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Air–sea gas transfer velocities are estimated for one year using a 1-D upper-ocean model (GOTM) and a
modified version of the NOAA–COARE transfer velocity parameterization. Tuning parameters are evalu-
ated with the aim of bringing the physically based NOAA–COARE parameterization in line with current
estimates, based on simple wind-speed dependent models derived from bomb-radiocarbon inventories
and deliberate tracer release experiments. We suggest that A = 1.3 and B = 1.0, for the sub-layer scaling
parameter and the bubble mediated exchange, respectively, are consistent with the global average CO2

transfer velocity k. Using these parameters and a simple 2nd order polynomial approximation, with
respect to wind speed, we estimate a global annual average k for CO2 of 16.4 ± 5.6 cm h�1 when using glo-
bal mean winds of 6.89 m s�1 from the NCEP/NCAR Reanalysis 1 1954–2000. The tuned model can be
used to predict the transfer velocity of any gas, with appropriate treatment of the dependence on molec-
ular properties including the strong solubility dependence of bubble-mediated transfer. For example, an
initial estimate of the global average transfer velocity of DMS (a relatively soluble gas) is only 11.9 cm h�1

whilst for less soluble methane the estimate is 18.0 cm h�1.
� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The air–sea exchange of CO2 and other climatically important
gases is commonly estimated as a product of the air–sea concen-
tration difference and a transfer velocity (k), which is typically
parameterized in terms of wind speed (Liss and Merlivat, 1986;
Wanninkhof, 1992; Nightingale et al., 2000a). The thickness of
the boundary layer, a function of near surface turbulence and dif-
fusivity, controls the magnitude of the gas transfer velocity.

There are many factors which affect the state of the sea surface,
and hence the boundary layer thickness, for example: wave age,
fetch, wind speed, the prevalence of bubbles, boundary layer sta-
bility and surfactants (Woolf, 1997; Monahan and Spillane, 1984;
Liss and Merlivat, 1986; Asher and Wanninkhof, 1998). Therefore
it is unlikely that a single such physical variable can completely
determine the spatial scales and environmental conditions neces-
sary to predict k. Regardless, many empirical relationships for k
in practical use are solely functions of wind speed as it tends to
be the dominant mechanism and is comparatively easy to measure.
It is widely agreed that a more complete and physically sound
model of gas transfer is preferable, however such a model needs
to fit observations.
ll rights reserved.
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Recently, the discrepancy between estimates of k based on
small-scale deliberate tracer measurements and global bomb 14C
inventories has been narrowed (Naegler et al., 2006; Sweeney
et al., 2007). However, these simple wind-speed dependent models
fail to consider the effects of low wind, temperature-related pro-
cesses and are not suited to describing gases other than CO2 due
to large differences in gas solubility (Blomquist et al., 2006) and
bubble-mediated transfer (Woolf, 1997).

The NOAA–COARE (National Oceanic and Atmospheric Admin-
istration–Coupled-Ocean Atmospheric Response Experiment) gas
transfer parameterization incorporates more physical processes
than the simple models and is well suited for high resolution esti-
mates of air–sea CO2 exchange (Fairall et al., 2000). It can be ap-
plied to all gases, irrespective of solubility and Schmidt number.
It has since been modified to include enhanced gas transfer due
to bubbles via the Woolf (1997) model and a further mechanism
of low-wind speed, buoyancy-driven transfer (Jeffery et al.,
2007). The parameterization requires a number of empirical coeffi-
cients to be specified, which are typically fitted to existing gas
transfer field measurements.

The goal of this investigation is to select suitable values for
these coefficients, which bring k in-line with models derived from
small-scale field measurements and global ocean bomb 14C based
estimates, yet retain the variability resulting from changes in
temperature/solubility and low wind speed transfer. This is accom-
plished by using a 1-D upper-ocean model forced by in situ
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meteorological observations to generate synthetic data, including
hourly near surface temperature profiles. We aim to demonstrate
that the suitably tuned model is both consistent with observational
constraints and is applicable to a wide range of gases. This is nec-
essary to establish the model as the preferred method of calculat-
ing air–sea gas fluxes.
2. Modified NOAA–COARE gas transfer model

Interest in developing a model for gas transfer that can be ap-
plied to all gases had led to the application of micrometeorological
models based on surface renewal and turbulent-molecular diffu-
sion theory near the air–sea interface. The NOAA–COARE gas trans-
fer parameterization is based on the well-known COARE Bulk Flux
Algorithm (Fairall et al., 1996) with the addition of surface renewal
concepts from Soloviev and Schlüssel (1994). The original COARE
model contains an algorithm for the oceanic cool skin, which has
been generalized for gas transfer applications.

The gas transfer parameterization makes use of turbulence scal-
ing theory applied to both fluids, and matches the fluid models at
the interface where the suppression of the smallest turbulent ed-
dies is accomplished via viscous dissipation. Other effects, such
as bubble mediation and wave breaking were also included in sub-
sequent revisions of the parameterization. The fine details of the
parameterization are well documented in Fairall et al. (2000) and
Hare et al. (2004) evaluate the model based on field data from
the GasEX-1998 and GasEX-2001 experiments.

The modified form of the parameterization used in this study is
presented in Jeffery et al. (2007), it considers boundary layers on
both sides of the sea surface. The gas transfer velocity (k) is ex-
pressed in terms of molecular and turbulent components such
that:

1
k
¼ 1

kw
þ 1

ka
: ð1Þ

It can be applied to any gas providing the solubility and the Schmidt
number (the ratio of kinematic viscosity and mass diffusivity) are
known. The water-side (subscript w) transfer velocity is defined as

kw ¼ kb þ
u�w
rw

; ð2Þ

where u* is the friction velocity and r is the dimensionless resistance
to the transfer, defined as

rw ¼
13:3
A/

S1=2
cw þ lnðzw=dwÞ=j

� �
; ð3Þ

where Sc is the Schmidt number for the gas in the fluid, z is the
depth of the measurement, d is the estimated turbulent surface
layer thickness, j is the Von Karman constant. A is the first tunable
parameter we consider, and the empirical function / accounts for
buoyancy-driven transfer in the molecular sub-layer. This is simply
/ = 6/k, where k is the Saunders constant (Saunders, 1967). The
model also accounts for bubble-mediated gas transfer via the Woolf
(1997) parameterization:
Table 1
Characteristics of 2nd order polynomial fitsa to NOAA–COARE k with respect to wind spee
Atlantic (10�S10�W) was used to generate the CO2 transfer velocities for 2002.

Coefficients Study Experiment

A = 1.3, B = 0.82 McGillis et al. (2004) GasEx 2001
A = 0.625, B = 2.0 Hare et al. (2004) GasEx 1998
A = 1.85, B = 1.0 Soloviev and Schlüssel (1994) Lab
A = 1.3, B = 1.0 Blomquist et al. (2006) Modified GasEx 2

a 3rd order and 4th order polynomial fits were also investigated, but are not shown.
kb ¼ BV0fa�1½1þ ðeaS�1=2
cw Þ�1=n��n

; ð4Þ

where V0 = 6.8 � 10�3 m s�1, e = 14, n = 1.2 for CO2, a is the gas sol-
ubility, B is the second tunable parameter and f is the whitecap frac-
tion; a strong function of wind speed at 10 m. However, Woolf
(2005) suggests that f may be sea-state dependent rather than so-
lely a function of wind speed.

Similarly, the air-side (subscript a) transfer velocity is defined
as

ka ¼
u�aa

ra
; ð5Þ

and the dimensionless air-side resistance term is

ra ¼ 13:3S1=2
ca þ C�1=2

da � 5þ lnðScaÞ=ð2jÞ
h i

; ð6Þ

where Cd is the drag coefficient. Note that it is the water-side that
primarily controls the magnitude of the k for all gases considered
in this paper (CO2, CH4 and DMS) since for their relatively low sol-
ubilities rw� ra.

Literature values for A and B are based on in situ and laboratory
experiments (see Table 1). There is a third tunable parameter b,
which scales the atmospheric and water-side buoyancy effects.
This is accomplished by using an average wind speed, that is mod-
ified to include a ‘gustiness’ parameter, to calculate the friction
velocity u*x (where subscript x denotes either the atmospheric or
water-side of the equation). Thus, the ‘average wind speed’ can
incorporate buoyancy effects in addition to regular wind-driven
forcing (Stull, 1994; Godfrey and Beljaars, 1991; Jeffery et al.,
2007):

u�x ¼
ffiffiffiffiffiffiffiffiffiffiffi
CdxS2

x

q
; ð7Þ

where Cdx is the drag coefficient and Sx is the average wind speed.
This is defined in Jeffery et al. (2007) as

S2
x ¼ u2

x þ ðbð�FBxZxÞ1=3Þ2; ð8Þ

where ux is either the wind speed or water-side equivalent, FBx is
the atmospheric or water-side buoyancy term, and Zx is either the
atmospheric inversion height or convective mixed layer depth. Pub-
lished values for b include 1.25 (Fairall et al., 1996), 1.0 (Miller et al.,
1991) and 0.7 (Schumann, 1988). However, we choose not to vary
the value of b, instead we select the central value of b = 1.0.

The tunable constants must be carefully selected otherwise
additional uncertainty is introduced into the calculation of k and
subsequently CO2 flux (Hare et al., 2004; Jeffery et al., 2007). In this
study, we aim to select values for A and B which bring the physi-
cally-based parameterization in line with the current ‘best’ esti-
mate from a simple, empirical, wind-speed dependent model.
The suggested values should enable the use of the NOAA–COARE
model in global calculations of k and air–sea CO2 flux, without
the need for additional fitting of the tuning parameters.
d for different tuning parameters (A, B). A GOTM run at a typical site in the tropical

2nd order fit R2 RMSE (cm h�1)

k = 0.27u2 � 0.55u + 6.91 0.98 0.75
k = 0.52u2 � 3.48u + 10.72 0.99 0.62
k = 0.35u2 � 0.42u + 9.38 0.98 1.12

001 k = 0.31u2 � 0.91u + 7.76 0.98 0.78
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3. Estimated global CO2 transfer velocity

A one-dimensional, k–� turbulence closure model (GOTM –
General Ocean Turbulence Model) (Burchard and Baumert, 1995;
Burchard and Bolding, 2001) was used to generate a year of gas
transfer velocities (15/01/02–25/12/02) for a typical location in
the Tropical Atlantic (10�S10�W). It has been previously used to
study buoyancy-driven CO2 transfer and the effect of the diurnal
cycle in calculations of predominantly low wind-speed CO2 trans-
fer (Jeffery et al., 2007; Jeffery et al., 2008). The model grid is
spread over 200 levels with a range of level thicknesses (millimetre
to metre) from the surface to 200 m. The uppermost level is located
at 1.7 � 10�3 m. This is the same site and model setup used in the
previous studies, primarily chosen for its small contribution from
advective processes (Foltz et al., 2003), which are neglected by
the 1-D model.

PIRATA (Prediction and Research Moored Array in the Tropical
Atlantic) surface meteorology, NCEP (National Centers for Environ-
mental Prediction) pressure and Meteosat-7 cloud cover are com-
bined to produce the GOTM forcing, consisting of: solar
insolation, wind speed, air temperature, pressure, cloud cover, rel-
ative humidity and rain rate. The model was initialized with tem-
perature and salinity profiles from the PIRATA mooring located at
10�S10�W, and was allowed to free-run for the duration of the
experiment. The model time-step was 1 h, and the gas transfer
velocity k was calculated by the 1-D model at every time-step
using the modified NOAA–COARE parameterization.

The gas transfer velocity parameterization requires a number of
inputs, not all of which are available from the PIRATA mooring.
Use of 1-D ocean model allows better representation of the diurnal
cycle of SST and the near surface temperature structure. Since the
mooring’s uppermost sensor is at 1 m depth, GOTM is used to gener-
ate the inputs for the gas transfer parameterization using the mete-
orological observations as forcing. The uppermost SST in GOTM is at
1.7 � 10�3 m and the cool-skin layer is explicitly included via the
(Fairall et al., 1996) parameterization. The hourly transfer velocities
incorporate the range of wind speed and model-based SST present at
the PIRATA mooring site during the course of 2002. In this way, we
account for both diurnal variability and the low wind, buoyancy-re-
lated effects on k (Jeffery et al., 2007, 2008), which are overlooked by
simple wind speed-only dependent models.

Fig. 1 shows the hourly PIRATA wind speed and SST, as well as
the model SST and gas transfer velocity during 2002. The hourly
CO2 flux is estimated by using climatological air–sea pCO2 differ-
ences from Takahashi et al. (2002), although that flux is not the fo-
cus of this study. Additionally, the presence of surfactants (Frew
et al., 1990; McKenna and McGillis, 2004) and chemical enhance-
ment of CO2 (Wanninkhof and Knox, 1996) have the potential to
significantly affect air–sea gas exchange; however, neither is in-
cluded in this study.

Fig. 2 shows surface plots of the CO2 transfer velocity in cm h�1

against tuning parameters A and B, ranging from 0 to 2 in incre-
ments of 0.1. Fig. 2A–C shows that increasing wind speed, with
constant temperature, results in an increase in k. At low winds
the sub-layer parameter A has a larger effect on k than the bubble
mediated parameter B, which becomes dominant at higher winds.
Similarly, Fig. 2D–F shows that the effect of increasing sea surface
temperature, with constant wind speed, is also to increase k. The
filled red circles show the transfer velocities resulting from the
use of previously published A and B coefficients, which have been
tuned to specific in situ or laboratory gas transfer measurements
(see Table 1).

Fig. 3 shows k versus u10, predicted by four versions of the
NOAA–COARE model with different A and B parameters taken from
the literature (see Table 1). In addition the wind-speed dependent
model of Sweeney et al. (2007) is shown for comparison. /, the
sub-layer buoyancy term in (3) maintained significant values day
and night.

The discrete points from the individual instances of the NOAA–
COARE model in Fig. 3 reflect the variability in k resulting from
hourly wind and temperature changes. The variation between the
four instances of the parameterizations themselves is a direct re-
sult of differing tuning parameters. Overlaid on the discrete points
in Fig. 3 are 2nd order polynomial fits, with respect to wind speed,
for each of the NOAA–COARE predicted transfer velocities. The
coefficients, R2 and RMSE can be seen in Table 1. In addition, 3rd
and 4th order polynomials fits were also investigated, but are not
shown.

The four literature coefficients were selected as a starting point
with the intention of testing other values within the A/B parameter
space (see Fig. 2). However, it was found that one set of coefficients
provided a good representation of the k versus u10 curve, when
compared with other popular parameterizations and in situ mea-
surements (see Fig. 4). Thus it was decided to use only these four,
previously published, coefficients that are commonly implemented
by the gas exchange community. Given the accuracy of all valida-
tion data (10% at best) it seems unrealistic to refine the coefficients
further and thus we simply adopt one set of coefficients that per-
forms adequately.

Using an updated oceanic inventory of bomb-produced 14C, the
Sweeney et al. (2007) model agrees with short-term field experi-
ments, such as Nightingale et al. (2000a). The Sweeney et al.
(2007) model, which is based on Wanninkhof (1992), is currently
a favored method for calculating the global gas transfer velocity.
However, it relies on a single point for validation; the global mean
CO2 transfer velocity, determined from the bomb 14C budget.
Whilst such agreement is important, simple models tend toward
zero at low winds. As a result potentially important means of ex-
change, which can affect the shape of the k versus u10 dependence,
are overlooked e.g. diurnal variability and buoyancy-driven
transfer.

For simplicity, we assume that the 2nd order polynomial fits are
universally characteristic of global average k predicted by the mod-
ified NOAA–COARE parameterization. This is convenient rather
than precise, especially at very low and very high winds. The large
non-zero intercept shown here is likely confined to Tropical re-
gions where diurnal warming is prevalent. This assumption allows
us to compare the average NOAA–COARE k using a global average
wind speed, such as the comparison made in Sweeney et al. (2007).
It is important to note, that such a comparison ignores the variabil-
ity of the wind field throughout the period in which the flux is de-
rived. The R2 for each of the polynomial fits in Fig. 3 is at least 0.98
and the greatest RMSE is 1.12 cm h�1 (see Table 1).

The sensitivity of k resulting from differences in wind speed and
temperature is well summarized in Kettle et al. (2009); Fig. 3. Here,
the authors show the modified NOAA–COARE k for 0–20 m s�1 and
for SST = 5, 10, 15, 20, 25 and 30 �C. Increasing SST results in larger
k values and in an increase in the curvature, whereas reducing SST
results in the opposite effect. We would expect similar variability
even at locations significantly different from the tropical Atlantic
e.g. polar regions, although without the large non-zero intercept.
However, this should not be a huge effect relative to the variations
in the coefficients given the scatter of the individual model points
in Fig. 3.

Given that we are only trying to show that the modified NOAA–
COARE model can perform as well as a simple model e.g. Sweeney
et al. (2007), the GOTM derived results from the Tropical Atlantic
contain an adequate range of wind speeds and temperatures, be-
tween 0 and 14 m s�1 and 23–29 �C, respectively (see Fig. 1). How-
ever, a more detailed study would use multiple model locations
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and multiple years to capture a larger amount of variability in the
underlying meteorological observations.

Using the 2nd order polynomial and coefficients, A = 1.3 and
B = 1.0, from Blomquist et al. (2006) results in a curve that is very
similar to that described in Sweeney et al. (2007). The main dif-
ference is that the new model predicts significant k at low wind
speeds, leading to enhanced gas exchange between 0 and
6 m s�1. This set of A and B coefficients is based on minimal
adjustment to the parameters from the GasEx 2001 field experi-
ment, and it is these that we will use to calculate the global aver-
age k.

Using the 3rd and 4th order polynomial fits results in the coef-
ficients A = 0.625 and B = 2.0 producing the closest match to the
Sweeney et al. (2007) curve, at wind speeds less than 10 m s�1.
For wind speeds greater than 10 m s�1; A = 1.3 and B = 0.82 for
the 3rd order fit; and A = 1.3 and B = 1 for the 4th order fit are
the most similar. In both cases, for wind speeds in excess of
16 m s�1 these higher order polynomial fits diverge significantly
from the Sweeney et al. (2007) result.
The global kCO2 estimated from the 2nd order fit to NOAA–
COARE (A = 1.3 and B = 1.0) is 16.4 ± 5.6 cm h�1 (see Fig. 4). This
was simply estimated by applying the polynomial fit to the global
mean wind speed from the NCEP/NCAR Reanalysis 1 1954–2000 as
used by Sweeney et al. (2007). Fig. 4 also shows a number of pop-
ular gas transfer models versus wind speed, in situ gas exchange
data based on tracer release experiments (Nightingale et al.,
2000a,b), and previous calculations of global kCO2 .

Sweeney et al. (2007) also state that there will be some variabil-
ity in the global average k due to differences in regional variability
of the wind speed between wind reanalysis products. The original
formulation for k used in Wanninkhof (1992) assumed that a Ray-
leigh distribution of wind speeds best described how short-term
winds were distributed about the mean. Although practical this
can introduce regionally and globally significant errors in k which
require correction factors to account for non-Rayleigh distribution
of winds (Wanninkhof et al., 2002). Whilst not explored in this
study, a more thorough approach that could be applied is described
in Fangohr et al. (2008).



Fig. 2. Surface plots of the CO2 transfer velocity, k (cm h�1) against a range of NOAA–COARE A and B tuning parameters: For u10 = 5, 10, 15 m s�1, with a constant SST = 30 �C
(A–C), and for SST = 10, 20, 30 �C, with a constant u10 = 10 m s�1 (D–F). The red filled circles are the CO2 transfer velocities resulting from the literature values of the A and B
coefficients in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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If the original Blomquist et al. (2006) values of A = 1.3 and
B = 0.82 are used then the global kCO2 is reduced to 15.9 cm h�1.
This is slightly closer to the Sweeney et al. (2007) result, however,
the overall agreement with the shape of wind speed dependence
deteriorates especially at higher wind speeds. Note that whilst
Sweeney et al. (2007) simply assume a ‘square law’ the general
shape is supported by tracer experiments e.g. Nightingale et al.
(2000a,b). Use of the other sets of COARE coefficients results in
values for the global kCO2 which are either significantly higher
(using A = 1.85, B = 1.0) or significantly lower (using A = 0.625,
B = 2.0).
Whilst there remains considerable spread between the older
models e.g. Liss and Merlivat (1986), Wanninkhof (1992), Wann-
inkhof and McGillis (1999), and in situ measurements, the gap be-
tween recent global inventory studies and small scale tracer
experiments has been narrowed by Naegler et al. (2006) and Swee-
ney et al. (2007). Previous estimates of the global annual k, based
on bomb 14C and implied wind-speed dependent models are
shown in Table 2. It is important to remember that the wind field
used by Wanninkhof (1992) and Naegler et al. (2006) is consider-
ably different to that used here. Regardless, kCO2 calculated using
the 2nd order polynomial fit to the modified NOAA–COARE model
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Table 2
Global annual mean wind speeds over the ice-free ocean ðuÞ and ðu2Þ, and the global
annual mean CO2 transfer velocity ðkCO2 Þ for a number of recent studies.

Study u10 (m s�1) u2
10 (m s�1) kCO2 (cm h�1)

Wanninkhof (1992) 7.4a 54.8 21.9 ± 3.3
Naegler et al. (2006) 7.3b 53.3 16.7 ± 2.9
Sweeney et al. (2007) 6.89c 47.5 14.6 ± 4.7
This study (A = 1.3, B = 1.0) 6.89c 47.5 16.4 ± 5.6

a Average global wind speed with a Rayleigh distribution.
b Average of five climatologies: NCEP, ECMWF, SSMI, QSCAT, ERS12.
c NCEP/NCAR Reanalysis 1 1954–2000.

Table 3
Molecular mass, gas coefficient, activation energy used in Eq. (9), and global average
gas transfer velocity for DMS, CH4 and CO2.

Compound Molecular
mass

a
(cm2 s�1)

Ea

(kJ mol�1)
Reference k

(cm h�1)

CH4 16.04 0.031 18.3 Saltzman et al.
(1993)

18.0

CO2 44.01 0.050 19.5 Jähne et al.
(1987)

16.4

DMS 62.13 0.020 18.1 Saltzman et al.
(1993)

11.9
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is in-line with recent bomb 14C derived models when using A = 1.3
and B = 1.0.
4. DMS and CH4 transfer velocity

Having settled on tuning parameters A = 1.3 and B = 1.0, we use
them to calculate transfer velocities for two additional gases; DMS
and CH4. To do this we need to know the Schmidt number (Sc = v/
D), which is dependent on the kinematic viscosity (v) and the
molecular diffusivity (D) of the gas. The approximate viscosity (v)
of seawater = 1.83 � 10�6exp(�T/36) where T is temperature in
�C. The diffusivity of a gas can be determined from the following
formula, described by King et al. (1995):

D ¼ ae�Ea=RT ; ð9Þ

where D is the diffusivity (m2 s�1), a is a gas dependent coefficient
(cm2 s�1), Ea is the activation energy for diffusion in water
(kJ mol�1), R is the gas constant (8.31 � 10�3 kJ mol�1 K�1) and T
is the temperature in Kelvin. The constants for Eq. (9) can be found
in Table 3. In addition to the Schmidt number, the Ostwald solubil-
ity (a) (1/Henry’s law constant) is also required. For this preliminary
demonstration, we fix these as 14, 0.9 and 0.033 for DMS, CO2 and
CH4, respectively (for Henry’s law constants; see Wiesenburg and
Guinasso (1979) and Dacey et al. (1984)). It is assumed that the cur-
vature caused by solubility remains constant from the equator to
very cold water, this is justified by the fact that the change in solu-
bility is small compared to the difference between gases, however
this should be checked in a more thorough study.
Blomquist et al. (2006) showed that adjustments to Sc for sim-
ple wind-speed dependent models such as Wanninkhof (1992)
and Nightingale et al. (2000b) merely result in moving the k ver-
sus u10 curve up or down, but does not change the curvature.
Those models are unlikely to accurately describe the wind speed
dependence for gases such as DMS and CH4. Conversely, the
NOAA–COARE model’s dependence on gas solubility, inclusion
of low wind transfer and bubble mediated exchange correctly
reproduces the differences between observed values of kCO2 and
kDMS.

Fig. 5 shows kDMS, kCO2 and kCH4 against wind speed using the
NOAA–COARE parameterization, 2nd order polynomial fits for each
of the gases are also shown. The difference in curvature between
the trace gases is due to solubility. DMS has the largest solubility,
hence the dependence on wind speed is weaker, resulting in the
flattest curve. CH4 on the other hand has a very low solubility,
resulting in a strong dependence on u10 at higher winds, due to
strong bubble-mediated transfer.

The global k for DMS, CO2 and CH4 are 11.9, 16.4 and
18.0 cm h�1, respectively (see Table 3). As in the previous section
k was estimated by applying the global mean wind speed,
u10 = 6.89 m s�1 from the NCEP/NCAR Reanalysis 1, to the polyno-
mial fit for each gas e.g. k ¼ ½aþ bu10 þ cu2

10�ð660=ScÞ1=2 where a,
b and c are the polynomial coefficients and k is normalised with re-
spect to CO2 dissolved in seawater at 20 �C (Sc = 660). Following
Blomquist et al. (2006), it is clear that the NOAA–COARE model will
enable better agreement with observations (for gases other than
CO2) than parameterizations based solely on Schmidt number
and a power of u10 alone.
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5. Conclusions

A 1-D k–� turbulence closure model (GOTM), forced using mete-
orological observations from a PIRATA buoy in the tropical Atlantic
and cloud cover from Meteosat-7, was run for 2002. A year of
hourly values of gas transfer velocities were estimated using the
modified NOAA–COARE gas transfer velocity parameterization
(Jeffery et al., 2007). Use of the 1-D ocean model allowed better
representation of the diurnal cycle of SST and near surface temper-
ature structure, which can be important for gas transfer at low
winds. Assuming the results are universally typical, a simple 2nd
order polynomial equation with respect to wind speed was fitted
to the data. The fitted curve is in agreement with a recent gas
transfer velocity model based on global ocean inventory of radio-
carbon (Sweeney et al., 2007) and also that of a model based on
small-scale dual-tracer studies (Nightingale et al., 2000b).

Accurate determination of k is required for good estimates of
air–sea gas exchange. Gas flux estimates have important implica-
tions for climate modelling and biogeochemical budgets. Since
the NOAA–COARE model incorporates more physical processes
then any other model and can be applied to all gases, regardless
of solubility and Schmidt number, its greater use would improve
estimates of air–sea gas transfer. Synthetic GOTM data can be used
as input parameters for the gas transfer parameterization where
in situ meteorological observations are limited. This allows buoy-
ancy-driven and bubble-mediated gas transfer to be included.

The global CO2 transfer velocity was estimated using wind
speed from NCEP/NCAR reanalysis 1 1954–2000. Our estimate of
the global annual average k is 16.4 ± 5.6 cm h�1 which is consistent
with other estimates. The simple polynomial fit to a single typical
location in the tropical Atlantic is sufficient to highlight that the
modified NOAA–COARE model performs similarly to the current
‘state-of-the-art’ wind-speed dependent model. Hence, it can be
used for global calculations of CO2 transfer velocities with suitable
tuning parameters. In addition, gas transfer velocities are also
shown for DMS and CH4, demonstrating the ability of the model
to incorporate the dependence on gas solubility not present in sim-
ple models based on wind speed only.

Obviously, a more robust method would be to run the 1-D mod-
el globally and compile a large dataset of predicted transfer veloc-
ities, incorporating a greater range of wind and temperature
regimes. This should be the focus of future studies along with using
climatologies of the surface concentration of gases (e.g. CO2 and
DMS) to calculate the gas fluxes. We suggest that the tuning
parameters A = 1.3 and B = 1.0 will not only provide an adequate
estimate for kCO2 and allow the inclusion of both low wind speed
temperature related effects, but also the ability to calculate k for
trace gases (e.g. DMS and CH4) with varying solubilities.
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