS equation (4b)
ra=qo(:,2); %total atmospheric normalized resistance, RHS equation (4a)
rw=qo(:,3);%oceanic normalized resistance including bubble transfer
vto=qo(:,4);%total atmosphere-ocean xfer without bubbles, Vwx
vt=qo(:,5);%total atmosphere-ocean xfer with bubbles, equation (8)
phi=qo(:,6);%buoyancy enhancement

sol=qo(:,7);%solubility

alc=qo(:,8);%dimensionless sol

scw=qo(:,9);%schmidt number

vt2=qo(:,10);%vto+kb,  equation (6)
3.  Driver Program

Matlab codes are available - see ftp://ftp.etl.noaa.gov/user/cfairall/bulkalg/gasflux/ and gas transfer expressions as described in Blomquist et al. 2006 (GEOPHYSICAL RESEARCH LETTERS, VOL. 33, L07601, doi:10.1029/2006GL025735).  

A simple driver program is provided to demonstrate the parameterization code.  This program, co2_xfer_plt4.m, reads a short synthetic data stream and computes a CO2 transfer velocity time series.  This particular program uses the COARE 3.0 conventional turbulent flux algorithm to obtain values for friction velocity and sensible and latent heat fluxes.  However, any source of such data is allowable.  Just substitute your own.  The COARE3.0 code can be downloaded at ftp://ftp.etl.noaa.gov/user/cfairall/bulkalg/cor3_0/ .

Note that in the beginning of co2_xfer_plt4.m I have set specific values for atmospheric pressure, PBL depth, and the height of the wind speed observations.  You are free to select your own values for these.  The code can be changed to make any of these variables a time series also.

press=1010;

zi=600;

The program should produce a time series figure as given below.  The green line is the full parameterization and the blue dots the no-turbulence values.
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Figure 1.  CO2 transfer velocity as a function to 10-m wind speed: blue circles, Vax; green diamonds, kx from Equation (8); and red line – Wanninkhov 1992.
4.  Changes in May 2009-05-07


New versions of the matlab codes (cor30_ks_co2a.m and co2_xfer_plt4a.m ) have been produced to correct some shortcomings of the original versions.

*Line 5 or the original version read
 
t=x(3);ta=t; 
This has been corrected to 
t=x(3);ta=t+273.15;
This error had no effect in the original version but did in the a version.

*Line 110 of the original version

rw=1./(1./rwo+1.8*kbb);
This has been corrected to 

rw=1./(1./rwo+kbb./usr);
The original version erroneously left out the normalization by u* with kbb.  The factor of 1.8 was introduced to adjust for the (then) unexplained difference between (6) and (8).  With the corrected equation, no adjustment is needed.

*Code has been added so that the whitecap fraction is driven by the 10-m neutral wind rather than the ambient wind speed at measurement height.  This is done to make the bubble-mediated part of the transfer velocity independent of the wind speed observation height.  To do this, the 10-m neutral drag coefficient is added as an input to the model.

The new version, cor30_ks_co2a.m, accepts input in the form

x=[U ts ta qa Rl zi P zu usr hsb hlb  cd10n];
where

U=x(1);%wind speed, m/s

ts=x(2);%water temperature, C

ta=x(3);%air temperature, C

qa=x(4);%specific humidity, g/kg

Rl=x(5);%downward IR flux, W/m^2

zi=x(6);%atmospheric inversion height, m

P=x(7);%atmospheric pressure, mb

zu=x(8);%height of the wind speed data, m

usr=x(9);%friction velocity, m/s

hsb=x(10);%sensible heat flux, W/m^2

hlb=x(11);%latent heat flux, W/m^2

cd10n=x(12);%10-m neutral drag coefficient

If the matlab program is executed as qo=cor30_ks_co2a(x), then the program returns a vector that gives the deposition velocity variables:

qo=[rwo ra rw vtco  vtc phi sol alc scwc vtc2 kbb tkt]; 
where

rwo=qo(:,1)./usr';%oceanic turbulent resistance, RHS equation (4b)
ra=qo(:,2)./usr'; %total atmospheric resistance, RHS equation (4a)
rw=qo(:,3)./usr';%oceanic resistance including bubble transfer
vto=qo(:,4);%total atmosphere-ocean xfer without bubbles, Vwx
vt=qo(:,5);%total atmosphere-ocean xfer with bubbles, equation (8)
phi=qo(:,6);%buoyancy enhancement

sol=qo(:,7);%solubility

alc=qo(:,8);%dimensionless sol

scw=qo(:,9);%schmidt number

vt2=qo(:,10);%vto+kbb,  equation (6)

kbb=qo(:,11);%bubble-mediated transfer velocity, equation (7)
tkt=qo(:,12); %oceanic velocity molecular sublayer thickness

The additional outputs were added for diagnostic purposes.  The graph is essentially indistinguishable from the old graph.
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