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Air–sea gas transfer velocity for O2 is calculated using directly measured fluxes with the eddy covariance tech-
nique. It is a directmethod and is frequently used to determine fluxes of heat, humidity, and CO2, but has not pre-
viously been used to estimate transfer velocities for O2, using atmospheric eddy covariance data. The measured
O2 fluxes are upward directed, in agreementwith themeasured air–sea gradient of the O2 concentration, and op-
posite to the direction of the simultaneously measured CO2 fluxes. The transfer velocities estimated from mea-
surements are compared with prominent wind speed parameterizations of the transfer velocity for CO2 and
O2, previously established from various measurement techniques. Our result indicates stronger wind speed de-
pendence for the transfer velocity of O2 compared to CO2 starting at intermediate wind speeds. This stronger
wind speed dependence appears to coincide with the onset of whitecap formation in the flux footprint and the
strong curvature of a cubicwind-dependent function for the transfer velocity provides the bestfit to the data. Ad-
ditional data using the measured O2 flux and an indirect method (based on the Photosynthetic Quotient) to es-
timate oxygen concentration in water, support the stronger wind dependence for the transfer velocity of O2

compared to CO2.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Air–sea exchange of oxygen is a research area of increasing scientific
interest. Oxygen in the ocean is of crucial importance, as it is strongly
linked to both the carbon and nitrogen cycles (Arrigo, 2005; Keeling
et al., 2010) and is a key component in eutrophication (Karlsson et al.,
2002). Gas transfer velocity describes the efficiency of the gas transfer
process across the air–sea interface. Over the years numerous laborato-
ry and field studies have been made to study gas transfer velocity.
Several expressions have been proposed, relating the gas transfer veloc-
ity to different physical variables such as sea spray and bubbles
(Monahan and Spillane, 1984; Wallace and Wirick, 1992; Woolf,
1997; Asher andWanninkhof, 1998;McNeil and d'Asaro, 2007), surface
films (Broecker et al., 1978; Frew, 1997; Salter et al., 2011), water-side
convection (MacIntyre et al., 2002; Rutgersson and Smedman, 2010;
Rutgersson et al., 2011) and rain (Ho et al., 1997, 2004; Zappa et al.,
2009; Takagaki and Komori, 2007); still, wind speed holds as the most
robust single parameter to describe the transfer velocity (Liss and
Merlivat, 1986). The relative importance of these different processes

for air–sea gas exchange is likely to vary for gases of different solubility
and is still not fully understood (Garbe et al., 2014). It is well known that
transfer velocities for water vapor and heat (corresponding to very high
solubility) have a weaker wind speed dependence than CO2 (e.g.
Rutgersson et al., 2001). Studies on the transfer velocities for acetone
(Yang et al., 2014) and DMS (Huebert et al., 2010; Marandino et al.,
2007) gases with relatively high solubility, has shown less wind speed
dependence than the transfer velocity for CO2. By introducing eddy co-
variance measurements of oxygen (having a solubility 60 times lower
than CO2), knowledge about the effect of a variety of processes on the
transfer velocity could fundamentally increase.

The onset of breaking waves is expected to enhance the water-side
turbulence (Kitaigorodskii, 1984; Woolf, 2005); in addition, it has
been suggested that bubbles injection occurring in the near surface wa-
ters enhance the transfer process (Keeling, 1993; Woolf, 1993).
Monahan and Spillane (1984) suggested a relation whereby the white-
cap coverage scales to the cube of the wind speed. A cubic wind speed
dependence for the transfer velocity, however, has only been verified
for a few field studies (e.g. Wanninkhof and McGillis, 1999; Kihm and
Körtzinger, 2010). Woolf (1997) proposed a relation of the transfer ve-
locity to wind speed, using a theoretical model including injection of air
bubbles in the bulk of the water. The importance of bubbles injection
from wave breaking to the gas transfer velocity has been suggested to
be inversely proportional to the gas solubility (Keeling, 1993; Asher
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et al., 1996; Woolf, 1997; Asher and Wanninkhof, 1998). However, the
transfer velocities for different gases have also shown to be highly sen-
sitive to void fraction and bubble distribution (Woolf, 1993;Woolf et al.,
2007) within the water column.

Here we use the eddy covariance (EC) method to directly measure
the air–sea gasflux of O2 and estimate a gas transfer velocity for oxygen.
Only few previous studies exists using atmospheric EC data for oxygen
(Andersson et al., 2014). Previous estimates of the gas transfer velocities
of oxygen have instead been made using a budget method (Kihm and
Körtzinger, 2010) or eddy covariance fluxes in water (McNiel and
d’Asaro, 2007). Kihm and Körtzinger (2010) found a stronger wind
speed dependence for the transfer velocity of O2 compared to promi-
nent parametrizations for CO2. However, for most cases the gas transfer
velocity of O2 is assumed to follow the samewind speed dependence as
other nonreactive gases with low solubility. We will here use three dif-
ferent types of data to estimate the transfer velocity for oxygen. In all
data sets the transfer velocities are determined from the measured EC
O2 flux. For data set 1 (cf. 4.1) and 2 (cf. 4.2) measured air–sea gradient
of oxygen are used in the computation of the transfer velocities, while
for period 3 the concept of PQ (Photosynthetic Quotient cf. 3.3) was ap-
plied to determine the oxygen concentration in water within the flux
footprint.

2. Theory

The air–sea flux, F, of a non-reactive gas such as O2 can be described
by

F ¼ k Cw−αCað Þ ð1Þ

where k is the transfer velocity, Cw denotes the gas concentration in the
bulk water, α the Ostwald solubility constant, and Ca the gas concentra-
tion in the air near thewater surface. This transfer efficiency is also com-
monly described in terms of the resistance R, which is inversely
proportional to k. The two-layer film model (Liss and Slater, 1974) de-

scribes the total resistance as the sum of the air resistance Ra and
water resistance Rw:

k−1 ¼ Ra þ Rw ¼ ka=αð Þ−1 þ εkwð Þ−1 ð2Þ

where ε denotes a chemical enhancement factor. For slightly soluble
gases such asO2 the transfer resistance is found in the aqueous sublayer,
and hence k≈ kw. Thewater-side resistance can then be divided into in-
dividual resistances describing each process.

Using Eq. (1) and solving for k gives a relationwhere the transfer ve-
locity is expressed by themeasured oxygen flux FO2

and the air–sea gra-
dient of the oxygen concentration:

kO2 ¼ FO2 Cw−αCað Þ−1 ð3Þ

The air–sea gradient can also be expressed in terms of air–sea differ-
ence in partial pressure ΔpO2, giving the following expression for kO2

:

kO2 ¼ FO2 K0ΔpO2ð Þ−1 ð4Þ

where K0 is the gas specific solubility constant. To compare kO2
values

measured at different locations with different temperature T and salin-
ity S, themeasured kO2

is normalizedwith respect to Schmidt number Sc.

k660 ¼ kO2 Sc=660ð Þ−1=2 ð5Þ

where k660 is the transfer velocity scaled to the Schmidt number of 660
(for CO2 at 20 °C in seawater). The Schmidt number describes the rate of
diffusion across the air–sea interface and is defined as the ratio of vis-
cous diffusion to the rate of mass diffusion (Wilke and Chang, 1955).
The in situ Schmidt number can be obtained from the measured tem-
perature and salinity using the empirical relation from Wanninkhof
(1992). For a liquid interface with waves, most models predict k to be
proportional to Sc−1/2. For gases of relatively low solubility, such as
O2, wave breaking and bubble-mediated transfer is suggested to play
a role also for Schmidt number coefficient.

3. Site and data analysis

3.1. Östergarnsholm

Themeasurements used in this study are taken at the Östergarnsholm site in the Baltic Sea. This station is located at 57°27′N, 18°59′E (Fig. 1). The
site has been running semi-continuously since 1995. The site includes a land-based 30-m tower with the base 1 ± 0.5 m above mean sea level, sit-
uated on the southern tip of a flat island in the Baltic Sea and mooring instruments mounted on a buoy 1 km SE of the tower.

The tower is equippedwith both slow response instrument for profiles and high frequency instruments for turbulent fluxes. Themooring instru-
ments consists of an SBE 37 SMP-IDO (Seabird Electronics Inc., Bellevue, Washington, USA) measuring dissolved oxygen concentration, oxygen sat-
uration, temperature, salinity and a SAMI-2 CO2 (Sunburst Sensors,Missoula,MO,USA)measuring thepartial pressure of CO2 andwater temperature,
both mounted at 4 m depth. The temperature recordings from the SBE 37 are used in the analysis. Since 2013 the mooring station is also equipped
with a temperature and conductivity profile system (Onset Computer Corp., Bourne, Massachusetts, USA) measuring at a depth of 0.5 m, 5 m, 10 m,
15mand 20mdepths. The bottom structure in the area is flatwith a typical depth of 20–25m, depending on sea surface level. Data from the site have
been used for numerous studies on varies aspects on air–sea interaction and gas exchange (e.g. Rutgersson and Smedman, 2010; Smedman et al.,
1999). The fluxes of momentum, sensible heat and latent heat are shown to represent open sea conditions for wind directions (WD)
80° b WD b 190° and coastal marine conditions for 200° b WD b 220° (Högström et al., 2008). The fluxes of CO2 are shown to represent open sea
conditions for wind direction 80° b WD b 160° (Rutgersson et al., 2008).

3.2. Atmospheric data

The high frequency oxygen data weremeasured at the height of 27mwith the commercially available optode systemMicrox TX3 in combination
with the sensor without optical isolation (PreSens, Precision Sensing GmbH, Regensburg, Germany). The eddy covariance system also included a
sonic anemometer CSAT3 (Campbell Scientific, North Logan, Utah, USA). TheMicrox TX3 together with the non-optical isolated sensor probe attains
a response time of about 0.5 s with a precision of 0.1% air saturation. The measured oxygen concentration are sensitive to temperature fluctuations.
With the thermistor connected the Microx TX3 compensate for temperature fluctuations on a temporal scale down to 20 s. The humidity and CO2

fluctuations are measured with a LICOR-7500 (LICOR-Inc., Lincoln, NE, USA) open-path analyzer. A seasonal cycle is observed for CO2 in the
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