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Abstract 

Quantification of air-sea gas fluxes is important in understanding the global ocean carbon cycle, 
determining the effect of biologically produced gases on remote marine tropospheric aerosol production, and 
measuring the atmospheric lifetimes of trace gases. Direct measurement of the flux, F, of a sparingly soluble gas 
through the air-sea interface is extremely difficult in general, and F is often calculated as 
F = h A C  (1) 

where k, is the transfer velocity of the gas and AC is its air-sea concentration difference. In the absence of 
bubbles, kL is a function of the near-surface aqueous-phase turbulence and $e molecular diffusivity of the gas. 
Although direct measurement of AC is relatively simple, oceanic measurements of kL are problematical. Because 
of this, kL is usually estimated from empirical parameterizations for kL in terms of wind speed, U. 

The linear relation between F and kL at a constant AC implies that the accuracy of the parameterization 
of kL in terms of U is critical in calculating F. This is especially true when U is large, since experiments in 
wind tunnels, lakes, and the ocean suggest that kL increases quadratically with U (Wanninkhof, 1992). With the 
exact functional form of the relation between U and kL not definitively known at present (Wanninkhof, 1992), 
estimation of k, at high U could be inaccurate. This problem could be resolved with further oceanic measure- 
ments of kL at high U. However, increases in U are also associated with increases in the frequency of wave 
breaking. Whitecaps are known to generate bubble plumes, and these bubbles could have a significant effect on 
the measurement of kL. 

1993) has provided a means for in sdu measurement of kL However, measurement of k, by the DTM requires 
knowledge of the dependence of k, on the Schmidt number, Sc, of the gas (Sc is defined as  the ratio of kinemat- 
ic viscosity to the molecular diffusion coefficient of the gas). Although it is well known that kL is proportional 
to SCn (where n=% at a clean water surface) for gas transfer across unbroken wavy surfaces, models and the 
laboratory results of Asher et al. (1994) have shown that the presence of bubbles causes k, also to depend on the 
aqueous-phase solubility, a, of the gas. Using a parameterization of k, in the presence of bubbles developed by 
Asher et al. (1994), this paper will explore the consequences of the effects of bubble-mediated transfer processes 
on analysis of DTM experimental data. 

In a typical DTM experiment, sulfur hexafluoride (SFd and helium3 (3He) are simultaneously injected 
into the same parcel of water with a known initial aqueous-phase concentration ratio. After injection, the con- 
centration of each tracer will decrease by advection, dispersion, and the sea-air gas flux. Advection and disper- 
sion of both SF6 and ?He will be equal when second-order dispersion effects are negligible, and the time-evolu- 
tion of their concentration ratio will be a function of the difference in their k, values. Furthermore, because the 
gas flux of sF6 and 3He will be controlled by the same physical forcing functions, differences in kL will only be 
due to differences in their physico-chemical properties. Assuming k, is proportional to SC-~, if the tracers are 
released in a region with a well-mixed water column with constant depth, h, kL(%e) can be calculated from 

Development of the purposeful dual-tracer method (DTM) (Watson et al., 1991; Wanninkhof et al., 

where A[SF6] and A[3He] are the changes in aqueous phase concentrations of SF6 and 3He, respectively, over the 
time interval, At, and Sc@F6) and S C ( ~ H ~ )  are the respective Schmidt numbers of SF6 and 3He. Because SF6 
and 3He have very different Schmidt numbers, kL(3He) can be calculated by measuring the change in their 
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concentration ratio as a function of time (Watson et al., 1991; Wadnkhof et a]., 1993). The accuracy of kL 
calculated using Equation 2 depends in part on accurate knowledge of n. 

Laboratory and field experiments have shown that the Sc exponent for transfer through an unbroken, 
clean water surfaces is n=%. However, the laboratory data of Asher et a]. (1994) show that in the general case 
there is not a simple power law relation between kL and Sc when bubbles are present. It is possible to define an 
apparent Sc ex onent, h, for gas transfer in the presence of bubbles that is specific to a particular pair of gases 

case of sF6 and 3He, h is given by 
(e.g., sF6 and s He) under a particular set of physical conditions (Le., bubble concentration, turbulence). In the 

where the two transfer velocities must either be measured directly or independently known. The difference 
between n and h is that the latter is a finction of the physical conditions under which kL(SF6) and kL(3He) were 
jneasured and h can be less than %. Furthermore, h as calculated using Equation 3 is specific to transfer of 3He 
and sF6 at those particular conditions. It will not in general apply to a different pair of gases, even if their 
transfer velocities are measured under identical conditions. In contrast to A, n is independent of the pair of gases 
used. Despite these differences, h could be used in place of n in Equation 2 if it were known and constant over 
the interval At for the conditions associated with the dual-tracer experiment. The difficulty in using A. is that it 
must be determined from Equation 3 using the measukd transfer velocities,'but calculation of kL using Equation 
2 requires that h or n be known. 

This "bootstrapping" problem with using h in Equation 2 could be overcome if the transfer velocities 
used in Equation 3 could be estimated for the conditions present during the dual-tracer measurement. Using a 
bubble-mediated gas flux model formulated by Memery and Merlivat (1985) and Keeling (1993) and air-seawater 
gas transfer velocities measured in a whitecap simulation tank (WST), Asher et al. (1994) developed an empirical 
parameterization for k, in the presence of whitecaps that includes the effects of bubbles. Asher et a]. (1994) 
found that k, for evasion could be expressed in terms of the fractional area bubble plume coverage, turbulence, 
Sc, and a. This parameterization can be extended to oceanic conditions by including the dependence of k, on U 
and has the explicit form 

1 k = (BU+W,(&-BU))Sc-'P + Wc(f +ba-'"Sc-"' (4) 

where B is the proportionality constant between U and k, defined for intermediate wind speeds by Liss and 
Merlivat (1986), W, is the fractional area whitecap coverage, AT is a constant related to the turbulence 
generated by a whitecap, and the coefficients a, b, m, and n' have been determined empirically by Asher et a]. 
(1994). In developing Equation 4, it has been assumed that n=% for transfer in the absence of bubbles. 

laboratory data, Asher and Farley (1995) have shown that the bubble populations (i.e., the size-segregated 
concentration of bubbles as a function of water depth) in the WST were similar to bubble populations measured 
in the ocean. Because the form of the relation describing the dependence of k, on Sc and a is determined by 
the bubble population, the similarity in bubble populations suggests that the functionality of k, with respect to Sc 
and a given in Equation 4 could approximate the dependence of kL on Sc and a in the presence of oceanic 
breaking waves. Therefore, use of k, values calculated using Equation 4 in Equation 3 could give an estimate of 
h under the equivalent oceanic conditions. 

a function of U and We However, the functionality of h with respect to U and Wc depended on Tw For 
example, at Tw=293 K calculations show that h increased from 0.500 at U=2.4 m s-l and W,=O.O to 0514 at 
U=22 m s-l and W,=O.Ol (Wc values were calculated from U using the relation of Monahan [ 19931). At 
Tw=278 K however, h decreased from 0500 to 0.41 over the same range of U and We The difference in 
behavior of h at the two temperatures results from changes in the relative solubilities of He and SFs. 

The functionality of h with respect to U and Wc predicted using Eqs. 3 and 4 can now be used to re- 
analyze the oceanic dual-tracer data of Wanninkhof et al. (1993). Using Equations 3 and 4 to estimate h for the 
conditions present during the DTM experiment conducted by Wanninkhof et al. (1993) shows the range in h to 

Although the Asher et al. (1994) parameterization for k, in the presence of bubbles was generated using 

For sF6 and 3He, h calculated as described above at a specific water temperature, Tw, was found to be 



be 0.40 to 0.42. In contrast, the iterative approach used previously found that h vaned from 035 to 0.55 for the 
same conditions (Wanninkhof et al., 1993). 

Comparison of k, values calculated using Equation 2, the dual-tracer data from Wanninkhof et al. 
(1993), and the h values estimated here with tlie k, values determined by Wanninkhof et al. shows that the 
procedure proposed here decreases k, calculated for the higher wind speeds. For example, k, for interval 2 (see 
Table 3, time period 10522-12.777, Wahnkhof et a]. [1993]) is 37.1 cm hi '  (normalized to Sc=600 using the 
estimated value for h and Equation 3) with k035. Recalculation of kL using the procedure described here 
results in kL=32.9 cm hi1 (normalized to Sc=600) with k0.40. In both cases, assuming n=% in the dual-tracer 
data analysis yields kL=27.9 cm hi '  (Sc=600). Although the kL values given here have been normalized to 
Sc=600, it is understood that they are not equal to kL(CO.& Using the procedure proposed here, correct 
estimation of kL(C02) would require h calculated for CO, and %e. 

iterative approach does not affect the linear correlation with U observed previously (see Fig. 9, Wanninkhof et al. 
[1993]). However, the slope of the linear relationship using the recalculated k, values has decreased. Transfer ' 

velocities calculated using the new method for determining h also improve the correlation of k, with Wc. The 
linear correlation coefficient, 3, between Wc and kL calculated using the iterative approach was 0.87 and 2 
between Wc and k, calculated using h was 0.91. 

The decrease in kL calculated by the procedure described above compared with those found by the 

Acknowledgement 

This research was supported by the U.S. Department of Energy (DOE) under Contract DE-ACO6- 
76RLO 1830. Pacific Northwest Laboratory is operated for DOE by Battelle Memorial Institute. 

References 

Asher, W. E., P. J. Farley, B. J. Higgins, L. M. Karle, I. S. Leifer, and E. C. Monahan, 1994. "The Influence of 
Bubble Plumes on Air-Sea Gas Exchange" Eos, November I ,  Supplement, 75(44): 369. 

Asher, W. E., and P. J. Farley, 1995. "Measurement of Bubble Size a'nd Concentrations in a Whitecap 
Simulation Tank Using a Phased-Doppler Anemometer" Accepted in J. Geophys. Res. 

Keeling, R. F., 1993. "On the Role of Large Bubbles in Air-Sea Gas Exchange and Supersaturation in the 
Ocean" J. Mar. Res., 51: 237-271. 

Liss, P., and L. Merlivat, 1986. "Air-Sea Gas Exchange Rates: Introduction and Synthesis" In The Role of Air- 
Sea Exchange in Geochemical Cycling, P. Buat-Menard, ed., D. Reidel, New York/New York, 113-127. 

Memery, L., and L. Merlivat, 1985. "Modeling of the Gas Flux Through Bubbles at the Air-Water Interface" 
Tellus, 37B: 272-285. 

Monahan, E. C., 1993. "Occurrence and Evolution of Acoustically Relevant Subsurface Bubble Plumes and 
Their Associated, Remotely Monitorable, Surface Whitecaps" In Natural Physical Sources of 
Underwater Sound, B. R. Kerman, ed., Kluwer, DordrechtDIetherlands: 503-517. 

Wanninkhof, R., 1992. "Relationship Between Wind Speed and Gas Exchange Over the Ocean" J. Geophys. 
Res., 97C: 7373-7382. 

Wanninkhof, R., W. E. Asher, R. Weppernig, H. Chen, P. Schlosser, C. Langdon, and R. Sambrotto, 1993. "Gas 
Transfer Experiment on Georges Bank Using Two Volatile Deliberate Tracers" J. Geophys. Res., 98C: 
20237-20248. 

Watson, A. J., R. C. Upstill-Goddard, and P. S. Liss, 1991. "Air-Sea Gas Exchange in Rough and Stormy Seas 
Measured by a Dual-Tracer Technique" Nature, 349: 145-147. 


