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ABSTRACT. Rates of CO, exchange across the air-water interface in oceans and lakes 
measured to date by the L-DGO group are summarized. They range from 3 to 38 
moles/m2/yr. The possible causes for this range include the differences in salinity, mean 
wind speed, and pH. Wind tunnel studies comparing fresh water and sea water are 
required before a satisfactory explanation can be found. 

One of the long term programs conducted by the geochemistry 
group at the Lamont-Doherty Geological Observatory has been the 
development of methods for the measurement of gas exchange rates in 
natural systems. Our work in this area can be divided into three parts: 
that devoted to the ocean, that devoted to the closed basin lakes in the 
western United States, and that devoted to the small fresh-water lakes in 
the Experimental Lakes Area (ELA) located in western Ontario, Canada. 

Our oceanic gas exchange estimates are based on the distributions of 
natural radiocarbon, bomb-produced radiocarbon and radon. As can be 
seen in table 1, the mean CO2 invasion rates calculated by the three 
methods are in satisfactory agreement. Although the radon method 
gives a lower result (13-16 moles/m2yr) than those by the natural and 
bomb 14C methods (19 and 22 moles/m2yr), the difference is only slightly 
greater than the uncertainty of the estimates (Peng and others, 1979). 

In calculating the apparent film thicknesses from the piston velocities 
determined from the distributions of natural and bomb radiocarbon, we 
have assumed that the reaction rate between CO9 and OH- ion to form 
HCO3- ion is too slow to enhance the invasion rate of CO2. As pointed 
out by Bolin (1960), in the absence of catalysts, this assumption should 
be valid. Although Berger and Libby (1969) proposed that enzymes 
leaking from marine organisms might supply the needed catalysts, there 
has been no subsequent support for this hypothesis. The near agree- 
ment between the CO2 and radon based results given allows a limit to 
be placed on the rate of catalysis in the ocean. It suggests that the en- 
hancement in the invasion rate of CO2 gas by this mechanism is no more 
than 50 percent. 

Pyramid, Walker, and Mono Lakes occupy closed basins. The 
water they receive from rain and river runoff is lost by evaporation. 
Broecker and Walton (1959) attempted to use the natural 14C/C ratio in 
the dissolved organic carbon of these lakes as a basis for estimates of the 
CO2 exchange rate. From measurements made over a two-decade-long 
period (1957 to 1978), we can make independent estimates based on the 
accumulation of bomb-produced 14C in these lakes. The results are 
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PLATE 1 

Photograph comparing the bubble size for distilled water and sea water. 

summarized in table 1. Because of its short carbon turnover (l year) 
the results for Great Salt Lake lead to ambiguous conclusions and, 
hence, are not given here. 

The largest uncertainty in the estimates, based both on natural and 
bomb 14C, lies in the assumptions made with regard to the input of 14C 

and of 12C from rivers and springs. Mono Lake currently receives no 
significant input of river carbon (these waters have been diverted to 
Los Angeles through an aqueduct). It does, however, receive water from 
salty springs (hot and cold). The large difference between the result 
based on the natural 14C balance for this lake (5 moles/m2yr) and the 
result based on the accumulation of bomb 14C (38 moles/m2yr) is best 
explained by the steady-state introduction of carbon very low in 14C from 
springs (Peng and Broecker, ms in preparation). As long as these springs 
do not carry significant amounts of bomb 14C, and as long as their 12C 

budget has remained close to steady state, the bomb 14C based estimate 
of 38 moles/m2yr should be valid. 

For Pyramid and Walker Lakes, no significant discrepancy exists 
between the natural and bomb 14C results. As the natural 14C based 
values have high uncertainties, those based on bomb 14C are used in the 
discussion which follows. The major uncertainty in these results stems 
from the lack of precise knowledge of the contribution of bomb 14C to 
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the lake via river inflow. Based on measurements of both 14C and 12C in 
the Truckee River (feeding Pyramid Lake) and the Walker River (feed- 
ing Walker Lake) (see fig 1), we estimate that 38 ± 6 percent of the 
excess 14C in Pyramid Lake and 20 ± 4 percent of the excess 14C in 
Walker Lake arrived via the rivers rather than via invasion of CO2 
(Peng and Broecker, ms in preparation). 

In the case of the Experimental Lakes Area in Canada, all the work 
has been done through the purposeful addition of tracers. In 1976, 226Ra 
and 14C were added to the surface mixed layer of Lake 224 (25 hectares) 
and, in 1978, 22Ra, 14C and 3H were added to the surface mixed layer 
of Lake 226 (25 hectares). By following the fate of 14C added and by 
observing the 222Rn to 226Ra and the 3He to 3H ratio in the mixed layer, 
we have been able to calculate evasion rates for CO.,, Rn and 3He. These 
results are summarized in table 1. 

The conclusions to be drawn from these studies are as follows. The 
ELA lakes experience much lower gas exchange rates than the ocean. 
Gas exchange rates measured within 10m diameter enclosures (with 
-20cm high flotation collars) are the same or higher than those obtained 
for the lake as a whole. Thus, even though the flotation collar prevents 
surface waves from entering the enclosure, the gas exchange rate is not 
diminished. 

Table 2 gives three characteristics (salinity, mean wind velocity, 
and pH) that are likely to cause differing exchange rates from one 
system to the other. The pH is potentially important because the rate 
of conversion of CO2 to HC03- depends on the OH content of the 
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Fig 2. Piston velocity for CO2 as a function of stagnant film thickness for waters of 
various pH's (all with CO2 partial pressures equal to the atmospheric value of 330 X 

106 atmospheres). The pH's chosen are those for the systems we have studied. The 
arrows show the value of d aD for the pH shown (where a is the rate constant for the 
C02 HC03 reaction and D is the CO2 molecular diffusivity). 

solution. Thurber and Broecker (1972) have given curves showing the 
relationship between piston velocity and film thickness for waters of 
differing pH (but with CO2 partial pressures close to atmospheric). Figure 
2 portrays this relationship. Except for Pyramid Lake, the influence of 
reaction enhancement of the CO2 invasion rate is quite small. 

In figure 3, film thicknesses from table 1 are plotted against wind 
velocity. Also included are the month-long averages obtained off Bar- 

bados (Broecker and Peng, 1971), at station PAPA in the North Pacific 

(Peng, Takahashi, and Broecker, 1974), and for the Antarctic (Peng and 
others, 1979). For comparison, we give the wind tunnel curve obtained 
by the Hamburg group (Broecker, Peterman, and Siems, 1978). Assum- 

ing our results to be valid, some factor other than pH and wind velocity 
must be at work for Walker and Mono Lakes. 

TABLE 2 

Characteristics of the natural water bodies 

Mean 
wind vel 1(0) rr S 
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Fig 3. Film thickness versus wind velocity for the natural systems we have studied. 
The solid line is the curve obtained in the wind tunnel by the Hamburg group 
(Broecker, Peterman, and Siems, 1978) with the velocity translated to lOm above sur- 
face (ie, 1.5 times the velocity measured at a height of 60cm in the tunnel). The slope 
break in the wind tunnel curve corresponds to the initiation of capillary waves. The 
solid circles are estimated from radon method, and the squares are from radiocarbon 
method. 

One possible explanation lies in the difference in salt content (and 
possibly in salt composition) among the systems studied. The salt con- 
tent of Mono Lake is nearly twice that for the ocean. Is there any reason 
to believe that the characteristics of the viscous boundary layer are 
modified by the presence of ions? 

In our radon extractions, we have long noted that sea water pro- 
duces far finer bubbles than does fresh water. The photograph in plate 
1 documents this difference. In order to explore this phenomenon, we 
have determined the extraction time for radon from waters of various 
NaCI contents. As can be seen in figure 4, a minimum in extraction time 
is found in the range of the salt content equivalent to that in sea water. 
Observation of the bubbles in these experiments reveals a decrease to 
35g/L followed by a nearly constant value to 270g/L. Thus, extraction 
time is not simply a function of bubble size.l 

While the mechanics of the fluid at the interface of a plastic frit 
need not bear any relationship to those at the atmospheric interface, it is, 
indeed, possible that the phenomenon giving rise to small bubbles also 
gives rise to a thinner viscous layer. Our results are sufficiently convinc- 
ing to indicate that the results obtained for fresh water in wind tunnels 
need not apply to sea water. Direct comparisons between sea water and 
fresh water must be conducted in a wind tunnel in order to demonstrate 
the role of salt in the gas exchange process. Both the influence of salt on 

' For sea water, the bubbles are considerably smaller than those for the 35g/L 
NaCI solution. Mono Lake water yields bubbles indistinguishable from those for the 
35g/L NaCI solution (and also to those for the 270g/L NaCl solution). 
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Fig 4. Half extraction time for radon as a function of salt content of the water. The 
lower limit curve is based on the assumption that the stripping gas becomes saturated 
with radon. 

the wind velocity at which capillary waves are initiated and on the slope 
of the wind velocity/piston velocity relationship should be explored. 

As bomb 14C is such an important gas exchange tracer, the kinetics 
of the CO2 to HC03- reaction must be more carefully determined. Di- 
rect measurements on the waters of interest will have to be conducted. 

Non-linearity in the relationship between gas exchange rate and 
wind velocity associated with the initiation of capillary waves requires 
that more thought be given to the method of averaging the conditions 
for water bodies experiencing low wind conditions. As the ELA lakes 
are often free of capillary waves (especially during the night), we should 
have some quantitative means of assessing the fraction of time that this 
condition exists. 
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