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Relationships between wind speed and gas transfer, combined with knowledge of the partial

pressuredifferenceof CO2 acrossthe air-seainterfaceare frequently used to determinethe CO2 flux
between the ocean and the atmosphere. Little attention has been paid to the influence of variability in
wind speed on the calculated gas transfer velocities and the possibility of chemical enhancement of
CO2 exchangeat low wind speedsover the ocean. The effect of these parameters is illustrated using
a quadratic dependenceof gas exchange on wind speed which is fit through gas transfer velocities over

theoceandetermined
by thenatural-14C
disequilibrium
andthebomb-14C
inventorymethods.
Some
of the variability between different data sets can be accounted for by the suggestedmechanisms, but
much of the variation appears due to other causes.Possiblecausesfor the large difference between two
frequently used relationships between gas transfer and wind speed are discussed. To determine fluxes
of gasesother than CO2 acrossthe air-water interface, the relevant expressionsfor gas transfer, and
the temperature and salinity dependence of the Schmidt number and solubility of several gases of
environmental interest are included in an appendix.

INTRODUCTION

Much effort has gone into determining a relationship
between gas transfer and wind speed, such that gas fluxes
between

ocean and air can be determined

from

air-water

concentration differences and wind speed over the ocean
[Deacon, 1980; Kromer and Roether, 1983; Liss and Merlivat, 1986; Smethie et al., 1985; Upstill-Goddard et al., 1990;
Wanninkhof et al., 1985]. Wind speed is not the only factor
influencingthe gas transfer velocity. Gas transfer is thought
to be regulated by turbulence at the air-water interface
[Jiihne et al., 1987a]. Boundary layer stability, surfactants,
and bubbles

are some of the other factors

to determine gas transfer velocities and gas fluxes based on
relationships between wind speed and gas transfer [Erickson, 1989; Tans et al., 1990; Thomas et al., 1988; Feely et
al., 1987; Murphy et al., 1991]. Empirical relationships
developed by Liss and Merlivat [1986] and one presented by
Tans et al. [1990], in particular, have been used extensively
in recent endeavorsto determine air-sea fluxes of CO2. The
relationshipshave been used without regard for time interval
of the CO2 flux measurement or for possible chemical
enhancement effects at low wind speeds.
DISCUSSION

which influence

gas transfer [Broecker et al., 1978; Broecker and Siems,
1984; Goldman et al., 1988; Jiihne et al., 1984b; Merlivat
and Memery, 1983; Memery and Merlivat, 1985]. Several of
these parameters are not intimately linked to wind speed, so

it is likely that relationshipsusing only wind speedto predict
gas transfer velocities will be flawed. Parameters which are
more closely related to surface turbulence, such as backscatter of microwave radiation from the water surface, might be
better predictors of gas transfer. For this reason, scatterometer-derived winds, such as used by Etcheto and Merlivat
[1988], or direct relationshipsbetween radar backscatter and
gas transfer [ Wanninkhof and Bliven, 1991] might be better
suited for estimating gas transfer than wind speed records
from ships. Only limited data on other parameters influencing surface turbulence are available for the ocean, and
experiments in wind-wave tanks and on lakes have shown
that wind has a major effect on gas transfer. Thus relationships of gas transfer and wind speed will continue to be used

The relationship of Liss and Merlivat [1986], hereinafter
referred to as LM, is based on experimental results of a
deliberate tracer gas exchangeexperiment of Wanninkhof et
al. [1985]. Measurements in the tracer study only extend to
wind speeds up to 8 m/s. For higher wind speeds, the
experimental results are extrapolated based on the shape of
the wind speed-gas transfer curve obtained in wind-wave
tank work of Broecker and Siems [1984] and Broecker et al.
[1978]. The LM relationship consists of three linear segments with breaks at wind speeds measured at 10-m height,
u •0 of 3.6 m/s, at the onset of capillary waves, and of 13 m/s
when breaking waves and bubble entrainment enhance gas
transfer.

Another relationship which has been used in modeling
exercises is that originally proposed by Smethie et al. [1985]
based on analyses of gas transfer data obtained by the radon
deficit method in the Equatorial Atlantic. In this relationship, it is assumed that no gas transfer takes place between
until more comprehensive predictive equations become zero and 3 m/s wind speed (at 19.5-m height) and that gas
available.
transfer is linearly dependent on wind speed above 3 m/s.
Several studies have used global or regional wind speeds Thiq relationship was subsequently used by Takahashi
[1989] and Tans et al. [1990] but revised slightly, such that
1Nowat OceanChemistry
Department,
NOAA AtlanticOcean- the line would go through the global average gas transfer
ographic and Meteorological Laboratories, Miami, Florida.

velocityobtained
fromthebomb-•4Cinventoryin theocean.
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The modified relationship is expressedin terms of a CO2 gas
transfer coefficient rather than a transfer velocity (see appendix).
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SPEED OVER THE OCEAN

retarded even at very low surfactant film pressures. Entrained bubble plumes from breaking waves will enhance gas
transfer. Gas solubility will influence gas transfer rates if
bubbles contribute to the gas transfer process [Jiihne et al.,
1984b; Merlivat and Memery, 1983; Memery and Merlivat,
1985]. Changes in wind direction can influence the wave
field, possibly affecting gas transfer, but this has not been
investigated to date.
In light of discrepanciesand uncertainties in different wind
speed data sets [Pierson, 1990; Boutin and Etcheto, 1990,
1991; Murphy et al., 1991] and in gas transfer velocities
measured in the field [Roether and Kromer, 1984], and
because other factors influence gas transfer over the ocean,
it is not surprisingthat large differences in field and modeling
results of gas transfer have been obtained. I speculate that
some of the differences are due to a fetch dependence of gas
transfer, and due to the averaging intervals of wind speed
measurement.

Fig. 1. Summary of some gas transfer results over the ocean.
The solid square is average of the radon results of Glover in the
Bering Sea [Glover and Reeburgh, 1987]. The open square is the
Barbados Oceanographic and Meteorological
Experiment
(BOMEX) radon result from Broecker and Peng [1971] for the North
Atlantic near Bermuda. The solid triangle is for radon at station
PAPA [Peng et al., 1974] in the North Pacific. The open triangle is

Fetch Dependence of Gas Transfer

The gas transfer relationships of LM and Hartman and
Hammond [1985] shown in Figure 2 might exhibit a weaker
dependence on wind speed than proposed in this work
the mean value of all the Atlantic and Pacific radon values obtained
because they were developed using data from fetch-limited
during the Geosecs cruises [Peng et al., 1979]. JASIN (plus symsystems. Work in wind-wave tanks has indicated that fetch
bols) and First GARP Global Experiment (FGGE) (crosses) are
has an influence on gas transfer [Jiihne et al., 1989; Siems,
radon results from Kromer and Roether [1983]. The squares with
dots are results from a dual-tracer experiment in the North Sea by
1980; Wanninkhof and Bliven, 1991]. Hartman and HamWatsonet al. [1991].Thelargeopencircleis theglobalbomb-14C mond [1984] hypothesize that the difference in radon gas
value[Broecker
et al., 1985];thesmallopencircleis thebomb-14C
transfer velocities on different sides of San Francisco Bay is
value for the Red Sea [Cember, 1989]. The solid circle is the
global-averaged
natural14Cvalue.Theerrorbarsforthe 14Cvalues caused by a fetch dependence. Wave fields over the open
are an uncertainty
estimatebasedon the uncertainty
in the
ocean "grow" over distances of hundreds of kilometers off
inventories. The long-dashed line is the best fit curve through the
Equatorial Atlantic radon values taken during the TTO cruise
[Smethie et al., 1985]forced through u l0 - 2.7 m/s, k - 0 cm/hr.

Thedottedlineisthebestfit quadratic
dependence
through
the

lOO

data points and correspondsto the relationship we proposefor gas
transfer and long-term wind. The solid line is the curve we propose

forgastransferandshort-term
windspeedbasedonthe 14Cvalues
and the wind speed distribution around the mean oceanic wind
speed. The dashed-dotted line is the relationship proposed by Liss
and Merlivat [1986]. All data are normalized to Sc - 600, assuming

thatk isproportional
to Sc-1/2.Corrections
aresignificant
formany
of the values. For instance, the in situ exchangeobtained with radon
at ocean station PAPA has to be multiplied by a factor of 2 to correct

to Sc - 600.If a correction
of Sc-1 is appliedto thePAPAvalue,
the gas transfer will be 4 times as high as the in situ value (see
appendix).

Figure 1 shows that the relationship of Smethie et al.
[ 1985] has a significantly stronger dependenceon wind speed
than that of LM. Data obtained using the radon deficit

technique
andtheglobal14Cgastransfervaluesareincluded
in the figure. The large discrepancy between the two relationships and the scatter of the experimental values are
indications of the large differencesin results over the ocean.
Differences are caused in part by uncertainties in measurement of gas transfer velocities and in determination of the
wind speed; and in part because other factors which influence gas transfer have not been taken into account.
Any perturbation to surface turbulence can have an effect
on gas transfer. Broecker et al. [1978] and Jiihne et al.
[1984a] have shown in wind-wave tank experiments that
surfactants can have a large inhibitory effect on gas transfer.
Goldman et al. [1988] have suggested that gas transfer is

U10

[m/s]

Fig. 2. Empirical gas transfer relationships. The dashed line is
the relationshipsuggestedby Smethie et al. [ 1985]. The solid line is
the relationship we propose over the ocean for short-term winds (3).
The relationship of Liss and Merlivat [1986] is indicated with a
dashed-dottedline. The dotted line is the relationship of Hartman
and Hammond [ 1985]. The lower dashed line is from Deacon [ 1980],
in which he fitted the Geosecs radon values to wind speed after
discarding approximately one-half of the values for not fulfilling

specified criteria. The dashed line with the plus symbols is a
relationship by Smith [1985]. The open triangles are tank-averaged
gas transfer velocities from an experiment in a 100-m-long windwave tank. The open squares are the correspondinggas transfer
velocities at 80 m downwind in the tank, illustrating the fetch effect
in the tank [Wanninkhof and Bliven, 1991].
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shore [Hasselman et al., 1975], suggesting that surface
turbulence over the ocean influencinggas transfer also might
be fetch dependent.
There is evidence of fetch dependenceat low wind speeds
based on gas transfer work performed using the deliberate
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tracer sulfur hexafluoride,SF6, on lakes with surfaceareas

rangingin size from 0.13 km2 to 500 km2 [Crusiusand
Wanninkhof, 1990; Upstill-Goddard et al., 1990; Wanninkhofet al., 1985, 1987, 1991b]. Figure 3 gives the average
gas transfer velocity for each of the experiments. The largest
lake, Pyramid Lake, has the highest average gas transfer.
The gas transfer velocities on Pyramid Lake also exhibit the
strongest dependence on wind speed (Figure 4). There is
significant scatter in the individual data points, but a least
squarespower law fit through all the data in Figure 4 yields

0
0

a relationship
k,600= 0.45u11664,
r 2 -- 0.66, wherek,600is
the gas transfer velocity at a Schmidt number of 600. Gas
transfer measurements of Upstill-Goddard et al. [1990],
which extend up to winds of 12 m/s, show that the increase
in gas transfer is not as strong as would be predicted by the
LM equation or by Smethie et al. The work of UpstillGoddard et al. [1990] and the fetch effect observed in
wind-wave tanks at higher wind speeds (see Figure 2)
suggestthat fetch dependence is particularly pronounced at
higher wind speeds.
The trend of increasing gas transfer with increasing lake
size could be caused by other factors. The experiments on
two of the smaller lakes, Rockland Lake and Siblyback,
were performed at water temperatures of 5ø-10øC, while the
experimentson the larger lakes were done at 18ø-25øC.The
correction to a common Schmidt number was performed

10

U(10)

[m/s]

Fig. 4. Compilation of all the data points obtained by deliberate
tracer experiments on lakes by Lamont Observatory. The data only
cover a limited wind speed range. The different symbols refer to the
data from individual lakes (see Figure 3). The scatter suggeststhat
factors other than wind speed influence gas transfer. The solid line

is a leastsquares
powerlaw fit of the formk,600 = 0.45uTM
through all the data. The dashed-dotted line is the relationship
suggestedby LM.

usingan estimatedSchmidtnumberand a Sc-ø'5 dependence (see appendix). A large systematic error in the temperature dependence of the gas transfer velocity of SF 6
could cause the observed difference. However, the experiment on the smallest lake, ELA Lake 302N, was performed
at water temperatures of 18ø-22øC.Wind speeds were only
measured at one location at the lakes, except for Pyramid
Lake, where five anemometers were spread along the lake
shore, and one on the lake. On this large lake, wind speed
varied significantly with location. Even 6-week wind speed
averagesvaried with location, ranging from 3.6 rn/•sat a land
station to 1.9 m/s at the raft. This clearly indicates the
importance of adequate wind speed measurements for gas
transfer experiments, and that relationships between gas
transfer and wind speed obtained on lakes can be biased by
the location

of the wind

meters.

3

Wind Speed Variance

2

The variance of wind speed during the measurement
interval can have a significant influence on the gas transfer
0
velocity calculated from a relationship between gas transfer
0
and wind speed. Gas transfer-wind speed relationships
presented in the literature have been used without regard to
U(10) [m/s]
the averaging period of the wind speed measurement. Some
Fig. 3. One- to 3-month averaged SF6 gas transfer velocities
of the difference in calculated gas fluxes over the ocean
from experiments on lakes. The plus is for Siblyback Lake (surface
area0.5km2) [Upstill-Goddard
et al., 1990].Thesolidsquare
isfor could be caused by this effect. If the relationship between
ELA lake302N(surface
area0.13km2) [Crucius
andWanninkhof, gas exchange and wind speed is nonlinear or has a nonzero
1990].Theopentriangleis for Rockland
Lake(surface
area1 km2) intercept, the calculated gas transfer velocities at a particular
[Wanninkhof et al., 1985]. The open square is for Mono Lake
mean wind speedwill depend on the wind speeddistribution.
(surface
area200km:) [Wanninkhof
et al., 1987].Thesolidtriangle
Most
experimental results suggestthat the relationship has a
isfor Crow!eyLake(surface
area20km2) [Wanninkhofet
a!., !987].
The open circle is for PyramidLake (surfacearea 500 km2) positive curvature, so gas transfer velocities measured over
[Wanninkhof et al., 1991 b]. The larger lakes show higher average long time periods with variable winds will be higher than if
gas transfer values at a particular wind speed. The relationship of
gas transfer velocities are measured instantaneously or unLM is the dashed-dottedline. Equation (3) in the text is the solid
line, and the dashed line is the relationship of Smethie et al. [1985]. der steadywind conditionsfor the sameaverage wind speed.
1

All points are normalized to a wind speed at 10-m height and a

Gas transfervelocitiesobtainedwith •4C correspondto

Schmidt

average long-term winds, while gas transfer measurements

number

of 600.
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saturated
airof 275tmtmfor natural14Candanatmospheric
partialpressureof 314 /.,atmfor bomb-•4Cinvasion,com-

0.06

bined with a CO2 solubility of 0.0324 mol/L atm at 20øC.The
resulting CO2 gas exchange values are 21.9 -+ 3.3 cm/hr

0.05

(windspeed7.4 m/s)for the average14Cgastransferover
theoceandetermined
withbomb14C,21.2_+5.0cm/hr(wind
speed7.4 m/s)for gastransferdetermined
fromnatural14C,

0.04

0.03

and 9.11 _+2.3 cm/hr for gas transfer on the Red Sea at an
average wind of 4.7 m/s. The resulting equation is k =

0.39Ua2v
. If the Schmidtnumber(Sc) dependency
of gas

0.02

transfer is included (see appendix),

kav= 0.39ua2v(Sc/660)-0.5

0.01

0.00
0

5

10

15

Ul 0

20
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Fig. 5. Wind speed distribution used to determine the relationship between gas transfer velocity and steady wind speed (solid
line). The fit is a normalized Rayleigh distribution function [Wentz,
1984]. The line with solid squares is the product of the wind speed
distribution and the proposed gas transfer-wind speed relationship
(3), indicating the importance of a particular wind speed on the
oceanic gas transfer.

in wind tunnels are performed under steady wind conditions.
The relationship of Liss and Merlivat is based on gas transfer
velocities measured over 1-2 days on a small lake. Thus,
because of the short time interval of measurement, the gas
transfer-wind speed relationship of LM will yield low gas
transfer values if long-term averaged winds over the ocean
are used. The relationship used by Tans et al. [1990], to the

where 660 is the Schmidt number of CO2 in seawaterat 20øC,
as opposedto a Schmidt number of CO2 of 600 at 20øC in
fresh water (see appendix).
To obtain a relationship between steady wind speed and
gas transfer, which would be more applicable for determination of gas transfer velocities using instantaneous or shortterm wind speed measurements, a quadratic dependence is
again assumed,and a global wind speed distribution is used.
Wind speed distributions over the ocean are frequently
expressed as Weibull distribution functions [Erickson and
Taylor, 1989; Pavia and O'Brien, 1986]. A solution to the
Weibull distribution for isotropic winds is the Rayleigh
probability distribution function [Hennessey, 1977]. The
Rayleigh distribution function can be defined in terms the
average wind speed. It is a reasonable approximation for a
global ocean wind speed frequency distribution [Wentz et
al., 1984]. The Rayleigh distribution function can be expressed as

u[exp(-u2/2Au2)]

P(u)-

contrary,has been fit throughthe long-termbomb-•4C
invasion rates over the ocean. This relationship will yield
anomalously high values if used for short-term or steady

Hammond,

1985] to 2.2 [Broecker et al., 1985]. The LM

relationship can also be closely approximated by a quadratic
dependencein the range from zero to 15 m/s, of the form k =
0.177u 2.
The proportionality factor f in the relationship between
the gas transfer velocity, kay and long-term averagedwind
speedsquared
(kav--fu arm)
2 is determinedusingthe bomb-

and natural-•4Cgas exchangedata from Broeckeret al.
[1986,1985],andthe Red Seabomb-•4Cdatafrom Cember
[1989].Bomb-andnatural-•4Cinvasionratesare relatedto
gas transfer velocities (see appendix) using a preanthropogenic atmospheric pressure of CO2 for water-

2rr•u2

(2)

•U = Uav
(rr/2)•/2

winds.

To further illustrate this point and to quantify this effect, a
quadratic dependencebetween gas transfer and wind speed
is assumed, and the difference in proportionality in the case
of steady (short-term) winds and long-term averaged winds
is compared. Since a quadratic dependence is strongly
nonlinear, the difference between short-term and long-term
relationships will be larger than for a relationship with less
curvature. A quadratic dependence of gas transfer and wind
speed does not have any physical significance, but is a
reasonable fit to experimental results. Wind tunnel results
can be adequately modeled with a quadratic [Kanwisher,
1963; Wanninkhof and Bliven, 1991]. Gas exchange data
obtained in the field have been related to wind speed with
power laws using factors ranging from 1.5 [Hartman and

(1)

where P(u) is the probability distribution function, u is the

steady wind speed, and Uav is the average climatological
wind speed.
The

normalized

fraction

of time

the

wind

blows

at a

certain speed is determined at 0.5 m/s intervals from zero to
30 m/s from the Rayleigh probability distribution function
(Figure 5). The proportionality constant, a, in the relation-

shipk = au2 is determined
according
to a = {kav/•
[P(u)u2],wherekavis thelong-term
transfer
velocity.This
exerciseis performed
for the globalbomb-•4Candnatural•4Ctransfervelocitiesusingan averagewindspeedof 7.4
m/s, which yields values of a = 0.31 and 0.30, respectively.
For the bomb-•4C invasion rate in the Red Sea from Cember
[1989] using a long-term climatological wind speed of 4.7
m/s, a value of 0.32 is obtained. Thus for steady winds, the
relationship between gas transfer and wind speed is taken to
be

k = 0.3lu2(Sc/660)
-•/2

(3)

The relationship (3) should be applicable to deduce gas
transfer velocities at steady winds, from spot measurements
using shipboard anemometers, and from wind speeds derived from

scatterometers

or radiometers.

Data points from field experiments at wind speedsof 12-17
m/s fall well below the curve which is proposed (see Figure
1). This could be an indication that a quadratic dependence
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is too strong or that the experimental data at high wind
speeds are systematically low. Radon gas transfer values at
station PAPA

could be low due to entrainment

of water with

high radon concentrations from below the mixed layer
during stormy conditions. Gas transfer results at 17 m/s are

froma dualgaseous
tracertechnique
using3He andSF6
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stirred tank of seawater and observed significant enhance-

ment of CO2 exchange at low exchangerates compared to
CO2 exchange using acidified seawater. Hoover and Berkshire [1969] observed chemical enhancement in wind tunnel
studies with distilled water using different buffer solutions.
The magnitude of enhancement of exchange for solutions

with p H • 6.5 compared to solution with p H • 3 was in
agreement with their model. Liss [1973] did similar experiments and compared 02 and CO2 exchange. He also observed enhancement at low wind speed. Berger and Libby
and(3). If we usetherougherrorestimates
of •4Cinvasion [1969] suggestedthat the enzyme carbonic anhydrase might
rates, the uncertainty in the proportionality factor in (1) is be present in sufficiently high concentrations in surface
-+25%. However, uncertainties in the global average wind seawater to enhance CO2 exchange. Several experiments
speed are not quantified. Error estimates for (3) are even were since performed [Goldman and Dennet, 1983;
Williams, 1983] which refute the large chemical enhancemore nebulous, since there are large regional variances of
ments observed by Berger and Libby [1969].
wind speed distributions from the Raleigh distribution.
All experimental and theoretical evidence points to negliThe relationships for long-term averaged wind speed and
steady wind speed yield gas transfer velocities that differ by gible enhancement at gas transfer velocities corresponding
30%, for the same average wind speed (Figure 1). This indi- to steady winds above 5-7 m/s. To estimate the influence of
cates that the time interval over which the wind speed is chemical enhancement at low winds, we use the formulation
determinedis important in models.This can, in part explain the of Hoover and Berkshire [1969] and consider two relationpuzzlingdiscrepancybetweenthe averagegastransfervelocity ships between gas exchange and wind speed: the one sugobtainedwith radon duringGeosecs[Peng et al., 1979]and the gested by Liss and Merlivat, and the relationship expressed
averagegastransfervelocitymeasured
with •4C(Figure1). in (3). The derivation of Hoover and Berkshire [1969] asThe gastransfer velocity measuredwith radon falls closeto the sumesconstantp H in the surfaceboundary layer, which is a
line of gas transfer with steady winds. Winds used with the violation of electroneutrality conditions. The analytical soGeosecs radon gas exchange values are instantaneous or lution of Hoover and Berkshire [ 1969] is similar to numerical
24-hour averaged wind speeds and should be more closely solutions of Quinn and Otto [1971] and Emerson [1975],
related to steady winds. Other radon data at similar wind using electroneutrality constraints for unenhanced gas transspeedsvary by as much as a factor of 3, which indicatesthat fer velocities greater than 1 cm/hr.
The enhancement factor, E(t, pH, k), due to chemical
other factors influencegas exchangeand/or that experimental
enhancement can be expressed in the form
errors in measuringgas transfer with radon are significant.
Using the wind speed distribution and gas exchange
Fen
relationship for steady wind suggestedabove, the relative
E(t, pH, k)=
(4)
contribution of gas transfer at particular winds to the total
kun(Cw - aCa)
gas transfer velocity can be determined. Figure 5 shows that
for a Raleigh distribution around an average wind speed of where Fen is the flux, kunis the gas transfer velocity without
7.4 m/s, the gas transfer distributionpeaks at wind speedsof chemical enhancement, Cw and Ca are the CO2(gas) concentrations in water and air, respectively, and a is the
10-11 m/s due to the nonlinear nature of the gas transferwind speed relationship proposed. Although wind speeds Ostwald solubility coefficient. Thus ken -- E(t, pH, k)kun,
above 15 m/s do not occur frequently over the ocean, they do where ken is the gas transfer velocity including chemical
contribute significantly to the global gas transfer in the enhancement and E(t, pH, k) is a function of pH, temperature, and kun.
proposed relationship.
For the LM formulation, which is assumedto express kun
[Watson et al., 1991]. This method will yield low gas transfer

velocities for He and SF6 if gas transfer through bubblesis
an important mechanism [Asher et al., 1991].
No error estimates have been included for relationships (1)

Chemical Enhancement of C02 Gas Transfer

Chemical enhancement of CO2 exchange at low wind
speedsover the ocean has been ignored in all relationships
between gas transfer and wind speed. Chemical enhancement of CO2 exchangeoccursby reaction of CO2 with water
or hydroxide ions in the surface boundary. This increases
the concentration gradient of the diffusing species in the
water boundary layer and, thereby, the gas transfer. The
contribution of chemical enhancementto CO2 gas transfer
has been determined by Bolin [1960], Emerson [1975],
Hoover and Berkshire [ 1969], and Quinn and Otto [ 1971]. All
the modelsare basedon the stagnantfilm model of gastransfer
and, except for the numerical model of Emerson, have certain
simplificationsregarding the hydroxide ion profiles and hydroxide ion concentrationsin the boundary layer.
There has been some experimental verification of chemical enhancementin seawater. Peng [ 1973] [see also Broecker
and Peng, 1974] performed laboratory experiments with a

as a functionof steadywind, kenand wind can be related by
ken = E(t, pH, k)[au•o - b]. E(t, pH, k) is determined
accordingto Hoover and Berkshire [1969] usingkunobtained
from the wind speed and the LM relationship. The result of
this exercise at 20øC is shown in Figure 6. Significant
enhancementat wind speedsup to 4 m/s are predicted.
Determination

of the effect

of chemical

enhancement

on

(3) between steady wind and gas transfer is less straightfor-

wardbecause
14CO2
exchange,
whichis influenced
to the
same extent by chemical enhancementas CO2, is used to
derive the relationship between long-term averaged winds
and gas transfer. A functional dependence between gas
transfer and wind speed must be assumed, and the average
gas transfer must be deconvoived in a similar manner as was
done to derive (3). The functional dependence

k = [b(t)+ du•2o](Sc/660)
-•/2

(5)

is used, where b(t) accounts for the chemical enhancement

effect and d is the proportionality constant between wind

7378
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k = [2.5(0.5246+ 1.6256x 10-2t + 4.9946x 10-4t2)

+ 0.3u•](Sc/660)
-•/•
15

10

o

o

8

U10

[m/s]

Fig. 6. Influence of chemical enhancement on gas transfer. The
solid lines are the relationship of Liss and Merlivat [1986] (bottom
solid line), and the enhanced exchange obtained by multiplying the
gas transfer velocity by the chemical enhancementfactor according
to the formulation of Hoover and Berkshire [1969] (top solid line).
The dashed lines are the relationship between gas transfer and wind
proposed in the text (3) (bottom dashed line) and the relationship
including chemical enhancement assuming that it has a functional

formk = b + due (see(8)) (topdashed
line).The squares
arethe
experimental results of Peng [1973] using seawater (solid squares)
and artificial seawater (open squares). The measured unenhanced
gas transfer value is converted to wind speed using the relationship
k = 0.31u 2.

(8)

The relationship is in agreement with the experimental
work of Peng [1973] at lower wind speeds when chemical
enhancement is most pronounced (see Figure 6). This could
be fortuitous, since processes influencing gas exchange in
the laboratory vesselsand wind-wave tanks might be different from those in the field [Hasse, 1990].
Although chemical enhancement appears of little importance for gas transfer velocities over the ocean at winds
greater than 5 m/s, large regions of the ocean have wind
speeds less than this for a significant fraction of time.
Chemical enhancement could have a pronounced effect in

equatorialregions.These areashave largepCO: excessesin
the mixed layer lAndtie et al., 1986; Feely et al., 1987;
Keeling, 1965; Smethie et al., 1985]. The regions have low
winds but large pCO: excesses, which results in large
water-to-air CO2 fluxes [Tans et al., 1990; Murphy et al.,
1991]. Small changes in transfer velocity due to chemical
enhancementhave a large effect on the flux in these regions.
Using an average wind speed of 4.7 m/s, which is representative for the Equatorial regions of the oceans, a surface
water temperature of 25øC and a Rayleigh distribution probability function for the distribution of wind speed, 20%
higher gas transfer velocities, and thus gas fluxes, are
obtained at the equator for the enhanced case (8) compared
to the unenhanced case (3). The effect of chemical enhancement using the LM relationship for the same scenario shows
a 6% enhancement.

speed and gas transfer. Equation (5) implicitly assumesthat
chemical enhancement can be simply added to physical
exchange. Theoretical work suggests that chemically enhanced gas transfer velocities reach a constant value at low
exchange rates and that chemical enhancement becomes
negligible at higher exchange, so the functional dependence
suggested in (5) will slightly overestimate the effect of
chemical enhancement at higher winds.
Using the analytical solution of Hoover and Berkshire
[1969], rate constants from Johnson [1982], dissociation
constants

for carbonic

acid and bicarbonate

from

Stumm

and Morgan [1981], dissociation constant for water from

Culbersonand Pytkowicz [1973], a kunof 1 cm/hr, and a pH
of 8, the enhanced exchange is determined as a function of
temperature. The values are fit to a second-orderpolynomial
in temperature (in degrees Celsius).

b(t) = [2.5(0.5246+ 1.6256x 10-:t + 4.9946x 10-4t:)]
(6)

Using this term and the Rayleigh distribution function for the
average ocean wind speed, we can obtain factor d:

d = kav/{b(t
) + Z [P(u)u2]}

(7)

Forthe •4CdatapointfromtheRedSea,normalized
to Sc=
660, (7) yields a value for d of 0.285. For the average ocean

•4C,d = 0.304.Thelattervalueisonlyslightly
different
from
the coefficient without enhancement, suggestingthat for the
whole ocean, chemical enhancement has little effect on the
gas transfer velocities. Thus the relationship between gas
transfer of CO2 and steady wind speedis

CONCLUSION

Many uncertainties regarding the relationship between gas
transfer and wind speed remain. It is not clear whether wind
speed can be used by itself to estimate gas transfer velocities. Extensive wind speed records are available for most of
the ocean, and reasonable estimates of wind speed can be
made for locations where wind records from ships are
unavailable. Therefore it is tempting to use relationships
between gas transfer and wind speed to determine global gas
fluxes. The relationship between gas transfer and wind speed
that is suggested in this work has much in common with
others. It uses the trend of gas transfer with wind speed
obtained from wind-wave tanks to determine the general
shape of the curve, and uses field data for calibration.
Relationships between gas transfer in wind tunnels can be

well fittedto a quadraticdependence.
The ocean]4Cgas
transfer data of Broecker et al. [ 1985] and Cember [1989] are

used in the proposed relationship along with long-term
climatological winds to relate the dependenceto the ocean.
These winds are deconvolved to a wind speed distribution.
The resulting equations suggest that for steady winds, a
weaker dependence of gas transfer on wind should be used
than if long-term averaged winds are used to estimate gas
transfer velocities. When empirical relationships between
gas exchange and wind speed are utilized that are not linear
or do not intercept the origin, the appropriate relationship
should be used, taking the averaging time scale for wind
speed into account. This may in part explain why average
gas transfer velocities determined from radon mixed layer

profiles
oftenfallbelow]4Cgastransfervelocities
at similar
wind speeds.
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Another factor frequently overlooked in relationships between gas transfer and wind speed is that the chemical
enhancementof CO2 exchangewill increase CO2 fluxes at
low wind speeds. The chemical enhancement effect is esti-

The invasion

rate has the same units as flux and can be

envisioned as a one-way flux from air to water. The net flux
can be described in terms of I by

•CO2w
/]
(A4)

mated based on theoretical work, but more work is necessary to determine the exact magnitude of this enhancement
over the ocean.

Temperature Dependence of Schmidt Number and
Solubility

APPENDIX

Expressionsfor Gas Transfer

The flux of a slightly soluble gas across the air-water
interface can be expressed as

F = k(Cw- aC a)
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(A1)

where k is the gas transfer velocity, Cw is the gas concen-

The gas transfer velocity can be estimated from wind
speedsusing (3) for steady or short-term winds, from (1) for
long-term climatological winds, or from other relationships
presented in the literature [Broecker et al., 1985; Hartman
and Hammond, 1985; Liss and Merlivat, 1986; Smethie et
al., 1985; Smith, 1985]. In most relationships it is assumed

tration in the bulk of the water near the interface, a is the

thatk isproportional
to Sc- v2.Experimental
andtheoretical

Ostwald solubilitycoefficient,and Ca is the concentrationof

work has shown that this is a reasonable assumption at
intermediate wind speeds. Table A1 gives the constantsto a
third-order polynomial fit for the temperature dependenceof

gas in the air phase near the interface; k is a function of the
interfacial turbulence, the kinematic viscosity of the water
/x, and the diffusion coefficientof the gas in question, D. The
dependence of k on the last two terms is expressed as the
Schmidt number (Sc = g/D). For a smoothliquid interface,

TABLE A1. Coefficients for Least Squares Third-Order
Polynomial Fits of Schmidt Number Versus Temperature
for Seawater (35%0)and Fresh Water for Temperatures
Ranging From Zero to 30øC

k is proportional
to Sc-2/3 [Deacon,1977],while for an
interface with waves, most models predict that k is propor-

tionalto Sc-1/2[Coantic,1986;Ledwell,1984].
Several other terms are used to expressgas transfer. In the
stagnantfilm model of gas transfer [Higbie, 1935] the resistance to gas transfer is expressed in terms of a stagnant film
z, which is independent of gas. The gas transfer velocity in
this model is related to z by k = D/z. The stagnant film

He*
Ne*
Ar

modelimpliesthat k is proportionalto Sc-• contraryto
experimental evidence.
Gas transfer of CO2 is sometimes expressed as a gas
transfer coefficient K [Etcheto and Merlivat, 1988; Tans et
al., 1990; Thomas et al., 1988]. The flux equals the gas
transfer coefficient multiplied by the partial pressure difference between

air and water:

F = K(pCO2w - pCO2a)

(A2)

where K - kL and L is the solubility expressed in units of

(concentration/pressure).
For CO2the increase
in Sc-1/2
(and thus k) with temperature is nearly compensated by a
decrease in L such that K is nearly temperature indepen-

dent.Forexample,
(Sc-•/2L)sc= 1.07(Sc-•/2L)25c
,, while
the Schmidt number changesby a factor of 3 over this range.
In most recent estimatesof CO2 fluxes between the ocean
and the atmosphere, K is assumed to be independent of
temperature. Although the approximation will not introduce
large errors, especially in light of other uncertainties determining K, it is preferable to use the exact form, since the
approximation will cause systematic bias with temperature.
This bias will be pronounced because the warmer ocean

waters are frequently CO2 sources,while the colder waters
are CO2 sinks.

Gas

A

B

C

D

Seawater

410.14
855.1
1909.1

20.503
46.299
125.09

0.53175
1.254
3.9012

0.0060111
0.01449
0.048953

02

1953.4

128.00

3.9918

0.050091

CH•
CO•

2039.2
2073.1

120.31
125.62

3.4209
3.6276

0.040437
0.043219

N2

2206.1

144.86

4.5413

0.056988

Kr*

2205.0

135.71

3.9549

0.047339

N20

2301.1

151.1

4.7364

0.059431

Rn*

3412.8

224.30

6.7954

0.08300

SF6
CCI2F 2 (F-12)
CCI3F (F-11)

3531.6
3713.2
4039.8

231.40
243.30
264.70

7.2168
7.5879
8.2552

0.090558
0.095215
0.10359

He*
Ne*
Ar

377.09
764
1759.7

Water
19.154
42.234
117.37

0.50137
1.1581
3.6959

0.005669
0.013405
0.046527

02
CH4
CO2

1800.6
1897.8
1911.1

120.10
114.28
118.11

3.7818
3.2902
3.4527

0.047608
0.039061
0.041320

N}

1970.7

131.45

4.1390

0.052106

Ki •

2032.7

127.55

3.7621

0.045236

N20*

2055.6

137.11

4.3173

0.054350

Rn*

3146.1

210.48

6.4486

0.079135

SF6
CCI2F 2 (F-12)
CCI3F (F-11)

3255.3
3422.7
3723.7

217.13
228.30
248.37

6.8370
7.1886
7.8208

0.086070
0.090496
0.098455

Fresh

Sc = A - Bt + Ct2 - Dt 3 (t in degrees
Celsius).The Schmidt
number is defined as the kinematic viscosity of water divided by
diffusion coefficient of the gas.
*These diffusion coefficients were determined experimentally by
Jiihne et al. [1987b] and fitted to a temperature relationship of D =

The 14Cgastransfervelocities
referredto in thetextwere
obtainedfrom an inventoryof bomb-produced
•4C in the e-(Ea/RT).
Fortheothergases
therelationship
of WilkeandChang
ß T)/(np_,V•0'6],
. . whereq is
ocean(hamh14C)
' ar fram the.diseq,,ilihri,•m
af 14C be- [1955]wasused:D = (7.4 x 10-8(qMb)05
tween the ocean and atmosphere corrected for bomb-

produced•4C(natural•4C).Theseinventories
yielda net
•4CinvasionrateI, whichis sometimes
referredto as the
CO2 exchangerate [Broecker et al., 1986, 1984]:

I = kLpCO2a

(A3)

the associationfactor of water (=2.26), nB is the dynamic viscosity
of water, Mr, is the molar weight of water, and V a is the molar
volume at boiling point. The empirical fit should not be used outside
the zero to 30øC temperature range, as the fit deviates rapidly from
the calculated values outside this range. The reader is urged to
consult and cite the original publications from which these data are
derived.
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Temperature and Salinity Dependence of Solubilities Using the Fit In/3 = A • +

A2(100/T)+ A3 In(T/100)+ S[B• + B2(T/100)+ B3(T/100)2],where/3is theBunsen
Solubility Coefficient, Unless Noted Otherwise, T is Temperature in Degrees Kelvin,
and S is the Salinity in Per Mille

Gas

A•

A2

A3

He
Ne
Ar

-34.6261
-39.1971
-55.6578

43.0285
51.8013
82.0262

14.1391
15.7699
22.5929

-0.042340
-0.124695
-0.036267

0.022624
0.078374
0.016241

-0.0033120
-0.0127972
-0.0020114

02
CH 4

-58.3877
-68.8862

23.8439
28.7314

-0.034892
-0.076146

0.015568
0.043970

-0.0019387
-0.0068672

CO•

-60.2409

93.4517

23.3585

N2

-59.6274

85.7661

24.3696

-0.051580

87.4242

22.9332

-0.008723

25.2049

-0.062544

Kr

-57.2596

N20*

-64.8539

Rn

85.8079
101.4956

100.2520

-11.95

B•

B2

0.023517

-0.023656
0.026329
-0.002793

B3

0.0047036
-0.0037252
0.0012398

0.035337

-0.0054699

0.095114
0.094668

-0.0163396
-0.0160043

31.66

SF 6

-520.606

250.60

F-117
F-127

-136.2685
-124.4395

206.1150
185.4299

(75.701)$

-0.0117

57.2805
51.6383

-0.148598
-0.149779

The Bunsen coefficient/3is definedas the volume of gasat STP dissolvedin a unit volume of solution

at temperature
T whenthetotalpressure
andfugacityare 1 atm.K 0 is relatedto/3 by K0 = /3/pv+,
wherep is the densityof the solutionand V + is the molarvolumeof the gasat STP. The Ostwald
solubility coefficient a (see (A1)) is related to/3 by a = /3/T (T in degreesKelvin).
*The solubility is expressedas K 0 (mol/(kg atm)) insteadof a Bunsen solubility coefficient.
?The solubilityis expressedas K' (mol/(kgatm)). K' • Kof/[ x(P - PH20)] wheref is the fugacity,
x is the mole fraction, and P and PH20 are the total pressureand vapor pressureof water, respectively.
This relationship only holds for x << 1 and P • 1 atm.
$For SF6 the coefficientA 3 relates to A 3 In T, rather than A 3 In (T/100). The solubiltieswere
obtained from the following authors (with the estimated accuracy in parentheses):Ar, N 2 and 02
[Weiss, 1970] (0.4%); N20 [Weiss and Price, 1980] (0.3%); Kr [Weiss and Kyser, 1978] (0.4%); CH 4
[Weisenburg and Guinasso, 1979] (1%); chlorofluorocarbons11 and 12, F-11, F-12 [Warner and Weiss,
1985] (1.5%); CO2 [Weiss, 1974](0.3%); SF6 [Wanninkhofet al., 1991a] (5%); He, Ne [Weiss, 1971]
(0.5%); Rn [Hackbusch, 1979]. The reader is urged to consult and cite the original publicationsfrom
which

these data are derived.

the Schmidt number for several gases of environmental
interest

for seawater

and fresh water.

These constants

were

derived by fitting a third-order polynomial through estimates
of the Schmidt number. The functional dependence is a
curve fitting with no physical significance.The uncertainty in
the Schmidt number ranges from 3% to 10%, depending on
the gas (mainly due to uncertainties in the diffusion coefficients).
Diffusion coefficients and their temperature dependence
were obtained from experimental work by Jiihne et al.
[ 1987b]. They fit their data to an exponential function with
temperature. The root mean square (rms) deviation of the
data points from the best fit is 5% or less. The empirical
equation of Wilke and Chang [ 1955], adjustedfor the revised
association factor of water [Hayduk and Laudie, 1974], was
used for the gases that were not measured by Jiihne et al.
[1987b]. This equation was compared by Hayduk and
Laudie [1974] to available published data and was found to
have an average absolute error of 5.8% for gasesother than
helium and hydrogen. This error is comparable to the error
of measurement

of the diffusion

coefficients.

To derive the Schmidt numbers for seawater, the diffusion
coefficients measured in fresh water were decreased by 6%

salt water increases the Schmidt number for gasesin seawater by approximately 10% compared to freshwater values at
the same temperature.
If bubbles contribute significantly to gas transfer, the
parameterization of gas transfer velocity will include solubility. Equations (1) and (3) and the equations of Liss and
Merlivat [1986] and Tans et al. [1990] were developed
specificallyfor CO2 exchange. Although the influence of
bubbles on gas transfer is poorly understood and not extensively studied, it is clear that if transfer through bubbles is a
significantmechanism, gaseswith low solubility will experience a greater enhancement than gases with higher solubility, such as CO2 [Broeckerand Siems, 1984;Jiihne et al.,
1984b; Merlivat and Memery, 1983; Memery and Merlivat,
•985].

In order to determine the flux of a gas, the solubility has to
be known in addition to the gas transfer velocity. Solubilities
have been measured for most gases of geochemical interest.
Table A2 gives the equationsfor the temperature and salinity
dependencefor solubilities of several gasesexpressedin the
units most often used for the gas in question. Approximate
conversions

between

units are also included.

The functional

form is derived from an expansion of the "Van t'Hoff"
equation including terms for the salting out effect (the
water and seawater as determined by Jiihne et al. [1987b].
The kinematic viscosity of distilled water was multiplied by Setschenowrelationship). The reader is referred to several
1.052 + 1.300 x 10-3t + 5.000 x 10-6t 2 - 5.000 x
papers by Weiss and co-workers [Warner and Weiss, 1985;
10-7t 3 (t in degreesCelsius)to obtain seawater(35%0 Weiss, 1970, 1971, 1974; Weiss and Kyser, 1978; Weiss and
salinity) viscosities. This fit is based on experimental work of Price, 1980], and a summary paper of Wilhelm et al. [1977]
Ruppin and Krummel [Krummel, 1907]. The difference in for discussionof methods and the accuracy of the solubility
diffusion coefficient and viscosity between fresh water and measurements.
to account for the difference

of diffusion of helium in distilled
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