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Abstract
Using data from the European remote sensing scatterometer (ERS-2) from July 1997 to August 1998, glob-
al distributions of the air-sea CO2 transfer velocity and flux are retrieved. A new model of the air-sea CO2

transfer velocity with surface wind speed and wave steepness is proposed. The wave steepness (δ) is re-
trieved using a neural network (NN) model from ERS-2 scatterometer data, while the wind speed is directly
derived by the ERS-2 scatterometer. The new model agrees well with the formulations based on the wind
speed and the variation in the wind speed dependent relationships presented in many previous studies can
be explained by this proposed relation with variation in wave steepness effect. Seasonally global maps of gas
transfer velocity and flux are shown on the basis of the new model and the seasonal variations of the transfer
velocity and flux during the 1 a period. The global mean gas transfer velocity is 30 cm/h after area-weighting
and Schmidt number correction and its accuracy remains calculation with in situ data. The highest transfer
velocity occurs around 60◦N and 60◦S, while the lowest on the equator. The total air to sea CO2 flux (calcu-
lated by carbon) in that year is 1.77 Pg. The strongest source of CO2 is in the equatorial east Pacific Ocean,
while the strongest sink is in the 68◦N. Full exploration of the uncertainty of this estimate awaits further
data. An effectual method is provided to calculate the effect of waves on the determination of air-sea CO2

transfer velocity and fluxes with ERS-2 scatterometer data.
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1 Introduction
It is widely believed that CO2 is one of the most important

drivers of global climate change. At present, considerable quan-
tities of anthropogenic CO2 are released into the atmosphere as
a result of human activities such as fossil fuel burning and de-
forestation (Keeling et al., 1995; Denman et al., 2007). Approx-
imately 60% of total CO2 emissions stay in the atmosphere and
the rest are assumed to sequester into the oceans (about 1/3
of the total of the long-term potential) (Sarmiento et al., 2000;
Sabine et al., 2004).

Evaluating the air-sea flux of CO2 is essential to under-
stand the air-sea exchange of CO2. There are two approach-
es to measuring CO2 fluxes between the oceans and the atmo-
sphere. One is direct measurement of CO2 fluxes using new
fast-response detectors of the CO2 concentration, e.g., eddy co-

variance technology (Fairaill et al., 2000; McGillis et al., 2001a,b;
Miller et al., 2010; Prytherch et al., 2010). Accurate and contin-
uous in situ data can be obtained by this method. However, it
is not possible to obtain global data by this methodology for its
enormous cost. The second measures CO2 fluxes using remote
sensing techniques. This is based on famous Bulk formula the-
ory (Frew et al., 2007; Glover et al., 2007; Bogucki et al., 2010).

The bulk formula is the products of the difference of the
partial pressure of CO2 between air and seawater and the CO2

transfer velocity which depends on the air-sea boundary-layer
process. It is described as (Frankignoulle, 1988):

F = k LΔpCO2 , (1)

where F is the flux of CO2 in mmol/(m2 ·d); k is the air-sea sur-
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face transfer velocity (cm/h); L is the solubility of CO2 in
mmol/LPa; and ΔpCO2 is the air-sea partial pressure difference
in μPa.

The gas transfer velocity is a key parameter that describes
the kinetics of the air-sea boundary layer, and is vital to the esti-
mation of air-sea CO2 budgets. Many former studies give the gas
transfer velocity as a function of wind speed (Liss and Merlivat,
1986; Wanninkhof, 1992; Jacobs et al., 1999; Nightingale et al.,
2000; Kuss et al., 2004; Sweeney et al., 2007). This approach was
used because wind is the primary forcing factor of the air-sea
transfer, and wind-speed data are easy to obtain from routine
observations or remote sensing.

However, wind is not the only factor driving the gas ex-
change, in addition to wind, the effect of ocean waves should
also be considered in the parameterization of the gas trans-
fer velocities (Wanninkhof, 1992; Zhao et al., 2003; Perrie et
al., 2004; Woolf, 2005; Wanninkhof et al., 2009). Jähne et al.
(1987) suggest that the gas transfer velocity is correlated lin-
early with the total mean square slope. Subsequent laboratory
studies have found that the gas transfer velocity shows a rea-
sonable correlation with the mean square slope of short wind
waves, but correlates poorly with that of long waves (Bock et al.,
1999). Frew et al. (2004) studied the relationship between the
air-sea gas transfer velocity and the wind stress, the small-scale
waves, and the surface films, and developed the relationships
using the NSF-CooP coastal air-sea chemical fluxes study da-
ta. They presented a new approach to the estimation of glob-
al velocity fields of air-sea gas transfer using dual-frequency al-
timeter backscatter (Frew et al., 2007). The algorithm was con-
structed using empirical observations of the dependence of gas
transfer velocity on the mean square slope, coupled with the es-
timation of mean square slope from altimeter backscatter and
a geometric optics scattering model. Glover et al. (2007) es-
timated also a long-term global time series air-sea gas trans-
fer velocity from the Jason-1 and TOPEX altimeters. Recently,
Bogucki et al. (2010) developed a novel approach to calculating
air-sea CO2 transfer velocities using the new satellite scatterom-
eter (QuikSCAT), in which the gas transfer velocity is estimat-
ed from QuikSCAT backscattering directly, not via wind speed.
They considered the mean square slope to link the gas transfer
velocity and QuikSCAT backscattering. In realistic ocean, the
wave age and the wave steepness are parameters that describe
the state of the wave. Zhao and Xie (2010) have discussed the
effect of wave age on the gas transfer velocity. Many former re-
search works can be a specific case by choosing a certain value
of the wave age.

Wave conditions may well be similar in the sense that
the significant wave height and period are equal, but they may
still be very different in detail: a mixed sea state of wind sea
(short, irregular, locally generated waves) and swell (long, s-
mooth waves, generated in a distant storm) may have the same
significant wave height and period as a slightly higher wind sea
without swell. To distinguish such conditions, more parameter-
s are needed, for instance, a significant wave height and period
for wind sea and swell separately (Holthuijsen, 2007). Hence,
only one parameter of the significant wave height or period is
not enough to describe the real sea state while the steepness
contains both. Therefore, the wave steepness is better than the
significant wave height to describe the real sea state. And the
wind wave has higher wave steepness while the swell has lower
one. Hence, the wind wave has lower transfer velocity while the
swell has higher one under the same wind speed. Furthermore,

while it is difficult to obtain accurate wave ages from the remote
sensing data, the wave steepness can be obtained easily from
the European Remote Sensing Satellite 2 (ERS-2) scatterometer
data using a neural network (NN) model. We have also calcu-
lated the wave age using the same method as the wave steep-
ness. Their results are not as good as those of the wave steep-
ness. The correlation coefficient (r ) between the buoy calculat-
ed wave age and that retrieved from ERS-2 data was much s-
maller than that of wave steepness and they are more scattered.
In addition, from Eq. (2) and Eq. (3) we can see that the wave
age depends on the wind speed and the wave phase speed while
the wave steepness only depends on the wave, and it is better for
the wave steepness to describe the wave state.

In this study, the wave steepness is introduced to estimate
the gas transfer velocity. This is a new approach to evaluation of
the air-sea flux of CO2 using a remote sensing technique and it
is consistent with many previous formulations of the gas trans-
fer velocity under the given wave steepness conditions. We also
provide an upper limit for the gas transfer velocity of the fully
developed wave field and estimate the global air-sea CO2 trans-
fer velocity and flux.

2 Methods

2.1 Formula for gas transfer velocity
We first define the wave age and steepness, respectively, as

(Holthuijsen, 2007):

β =Cp/U10 = (g /ωp)/U10 = g /(ωpU10), (2)

δ=Hs/L p =Hskp/2π=Hs

�
ω2

p/g
�
/2π

=Hsω
2
p/(2πg ), (3)

where Cp is the phase speed (m/s) at the peak frequency of
the wave spectrum; U10 is the wind speed (m/s) at 10 m height
above the sea surface under neutral stratification conditions; g
is the gravitational acceleration, g=9.8 m/s2; ωp is the peak ra-
dian frequency (s−1) of the wind wave spectrum; Hs is the sig-
nificant wave height (m) (SWH) of wind waves; L p is the wave
length (m) at the peak frequency of the wave spectrum; and kp is
the wave number (m−1) at the peak frequency of the wave spec-
trum.

Based on this, we can show

2πδβ 2 = 2π[Hsω
2
p/(2πg )][g /(ωpU10)]2 = g Hs/U 2

10. (4)

Zhao and Xie (2010) proposed a formula for the gas trans-
fer velocity as a function of the wind speed and the significant
wave height:

k660 = 6.81(U10Hs)0.63, (5)

where k660 is the air-sea surface transfer velocity (cm/h) nor-
malized to a Schmidt number Sc of 660.

Now, we can further show

k = 6.81(U10Hs)0.63 = 6.81
��

U 3
10/g
��

g Hs/U 2
10

��0.63

= 6.81
��

U 3
10/g
�

2πδβ 2
�0.63

. (6)

This shows that the gas transfer velocity is a function of the
wind speed and a factor combining the wave steepness and the
wave age, δβ 2.

Furthermore, the relationship between the wave age β
and the wave steepness δ is proposed by Toba (1972) as

δ= 0.031β−1/2. (7)
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Substituting Eq. (7) into Eq. (6), the gas transfer velocity
can be parameterized by the wind speed and the wind steep-
ness as

k = 8.12×10−4 (U10/δ)1.89. (8)

Substituting Eq. (7) into Eq. (4), the relationship between
the wave steepness and the significant wave height can be show
as

δ= 0.008 4(Hs/U 2
10)
− 1

3 . (9)

Because it is assumed that the SWH cannot be greater than
that of a fully developed wave field that is specified by the wind
speed alone, and independent of fetch (Zhao and Xie, 2010), fol-
lowing Carter (1982), the maximum of SWH, Hsm, is taken as

Hsm = 0.025U 2
10. (10)

Substituting Eq. (10) into Eq. (9), the low limit of the wave
steepness can be shown asδmin. At the same time, the high limit
of the wave steepness is δmax = 1/15 (Holthuijsen, 2007). So the
valid range of the wave steepness is

0.029�δ� 1/15. (11)

2.2 Data and the NN model
To obtain the gas transfer velocity, a well-calibrated 10 m

neutral wind is required. Portabella and Stoffelen (2009) have
derived a statistical conversion method by adding 0.7 m/s to
the ERS-2 wind speed to obtain the scatterometer 10 m neu-
tral winds . Furthermore, although air stability has a consider-
able effect on the wind speed above the ocean surface, and thus
on the accuracy of , the scatterometer winds are statistically as
close to real wind as to neutral wind (Portabella and Stoffelen,
2007).

U10 and the other ERS-2 WNF products [θ , cos(φ−ϕ) and
NRCS] are used to retrieve the wave steepness using the NN
model (Liu et al., 2011), where θ is the incidence angle of ERS-2,
φ is the azimuth angle of ERS-2, and ϕ is the wind direction of
ERS-2. All of these angles are in degrees. The NRCS is the nor-
malized radar cross-section in dB. The ERS-2 WNF products are
from CERSAT from 15 July 1997 to 2 August 1998. Sea ice and
land data were removed. The training and validation data of the
NN are derived from the matchups of ERS-2 observations and
buoy measurements. The buoy data were taken from the Na-
tional Data Buoy Center (NDBC). NDBC buoys collect wave da-
ta hourly, for each ERS-2 scatterometer data point, the two buoy
data points before and after the ERS-2 scatterometer time are s-
elected for comparison. A total of 10485 ERS-2 scatterometer
observations, collocated with the NDBC buoy data were used.
The distribution of the buoys is shown in Fig.1. These buoys

Fig.1. Distribution of buoys in the north Pacific and
North Atlantic Ocean (squares).

have deep-water locations with a minimum depth of 88.4 m. Of
the total data, 8 285 data were used to train the NN and the re-
mainder to verify the results.

The input data of the NN model include the incidence an-
gle θ , cos (φ −ϕ), the NRCS, and the wind speed U10. Output
data δ is computed from the wave steepness equation below
(Holthuijsen, 2007):

δb = 2πHsb/g T 2, (12)

where δb is the wave steepness calculated from the NDBC
buoys; Hsb is the SWH (m) from the NDBC buoys; and T is
the period (s) of the wave spectral peak measured by the ND-
BC buoys.

The multilayer classifier perception includes two hidden
layers. The transfer function of the hidden layer is a hyperbol-
ic tangent sigmoid transfer function f (x ) = 2/[1+exp(−2x )]−1
(Lin et al., 2006), and the transfer function of the output layer
is a linear function f (x ) = x + b (Lin et al., 2006). The corre-
lation coefficient (r ) between the buoy calculated δb and those
retrieved from the ERS-2 data was 0.80, the root mean square
was 0.004 3 (Fig.2). The contour lines show the distribution of
the data, which is concentrated near the diagonal line.

Fig.2. Comparison of δ between the buoy records and
those retrieved from ERS-2 data.

Sea surface temperature (SST) data are needed when
the Sc correction of the air-sea CO2 transfer velocity is cal-
culated from the ERS-2 data. NOAA optimum interpolation
(OI) SST V2 monthly mean of sea surface temperature is ob-
tained from NCEP Climate Modeling Branch (http://www.es- r-
l.noaa.gov/psd/data/gridded/data.noaa.oisst. v2. html). The
spatial coverage of the air temperature data is 1◦ latitude by
1◦ longitude, on a global grid (360×180), 89.5◦N–89.5◦S, 0.5◦–
359.5◦E. Temporal coverage is from December 1981 to August
2011.

The sea-air CO2 partial pressure (pCO2 ) difference data and
the solubility of CO2 are needed when the global air-sea CO2

flux is estimated. The sea surface pCO2 data and the solubility
of CO2 over the global oceans are a climatologically mean un-
der non El Niño conditions (Takahashi et al., 2010). These da-
ta have a spatial resolution of 4◦ latitude by 5◦ longitude for the
reference year of 2000 and are based on about 4.75 million mea-
surements of surface water pCO2 and solubility of CO2 obtained
from 1957 to 2009 by the Lamont-Doherty Earth Observatory



YU Tan et al. Acta Oceanol. Sin., 2013, Vol. 32, No. 7, P. 78-87 81

database, which includes open ocean and coastal water mea-
surements (Takahashi et al., 2010). The global pCO2 and solu-
bility of CO2 data are available free of charge as a numeric data
package from the carbon dioxide Information Analysis Center
(CDIAC) (http://cdiac.ornl.gov/ftp/ oceans/ LDEO−Database/
Version− 2009/).

The GASEX-98 data are obtained from the Gas Ex 98 cruise
(http://www.aoml.noaa.gov/ocd/gcc/gasex98/). The Gas Ex 98
cruise was conducted in the north Atlantic and northeast Pacif-
ic Oceans between May 7, 1998, and July 27, 1998. The prima-
ry focus of the cruise was a 1month process study in which an

open-ocean air-sea exchange experiment was conducted with-
in a cold-core eddy. The name “ASGAMAGE” is a contraction of
ASGAS-EX (for air sea gas exchange, an earlier project with par-
tially the same participants) and MAGE (for marine aerosol and
gas exchange), activity 1.2. of IGAC, the international global at-
mospheric chemistry project, which in turn is part of the IGBP
programme. The ASGAMAGE data are from that.

The area weighted global CO2 transfer velocity and flux
were calculated on a 2◦×2◦ grid and the transfer velocity was
corrected for Sc using the formula from Wanninkhof (1992).

The method and data introduced above are shown in Fig.3.

Fig.3. Flow chart of the method.

3 Results and discussion

3.1 Comparison of the new formula with the former ones
Equation (8) shows that the gas transfer velocity is pro-

portional to the wind speed and is inversely proportional to the
wave steepness. For a given wind speed, the gas transfer veloc-
ity decreases with the wave steepness. It is quantitatively con-
sistent with various existing models. The wave steepness must
be adjusted and a specific value of the wave steepness must be
chosen for exact comparisons with other studies. Thus, Eq. (8)
can be an effectual method to calculate the effects of waves on
determining of air-sea gas fluxes.

Figure 4 shows the comparison of gas transfer velocities at
various wave steepness values with some existing wind speed
parameterizations. The yellow points are the air-sea CO2 trans-
fer velocity computed from the ERS-2 data using the method
introduced above. Some observational data are also plotted in
the figure. The contour lines show that the distribution of the
ERS-2 retrieved transfer velocity is concentrated between wind
speeds of 4 and 15 m/s. That is because the wind speeds are
more common in that range. The wind speed in our figure is
up to 20 m/s because it is widely believed that the data are not
accurate when the wind speed higher than 20 m/s retrieved by
the ERS data and it is common for wind lower than 20 m/s. The
validity of Eq. (8), when the wind speed is higher than 20 m/s,
awaits further observation data in the future work.

It is evident that the gas transfer velocities calculated by

Fig.4. Comparisons of gas transfer velocity of Eq. (8) at
wave steepness values of 0.027, 0.030, 0.037, 0.040, 0.043
and 0.050 with other wind speed parameterizations. The
ERS-2 retrieved transfer velocity (the yellow points) and
some observational data are also plotted in the figure.
The contour lines show the distribution of the ERS-2 re-
trieved transfer velocity.

Eq. (8), at the wave steepness values of 0.027, 0.030, 0.037,
0.040, 0.043 and 0.050 are consistent with those calculated us-
ing the relationships proposed by Jacobs et al. (1999), Kuss et al.
(2004), Wanninkhof (1992), Sweeney et al. (2007), Nightingale
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et al. (2000) and Liss and Merlivat (1986), respectively. Such
consistency has been previously discussed in detail (Zhao and
Xie, 2010). The low limit of the wave steepness is 0.029, corre-
sponds to a fully developed wave field. Another reason why we
set the low limit of the wave steepness is that a small error of

the wave steepness can cause a large error of the transfer ve-
locity especially when the value of the wave steepness is small.
And the high limit of the wave steepness is 1/15, and this is a
universal, physical limitation in deep water, imposed by wave
breaking (Holthuijsen, 2007). Because both Eq. (5) and Eq. (7)

Fig.5. Average air-sea CO2 transfer velocity. The left panel is from this paper and the right panel is from Wanninkhof (1992).
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Fig.6. Latitudinal distribution of air-sea CO2 transfer
velocity.

are obtained from an empirical relationship, the proportionality
factor in Eq. (8) is highly uncertain. For Eq. (7) the proportion-
ality factor can vary from 0.026 8 to 0.031 0 (Toba, 1972; Wang,
1990; Guan and Sun, 2002). For Eq. (5), the possible range of the
factor is unknown because the unavailable data used by Zhao
and Xie (2010). This work will be done in the future work with
further data.

The use of the NN method to retrieve the wave steep-
ness also reduces the precision of the calculated transfer veloc-
ity. There are relatively few transfer velocity data retrieved from
ERS-2 with a wave steepness larger than 0.043. This lack of mea-
surements above 0.045 is a limiting factor in the use of the NN
model as shown in Fig.2.

3.2 Global air-sea CO2 transfer velocity
The global distribution of the transfer velocities is shown

in Fig.5. The latitudinal distribution of the air-sea CO2 trans-
fer velocity is shown in Fig.6. The global area-weighted Schmidt
number corrected mean gas transfer velocity is 30 cm/h. This
compares with 22 cm/h obtained using the formula given by
Wanninkhof (1992). The uncertainty still remains with the in
situ data.

The highest transfer velocities are found around 60◦N and
60◦S. In the north Pacific Ocean, there are the high transfer ve-
locities near the Kuroshio Current and the north Pacific Current.
The currents enhance the air-sea interface mixing causing the
transfer velocities to increase (Smith, 1999). Also, because of
the enhanced turbulence and energy dissipation at ocean fronts
(D’Asaro et al., 2011), there are the high transfer velocities near
the polar front. Based on the same reason, there are the high
transfer velocities near the Azores Current and the Azores front.
In the Southern Ocean, because of the strong westerly wind, the
Antarctic Circumpolar Current and the attendance of the sub-
antarctic front, there is the highest transfer velocity here, espe-
cially in the southern Indian Ocean. The lowest values are found
on the equator, because of the low wind speeds there. The dis-
tribution of transfer velocities across both hemispheres is simi-
lar.

In spring and winter, the transfer velocity at around lat-
itude 15◦ in both hemispheres is higher than that in summer
and autumn. It may be affected by the seasonal variation of the
trade-wind belt (Fig. 7, left panel). In summer, there is a sig-
nificantly high transfer velocity in the northwest Indian Ocean
near the Gulf of Aden, especially in June. This is thought to be

because there is a strong convection around the Red Sea, the
Gulf of Aden and the Arabian Sea. It is seasonal and depends on
the appearance of monsoons. In winter, there is a high trans-
fer velocity near 40◦N and it is believed that this may be due to
the effect of the seasonally strong Kuroshio Current and the Gulf
Stream (Smith, 1999).

Similar patterns were reported in the result calculated us-
ing the formula given by Wanninkhof (1992). However, although
sharing a similar pattern, the transfer velocities reported from
our work have less contrast. The gas transfer velocities calculat-
ed by our algorithm are higher than those by using Wanninkhof
(1992) algorithm, especially on the equator. This is because
most of the wave steepness is lower than the value correspond-
ing to Wanninkhof (1992) in Fig.4 (0.037). And the equator has
the lowest value of the wave steepness (Fig. 7).

3.3 Global air-sea CO2 flux
The global distribution of the CO2 flux is shown in Fig.8.

The latitudinal distribution of the air-sea CO2 flux is shown
in Fig.9. The global area-weighted Schmidt number corrected
mean CO2 flux (calculated by carbon) is –1.77 Pg/a, compared
with –1.79 Pg/a using the formula given by Wanninkhof (1992).
The negative value means that the CO2 flux is from the atmo-
sphere into the ocean, while a positive value indicates a flux
from the ocean into the atmosphere. Both of these values are
similar with the yielded global uptake flux of anthropogenic car-
bon of 1.95 Pg/a for the year 1995 (Gerber et al., 2009), the esti-
mated total ocean uptake flux including the anthropogenic CO2

(calculated by carbon) of (–2.0±1.0) Pg/a in 2000 (Takahashi et
al., 2009), and the ocean absorbed approximately 2 Pg/a in the
past two decades (Lohrenz, 2010). Compared with Table 1 and
Table 2 in Hu and Guan (2008), our value is reasonable. There
are different reasons for the magnitude of the air-sea CO2 flux
such as different transfer velocities and different wind speed da-
ta and other data.

The highest air-sea CO2 flux is apparent in the area near
the North Pole, about 68◦N. This is because the transfer veloci-
ties are high there. The high values apparent at around 40◦N and
40◦S, as well as at around 75◦N and 75◦S are because the air-sea
CO2 partial pressure differences are high there. This is a good
example because the transfer velocities there are not such re-
markable. The sea to air CO2 flux is the strongest in the equato-
rial east Pacific Ocean because the sea-air CO2 partial pressure
difference is the largest in the oceans, even though the transfer
velocity there is the lowest. The air to sea CO2 flux is signifi-
cantly strong both in the north Pacific and Atlantic Oceans. The
Labrador Sea is the strongest CO2 sink. This is because the air-
sea CO2 transfer velocity is high there especially in spring and
winter. The average air-sea CO2 flux in the Antarctic Circumpo-
lar Current is also high, especially in summer, again due to the
high transfer velocities there. There is also a high air-sea CO2

flux in the southwest Atlantic Ocean, especially in winter, which
is due to the high air-sea CO2 partial pressure difference.

In summer, there is a strong source of CO2 in the north-
west India Ocean near the Gulf of Aden. That is because the
transfer velocity and the air-sea CO2 partial pressure difference
are both high. It also depends on the season and the appearance
of monsoons. We also have found that the circum-Antarctic
seas are strong sources of CO2 during summer and autumn.
There is also strong CO2 source in the Bering Sea in spring and
winter that is because the air-sea CO2 partial pressure difference
is a little high there in these seasons.
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The above phenomenon is consistent with the results us-
ing the formula given by Wanninkhof (1992). However, there is
still some difference in it. Though it seems there is no notice-
able difference in the global distributions of gas flux shown in
Fig. 9, it has the same phenomenon as that of the transfer ve-

locity in Fig. 6. For example, there are larger sources and sinks
of CO2 calculated using our transfer velocity than those of Wan-
ninkhof (1992), especially on the equator, just the same as the
transfer velocity. Maybe it seems not so noticeable because the
value and the axis are relatively not so noticeable.

Fig.7. Distribution of wind speed (left panel) and wave steepness (right panel).
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Fig.8. Average air-sea CO2 flux. The left panel is from this paper and the right panel is from Wanninkhof (1992).

4 Conclusions
We have presented an algorithm to retrieve air-sea CO2

transfer velocities from ERS-2 scatterometer data based on the

algorithm proposed by Zhao and Xie (2010). In this study, we
have considered the influence of wave steepness on gas trans-
fer velocities and flux.
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The gas transfer velocity is proportional to the wind speed
and is inversely proportional to the wave steepness. It is a lit-
tle more sensitive to the wave steepness than to the wind speed
and it is quantitatively consistent with various existing parame-
terizations.

The global area-weighted Schmidt number corrected
mean gas transfer velocity is 30 cm/h, compared with 22 cm/h
using the formula given by Wanninkhof (1992). The highest
transfer velocity occurs around 60◦N and 60◦S, while the low-
est on the equator. In this study, a new algorithm including the
wave steepness and the wind speed is presented. Our model
can be used almost in the whole wave state and is closer to the
true process of the air-sea gas exchange.

Fig.9. Latitudinal distribution of air-sea CO2 flux.

The global area-weighted Schmidt number corrected
mean CO2 flux (calculated by carbon) is –1.77 Pg/a, compared
with –1.79 Pg/a using the formula given by Wanninkhof (1992).
The highest air-sea CO2 flux is apparent in the 68◦N. And the
high values are apparent at around 40◦N and 40◦S, as well as at
around 75◦N and 75◦S. The sea to air CO2 flux is the strongest
in the equatorial east Pacific Ocean. The phenomenon is con-
sistent with the results using the formula given by Wanninkhof
(1992) though our values are a little higher especially in equato-
rial areas.

The uncertainty and error caused using an NN model can
be reduced but more data are needed.
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