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Abstract _ .

Qur direct knowledge'of the rates of gas exchange in lakes and the
ocean is based almost entirely on measurements of the isotopes ]’C, Rn
and JHe. The distribution of nétural radiocarbon has yiclded the average
rate of CO2 exchange for the ocean and for several closed basin lakes.

That of bomb produced radiocarbon has been used in the same systems. The

2

222p4 to 22%Ra ratio in open ocean surface water has been uswed to give

local short term gas exchange rates. The radon method generally cannot be
used in lakes, rivers, estuaries or shelf areas because of the input of
radon from sediments. A few attempts have been made to'use the excess 3He

produced by decay of bomb produced tritium in lakes to give gas transfer

rates. The uncertainty in the molecular &iffusivity of hzlium and in the
diffusivity dependence of the rate of gas traasfer holds back the applica~
tion of this method. A few attempts have been made to enrich the surface

waters of small lakes with 226Ra and 3H in order to allow the use of the

-

222Rn and 3He methods.

While these studies give broadly concordant results, many questions -

remain unanswered. The wind velocity dependence of gas exchange rate has R

’

yet to be established in field studies. The dependence of gas exchange

rate on molecular diffusivity also remains in limbo. Finally, the degree
of enhancement of €02 exchange through chemical reactions has been only
partially explored.
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These remaining uncertainties have relzvaace to some of the key ap-—
plications of our knowledge regzarding gas exchauze rates to enviroamantal
problems. For example, as our kanowladgz of the gain or loss of CO2 from

222

lake surfaces depends on 3He or Rn based gas exchange rates, the degree

of enhancement of COz relative to thesebgases must be understood. Another
.

example is the uptake of fossil fuel €0, by the seza. Improvements over

the current 1-D models of the ocean rgquire a knowledge of the regional

and seasonal dependence of COz éxhange rates. Here the wind velocity

dependence becomes important.

Introduction

Despite a long history of interest in the process of gas exchange
there is stili no theory which allows the rate of transfer of a gas across
an air~water interface to be reliably prehicted from basic data such as
the velocity of the wind over the water and the éegree of turbulence in
the water. Instead, environmental scientists and chemical engineeers in-
terested ‘in this phenomena must depend on empirical calibrations for each
system of iInterest.. In natural systems these calibrations are based on
measurements of the flux of some naturalﬂor artificial tracer gas across
the interface. The most widely used tracer gases are those beariné a
naturally radiocactive isotope. The re;son is that the radiodecay often -
creates a situation where its flux can be estimated. -

In the ab;ence of a_broadly accepted theory an ambiguity arises with
regard to the appropriate parameter to be used in describing the results
of such measurements. It is generally accepted by workers in the field

that the councentration of the gas in the upper few molecular layers of the

water is equal to the partial pressure of the gas in the overyling air



times the solubility of the gas. This assuprion leads to the commonly
used piston velocity conzept. The ratio of the net flux of gas (units
molés/cmz sec) to the concentration differcuce betweea the upper few
molecular layers and the body of the fluid (units moles/cpa) has the di-~
mensions of veléocity (un%ts cm/sec). While piston velocity is the least
model dependent parameter currently in use for the defining of the gas
exchange rate it does have one major drawﬂack. In many situations the
tracer gas is merely a vehicle to gain information abouib the transfer rate
of the environgental gas of interest. Because all models of gas exchange
have a molecular diffugivity-dependence, the piston velocity for the gas
of interest will not be equal to the picston velocity for the tracer gas.
The ol&est, simplest and most commonly used model for gas exchangé 1s the
stagnant film model (Lewis and Whitman 1924). In this model tha resistf~
ance to transport is envisioned as a thim layer of unstirred water.at the
interface. The resistance is defined by.the thickness of this layer. The
thickness of the stagnant film (units cm) is given by the rolecular dif-
fusivity of the gas (units cm?/sec) divided by the piston velocity (units
- em/sec). Were the model valid it would provide a formulation of the trader
gas results applicable to any gas. The problem 1s that theory (Deagon
1977) and wind tunnel experiments (Jahne et al., 1979 and Ledwe11-1982)
suggest that the stagnant film model is not adequate and that the piéion
velocity depends inversely on the 0.41 to 0.67 power of the molecular dif;
fusivity rather than on the first power. To date, our knowledge of gas
exchange in natural systems has not been grearly affected by these coasid-

erations. Except for helium, the gases of interest have diffusivities

differing from one another by no more than a faztor of two (see Table 1).



Thus, if for example, the 0.5 power of diffusivity were adopted in no case
(except He) would the error incurred by going from one gas to aaother
will be more than 40%. As our measurements of gas exchange rates are

rarely any better than #30%, the lack of an adequate theory has as yet not

presented any serious problems.
L]
As much of the research on gas exchange rates in natural systems has
been motivated by an interest in the natural cycles of carbon and its

isotopes lac and 1"C, rates of gas t;ansfer are often expressed as the
unidirectional invasion flux of CO2 from the atmosphere into the water
body of interest. As the CO2 pressure in the atmosphere is nearly uniform
geographically and chanéés only slowly with time, this mocde of presenta-

tion proves handy to carbon cycle geochemists. For example, the average

unidirectional flux of €02 from air to sea is thought to be about 20

moles/mzyr. This corresponds to a mean stagnant film thickness of about

40 microns and to a mean unidirectional piston velocity of about 3

meters/day.
With this background in mind, ve will proceed to consider the various

methods which have been employed to measure gas exchange rates jin natural
L]

systems. As these methods are well described in the literature, we will

not consider the details of the experimental procedures or the .mathematics

of the models employed. Rather, we stress the strengths and limitatioms
of each approach.

The Natural Radioccarbon Method

For the ocean and for several closed basin lakes it has been possible

to estimate the rate of C02 exchange with the atmosphere by making a mass

balance For '“C (Craig 1957; Broecker and Peng 1974). This technique gave



us the first accurate estimate of the meoan CC, exchaage rate batween ocedn
- and atmosphefe. Since the amounts of “C :arriéd to tﬁe sea by rivers and
lost from the sea to its sédiments are snall-comparcd to the amounts gain-
ed by CO; exchange with air and lost by radiodecay within the sea, the
situation is quite simple. The net flux of e acioss the ajr sea inter-
face nmust nearly match the decay of e within the sea. As the ozean has
been well surQeyed for both LCO2 concentration (Takahashi et al., 1980;
Takahashi et al., 1981) and e ratic, {Stuliver and Ostlund 1980;
Ostlund and Steiver 1980; Stuiver et alf,_1981; Broecker and Peng, 1983)
the amount of Yag decaying in the sea is well known. The uncertaintiés in
thic method come from an imprecise knowledge of the Mese ratio
distribution iIn surface waterl(Broeckér 1963). ~The flux of 1"C atoms into
the sea depends on differencze in the l“CiC ratio for a2tmoespheric CO» and
that for mean surface water ICOz (corrected for equilibrium isotope‘
fractionation effects using 13C) and on the rate of CO, exchange. If the
former Is known, the latter czan be calnulated. The problems assoziated
with the !*c/C ratio in surface water are as éollows,

1) As it differs from‘that in the atmosphere by only about 5%, a 1% =

error in its mean value will lead to a 207 uncertainty in the ex—

-

change rate.

2) The natural 1"C/C ratio in the ozean's surface waters ranges from.
about 4% lower (in temperate zones) to as much as 107 lower (in the
Antarctic) than that in the atmosphere. Thus, not only must the
geographic averaging be done correctly but also this distribution
should be weighted regional differences in for wind speed and

temperature (parameters on which the gas exchange rate depends).



3) Aathcopogenic effects (i.e. fossil fuel bursing and nuclear weap-~
ous testing) have altered the 1l'C/C ratio in th: atmosphure and sur—
face ocean. The perturbation from nuclear weapons testing began in

1954 ahd by 1957 was detectable in the surface ocean. It is avoided

by using only measurements on water samples collected before 1957 or

on shell and coral samples grown before 1957. The fossil fuel cffect
for the ocean as of 1957 is estimated to have been quite small

(~1.0%). These estimates are based on the 11'C/v:: record from tree

rings and atmosphere—ocean mixing moedels. The vesults <f these cal~

culations are consistené with direct measurements on ring dated
corals (Druffel 1980; Druffel 1981; Druffel 1982) and on shalls from

museun collections (Broecker 1963),

The main residual uncertainties are for the Antacctic. 1Its surface
waters have the lowest 1l'(Z/C ratios. It experiences the highest mean wind
speeds. It is’ the coldest. For this reglion of the ocean the pre-1957 data
set 1s the weakest. No corals grow at high latitudes. Antarctic shell

. . -1y .
collections are sparse. Because c¢f this our ~'C based estimate could be

-

in error by as much as 25%.

It should be kept in mind that this natural L4 based measurement
tells us nothing about regional or seasonal effects and that it applies to
the preanthropogenic CO; content of the atmosphere which is thought to
have been about 265 ppm (today's is about 340 ppa or about 1.3 times the
preanthropogenic value).

Qur best estimate for the unidirectional C3s invasion rake based on

the distribution of natural 14¢ is 16%3 moles Cozlmzyr. Translated to to-

day's Pco, value this would be abouf 21 moles CDZ/m2 yr.



éolin (1960) explored the possibilify that the rare of CO, iavasion
into the sea might be enhanced by the reactions whiczh zransform CO; to
HCO3”. He concluded that although this reaction did contribute, the phys-—
‘ical Flux of CO; (i.e., that In the absence of chemizal reacktion) would be
only about 6% lower than the observed flux of CO;. While Hoover and Berk—
shire (1969) and Peng (1973) provide evidence based onilaboratory studies
that the inorganic reaction enhancemenz effect wight te comewhat larger
than estimated by Bolin, definitive measurements have yet to be made. It
is also possible that organichrich films might alter the situation. Thus
the possibility that I4%¢ pased Fiuxes provide overeztiszres of the ex—
change rates of other gases nust be kept in miad.

Libby and Berger (1969) performed experiments cit storad sea waler
samples which they Interpreted as providing evidence for a=x enhancement in
COz exchange rate resulting from the presence of the natursl enzyme, car—
bonic anhydrous. Receantly Goldman and Dennetr (i923) thave rerformed ex—
periments which they interpret to demcnstrate.that significant enhancement
due to this mechanism dces not occur ia natural Systems. .

The natural radiocarbon method has also been applied tc lakes in clos-
ed basins (Walton and Broecker 1959). 1In this case the input of luc from
rivers cannot be neglected. Also because of water diversion and agriéult—
ural wodifications of the vegetation and soils in the basins of these |
lakes the assumption of steady stakte for the carborn and radlozarbon bud-
gets is shaky. As nmore reliable CO, invasion estimates for the same lakes
have been made from studies of the build up of radioca;bon from nuclear

testing it is not worth pursuing the problems associatzd with these esti-

mates (Thurbar and Broezker 1970; Peng and Broecker 1980). They are main-

ly of histori: interest.



The Bomb—-Produced Radiocarbon Methond

Tha buildup of bomb-produced qu in the sea aad in closed bauin
lakes provides a measure of the COy invasion rate into these water bodies
(ilunnich and Roether 1967). The driving force for this inputr is well
documented. From direck measurements we have a good knowledge of hoth the
temporal trend in atmospheric CO; cortent and of rhe temporal trehd in
1“‘C/C ratio for atmosphéric CO, (see figure 1). From these observatkions
the equilibrium concentration of ll'CO?_ in the upper few molecular layers
of the surface ocean can be estimated as a function of location and time.
To obtain the CO; invasion rate it is necessary only tc meansure the
inventory of bomb '*C atoms in the weter body and the 2%C/C ratio in Its
surface waters at one time tprovided the prenuclear 1“'C distribution is
known). In the absence of firm prenuclear data a time history of the
nuclear 1“0 effect must be obtained.

Estimates of this type have beer made for the ocean as a whole (based
on the GEOSECS global data set; Broecker et al., 1980) and for several
lakes in the Great Basin of the western United States (Peng and Broecker
1980). The result obtained for the ocean (adjusted to the 1980 atmospher-
ic Pco, is 2315 moles/m2 yr. Those for the Great Basin lakes are sum-—
marized as follows: 5 moles/mzyr for Pyramid Lake, 15 moles/m2 yr for
Walker Lake and 30 moles/m2 yr for Mono Lake. .

While this method could conceivably be applied to lakes with outlets,

4

care would have to be taken to determine how much 1"C and ICO, entered

from rivers. Also the ratio of carbon replacement time via river input to
carbon replacement time via CQ; invasion must be small enough so that a

14

measurable 1mpacﬁ of bomb ll'C invasion can be seen in the lake's ~'C/C

ratio.
While this method might also be used in rivers and estuaries, the
results will always be quite fuzzy because of uncertainries in other

4 .
elements of the carbon and te budget for these systens,
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The Radon HMethod

All natural waters contain 22°Ra. This radiun prédu:es 22%n by
radiodecay. During their mean lifetime of 5.5 days thosc rzdon atoms born
in the wind stirred mixed 1§yer of a water body have a charce to escapeto.
the overlyiug air. 1In certain circumstanczes the zzteat of this loss caan s
be measured and the evasion rate for radon zalculated. The open ocean
proves ideal for this task (Broecker 1965} Broecker anq Peug 1971, 1974).
The overlying air is nearly radon free (hence, no significant correction
for invasion of radon need be made). Lateral transport from adjacent
shallow water sediments is generally negligible. The underliying thermo-—
cline is well defined and well stratified insuring that raccn pfoduced in
the thermocline is not being mixed in significant amounts into the wind
mixed layer (Peng et al., 1974; Kromef and Roether 1980).

Lakes, rivers, estuaries and coastal waters zre generzlly unsultable
for radon studiss. Continental air contzins significant and variable
emounts of radon. Hence, an air to water radon flux corrzection must be
made. More damaging is the input of radon produced in the sediments
underlying these water bodies. Even in systems with stromg therwoclines.
the lateral transport of radon released froﬁ sediments contacted by the
mixed layer water 1is important. Rarely are these systems large enough so T I
that radbn atoms cannot reach thelr centers. Rarely can the sediment flux
be adequately documented so that a correction can be made.

Despite the iwnunity from airborne radon and sediment derived radon
the open ocean application of the radon method suffers two major difficul~
ties.

1) the ratio of signal to measurement error ranges froxm 10 in the

most favorable circumstanzes t0 as low as 2 in the least favorable

circumstances.



2) constant wind conditions never prevail for several radon azan
lives; hence the radon luventory in the ocean mixed layer is never at
steady state.

To date these difficulries have been countered by averaging the re~
sults from many different times and places.(Peng et al,, 1979). WHhile
this averaging procedure precludes the determination of the wind velocity
dependencebof gas exchange rate in a given Area it does permit regional
and seasonal average values to be obtained. .

A sumaary of the film thicknesses and piston velocities obtained in
various reglons of -the ccean iﬁ given in table 2. The global average pis-
ton velocity obtained in this way is 2.8 ufday. If this result is used to
calculate the CO, invasion rate (using‘a diffusivity dependence of 0.67
and an atmospheric CO, content of 340 ppw) a flux of about 16 moles/mzyr '
is obtained. While this value is somewhat lower than that obtained from
1%¢ studies. IhE difference lies within the raﬁge of uncertainty. 'Qs
mentioned above it is possible that the CC; value is somewhat Jarger due
to chemical reaction between COy and 0il” ion iIn the boundary layer. Thus,

14,

the difference between the C and 222

upon further study prove to be real.

The Helium Method . ] _

Continental surface waters in the northern hemisphere contain signif-
icant amounts of tritium. The trace isotope e is generated by the decay
of this tritium. Because of this production the 3He/l'He ratio in these
waters must be slightly higher than in the overlying atmosphere. If the

ratio difference could be measured it would provide a measure of the rate

¥

Rn based transfer coefficients might

- 10



of helium evasion. The problem with this uwethod is thar for most surface
waters the gas replaceﬁent time (by exchange with the atmosphere) is only
a few days. Ou this time scale, a water with a tritium content of 50 TU
(typical for contemporary temperate latitude northern hemisphere surface
waters) the expected increase in 3He/“ﬂe ratio is only a few tenths of one
percent. This is comparable to the uncertainty Iin the neasurcments.
Hence, this potentially ﬁseful method has received litile attention
(Torgerson.et al., 1977; Weiss et al., 1978}.

Were the experimental accuracy to bz improved permitting the use of
e then a new problem would emerge. While the diffusivity cf helium ic
poorly known it is surely several times higher thanm that for the other
éases of interest. Thus,Anoé only would its diffusivity relative to fhat
for CO2 and 02 have to be determined, bui alsc the molecular diffusivity
dependence of gas exchange would have to be better defined (see Torgerson
et al., 1982):

The Oxygen Method

-

The oldest of the gas exchange tracer methods is that involving O2 .
(Streeter and Phelps 1925). Mény continentgl and coastal surface waters
receive such large amounts of reduced substances. (organic matter, indus-
trial wastes...) that their oxygen content is reduced well below the é;tu~
ration value. - In such cases were a means available to estimate the rate
at which oxygen is utilized in the water, then the invasion rate of 0y
could be estimared. As ghe latter is possible only in special cases, this
nethod has received little geochemical application. It has been used al-

most exclusively by sanitary engineers and industrial chemists in rather

specialized applications. It seems possible that it could be given for



broader applicaktion especially n river sysiems where no natural tracer
method applies.

The work of Schurr and Ruchti (1977) ig especially intéresting in
this regard. By monitoring 02 continuously over many days in several
Swiss rivers these authors were able to show that the phasing of the diur-
nal 0z cycle relative to that of the diurnal radiation cycle provided a
measure of the 0, resaturation time and. hence of the unidirectional inva~
sion rate of 02.' This powerful approach should be given further atten-
tion!

Tsunogai and Tanaka (1980) have used the dissolve& oxygen and phos—
phorus budgets for Funka Bay in the island of Hokkaido to obtain estimates
of the rate of dissolved oxygen invasion. They estimate film thicknesses

nf 45 microns for summer conditions and 12 microns for winter conditions.

The Helmet Method .

Sever§{ investigators havé employed helmets to measure the flux of
gas into or out of waters (Copeland and Duffer 1964; Hood and Kelley
1976; Hammond and Fuller in press; Hartman and Hammond in press; Wixon
personal communication; Gosink and Kelley, personal coumunication). .This
can be done by eithef depleting or enriching the helmet air in the gas of
interest. Often the natural air-water difference can be employé&. The
problem with this approach is that by placing the helmet over the ‘surface
one disrupts the very process to be studied. It is generally agr;ed ;hat
the friction of the air moving over the water reduces the impedance to
transfer over that which would be experienced were the cir stagnant. It

could of course be argued that wind energy is stored within the mixed lay-

er as turbulent energy and it is this turbulenk energy which reduces the



{mpadence to gas transfer. 1f so, then as along as the helmet did not al-~
ter the tucrbulence in the underlying water, the gas exchange rate under
the helmet would be similar to that outside the helmet. Few workers in
the Eiéld accepﬁ this logic. Unti} those who use this method provide

evidence that it gives valid results it will have 1little credence.

The Purposeful Tracer,Method

For rivers and small lakes it is possible to add tracers which would
permit gas evasion rates to be measured. The Lamont group has used this
approach in the Experimental Lakes Area near Kenora, Canada (Fmerson 1975;

Hesslein et al., 1980; Torgerson et al., 1982). They chose to add the

. . 2 3. 2 3. .
radicactive parents ( 25Ra and ’H) of two tracer gases ( 220 and ie).

In this way these investig?tors hoped to achieve a steady state concentra-
tion of the tracer gases.. While successful these experiments suffered
from uncert#inties created by changing mixed layer thickness, radium re-
moval onto sediments and variable wind conditions.

It is ;;f feeling that this approach holds much promise. However,
the radioactive parenc:approach introdﬁces mere Gifficulties than it over-
comes. Gases themselves should be added. The rapid growth in the tech-
nology of gas chromatographyipermits the measurements of a hosit gases

: .
vhose concentrations are very low in natural waters. These gases are
readily added to water by diffusion thréugh silicone tubing. They pose no
environmental hazard. Dispersion through the mixed layer (lateral and
vertical) requires no more than a day in small lakes. 1In rivers a con-

servative non-gaseous substance such as fluoride ion could be added con~

currently as a dispersion tracer.



The Eddy Correlation Method

For years c¢laims have been made Lhai Ehc Fluxes of €23 and 03 could
be measured by an eddy correlation technique whizh involves simultaneous
measurement of vertical velocity and gas content. Jones and Smith (1977)
attempted this for CO, but performed few field studies and no interzali-
brations with alternate techniques, Wesiey et al.(1982) have published
measurements which give results one to two orders of magnitude higher than‘
'expected from other techniques. Bingham of the Lawreﬁée-Livermore Nation-
al Laboratory (personal communicaticn) iz currently making these measure-
ments in areas of the sea where PCo, Teasuremenkts on air and water are
also avajlable, Thus, he will be able for the first tine to compare Lhe
results of the eddy correlation method direct;y with estimates based on
radon and radiocarbon. The consensus among people knowledgeable about
this approach is that only if exceedingly small €O, fluctuation can be
measured (i.e., 0.0lppm or better) can the small CO, fluxes expected for
water bodies Eé measurable. While a longz shot, because of 1ts great po-—
tential in studying the wind velocity depzndence of gas exchange, 1t must
be thoroughly explo:ed.

Summary of Existing Information ) -

From the data in hand we are able ro make estimates of the traﬁsport
coefficignt of all ordinary gases in most open water systems. The errofs
on such estimates range from a minimum of *207% to a maximum of a factor of
three. Exceptions are gases such as S0, with high chemical reactivity and
systems such as rapidly flowing streams where gravitationally induced
turbulence is more important than wind induced turbulence in breaking down

the faterface resistance.

 /



Scveral important pieczes of information are lacking:

1) the wind velozity dependence of gas exzchange in natural systeﬁs
(i.e. systems with large waves). |

2) the relative importance of wind stresec and gravitational energy
in breaking down the traasport resistance in riverc and streams.

3) the role of diésqlved organic matter altering the interface

character in natural waters. .

4) the diffusivity dependence of gas exchange rate az a function c¢f
wind veiocity in natural systems

5) the possible rate of catalysts in speeding the COz + OH ;A HCOz™
reaction in natural waters.

It is our opinion that natural tracers will not supply thig informa~
tion. It will come either from purposeful tracer studies or from eddy

correlation measurements (if this method proves reliable).

Applicatith'ﬁf Measurements on Natural Sysiems

The motivaticn by geochemists to obta%n Informatlon regarding gas
exchange rates in natural systems came initially through = desire to
harness the distribution of radiocarbon to learn about the rates of
thermocline and deep sea ventilation. Following close on the heals of
attempts to define the COz invasion rate into the sea came a variet;vof
environmental §uestibns requiring information about gas exchange between
water and air. These included:

1) the rate of fossil fuel CO; uptake by the sea.

2) ocean source strength (or sink strength) for a variety of trace

gases of environmental interest (CO, CHy, Nz0, ...).

3) the rate of CQO; supply to euktrophic lakes.

[
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4) the rakte of 0, supply to systens receiving high scuage loading.

5) the rale of the atmosphere in distributing sediment-reactive
organic compounds (PCBs, DDT, ...).

In the sections which follow we reiterate a few examples from this
research.

Measuring Upwelling Rates in the Equatorial QOcean

Despite extensive efforts designed to learn about the patterns and
ratés of veatilation of the ocean's interlor our konowledge remains quite
primitive. Cur ignorance in this arez 1s exemplified by the fact that the
development of realistic general circulation models of the sea's operation
lies at least a decade aﬁ& perhaps many decades 1iu the future. The_quest
for such wmodels will be speeded and ultimately veriflied by infofmation
galined from tracers. While most of thece studies depend mainly on the
distribution of tracers within the sea a few depend on the différences in
tracer congentration between air and sea.

One such application involves the source and flux of water upwelling
to the surface of the equatorial Pacific Ocean. While this process is
well known to marine bioclogists (because of the elevated nutrient constit-
uent coutents and plant productivities of equatorial waters) and'to the
sedimentologist (because of the imprint of the high production rate of 2
calciﬁe and opal in the sediments beﬁeath the equator), details of the
routes followed by the upwelling waters and the rates at which thé} are
injectgd have only recently begun to emerge. Key to the progress in this

area has been the surface water anomalies in CO, partial pressure and in

l4c/c ratio.



Figure 2 shows traverses of these two propertizs across the equator in the

1o

Pacific Ocean. The high CO; parti:l pressure zeen in eguatorial surf&ce
water is an artifact of the high ICOz conteat of th~ upwelled water (it
carries excess €02 produced by respiration along its subsurface pathway
and 2lso because when these waters left contact with the air they had a
lower temperature than that for'surface waters in the eguatorial =zone).
The low IQC/C ratio for the LCO2 in equatorial surface waters reflects the
fact that much of upwelling water left contact with the atmosphere prior
to the onset of nuclear testing zné therefore does not vontain an excess

! =
l"C ancmaly extends further

of C atoms. As can be seen in figure 2 the
away from the equator than does the €Oz anomaly. T iz veflects the fact

that in surface ocean waters chemical equilibrium for carbon is achieved

~. . -
about ten times more rapidly than isotopic equilibrium for carbon. This

difference is related to the ratio of the C03™ ion cecntent to the ICO2
content of sea water. To achieve chenmical equilibrium (i.e., 2 pco,
pressure eqﬁgi to that in the air) the CO3z~ content must be adjusted.

To achieve isotopic equilibrium the 1liC content of zll the dissolved
inorganic carbon must be adjusted. As carbonate ior. makes up only about
one tenth of the XCO2 in surface waters of the ocean, the CO3 pressure
signal carried éo the surface by upwelling does not spread as far "as the
isotopic signal. It.is more quickly obliterated by interaction with the
atmosphere (and also by the growth of plants). Thus a knowledge of the’
rate of CO2 invasion allows the calibration of flow models designed to
explain the obsarved distributions of CO; pressure and 18¢/c ratio
anomalies. The upwelling rates obtained in this way prove to be an

important breakthrough in the struggle to quantify the ventilation of the

ocean'’s interior (see Broecker and Peng 1983).



Also shown in figure 2 is a traverse of dissolved oxygen in surface
witer. A strong depletion in 02 is seen centered right at the equator.
This aanomaly is caused by the upwelling of waters depleted in 0, by res—
piration. It is narrower than even the CO; pressure anomaly consistent
with the prediction from our knowledge of the gas exchange characteristics
of 03 and CO3; i.e., 02 equilibrium is aqhieved roughly ten times faster
than CO0; equilibrium. The time for 07 equilibrium, 0, is as follows,

h
v02

‘[02 =

vhere h is the mixed layer thickness and vg, is the piston velocity for
dissolQed oxygen. For COz the equilibration time, Tc0,> 1s given by,
“co, T 'i/ll‘— 101
co, (COz]
In tropical surface water the-[CO3=]/[002] ratio 1s abuut 15.
The PCo, and **C/C anomalies in the equatorial Pacific are the

strongest in the world ocean and hence the ezslest fo utilize 1n ocean
ventilation studies.- Dicequilibrium in CO; partial pressure and ll‘C/C.ex-_-
ist almost everywhere on the sea surface.' At higher latitudes these anom—
alies change with season. As all these anomalies reflect an interplay
between mixing processes in the sea and gas exchange across the alr-sea
interface, our knowledge of gas exchange process will eventually allow

broader constrainks to be made on the ventilation prozess.



Fossil Fuel CO; Uptake by the Sea at High Latitudes

Our knowledge of CD, exchaage rates {(bazsed on the distrzibution of
natural and bomd lqC) and of ventilation rates of the temperate ocean
thermoclines (based on the distribution of bomb produced tritium) clearly
demonstrates that the major resistance to uptake by the sea of the excess
€0, added to the atmeosphere through fcssil fuel ﬁurning'is transport with-

in the sea rather than transport across the air-sea interface (Oeschger et

al., 1975). The oceans surface waters should contain zbout 5/6th theiv
capacity for excess COz.

The situvation at highe; latitudes is not =zc clear. During the deep
convection occurring in winter months, the waters brought to the surface
and cooled likely do not ha"; time to achieve COp equilibrium with the
air. Thus, the new waters entering the deep sea will carry a smaller
fraction of their capacity for excess COp thzn their temperate equiva-
lents. How mu;h smaller is currently not kncwn. Because the'deep tea
will uvitimateley become the largest storage reservoir for fossil fuel €03,
it is essential to determine the extent to w%ich deep sea source ﬁaters .
equilibrate with the atmosphere pricr to and during the cooling events
which sends them to the abyss. ’

To date we have no direct observations of the COz chemistry of high
.latitude winter surface waters. Even when such results do become avail~
"able we will not know how much of what we see is natural and how much is
anthropogenic. Thus, we must seek some less direct means of assessing thé
extent to which this water takes up excess atmospheric CO,. The most

promising approach is to use the distributions of two tracer gases in

subsurface waters adjacent to the source region (Broeckar et al., 1975),



One would be a gas for which the atmuspheric equilibration time is mach
less than that for CO, (i.e. 85¢r or one of the freons) and one for which
the atmogpheric equilibration time is much greater than that for CO2
(i.=2., 1"COZ). Surface waters leaving contact with the atmosphere should
in all caées carry an atmospheric equilibrium content of the normal gzases
(because under mean oceanic circunstances; 1l.e., layer ~60 meters and
piston velocity 3 meters per day the characteristic equilibration time 1s
20 days). Thus, the concentration of 85%r or freoms in subsurface waters
should provide a measure of the propoertion of the water whiczh left the
surface prior to anthropogenic contamination (i.e., of the diJution of new
with old deep water). The ratio of quOZ to the ordinary gas provides a
neasure of the extent of carbon isotope equilibrium ir waters descending
from the surface. Knowing the relative egquilibraticn times for CQ2 and
for ll'C/C it should then be possible to estimate the fraction of the
descending water's capacity for excess CO, which is utiiized. While this
strategy is surely valid its successful imp%imentation requires a model
which reproduced the impprtant aspects of the mixing of "new" with "old"
waters. The reason is that the anthropogenic anomalies for 1“0/0 and f;r
85Kr (or for freons) do not have identical time histories. Thus, it is
important to have some Idea of the age spectrum of the waters making-up a

given subsurface sample.

€02 Supply to Eutrophied Lakes

During the debate as to whether the phosphate conkrol strategy for
eutrophication abatement would prove effective one question had to do with
wherher lakes with very low alkalinities (and hence very low ICO2 con-

tents) could be eutrophied by the input of phosphate. The argument ran



that in such waters the inavailability of cachor would limit algal erouth;
henze phosphate zontrol was unnecessary.

Schindler (1975,1977) answere: this question by showing that small
soft water lakes artificially fertilized with phosphare could indeed be
eutfophied. He conjectured that thre nceded 0, must enter the lake from
the atmosphere. To chéck this hyporhesis Emersoun et al. (1973) measured
" the gas transfer coefficient for tha.lake studied dy Schindler by adding
225pn to the 1ake’s_épi1imnion and Jetermining tbe extent to which the
222pa produced by the decay of this 228Ra was lost to the atmosphere. The
CC; invasion rates calculated from this 222pn based transfer coefficient
fell well short of providing the extra carbonm needed to support
Schindler's algal blooms.

Emerson (1975) solved this proglem by performing experiments which
showed that the rate of €03 invasion irte the lake was several times high-
er than that predicted from radon. He shoized that thls enhancement re-
sulted from ige reaction between CO, and TH™ to give HCO3™. As the algac
draw down the lakes CO; reserves the pH rises to quite high values (i.e.,
9 to 10). The high OH™ ion concentration produzed in this way gfeatly
accelerates the uptake of COz via the chemical (as opposed to theghysical)
route. These experiments clearly demonstrated that carbon deficiencies do
not effectively linit algal growth In soft water lakes receiving high
phosphate loading.

Conclusions

Although isokopic ﬁethods have greatly expanded our knowledge of the

rates of gas exchange in natural systéms, we still lack any means of gen-

eralizing this iaformation so that it zan be extrapolated ro specific cirz-

cumstances. Herein lies the challenge of the future!
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Table 1, Coefficieats of molacular diffusion cf various
gases In sea water¥,

Cas Molecular wt. Diffusion Coef{ficients (10"5 cmzfs)

(g/mole) G°cC 24°¢C
He 4 ~2 - ~4
Re 29 . 1.6 2.8
N2 28 1.1 2.1
0, 32 ' 1.2 2.3
Ar 40 0.8 1.5
Rx 84 ;! | 0.7 1.4
Xe 131 0.7 1.4
Ra 222 0.7 1.4
co2 _ 44 1.0 1.9
N;0 44 1.6 2.0

* The sources for these estimates are given by Broecker and Peng 1983.



Table 2.

Atlantic

60°N
40°N
15°N
15°S

40°S

Pacific

60°N

40°N

50°S

Summary of the film thicknesses and piston veloacities obtained

during GEOSECS program using radon method (Peng et al., 1979).

Piston velocity Film thickness
(m/d) (105w
40°N 2.9 36
15°N 2.6 40
15°s ‘ 2.0 51
40°s 2.6 40
70°s i 3.3 ' : 31
40°N 2.1 49
15°K 2.7 38
15°s 2.3 ) 45
40°S 3.2 32 )
50°S 3.7 | 28 .

70°s | 5.8 18 -



Figure 1.

Figure 2.

.. Figure Captians
I . . . . . 14
Excess € in atmospheric CO; (per mil exzess in the c/c
ratio over the 1850 value) as a funztion of time based on a
large number of measurements on air samples from both the
northern and southern hemisphere made in a number of e

laboratories (Nydal et 21., 197%).

Transects of ll'C/C ratio in surface water (COgz, of the CO3
partial pressure in surface water and of the 0y coantenft of

surface water across the equator In the central Pacific Ocean.

, |
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