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Abstract.

Air—sea gas exchange is typically parametrized as a function of wind speed using the gas transfer velocity k, which is
normalized to a specific Schmidt number (Sc). The Sc describes the ratio of diffusive momentum transport to diffusive mass
transport in a fluid and can be parameterized as a function of water temperature. We conducted coincident eddy covariance
(EC) measurements of k and turbulent kinetic energy dissipation rate (¢) measurements by an upwardly rising microstructure
profiler. Since k o< S¢=" with the Sc exponent n and k o €'/4, we can derive n based on these measurements. Here, we obtain
a linear parameterization of n as a function of wind speed: n(Uyo) = —0.0136 U1 + 2/3. Allowing n to vary instead of using
the commonly assumed value n = 1/2 can have a significant impact on global k. To quantify this effect, n(U() was combined
with the ERAS reanalysis product and k& was normalized to Sc¢ = 660. Global kggp is estimated to decrease by about 12 % when
keeso is determined using the dual tracer method, but to increase by 5 % or less for EC-derived estimates. To assess the resulting
effect on air-sea COy fluxes, n(Uyg) was subsequently applied to an average of global fCOq-based flux data products for
2023. Based on an EC-derived kggo parameterization, we find substantial relative increases in flux in large areas of the tropical
and subtropical oceans, while global net uptake increases by only about 1 %. Due to the direct dependence of k on n, using
n(Uyo) in the dual tracer method results in a significant relative decrease in flux across large parts of the global ocean, while
global net uptake decreases by about 5 %. We suggest applying a variable n under low-wind conditions, particularly for the EC

method at low water temperatures or the dual tracer method at high water temperatures.

1 Introduction

The ocean absorbs 25-30% of anthropogenic carbon emissions (Friedlingstein et al., 2025) and therefore plays an outsize
role in climate regulation. Estimates of the global ocean—atmosphere COs flux rely on parameterizations of the gas transfer
velocity k, which links the air—sea difference in CO5 concentration to the flux. It characterizes the efficiency of the gas transfer
across the air—sea interface and is primarily controlled by turbulent processes in the waterside boundary layer. However, k is

typically parametrized as a function of wind speed because global wind speed products are readily available (Hersbach et al.,
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2023; Mears et al., 2022). These wind speed based parameterizations have been derived from natural *C disequilibrium and
bomb *C inventories (Wanninkhof, 1992, 2014), the >He/SF¢ dual tracer (DT) method (Nightingale et al., 2000; Ho et al.,
2006) and eddy covariance (EC) measurements (e.g. Yang et al., 2022; Dong et al., 2024). For the DT method to estimate £,
Helium 3 (3He) and sulfur hexafluoride (SF¢) are used as volatile deliberate tracers, and k is determined from the temporal
evolution of the ratio of the tracer concentrations in the water (Watson et al., 1991; Wanninkhof et al., 2009; Ho et al., 2011).
The DT method has been used to determine k in a seagrass ecosystem (Dobashi and Ho, 2023), coastal waters (Wanninkhof
et al., 1993; Nightingale et al., 2000), and the open ocean (Wanninkhof et al., 2004; Ho et al., 2006, 2011; Ho and Wanninkhof,
2016). With the EC method, air—sea gas fluxes can be obtained directly from the covariance of vertical wind velocity and gas
mixing ratio. These flux measurements and coincident measurements of the air—sea difference in partial gas pressure can then
be used to derive k. In recent years, the EC method has been used to study air—sea gas exchange over lakes (Mammarella et al.,
2015; Erkkild et al., 2018; Esters et al., 2021; Golub et al., 2023), coastal waters (Yang et al., 2016; Gutiérrez-Loza et al.,
2022; Dong et al., 2026), and the open ocean (Landwehr, 2015; Landwehr et al., 2015; Butterworth and Miller, 2016; Bell
et al., 2017; Blomquist et al., 2017; Brumer et al., 2017; Landwehr et al., 2018; Dong et al., 2021b; Yang et al., 2022; Dong
et al., 2024). Uncertainties in the parameterization of % are the main source of uncertainty in data-product estimates of air—sea
COq fluxes for most ocean regions (Ford et al., 2024; Gloege and Eisaman, 2025). While the commonly used wind speed
based parameterizations of k have a quadratic dependence (e.g., Wanninkhof, 1992, 2014), some also incorporate an additional
constant or linear term (e.g., Nightingale et al., 2000; Yang et al., 2022; Dong et al., 2024). Gloege and Eisaman (2025)
assumed a quadratic term only and assigned an uncertainty of 20 % on the scaling factor. The relative standard uncertainty on
k parameterizations based on EC measurements of the air—sea CO4 flux is about 7 % at moderate wind speeds (Yang et al.,
2022). Woolf et al. (2019) estimated the standard uncertainty in the DT-based k£ parameterizations to be 5-10 %.

To enable consistent comparisons across gases and temperature regimes, wind speed based parameterizations of k are typi-
cally normalized to a specific Schmidt number, Sc¢ = v/ D, where v denotes the kinematic viscosity of water and D the molec-
ular diffusion coefficient of the gas. The Schmidt number describes the ratio of diffusive momentum transport to diffusive mass
transport in a fluid and can be parameterized as a function of temperature for seawater and freshwater (Wanninkhof, 2014).
The most common choices for normalization are Sc = 600 (e.g., Nightingale et al., 2000; Ho et al., 2006) and Sc = 660 (e.g.,
Wanninkhof, 2014; Yang et al., 2022), which approximately correspond to the Schmidt numbers of CO4 at 20 °C for freshwa-
ter and seawater, respectively. Therefore, Sc = 660 is used hereafter. To normalize k, it is multiplied by a factor (660/Sc) ™™,
where 7 is the Sc exponent. By integrating Ficks’s first law of diffusion, while also accounting for vertical turbulent transport
(see Sect. 2 for details), n =1/2 is obtained for a wavy water surface and n = 2/3 for a smooth water surface (Jihne and
HauBecker, 1998; Jihne, 2009).

The resulting differences in k can be substantial. For example, using k o Sc™Y/2 instead of k o S¢™%/3 for Sc =600 can
increase k by about a factor of 3 (Jahne, 2009). In laboratory experiments, the transition was found to be smooth when studying
n as a function of wind speed or friction velocity (Richter and Jahne, 2011; Krall, 2013), and as a function of a surface stress
ratio and a scaling constant (McKenna and McGillis, 2004). In field experiments, it is difficult to measure n, so a constant n

is chosen. For open-ocean and coastal waters, n = 1/2 is typically applied, as a wavy surface is assumed. Investigations on
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the relationship between k and turbulence in lakes (Galfalk et al., 2013; Wang et al., 2015; Zhao et al., 2018), in laboratory
experiments (Li et al., 2025), and based on numerical simulations (Di Giorgio et al., 2025), also assumed a constant n = 1/2.
An exception to this is Esters et al. (2017), where a variable n was implemented based on measured & for dimethyl sulfide
(DMS) and near-surface turbulence data in the North Atlantic and the Pacific Ocean. Another exception is Nagel et al. (2019),
who used a variable n based on laboratory experiments to scale heat transfer velocities measured in the Baltic Sea to gas
transfer velocities.

Based on Guérin et al. (2007) and Bade (2009), several recent studies on the air—sea gas exchange of COs in reservoirs and
fluvial networks have used a step function with n =2/3 for U1g < Ugep and n =1/2 for Uyg > Ugsep With a transition wind
speed Ugyep of 3.7ms~! (Paranaiba et al., 2018; Bodmer et al., 2025) or 3ms~! (Obertegger et al., 2024). In the original
source that Guérin et al. (2007) and Bade (2009) refer to, Liss and Merlivat (1986) suggested using n = 2/3 for a smooth

Land n = 1/2 for a rough surface regime defined by U;o > 3.6 ms~1. In support of

surface regime defined by Uyg < 3.6 ms™
this, laboratory results from Jéhne et al. (1987) also suggested a relatively sudden change of regimes at a waterside friction
velocity of around ,,, = 0.004 m s~!. However, the results of more recent laboratory experiments (Richter and Jéhne, 2011;
Krall, 2013) and field studies (Esters et al., 2017) indicate that the transition from n =2/3 to n = 1/2 is rather smooth and
does not behave like a step function.

In this study, we use the dependence of k on n (Sect. 2) to estimate a variable n from near-surface measurements of the
turbulent kinetic energy dissipation rate (¢) and EC-derived %k (Sect. 3). The resulting n is expressed as a function of wind
speed (Sect. 4.1). We then apply n(Ujo) to investigate the impact of a variable n on & obtained from the EC and DT methods
under various oceanic conditions (Sect. 4.2). To do so, we use adaptation factors that describe the ratio of £ using a variable n

and k using n = 1/2. Additionally, we examine the effect of a variable n on ocean-atmosphere CO- fluxes (Sect. 4.3). In Sect.

2, we first provide background on how k depends on the Sc exponent and then present four methods of determining k.

2 Theoretical background

Assuming stationarity, homogeneity, and the absence of chemical sources and sinks, we obtain the inverse of the gas transfer
velocity k by integrating Fick’s first law of diffusion while accounting for vertical turbulent transport (Jdhne, 2009; Richter and
Jihne, 2011):

Zr
1 1
g d 1
k /D+Kc(z) - (1)
0
with the molecular diffusion coefficient D and the turbulent diffusion coefficient K. (z). The integration is performed from the
uly L3

surface to a reference depth Z,. representing the bulk. For a smooth water surface, the Reichardt approach with K.(z) = a2
close to the surface can be applied, which is analogous to the transfer of mass to a smooth solid wall (Reichardt, 1951; Deacon,
1977; Jdhne, 1980; Coantic, 1986). Here, a is a dimensionless constant and w..,, is the waterside friction velocity. This approach

is especially valid if a film cover is present at the water surface that inhibits velocity fluctuations. Inserting K .(z) into Equation
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3
1, substituting z = (a %Sc)l/ 3%, and extending the upper integration limit, exploiting the fact that the contributions beyond

Z, are negligible, leads to:

1 s T
Z= da. 2
ko (qu? )1/3/1+x3

*W 0

The integral can be evaluated using partial fraction decomposition, yielding:

k= %almu*w Se2/3, 3)
2T

For a free, wavy water surface, velocity fluctuations at the surface are possible and the turbulent diffusion coefficient can be

described as K.(z) = a"i‘“ 22 (Jihne and HauBecker, 1998; Jihne, 2009). These fluctuations occur through the generation of

wind waves and lead to the dilation or contraction of surface elements (Jahne, 2009). Compared to the case of a smooth water

3

surface, where K.(z) oc 2%, we now have K, (z)  z? and the dependencies on u.,, and v have been adjusted accordingly to

2
ensure dimensional consistency. Inserting K (z) into Equation 1 and substituting z = (a 3 Sc)/2z results in

1 Sct/2 1
ko (au? )”2/1+z2 4 @
*W O

which leads to:
2 1/ —1/2

k= —a"“ Uy, Sc . (5)
T

Therefore, we obtain:

Sc=% 3 for a smooth surface,
k x (6)
8071/2, for a wavy surface.
As both of the above cases correspond to boundary values of the exponent, they should be considered limiting cases.
The air—sea gas flux F' is related to k and the fugacity difference of the gas in the water and in the air (f**¢" — f4r) in units

of atm:

Sc

F = kﬁﬁOKO (fwater o fair) <660> . (7)

Here, kg0 is normalized to Sc = 660, and the solubility of the gas in saltwater Ky = K(7',.S) in mol m~2 atm ! is a function
of temperature and salinity with given coefficients (Wanninkhof, 2014). For poorly soluble gases, k¢go is related to &k at ambient
Schmidt number via

660\ "
keso = k (Sc) . ¥
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2.1 Eddy covariance method

With the EC method, F' can be obtained from the covariance w’c’ of the vertical wind velocity w and the gas mixing ratio c in

ppm:
F=p,w'c. ©)

Here, p, denotes the dry-air density in molm ™2, and w’ and ¢’ are the fluctuating components of w and c. According to

Equation 7, kg can then be derived from the flux:
F

KO (fwater _ fair) '

Note that k¢ is given at ambient Sc, unless it is normalized to Sc¢ = 660 via Equation 8.

kec = (10)

2.2 Dual tracer method

Alternatively, in the DT method, k is determined from the temporal evolution of the ratio of the tracer concentrations c(3H e)

and ¢(SFg), with scaling based on the Sc ratio of of the two gases (Watson et al., 1991; Nightingale et al., 2000; Wanninkhof

et al., 2009; Ho et al., 2011):
-1
Sc(SFp) -
B (SC(3H€)> ] ' (D

d SH
kpr = —h— ln<c< e))
Here, ¢ denotes the time and £ is the mixed layer depth. To make the results comparable with other measurements, kpr has to

dt C(SFG)

be normalized to Sc = 660 following Equation 8. An important conceptual difference compared to the EC method is that kpp
explicitly depends on n, whereas in the EC approach, a dependence only occurs in the Sc normalization factor. The sensitivity
to n is further increased by the large difference between Sc(*He) and Sc(SFs). At 20°C, Sc(*He) is approximately 150,
whereas Sc(SFg) is approximately 1000.

2.3 1C method

By monitoring the “C levels in the atmosphere and in the ocean, k can be determined utilizing the '*C released into the
atmosphere during bomb testing. These estimates have been refined over time, through advances in the separation of natural
14C from bomb-'4C, improved spatial resolution, the application of global ocean circulation models, and the inclusion of
1400, fluxes from the ocean to the atmosphere (Wanninkhof, 1992; Sweeney et al., 2007; Naegler, 2009; Wanninkhof, 2014).
Based on these estimates, parameterizations of the form

buac =1 (‘W) (Ulo) (12)

are derived, with the mean quadratic wind speed (UZ,) and a dimensionless factor v (Sweeney et al., 2007):

Alny (Bomb DI"C)

. (13)
///(566i§2 > U120K0 ApMCOQbombdzdydt
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All quantities in the integral in the denominator depend on the time ¢ and the spatial coordinates = and y, including the partial
pressure difference of the bomb-produced '*CO; in the water and in the air, Ap'*COspomp. The change of ocean bomb

radiocarbon inventory in the considered time period is denoted by Alnv (Bomb DIMC).
2.4 Small-eddy model

Lamont and Scott (1970) used the surface renewal theory, which assumes that turbulent eddies periodically transport water
from deeper layers to the surface, to derive a direct relationship between k and the turbulent kinetic energy (TKE) dissipation

rate € [m?/s%] in the water:
kspa = A(ev)/2Se™m. (14)

This relation is also known as the small-eddy model (SEM) and has been used in recent studies relating £ and ¢ (Wang et al.,
2015; Esters et al., 2017; Zhao et al., 2018; Li et al., 2025). The dimensionless proportionality factor A is set to A = 0.4 for €
measured directly at the water surface (Lamont and Scott, 1970). Katul and Liu (2017) showed that Equation (14) can also be
derived from dimensional analysis or a vertical velocity structure function approach, which underlines the robustness of this

scaling.

3 Observations

The data used for this analysis was collected during two oceanographic campaigns: Knorr11 in the North Atlantic and BELAS
in the Labrador Sea. The Knorrl1 field campaign was conducted from late June to mid-July 2011. Air-sea gas fluxes and
concentration differences were measured for dimethyl sulfide (DMS) and CO,. Details of the measurement setup and the
data analysis technique can be found in Miller et al. (2010), Landwehr (2015), Landwehr et al. (2015), Bell (2015), and the
appendix of Bell et al. (2017). We used EC data from Bell et al. (2017) of the transfer velocity of DMS at hourly intervals and
combined it with coincident Air—Sea Interaction Profiler (ASIP) data of €. Both are displayed in Fig. 1. ASIP is an autonomous
upwardly rising vertical profiler, which was built to carry out microstructure measurements of the ocean surface boundary
layer (Ward et al., 2014). ASIP is equipped with a set of sensors including temperature, conductivity, and shear. The magnitude
of e can be estimated from the microstructure shear measurements following the analysis methods described in Lueck et al.
(2024). For € close to the surface, the uppermost ¢ bin is used, with a resolution of about 0.5 m (Ward et al., 2014). During the
Knorrl1 campaign, ASIP was deployed on four occasions and the dataset consists of 115 profiles in total. To make the EC data
comparable to e measured with ASIP, k£ and U were linearly interpolated to the times when ASIP reached the surface, using
the two nearest data points in time for each profile. The analysis only uses DMS gas transfer velocity data from the Knorrl1
campaign, not CO4 data. This is because only 14 hours with coincident kco, and ASIP € measurements are available over a
total of four days to determine the variable Sc exponent. Sea surface temperature and salinity for Knorrl1 were taken from
Bell et al. (2017) and used to derive the kinematic viscosity v and the Sc for both *He and SFg based on the parameterizations
by Wanninkhof (2014).
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Figure 1. Time series for Knorrl1 (a.-c.) and BELAS (d.-f.): a.) In situ Uio, b.) ASIP € close to the surface, c.) DMS gas transfer velocity
kp s normalized to Sc = 660 using a constant Sc exponent n = 1/2, d.) in situ Ui, e.) ASIP € close to the surface, and f.) kco, normalized

to Sc = 660 using a constant Sc exponent n = 1/2. Note the different temporal resolutions of & for Knorr11 (1 h) and BELAS (20 min).

For the gas exchange of COs4, data from the BELAS field campaign aboard the RV Celtic Explorer in May 2024 was used. It
was conducted to investigate the biological carbon pump in the Labrador Sea. ASIP was deployed once, collecting a total of 114
profiles. Coincident EC measurements of the air—sea COq flux Foo, were performed, and the partial pressure pCO3 in water
and air was measured by an equilibrator system. From pCO™*" and pCO,", the fugacities fCO»"" and fCO.™" were
derived. Only data points with |AfCOs| = | fCO2™ — fCO™"| > 40 patm were considered for the analysis (Landwehr,
2015). The resulting k660 for BELAS is shown in Fig. 1f, it was derived via Equation 7 with a constant Sc exponent of
n = 1/2. The same linear interpolation technique used for Knorrl1 was employed to estimate k and U;q at times where ASIP
reached the surface. The solubility K, was calculated following the parameterization given by Wanninkhof (2014), while v

and Sc were derived from the ASIP water temperature and salinity closest to the surface.
4 Results and discussion

4.1 Fitting a variable Schmidt number exponent

As mentioned above, n is expected to range between the boundary values of 1/2 and 2/3. There are no theoretical constraints
on the shape of the transition, except that is is expected that n = 2/3 holds for U;g = 0. Here, a linear function of Uy is chosen
to describe the continuous transition between n = 2/3 and n = 1/2, as it is the simplest approach:

2
TL(Ulo):BU10+§~ (15)
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We are using EC-derived k and measured e for the fit of n(Uyg), which leads to the following fit function (see Eq. 14):
k::A(ey)1/4(Sc)_(BU10+2/3), (16)

with the scaling parameter A and the slope parameter B. The resulting fit functions for n from this work are summarized in
Table 1. The results from Knorrl1 and BELAS (Fig. 2) agree with previous laboratory results by Krall (2013) using the the
Aelotron circular wind-wave flume. Four independent measurement series were conducted for the surfactant-free case (clean),
one series for the medium surfactant case (0.052 pmol1~! Triton) and two series for the high-surfactant case (0.26 umol 1+
Triton). When fitting our data with respect to U, the agreement with the laboratory results is best for the surfactant-free case
(Fig. 2). However, n(Uy) is higher than the laboratory results for the surfactant-free case for wind speeds between 3.5ms™?
and 12ms™!, but this difference is within the uncertainty range of the fit. Esters et al. (2017) estimated n as a function of
waterside friction velocity n(u..,), also using kppss data from the Knorrl1 field experiment. Based on a different analysis
and fitting procedure, they obtained n (.., ) = —0.2210g; (U ) +0.13. Similar differences in the scaling parameters for CO4
and DMS (Table 1) have been reported previously (Esters et al., 2017). These differences could be related to the effect of

bubble-mediated gas transfer, which has a greater impact on CO5 than on DMS (Dong et al., 2025a, b).

Table 1. Fitted parameters for BELAS and Knorr11 based on Uig. Note that the intercept is set to 2/3 by construction for the fits, such that
n(Uio) = BU1o +2/3.

Dataset ‘ Slope B ‘ Intercept ‘ Scaling A
BELAS CO, —0.0136 £ 0.0026 2/3 1.69+0.27
Knorrl1 DMS | —0.0135 £ 0.0029 2/3 0.61+£0.12

Our results indicate that the slope parameters for n(Uy) agree within their uncertainties for DMS and COs,. This is expected,
since the behavior of n is not supposed to depend on the tracer gas used, at least for poorly soluble gases under moderate wind
conditions. We recommend using the BELAS slope parameter, in particular for wind speeds in the range 4-10ms~1. If n(Uy)
falls below 1/2, n should be clipped, as the exponent 1/2 is given as a theoretical limit (Jihne and HauBecker, 1998; Jihne,
2009). By construction of the fit function, n(Uyo) and cannot exceed 2/3, as n = 2/3 for zero Uy .

4.2 TImpact on gas transfer velocities
4.2.1 Eddy covariance method

To estimate the impact of using a variable n instead of a constant exponent n = 1/2, we define an adaptation factor g for k
originating from the EC method. It is given by the Sc normalization factor (Eq. 8) using n(Uyp) divided by the normalization

factor for a constant n = 1/2:

(660/Sc)~n(U1o)
= 17
“EC = 660/ 50) 172 (an
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Figure 2. Fit results for the Schmidt number exponent n as a function of the 10 m wind speed U1o. The shadings correspond to the 1o
intervals on the fitted slopes. Binned data for n is recalculated via Equation 16 based on measured k, €, and fitted scaling parameters. It is
shown as error bars for CO2 (BELAS, blue) and DMS (Knorrl1, orange). For comparison, laboratory data from Krall (2013) for different
surfactant conditions (clean, medium and high) is depicted. A binning with a width of 0.5 ms™" with respect to Ut is applied. For a given
bin, the corresponding uncertainty shown is either the standard deviation of the data points, or the propagated uncertainty from the uncertainty

on the slope parameter, if there is only one data point in the bin.

By multiplying a given EC-derived kggo that was normalized to Sc= 660 using n =1/2 with agc, we can estimate the
corresponding kggo using a variable n for the normalization instead. An increase in kggo occurs when agc > 1, while age < 1
indicates a decrease in kggo. The impact of a variable n(Ug) on kggo is maximal in cold water for low wind speeds (Fig. 3),
where kggo is up to 20 % higher than when using n = 1/2. The general distribution of ag¢ in (Uyg,SST)-space is similar
for applying the n(U;q) relationships from BELAS, Knorr11 and the surfactant-free laboratory measurements by Krall (2013).
While both BELAS and Knorrl1 were conducted in algae blooms with a potentially high surfactant concentration, this suggests
that the presence of surfactants may not have had a major influence on the fit of n. With the presence of surfactants under
laboratory conditions as measured by Krall (2013), the maximum shifts towards slightly higher wind speeds of 2.5-5ms™*
for the medium surfactant concentration case (Fig. 3e.) and 2.5-7.5 ms~! for the high surfactant concentration case (Fig. 3f.).

Implementing a step function for n with n = 2/3 for Ujg <3.7ms~! and n =1/2 for Ujp >3.7ms™1, as is commonly
adopted in studies of reservoirs and fluvial networks (Guérin et al., 2007; Paranaiba et al., 2018; Bodmer et al., 2025), introduces
a discontinuity in the normalized % of about 5 — 20 % at the transition wind speed for water temperatures below 15 °C (Fig.
3c.). The results for BELAS and Knorrl1 suggest that the transition from n =2/3 to n = 1/2 is gradual and not adequately
represented by a step function, which is in agreement with recent laboratory experiments (Krall, 2013; Nagel et al., 2019) and
field studies (Esters et al., 2017). In particular, if a step function has to be applied, a reasonable choice for the transition wind

speed would be 6-8 ms~! instead of 3-4 ms~! (see Fig. 2).
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Figure 3. Relative change of EC gas transfer velocities when using a variable Schmidt number exponent compared to n = 1/2 for different
n(Uno) relationships, based on a.) fitting BELAS CO- flux data, b.) fitting Knorr11 DMS gas transfer velocity data, c.) a stepfunction setting
n=2/3 for Uigp <3.7m s™land n = 1/2 for Uip >3.7m s, d.) laboratory results from Krall (2013) for surfactant-free conditions, e.)
medium surfactant concentrations, and f.) high surfactant concentrations at the water surface. BELAS SST and U, data is shown in black

and Knorr11 SST and U; data is shown in grey. The relative change in keeo is given by the adaptation factor agc (see Equation 17).

For measurements under open-ocean conditions, a constant value of n =1/2 is commonly used across all wind speeds
(Butterworth and Miller, 2016; Landwehr et al., 2018; Prytherch and Yelland, 2021; Dong et al., 2021b; Yang et al., 2022;
Dong et al., 2024). However, for both the BELAS and Knorrl1 fits, the increase in kggo by applying a variable n instead of
n =1/2 can exceed 10 % at water temperatures below around 10 °C and wind speeds below around 6 ms~! (Fig. 3a and b).
Using BELAS SST and Uy data, there is a maximum increase of 16.3 % observed by applying agc based on the BELAS
n(Uyp) fit. With Knorrl1 data and using the n(U;o) fit for Knorrl 1, the maximum increase is 8.8 % and the average impact is
2.1 %. The low average impact can be attributed to the comparatively high water temperatures, which in some instances exceed
20° C. For BELAS, the average impact on k is 7.1 %, as a considerable amount of the data was taken in cold waters under
relatively low wind speeds (Fig. 3a). We suggest using a variable n (Table 1) for the EC method in low wind speeds and cold
waters.

To assess how a variable n influences air—sea gas fluxes via k, we first normalized the BELAS k data to kggo via Equation

8, using n(Uyo) with the BELAS slope parameter, and subsequently fitted keeo(Uso) = a1UZ, + az (Fig. 4). The fit result is
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Figure 4. Fit of BELAS EC gas transfer velocity data for CO2, normalized to Sc¢ = 660 as a function of Uso, using n = 1/2 (red dots, dotted
red line) and n = n(U10) (blue squares, blue line). For the derivation of the fit functions, the data is binned in 1 m s~! bins, while a single
bin is used for 0-2ms~'. A parameterization obtained from EC data for the Arctic (Dong et al., 2021a) is shown for comparison (dashed
black line).

ke6o(U1o) = 0.238 U120 +3.646, with Uj( given in ms~! and k in cm hr !, As expected from the BELAS data distribution
shown in Fig. 3, where apc > 1 for all data points, kggo increases for all Uy when a variable Sc exponent is used. The impact
of using a variable n on the derivation of air—sea gas fluxes via Equation 7 is estimated in Sect. 4.3.1, based on the kgg0(U1o)

parameterization obtained here.
4.2.2 Dual tracer method
For kggp measured using the DT method, we define an adaptation factor apr to estimate the impact of using a variable n,

similar to Equation 17 for the EC method:

_ (660/Sc(*He))""(10) 1 (Se(SFp)/Sc(*He)) "'/ 18
e (660/80(3H6))_1/2 1- (SC(SFG)/Sc(?’He))—n(Ulo) ’ (18)

The additional factors compared to Equation 17 originate from the occurrence of n in the derivation of k at ambient Sc for
the dual tracer method (Eq. 11). The impact of a variable n(Uso) on kggp is maximal in warm water for low wind speeds (Fig.
5), where k is up to 35 % lower than when using n = 1/2. A significant decrease in kggo is observed for both the BELAS
and the Knorrl1 fits in a wide range of (Uyo,SST)-space. It can surpass 25 % for wind speeds below 4ms~! and water
temperatures above 5 °C (Fig. 5a and b). For a wind speed of 7ms~1, the decrease is still 1015 % for most of the considered
temperature range. Conducting a DT experiment under BELAS conditions could lead to a maximum decrease of 22 % and an
average decrease of 10 % of kggo by applying a.pr based on the BELAS n(Uyg) fit. Using Knorr11 data and the n(U) fit for

Knorrl 1, the maximum decrease would be 29 %, with an average decrease of 11 %. At water temperatures of around 6 °C and
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wind speeds ranging from 6 to 12.5ms™!

, as used in the derivation of the kggo parameterization in Nightingale et al. (2000),
the decrease would be <1 % for 12.5m s ™, but 15 % for 6 ms~". For the DT method, we suggest applying a variable n (Table

1) in the normalization of k to a reference Sc for low to medium wind speeds, particularly at high water temperatures.
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Figure 5. Relative change of DT gas transfer velocities when using a variable Schmidt number exponent compared to n = 1/2 for different
n(Uno) relationships, based on a.) fitting BELAS CO- flux data, b.) fitting Knorr11 DMS gas transfer velocity data, c.) a stepfunction setting
n=2/3 for Uip <3.7m s tandn= 1/2 for Uyp > 3.7,m s~ d) laboratory results from Krall (2013) for surfactant-free conditions, e.)
medium surfactant concentrations, and f.) high surfactant concentrations at the water surface. BELAS SST and U, data is shown in black

and Knorrl1 SST and Ui data is shown in grey.

Similar to the EC-derived kggp, the maximum impact of using a variable n shifts towards slightly higher wind speeds for the
DT method in the presence of surfactants under laboratory conditions (Krall, 2013). For the medium surfactant concentration
case, the maximum is reached at 2.5-5ms~! (Fig. 5e), and at 2.5-7.5m s~ for the high surfactant concentration case (Fig.
5f). Implementing a step function for n with n = 2/3 for Uy < 3.7m s~ tandn = 1/2 for Ujp >3.7m s~! would introduce a
discontinuity in k of at least 20 % at the transition wind speed for the full range of water temperatures considered (Fig. 5c).

As for the EC method, under open-ocean conditions typically a constant n = 1/2 is applied for the DT method (Ho et al.,
2006, 2011). In this case, for winds above 7ms~1, there is agreement between kggo for CO4 obtained from the DT method

and kggo for CO4 derived from the EC method, while estimates from the DT method are significantly lower at low wind speeds
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(Yang et al., 2022). This discrepancy between EC and DT parameterizations of keso(U1p) increases when a variable n is used,

as kggo tends to increase for the EC method, whereas it decreases for the DT method.
4.2.3 Impact on global kggo

To estimate the impact of a variable n on global kggq, the adaptation factors a g and app are determined based on monthly
averages of hourly ERAS reanalysis data for SST and Uy for 2023 (Hersbach et al., 2023), which is provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF). For the EC method, relative increases in kggo of more than 10 %
occur in the Southern Ocean in January, and in the northern marginal seas of the North Atlantic and North Pacific in July (Fig.
6a and c). Calculating the area—weighted average of ag¢ including all months results in a relative decrease of about 1 % on

average. To estimate the relative change in global kg0, we use a global adaptation factor a%gb“l for 2023:

>~ agckeso(Uio) Acen

global months
bl (19)
© E k660 (U10) Acell
months

Here, Acen = Acen(lat,lon) denotes the grid cell area, and both g and kggo(Uzo) are given per grid cell and month. Only
grid cells with a monthly ERA5 sea—ice cover of less than 15 % have been considered. Using the EC-derived kggo(Uzo)
parameterization of Yang et al. (2022), we obtain \agElgb“l —1| < 0.2 %, indicating that the effect on the EC-derived global kg0
is negligible. The same holds true for the parameterization of Dong et al. (2021a), suggesting that the choice of parameterization
has only a minor influence on this estimate. As the same S'c¢ normalization factor with the Sc of COg is used for both the EC
method and the '*C method (Eq. 7 and Eq. 12), the impact on the 1#C-derived global kg is expected to be similar to that for
the EC method.

Alternatively, the parameterizations shown in Fig. 4 based on BELAS data can be used in Equation 19. In this case,
kg;)n(Um) = 0.238U%, + 3.646 replaces apc keso(U1o) in the numerator, while kggo(Ut) = 0.235U3, + 2.948 is used in the
denominator. The global EC-derived kggo is then estimated to increase by around 5 %. This difference from the agc-based
derivation is expected, as the parameterizations imply larger relative increases at low wind speeds than agc, as well as relative
increases at wind speeds above 12ms~! (Fig. 4). While a ¢ describes the impact on an individual kggo value as a function of
SST and Uy, the fitted parameterizations include the effects of bin averaging and the constraints imposed on the variability of
kseo(Uro) by the chosen fit function. It is worth emphasizing that in the o -based derivation, the same kggo(U10) parameter-
ization is used in both the numerator and the denominator of Equation 19, while the effect of a variable n is fully incorporated
into agc.

For the DT method, relative decreases of at least 15 % are found across substantial regions of the global oceans, with maxima
of 30 % or more in parts of the tropics and subtropics in both January and July (Fig. 6b and d). Taking the area—weighted average
of apr across all months results in a relative decrease of around 16 % on average, with monthly values ranging from 15 %

in July to 18 % in March. To estimate the impact on the DT-derived global kggo, we define a global adaptation factor a%loTbal
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Figure 6. Relative change of ksso when using a variable Schmidt number exponent compared to n = 1/2. Adaptation factors agc and apr
are calculated from ERAS data on SST and U, o. Panels display a.) agc — 1 for January 2023, b.) apr — 1 for January 2023, c.) agc — 1
for July 2023, and d.) apr — 1 for July 2023. For a.)-d.), the fit parameters from BELAS data for n = n(Uo) are applied.

analogous to Equation 19:

>~ aprkeso(Uio) Acen

global months
o = (20)
br >~ ke6o(Uo) Acen
months

Using the DT-derived kggo(U10) parameterization of Nightingale et al. (2000) results in a decrease in kggo of around 12 %.
A similar result is obtained using the parameterization of Ho et al. (2006), indicating that the choice of parameterization has
only a minor influence on this estimate. Both parameterizations were renormalized from Sc = 600 to Sc = 660 before being

inserted into Equation 20.
4.3 Impact on air-sea CO5 flux calculations
4.3.1 Eddy covariance method

By applying the kggo-parameterizations derived in Sect. 4.2.1, an adaptation factor Sg¢c can be derived to estimate the impact
of using a variable n on the derivation of air-sea gas fluxes via Equation 7. It is given by the ratio of the fitted kggo(U1o)
parameterizations for BELAS (Fig. 4) and the inverse Sc normalization factors for n(Uo) and n = 1/2:

(0.238U2, + 3.646)(S¢/660) " (U10)
(0.235U2, + 2.948)(S¢/660) ~1/2

Brc = (@)
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It is determined based on monthly averages of hourly ERAS reanalysis data on SST and U;o (Hersbach et al., 2023). The
parameterization component of Sz leads to increasing fluxes, with large relative increases occurring at low wind speeds (Fig.
4). For the normalization component of Sg¢, the fluxes increase for SST > 20 °C, where Sc < 660, with a greater impact at
lower wind speeds. For SST < 20 °C, where Sc > 660, the fluxes decrease, with a greater impact at lower wind speeds. At SST
values close to 20 °C, Sg¢ is primarily controlled by the parameterization component.

To estimate the global air—sea CO- fluxes in 2023, an average of global fCOs-based flux data products was calculated
(Friedlingstein et al., 2025; Hauck et al., 2025). Using the average as a proxy for fluxes derived based on EC parameterizations
of keso(U10) enables us to estimate the impact of employing a variable n on air-sea CO4 fluxes in different oceans. Scaling the
fluxes with the adaptation factor Sg¢ leads to an estimation of the change in CO4 flux (Fig. 7). In January, relative increases of
13 % or more are observed in large areas of the tropical and subtropical oceans, which coincide with areas of low wind speed
and high water temperatures. Slight decreases of less than 3 % occur in cold waters, e.g. in the Southern Ocean near Antarctica.
In July, areas with increases of 13 % or more shift north compared to January. The largest individual values are 29.6 % off the
coast of Sulawesi in January and -4.1 % close to Antarctica in January. The observed impacts are generally of the same order
of magnitude as the reported standard uncertainty in the EC-based k parameterizations of around 7 % at moderate wind speeds

(Yang et al., 2022), although regional maxima can substantially exceed this level.

Applying Bgc to the average of the flux data products for January (Fig. 7a) results in an increase in outgassing of 0.12 molCm~2 yr~

or more in the central Pacific. Assuming a total ocean uptake of CO5 of around 3 GtC yr~—! for 2023 (Friedlingstein et al.,
2025), 0.12molCm~2 yr~! roughly corresponds to 17 % of the average air-sea CO, flux. Large increases in outgassing
are also observed in January in the South Atlantic, the South Pacific, and the Indian Ocean. Large increases in uptake of
0.13molCm~2yr~! or more are primarily found in the North Atlantic and the North Pacific. In July 2023, increases in out-
gassing of more than 0.12 molC m~2 yr~! are additionally observed in the Mediterranean Sea, around the Arabian Peninsula,
in parts of the southern North Atlantic, and in parts of the southern North Pacific. Increases in uptake of 0.13 molC m=2 yr—!
or more are primarily found in the South Pacific and the southern Indian Ocean. The maximum increase in outgassing is ob-
served in a patch close to the coast of Central America in January, reaching 0.50 molC m~2 yr~!. Uptake increases by up to
1.30molC m~2yr~! in the Caspian Sea in July. The area—weighted average of the flux changes for all months yields a 6.6—
9.5 % increase in outgassing, with the lowest increase observed in July and the highest in April. Uptake increases by 3.3-3.9 %,
with the minimum in February and the maximum in August. An increase in net uptake is observed for most months, ranging
from 0.8 % in July to 2.2 % in December. Decreases in net uptake are observed for August (-0.9 %) and September (-0.1 %).
Global net uptake for 2023 is estimated to increase by 1.2 %.

As discussed in Sect. 4.2.1, using a variable Sc exponent for the EC method can significantly increase kggo for low wind
speeds and cold water temperatures. These conditions are frequently met in the Southern Ocean and in the northern marginal
seas of the North Atlantic and North Pacific, such as the Labrador Sea. Therefore, the kggp parameterization derived from
BELAS data using a variable n shows a relative increase compared to n = 1/2, particularly at low wind speeds (Fig. 4). It
is worth emphasizing again that applying the Sc normalization factors in Equation 21 amplifies this effect for SST > 20 °C

and counteracts it for SST < 20 °C, with a greater impact at lower wind speeds. The effect of the normalization factors only
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Figure 7. Change of air-sea CO2 fluxes when using a variable Schmidt number exponent compared to n = 1/2. Results are based on flux
data products derived from fCO2 for 2023 (Friedlingstein et al., 2025). The flux change is estimated based on the average of all products for
a.) January 2023 and c.) July 2023. Adaptation factors Sgc are calculated from ERAS data on SST and Uy o. The relative change in fluxes for
January and July 2023 given by the adaptation factors is depicted in b.) and d.), respectively. For the changes in flux and the relative changes,
the 5 percentile tails are not shown in the colorbars. The highest 5 percentile is colored in orange and the lowest 5 percentile is colored in

blue. For a.)-d.), the fit parameters from BELAS data for n = n(Uio) are applied.

exceeds that of the parameterizations in cold waters, such as in the Southern Ocean, where values of Spc < 1 can occur. The
combined impact leads to a significant relative increase of air—sea gas fluxes in large areas of the global ocean (Figs. 3b and
3d). Coinciding with strong air—sea CO- fluxes, large increases in outgassing are observed e.g. in the central Pacific Ocean.
Large increases in uptake occur in the southern North Atlantic and North Pacific in January and in the Southern Pacific and
southern Indian Ocean in July. However, area—weighted averaging for all months suggests an increase in global net uptake of
only 1.2 % in 2023 when using a variable n. Similarly, for the *C kggo-based flux estimates, the impact on the global ocean is

not expected to be significant.
4.3.2 Dual tracer method

The flux data products that were used to investigate the impact of a variable n for EC parameterizations can also be treated as
if they were based on DT-derived & using Equation 7. The impact of the kggo parameterization used and the Sc normalization
factor is analogous to that discussed for the EC method, except there is a decrease in k for all wind speeds. However, it is not

possible to investigate this in detail here, as was done for the EC method in Fig. 4, because there is no DT dataset of k available
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Figure 8. Same as Fig. 7, but deriving the adaptation factors Spr for the DT method via Equation 22. These factors exclusively consider
the direct dependence of k on n, and do not take into account the impact of using a variable n on the fitting of a DT-derived keso(U10)
parameterization. For the changes in flux, the 0.1 percentile tails are not included in the colorbar. The highest 0.1 percentile is colored in
orange and the lowest 0.1 percentile is colored in blue. For the relative changes, only the minimum 0.1 percentile is excluded from the

colorbar.

for this analysis. But the DT-derived & at ambient Sc, as given by Equation 11, has an additional direct dependence on n. The
impact of this dependence on CO5 fluxes using DT-derived parameterizations can be accessed without assuming a particular

parameterization by scaling with an adaptation factor Spr:

1— (Se(SFe)/Sc(*He)) ™/
Bpr =

_ | 2
1— (Sc(SFs)/Sc(3He)) ™"V -

Relative decreases in fluxes of around 10 % or greater are observed in certain regions of the tropics for January and July, as
well as in some areas of the South Atlantic and South Pacific in January, and in some areas of the North Atlantic and North
Pacific in July (Fig. 8). Decreases of around 5 % are found in substantial regions of the global oceans, extending from 45°S
to 35°N in January and north of 35°S in July. The highest 0.1 percentile of relative decreases is primarily found in coastal
waters within the tropics and subtropics, with the highest individual value of -13.5 % being reached off the coast of Sulawesi.
In January, further significant decreases are observed in a patch in the tropical Atlantic Ocean.

The application of 3p to the average flux data products results in a decrease in uptake of 0.2 molC m~2 yr~! or more in two

1

bands at around 35°S and 40 °N in January (Fig. 8a). Meanwhile, a decrease in outgassing of around 0.2 molC m~2 yr~! is ob-

served in the central Pacific Ocean. In July, the two bands shift northwards to around 30°S and 60°N. Additionally, a decrease
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1 1

in outgassing of around 0.2 molC m~2 yr~—1! is observed in the Mediterranean Sea. Values below -0.3 molC m~2 yr~! occur in

January in the central Pacific Ocean and in two patches close to the coast of Central America. Values above 0.45 molCm =2 yr—!

are observed in the Caspian Sea and in gaps in the Arctic and Antarctic sea ice in January, reaching 0.83 molCm~=2yr~! in
the Caspian Sea. The greatest decreases of uptake in July occur in the Baltic Sea, north of Iceland, and in the Caspian Sea,
with values reaching 1.12molC m~2 yr~!. Calculating the area—weighted average of the flux changes for all months yields a
5.6-7.9 % decrease in outgassing, with the lowest decrease observed in July and the highest in March. Uptake decreases by
4.6-6.1 %, with the minimum in December and the maximum in June. A decrease in net uptake is observed for all months,
ranging from 3.5 % in January to 5.9 % in June. Global net uptake for 2023 is estimated to decrease by 4.6 %.

Based on the direct dependence of the DT-derived &k on 7, using a variable Sc exponent for the DT method can significantly
impact the resulting fluxes by 5 % to 12 % or more for low to medium wind speeds. Relatively low winds coincide with large
air—sea COy fluxes in the tropical Pacific Ocean in 2023, as well as in two circumpolar bands: one in the mid- to high latitudes
of the Northern Hemisphere, and one in the mid-latitudes of the Southern Hemisphere. Area—weighted averaging for all months
indicates a global net uptake decrease of around 5 % for 2023. The observed impact of the direct dependence of k on n is of
the same order of magnitude as the reported standard uncertainty in the DT-based k parameterizations of 5-10 % (Woolf et al.,
2019). Additionally, the Sc normalization chosen for parameterizing the DT gas transfer velocity affects the resulting air—sea

COy flux in a manner similar to that observed for the EC method, but it leads to a further decrease in k.

5 Conclusions

Since the 1980s, theoretical considerations have indicated that the Sc exponent 7 can vary from n = 2/3 for a smooth surface
to n = 1/2 for a wavy surface (Jihne, 1980; Liss and Merlivat, 1986; Jihne et al., 1987). However, a variable n has not been
widely adopted, as the impact on the air—sea gas transfer velocity k& was generally assumed to be negligible, the exact shape of
the transition is unknown, and it is difficult to measure n in the field. Instead, a constant Sc exponent of n = 1/2 was commonly
implemented when normalizing & for both the EC and DT methods in oceans. For lakes, a step function with n = 2/3 for low
wind speeds and n = 1/2 for medium to high wind speeds was frequently applied. Here, we derived parameterizations n(Us)
using TKE dissipation rate ¢ and EC air—sea gas flux data for CO, and DMS from the Labrador Sea and the North Atlantic.
Based on data collected during the BELAS experiment, we obtained n(Uo) = —(0.0136 & 0.0026) U1 + 2/3. For poorly
soluble gases beyond CO2 and DMS, whose air—sea exchange is primarily waterside controlled, the parameterizations of n
presented here are also expected to be applicable. For highly soluble gases such as methanol, the parameterizations of n can still
be applied to the waterside transfer velocity, but the effect on the total & is expected to be negligible because air—sea exchange
is primarily airside controlled. To further constrain n(Uig), simultaneous EC flux measurements of two poorly soluble gases
could be conducted to access n more directly via the ratio of the measured k.

We investigated the effect of using a variable n on k and the air—-sea CO5 flux for both the EC and the DT method. Im-
plementing a step function for n introduces a discontinuity in kggo at the transition wind speed. If a step function has to be

applied, our results suggest that a reasonable choice for the transition wind speed would be 6-8ms~! instead of 3-4ms~!.
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For the EC method, the relative increase of kggg can exceed 10 % at wind speeds below around 6ms~—! and water temper-
atures below 10 °C. These conditions are frequently met in parts of the Southern Ocean and the marginal seas of the North
Atlantic and North Pacific during local summer. Global kg for 2023 is estimated to increase by 5 % or less. Applying a kggo
parameterization with variable n, while using EC data collected during the BELAS experiment for the fit of kgg9, can impact
the resulting air—sea CO; fluxes by more than 13 %. In areas with large air—sea CO; fluxes, this can result in an increase of
the estimated outgassing or increase of the estimated uptake by 0.1 molC m~2yr~! or more. However, global net uptake for
2023 is estimated to increase by only about 1 %. For the EC method under low winds and low water temperatures, we suggest
applying a variable exponent when normalizing the gas transfer velocity to a reference Schmidt number.

For the DT method, the impact on kggo can reach a 15-35 % decrease for low to medium wind speeds, with particularly
large values observed for high water temperatures. These conditions are frequently met in tropical and subtropical oceans, as
well as seasonally in mid-latitude oceans. Global kggo for 2023 is estimated to decrease by around 12 %. The application of the
Sc normalization factor with a variable n and a parameterization of kggp to derive CO- fluxes is analogous to the EC method,
but leads to a decrease in fluxes. Additionally, the DT gas transfer velocity is directly dependent on n. Without using specific
parameterizations, it can be estimated that this dependence has an impact on the CO5 flux of 5-12 % at low to medium wind
speeds, with larger effects at lower wind speeds. This coincides with large air—sea CO4 fluxes in the tropical Pacific Ocean

and in two circumpolar bands in 2023. Absolute changes in flux reach 0.2 molC m =2 yr—!

in these regions. Global net uptake
for 2023 is estimated to decrease by about 5 % when using a variable n. For the DT method under low to medium winds, we

suggest applying a variable Sc exponent, particularly at high water temperatures.
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