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Abstract

Earth-System and regional models, forecasting climate change and its impacts, simu-
late atmosphere–ocean gas exchanges using classical yet too simple generalizations
relying on wind speed as the sole mediator while neglecting factors as sea-surface ag-
itation, atmospheric stability, current drag with the bottom, rain and surfactants. These5

were proved fundamental for accurate estimates, particularly in the coastal ocean,
where a significant part of the atmosphere–ocean greenhouse gas exchanges occurs.
We include several of these factors in a customizable algorithm proposed for the ba-
sis of novel couplers of the atmospheric and oceanographic model components. We
tested performances with measured and simulated data from the European coastal10

ocean, having found our algorithm to forecast greenhouse gas exchanges largely dif-
ferent from the forecasted by the generalization currently in use. Our algorithm allows
calculus vectorization and parallel processing, improving computational speed roughly
12× in a single cpu core, an essential feature for Earth-System models applications.

1 Introduction15

The role of the oceans and seas as sinks or sources of greenhouse gases is highly
variable in space and time, depending on the local biogeochemical cycles and air–
water gas exchanges. This holds for CO2 (Smith and Hollibaugh, 1993; Cole and
Caraco, 2001; Takahashi et al., 2002, 2009; Inoue et al., 2003; Duarte and Prairie,
2005; Borges et al., 2005; Rutgersson et al., 2008; Lohrenz et al., 2010; Torres et al.,20

2011; Rödenbeck et al., 2013; Schuster et al., 2013; Landschützer et al., 2014; Arruda
et al., 2015; Brown et al., 2015; Harley et al., 2015) for CH4 (Harley et al., 2015) and
for N2O (Bange et al., 1996; Nevison et al., 1995, 2004; Walter et al., 2006; Barnes
and Goddard, 2011; Sarmiento and Gruber, 2013; Harley et al., 2015). Regional and
Earth-System Models (ESM), constrained by calculus demands and because the main25

driver of atmosphere–ocean gas transfers is turbulence due to wind friction over the
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sea-surface, have estimated gas transfer velocities from an older formulation by Wan-
ninkohf (1992) considering the effect of wind speed 10 m above sea-surface (u10) but
disregarding the complexity of processes more recently unveiled. The Ocean Carbon-
Cycle Model Intercomparison Project, during its Phase 2 (1998–2000), established
Wanninkohf’s formulation in its protocol (OCMIP, 2004). The Istituto Nazionale di Ge-5

ofisica e Volcanologia (INGV) in cooperation with the Centro Euro–Mediterraneo sui
Cambiamenti Climatici (CMCC) developed the INGV-CMCC’s Carbon Cycle Earth-
System Model (ICC-ESM: Fogli et al., 2009), estimating the atmosphere–ocean CO2
flux by the marine biogeochemistry model PELAGOS (Vichi et al., 2007a, b). Used
in the ENSEMBLES project funded by the 6th Framework Program for the prediction10

of climate change impacts at the seasonal, decadal and centennial timescales, it fore-
casts the Mediterranean, the equatorial Pacific and the Southern Ocean as sinks of an-
thropogenic CO2 whereas the northern Atlantic, northern Pacific and Indic ocean shift
towards net sources (Vichi et al., 2011). It is also being used in the MedSea project
funded by the 7th Framework Program (FP7) for the prediction of sea acidification im-15

pacts under climate change scenarios. PELAGOS is a Global Ocean generalization
of the Biogeochemical Flux Model (BFM) used in regional applications to estimate the
Mediterranean primary production (Lazzari et al., 2012) and to access the wind-driven
response of the Mediterranean biogeochemistry (Mattia et al., 2012). Despite efforts
to keep these as state-of-the art, with BFM being currently under version 5 and PELA-20

GOS being tested interacting with the Nucleus for European Modelling of the Ocean
(NEMO) oceanographic modelling framework (Visinelli, 2014), both still estimate the
air–water transfer velocity from Wanninkhof’s formulation. The EPOCA project, funded
by the European Commission under FP7, focused on the worldwide consequences of
ocean acidification due to the increased concentrations of CO2 in the biosphere. By25

coupling the Bern3D ocean circulation model with the PISCES biogeochemical model,
it forecasts a decreased incorporation of CaCO3 in planktonic shells and its feedback
to atmospheric CO2 (Gangsto et al., 2011). PISCES evolved from HAMOCC3.1 and
HAMOCC5, also using Wanninkhof’s formulation. Still within EPOCA’s research, Artioli
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et al. (2012) coupled the POLCOMS 3-D ocean circulation model with the ERSEM
ocean biogeochemical model to simulate the North Sea carbonate system, having
found that uncertainty about pH and pCO2 must be reduced. Wanninkhof’s formula-
tion was also used to estimate the atmosphere–ocean CO2 exchange over the Atlantic
and Artic (Schuster et al., 2013) and over the global ocean (Rodenbeck et al., 2013).5

The regional oceanographic numerical lab MOHID allows the user to choose between
the air–water gas exchange formulations by Carini et al. (1996) and Raymond and Cole
(2001), which only account for u10, or by Borges et al. (2004), also accounting for cur-
rent drag with the bottom. These are empirical formulations best fitting low wind data
collected from estuaries and neglecting fundamental factors as sea surface agitation10

and atmospheric stability. Nevertheless, they were applied to Iberia’s coastal ocean in
an attempt to estimate its CO2 dynamics (Oliveira et al., 2012).

Earth-System Models further justifies the use of Wanninkhof’s formulation on the
basis of being designed for estimates over wide time intervals. ICC-ESM runs on 1day
iteration intervals, PISCES’ implementation on 2 h intervals and HAMMOCC5 updated15

solubilities on a monthly basis. Furthermore, with cells roughly 1100 km wide, as was
the case of EPOCA, any cell from the water compartment is basically dominated by the
deep fetch unlimited open ocean. But although it comprises roughly 95 % of the world
oceans, in the remaining coastal ocean occur a significant part of the atmosphere–
ocean CO2 transfers related to the terrestrial inputs of carbon (Smith and Hollibaugh,20

1993; Cole and Caraco, 2001; Duarte and Prairie, 2005; Borges et al., 2005), about 14
to 30 % of the global marine primary production (Gattuso et al., 1998), and about 40 %
of the organic carbon burial in the sediments (Muller-Karger et al., 2005). Therefore, the
biogeoscience and climate change community is well aware of the necessity to model
the planetary system with a finer resolution for space, time and processes. Hence, the25

European Commission’s Horizon 2020 included a specific call for this subject.
We use the Weather Research and Forecasting Model (WRF) with the 2-way coupled

wave–current modelling system WaveWatch III (WW3)–NEMO to test alternatives on
how to couple atmospheric and oceanographic sub-models taking into account some
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of the so often neglected mediator processes. The transfer velocities estimated by
Wanninkhof’s formulation and the new alternatives are compared using the numerical
schemes and software by Vieira et al. (2013), updated in the processes when required
as described below, and in the calculus vectorization and parallel processing. The Mat-
lab based software version 2.0 is available at http://www.maretec.org/en/publications/.5

2 Methods

2.1 The field data for model validation

The competing formulations were tested with measurements by the atmospheric tower
at the Östergarnsholm site in the Baltic Sea, located at 57◦27′N and 18◦59′ E, the Sub-
mersible Autonomous Moored Instrument (SAMI-CO2) 1 km away and the Directional10

Waverider 3.5 km away, both south-eastward (Rutgersson et al., 2008), performed from
the 22 May 2014 at 12:00 LT to the 26 May 2014 at 00:00 LT. The CO2 transfer ve-
locities were estimated from kw = F/(Ca/kH −Cw), were F was the air–water fluxes
(molm−2 s−1) measured by eddy-covariance (E-C), smoothed over 30 min bins and
subject to the Webb–Pearman–Leuning (WPL) correction (Webb et al., 1980), Ca and15

Cw the measured air and water concentrations (molm−3), and kH the Henry constant
(scalar) estimated for the measured temperatures, salinity and air pressure either from
Weiss (1974) and Weiss and Price (1980) or form Johnson (2010) formulations. Were
only used the data relative to when the wind direction set the SAMI sensor and Direc-
tional Waverider in the footprint of the atmospheric tower (90◦ <wind direction<180◦).20

2.2 The simulated data to test the coupler

The competing formulations were tested with simulated data relative to the European
shores from the 24 May 2014 at 06:00 LT to the 27 May 2014 at 00:00 LT. The atmo-
spheric model was an application of the WRF model with 9 km and 1 h resolutions – in
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this case it was provided as the standard operational product of Meteodata.cz. Air tem-
perature “T ” (◦C), pressure “P ’‘ (atm), U and V components of wind velocity (ms−1),
water vapour mixing ratio “Q” (scalar) and height “h” (m), where retrieved at the two
lowest levels within the atmospheric boundary layer. Over the ocean, these levels oc-
curred roughly at 0 and 12 m heights. The standard WRF output decomposes height,5

temperature and pressure into their base level plus perturbation values. The WW3
wave field data for the Mediterranean was supplied by INGV using the WW3-NEMO
modelling system at 0.0625◦ and 1 h resolutions (Clementi et al., 2013), and for the
North Atlantic by Windguru at roughly 0.5◦ and 3 h resolutions. The variables included
significant wave height “Hs” (m) and peak frequency “fp” (s−1). The peak wave length10

“Lp” (m) was estimated from the peak frequency assuming the deep-water approxima-

tion: Lp = g(1/fp)2/2π, where g is the gravitational acceleration constant. The INGV
and Windguru wave data overlapped along the Iberian shores, where they slightly mis-
matched the wave length and period. Therefore, the Windguru data was given a 2 : 1
ponderation relative to INGV. This procedure was sufficient to turn almost impercepti-15

ble the frontier between regions with different input data when evaluating model output
(see related videos in the Results section). Sea-surface temperature (SST) and salin-
ity (S) were estimated from the NEMO modelling system. This is the same used in the
WW3-NEMO, yet provided in MyOcean catalogue comprising the whole modelled re-
gion with 1/12◦ and 1 day resolutions. All variables were interpolated to the same 0.09◦20

grid (roughly 11 km at Europe’s latitude) and 1 h time steps.

2.3 The model

The commonly used formula for gas exchange is given by F = kw(Cair/kH −Cwater);
where F represents the downward gas flux, kH is Henry’s constant (here in its Ca/Cw
form) estimating the equilibrium ratio of concentrations and kw is the transfer veloc-25

ity across the infinitesimally thick water surface layer. In Wanninkhof’s formulation,
hence forth “Wan92”, kw (cmh−1) is only dependent on u10: kw = (αCh +0.31 ·u2

10) ·
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(Scw/660)−0.5, where Scw is the Schmidt number of the water (related to viscosity),
its exponent reflects the surface layer‘s rate of turbulent renewal, and αCh is the tem-
perature dependent chemical enhancement due to CO2 reaction with water given by
α = 2.5 ·(0.5246+0.016256 ·Tw+0.00049946 ·T 2

w). The Wind Log–Linear Profile (WLLP)
was used to convert the wind velocity at height z (uz) to the u10 required by Wan92.5

Alternatively, we tested an update to the formulation by Vieira et al. (2013) including all
the processes presented below. Scw is determined for a given temperature and salinity
following Johnson (2010). The kw is decomposed into its wind and current drag with
the bottom forcing (Eq. 1) following a principle set by Asher and Farley (1995), Borges
et al. (2004), Woolf (2005), Zhang et al. (2006) and Duan and Martin (2007). However,10

the current drag component was not tested due to the lack of data and the still too
coarse spatial resolution for this particular effect. A preliminary test disregarded kbubble

and estimated kwind = 1.57 ·10−4 ·u∗ following Jähne et al. (1987), hence forth “Jea87”,
where u∗ is the friction velocity explained in the paragraph below. An alternative by Zhao
et al. (2003), hence forth “ZRb03”, focused on the transfer velocity dependence on15

wave breaking: kbubble = 0.1315 ·R0.6322
B , where RB = u2

∗/(2πfpυa) is the wave breaking
parameter and υa is the kinematic viscosity of air estimated from Johnson (2010). This
solution used the wave field as a proxy for the sea-surface roughness that increased
transfer velocity from wind-drag with steeper younger waves (through the WLLP esti-
mation of u∗ explained below) but also as a proxy for whitecap that increased transfer20

velocity with wind-wave age. A more rational solution split the two drives of gas transfer
(Woolf, 2005; Zhang et al., 2006): kwind accounted for turbulence from wind drag keep-
ing the Jea87 while kbubble accounted for the extra turbulence and formation of bubbles
from wave breaking following Zhang et al. (2006), hence forth “Zha06” (Eq. 2), where B
(greek upper case Beta) is Bunsen’s solubility coefficient, W = 3.88×10−7R1.09

B is the25
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whitecap cover, V = 4900, e = 14 and n = 1.2.

kw = (αCh +kbubble +kwind +kcurrent) ·
(

600
Scw

)0.5

(1)

kbubble =
WV
B

[
1+
(
e ·B ·Sc

−1/2
w

)−1/n
]−n

(2)

These formulations required the friction velocity (u∗) i.e, the speed of wind exerting
drag on the sea-surface. However, wind measuring gauges are placed at a clear height5

from the surface – traditionally, 10 m is the reference – whereas atmospheric models
estimate wind speed at fixed geopotential heights or at fixed isobaric heights. In these
cases, u∗ can be estimated from the Wind Log–Linear Profile (WLLP) accounting for
wind speed at height z (uz), atmospheric stability of the surface boundary layer (through
ψm) and sea-surface roughness (through the roughness length z0). Beware different10

authors give different signs to the ψm term besides using different notations. Here, κ is
von Kármàn’s constant.

u∗ =
uz · κ

ln(z)− ln(z0)+ψm(z,z0,L)
(3)

Roughness length is the theoretical minimal height (most often sub-milimetrical) at
which average wind speed is zero. It is dependent on surface roughness and often15

used as its index. It is more difficult to determine over water than over land as there is
a strong bidirectional interaction between wind and the surface roughness upon which
wind acts. Taylor and Yelland (2001) proposed a dimensionless z0 dependency from
the wave field, increasing with the wave slope (Eq. 4a). This simple WLLP method
retrieved the Hs and Lp from the WW3 data. Due to the bidirectional nature of the z020

and u∗ relation, we also tested an iterative solution where the Taylor and Yelland (2001)
formulation was used as a first guess for the z0 and the WLLP for its subsequent u∗.
Afterwards, z0 was re-estimated from the COARE 3.0 adaptation of the Taylor and
Yelland (2001) formulation by adding a term for smooth flow (Eq. 4b). Then, u∗ was
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re-estimated from the WLLP. Applying four iterations to the full data array were enough
for an excellent convergence of this iterative WLLP method (iWLP).

z0

Hs
= 1200 ·

(
Hs

Lp

)4.5

(4a)

z0 = 1200 ·Hs

(
Hs

Lp

)4.5

+
0.11νa
u∗

(4b)

Atmospheric stability was inferred from the vertical heat gradient as estimated by the5

“bulk Richardson number” (Rib, Eq. 5). The algorithms by Gratchev and Fairall (1997)
and Stull (1988) use the air virtual potential temperature estimated from air temper-
ature, air pressure and specific humidity (Gratchev and Fairall, 1997) or liquid water
mixing ratio (Stull, 1988). The algorithm by Lee (1997) uses the air potential temper-
ature thus neglecting humidity. The wind velocity (uz), temperature (Tz), pressure (Pz)10

and humidity (qz) z meters above sea-surface were given by the WRF second level.
The wind velocity at z0 (u0) was set to the theoretical u0 = 0. Temperature at height 0
(T0) was given by the SST (Grachev and Fairall, 1997; Brunke et al., 2003; Fairall
et al., 2003) without rectification for cool-skin and warm-layer effects due to the lack
of some required variables. Yet, these effects tend to compensate each other (Fairall15

et al., 1996; Zeng and Beljaars, 2005; Brunke et al., 2008). Air pressure at height 0
(P0) was given by the WRF at the lower first level (at roughly 0 m heights). Humidity at
height 0 (q0) was set to saturation given P0 and T0 (Grachev and Fairall, 1997). The Rib
was used to estimate the Monin–Obukhov’s similarity theory length L, a discontinuous
exponential function tending to ±∞ when Rib tends to ±0 and tending to ±0 when Rib20

tends to ±∞. L was used to estimate ψm. These were estimated either recurring to
Stull’s (1988) algorithm based in Businger et al. (1971) and Dyer (1974) or recurring to
Lee’s (1997) algorithm based in Businger et al. (1971), Dyer (1974) and Beljaars and
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Holtslag (1991).

Rib =
g∆T∆zi
T ·u2

z

(5)

CO2 is a mildly soluble greenhouse gas with a dimensionless gas-over-liquid Henry’s
constant of KH,0 = 1.17 for pure water at 25 ◦C. Its transfer velocity is limited by the
molecular crossing of the water-side infinitesimally thick surface layer. Another impor-5

tant greenhouse gas from the carbon cycle, CH4 is much less soluble with a KH,0 =
31.5. In such cases the molecular crossing of the air-side infinitesimally thick surface
layer should also be taken into consideration (Johnson, 2010), with the transfer velocity
better estimated from the double layer “thin film” model as in Eq. (6) (Liss and Slater,
1974; Mackay and Yeun, 1983; Johnson, 2010; Vieira et al., 2013). Portraying their gas10

solubility determination, the relative weightings of both layers were scaled by Henry’s
constant dependency on water temperature, salinity, and the molecular properties of
the solution (the water), the solutes (the salts) and the gas. This was tested following
the numerical scheme by Sander (1999) and upgraded by Johnson (2010), or the com-
pilation by Sarmiento and Gruber (2013) of the classical works by Weiss (1974), Weiss15

and Price (1980), among others. The air-side transfer velocity (ka) was estimated from
the Jeffrey et al. (2010) COARE formulation (Eq. 7), where CD is the drag coefficient
and Sca the Schmidt number of air determined for a given temperature and salinity
following Johnson (2010).

k =
(

1
kw

+
kH

ka

)−1

(6)20

ka =
u∗

13.3 ·Sc
1/2
a +CD1/2 −5+ log(Sca)

2κ

(7)
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3 Results

From the 22 to the 26 May 2014, when the wind blew reasonably within the footprint
of the Baltic atmospheric tower, the surface boundary layer was generally stable (with
a few exceptions, 0 < Rib < 0.5) and the sea-surface was little to moderately rough
(z0 < 0.49 mm). Therefore, models could not be validated for a comprehensive range of5

conditions. Furthermore, there was wide uncertainty in the observed transfer velocities
undermining elucidative estimations of the goodness-of-fits (Fig. 1). This uncertainty
was largely caused by variability in the E-C estimated CO2 fluxes, and attributable
to both inherent variability of turbulent processes and measurement error. Neverthe-
less, comparison between model estimations clearly showed the WLLP solutions had10

a greater ability to adjust to local conditions. The small kw fluctuations by Wan92 were
a sole consequence of changes in water viscosity (as estimated by the Scw) driven by
changes in water temperature. The WLLP estimates, splitting the kw–u10 data into two
distinct scatter lines, the upper line corresponding to rougher sea-surfaces, demon-
strated the potential of ψm and z0 as additional mediators of kw in Earth-System mod-15

elling. The iterative estimation of z0 with the inclusion of the smooth flow (iWLP) raised
kw a little for smoother sea-surfaces. Otherwise, estimates by WLLP or iWLP over-
lapped.

From the 24 to the 26 May, strong winds occurred along the European shores, both
on the Atlantic and on the Mediterranean. Some of these events were typical as are20

the cases of the storms west of Britain, the north winds along Portugal, the windy
Dutch and Danish shores, the windy strait of Gibraltar, the Mistral blowing from the
Alpes, the Tramontina blowing from the Pyrenees, and winter/spring storms around
the Balearic islands, Sardinia, Corsica and Sicily. Besides, the air was unusually cold
for the mid-spring season and colder than the sea-surface (Video 1). Consequently,25

the atmosphere surface boundary layer (SBL) over the seas and ocean was gener-
ally unstable (i.e, a tendency to mix), which was reflected on the properly estimated
Rib, L and ψm (Video 2). Erroneously, the Rib estimates after Lee (1997) neglecting

15912

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/15901/2015/bgd-12-15901-2015-print.pdf
http://www.biogeosciences-discuss.net/12/15901/2015/bgd-12-15901-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 15901–15924, 2015

Improving
estimations of

greenhouse gas
transfer velocities

V. M. N. C. S. Vieira et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

humidity often yielded unreasonably stable SBL, besides his formulation generated
complex (numbers) ψm whenever L < 15z. These problems did not occur with the Rib
estimates by Gratchev and Fairall (1997) coupled to the L and ψm estimates by Stull
(1988). Nevertheless, when both formulations were preliminarily tested with only the
WRF, their estimates matched, highlighting that SBL stability over the ocean must be5

estimated by algorithms accounting for humidity and considering saturation at height 0.
The strong winds generated plenty sea-surface agitation (Video 3). Sea-surface rough-
ness (estimated from z0) could be particularly high and variable along the Northeast
Atlantic shoreline and inside the Mediterranean where the steeper younger waves ex-
tracted proportionally more momentum from the atmosphere (Taylor and Yelland, 2001;10

Fairall et al., 2003), and thus were expected to possess more turbulent surface layers
through which gases were transferred at higher rates, when compared to the open-
ocean under similar wind conditions. However, it must be noticed that the effect of
bubble mediated transfer is not being address at the moment. The iWLP showed the
smooth flow as a fundamental z0 term, leading to significantly higher z0 and u∗ es-15

timates than those by the WLLP (Video 4). Finally focusing on kw, all formulations
detected episodic and localized extreme events (Video 5). Relatively to the iWLP–
ZRb03 conjugation, Wanninkhof’s formulation overestimated kw in the Mediterranean,
whereas in the North Atlantic and North Sea the direction of the bias was highly vari-
able. The iWLP frequently yielded higher kw than the WLLP, highlighting the relevance20

of an iterative estimation of u∗ and z0. Integrated over space and time, Wanninkhof’s
formulation transferred 38 552 km3 of CO2 between atmosphere and ocean, compared
to the 19 152 km3 (49.68 %) by the iWLP–ZRb03. Their absolute differences summed
to 21 518 km3, roughly 55.82 % of the volume transferred by Wan92. Most of these situ-
ations occurred in the Mediterranean and Iberian coastal waters (Fig. 2). The inclusion25

of a ka formulation in a double layer algorithm only made a pertinent difference in the
CH4 case (Video 5). When testing with N2O, which has approximately the same sol-
ubility as CO2, single and double layer algorithms did not made much of a difference.
The fact the bias was always negative may be of lesser relevance as it may turn out
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to be only a consequence of the particular ka and kw formulations tested. Of greater
interest is the sum of all these biases irrespective of their direction. These added to
1915 km3 of CH4 and 139.7 km3 of N2O volume when comparing single and double
layer algorithms, respectively 4.97 and 0.36 % of the actual volume transferred by the
single layer algorithm. This bias was proportional to the gas exchange and thus asso-5

ciated to windy events (Fig. 2).

4 Discussion

N2O is a greenhouse gas 298 times more powerful than CO2 as well as harmful to the
ozone layer. Although in the open oceans it is close to equilibrium with the overlying
atmosphere, the coastal oceans have consistently been observed out-gassing (Bange10

et al., 1996; Nevison et al., 1995, 2004; Walter et al., 2006; Barnes and Goddard,
2011; Sarmiento and Gruber, 2013). The coastal ocean is also a source of CH4 to the
atmosphere (Harley et al., 2015). Unbalanced ∆pCO2 can occur in the open ocean
associated to large gyres (Brown et al., 2015) or at the fine resolution of mesoscale
eddies depending on the time the upwelled water has remained on the surface and15

departed its cold-core (Chen et al., 2007). But it is at the coastal ocean where the
highest unbalanced atmosphere–ocean ∆pCO2 occur, and with a fine resolution het-
erogeneity and intricacy of processes, associated to upwelling, plankton productivity
and continental loads (Inoue et al., 2003; Rutgersson et al., 2008; Lohrenz et al., 2010;
Torres et al., 2011; Oliveira et al., 2012). Consequently, there occur a significant part20

of the atmosphere–ocean carbon transfers (Smith and Hollibaugh, 1993; Cole and
Caraco, 2001; Duarte and Prairie, 2005; Borges et al., 2005). Given the fine resolu-
tions described above, and because ∆pgas and gas transfer velocities interact to yield
atmosphere–ocean greenhouse gas exchanges, Earth-System modelling must repre-
sent the sea-surface with much finer space and time resolutions, and processes with25

much better accuracy than they currently do, particularly at the coastal ocean. Previous
estimates of CO2 uptake by the global oceans done by coarse resolution Earth-System
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modelling diverged in about 70 % depending on the transfer velocity formulations being
used (Takahashi et al., 2002), whereas the wide uncertainty in the ocean N2O source to
the atmosphere mostly originated from the uncertainty in the air–water transfer veloci-
ties (Nevison et al., 1995). In our work, as the local ∆pgas was unknown, the estimated
biases reported to volume. Nevertheless, it was demonstrated that it can be expected5

outstanding differences from the previously estimated atmosphere–ocean greenhouse
gas exchanges. Therefore, it would not be surprising that former simulations of green-
house gas exchange between the atmosphere and the world oceans (by Nevison et al.,
1995, 2004; Walter et al., 2006; Lohrenz et al., 2010; Barnes and Goddard, 2011; Tor-
res et al., 2011; Vichi et al., 2011; Mattia et al., 2012; Oliveira et al., 2012; Rödenbeck10

et al., 2013; Schuster et al., 2013; Landschützer et al., 2014; Arruda et al., 2015) would
arrive at quantitatively very different results would they apply alternative formulations.

The classical approach to scale air–sea exchange parameterization is to match the
global inventory of bomb-produced radiocarbon, considered the best estimator of what
effectively occurred at a larger scale. Wanninkhof’s formulation was calibrated with15

data obtained from this method. The new formulations presented in this work were
remarkably consistent with Wanninkhof’s formulation while also showing their bene-
fits by representing processes with finer resolution and better accuracy (see Fig. 1).
Hence, we are enthusiastic about the potential of our solution to up-scale from local to
regional and global estimates. It was Wanninkhof himself suggesting his temperature20

dependent chemical enhancement of transfer velocity over-estimates transfer veloci-
ties at high wind speeds, and identifying the fetch dependent sea-surface agitation and
atmospheric stability as neglected important factors. Simpler formulations, although
trendy within the ESM community, miss-represent atmosphere–ocean gas transfer ve-
locities, thus also miss-estimating greenhouse gas exchanges, and should be set aside25

giving place to more comprehensive ones. However, the later still need much improve-
ment and validation. Our solution still needs to integrate the effects of the sea-surface
cool-skin and warm-layer, surfactants and rain. But the most urgent is to improve the
estimation of transfer velocity from friction velocity and wind-wave breaking, for which
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very few formulations exist, and the roughness length from the wave field. All the avail-
able formulations for these specific purposes lack robust parameter estimations. The
air-side transfer velocity algorithm also needs be validated, although isolating it from
the water-side transfer velocity should be a complicated task. It is a fundamental com-
ponent of the double layer algorithm, required for an accurate estimation of the transfer5

velocity of gases with low solubility when wind blows stronger. The addition of com-
plexity to new transfer velocity formulations must be carefully thought as these cannot
become intricate to the point of calculus becoming unbearable for ESM application. In
particular, any algorithm demanding an element-wise for-loop solution is unviable as
it disables calculus vectorization and its coordination with parallel processing. In our10

software, vectorization enabled improving calculus roughly 12× faster in a single core.

The Supplement related to this article is available online at
doi:10.5194/bgd-12-15901-2015-supplement.
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Figure 1. Model validation with the Baltic Sea data.
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Figure 2. Gas volume exchanged over the tested time interval: (upper left) as forecasted by
Wan92, (upper right) absolute difference between CO2 exchanged by Wan92 and by the iWLP–
ZRb03 conjugation, and (bottom left and bottom right) absolute differences of (bottom left) CH4

and (bottom right) N2O exchanged by single or double layer algorithms. Colorscale: km3 66h−1.
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