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Abstract. In a pilot study conducted in October and
November 2011, air–sea gas transfer velocities of the two
sparingly soluble trace gases hexafluorobenzene and 1,4-
difluorobenzene were measured in the unique high-speed
wind-wave tank at Kyoto University, Japan. This air–sea in-
teraction facility is capable of producing hurricane strength
wind speeds of up tou10 = 67 ms−1. This constitutes the
first lab study of gas transfer at such high wind speeds.
The measured transfer velocitiesk600 spanned two orders of
magnitude, lying between 11 cmh−1 and 1180 cmh−1 with
the latter being the highest ever measured wind-induced gas
transfer velocity. The measured gas transfer velocities are in
agreement with the only available data set at hurricane wind
speeds (McNeil and D’Asaro, 2007). The disproportionately
large increase of the transfer velocities found at highest wind
speeds indicates a new regime of air–sea gas transfer, which
is characterized by strong wave breaking, enhanced turbu-
lence and bubble cloud entrainment.

1 Introduction

Ocean regions, where strong winds usually occur, play an im-
portant role in global CO2 budgets (seeBates et al., 1998).
Therefore, a better understanding of gas transfer at high wind
speed conditions is essential. Field measurements of air–sea
gas exchange velocities under hurricane wind speed condi-
tions are sparse due to the difficulties of sampling under ex-
treme wind conditions. During Hurricane Frances in 2004,
McNeil and D’Asaro(2007) measured three transfer veloci-
ties of O2 using unmanned floats at wind speeds larger than
25 ms−1, with the highest wind speed being 50.4 ms−1.

High wind speeds are associated with the presence of
breaking waves. Breaking waves enhance turbulence near
the water surface and generate spray and bubble plumes,
which increases gas fluxes (see for instanceMonahan and
Spillane, 1984, andFarmer et al., 1993). Breaking waves en-
hance gas transfer by several mechanisms: the water surface,
across which gas is transferred, is enlarged by waves, and
by breaking, waves enhance near-surface turbulence; bubbles
and spray provide a limited, mostly short-lived volume of
air or water associated with an additional surface area, over
which gas transfer can occur (Memery and Merlivat, 1985);
and by floating through air and water and bursting through
the water surface, bubbles and spray enhance turbulent mix-
ing near the water surface.

Wind-wave tanks provide an alternative to measurements
in the field. All the inconveniences and dangers associated
with measurements in the field during hurricane wind speed
conditions are virtually non-existent in a lab setup. Until now,
no gas exchange measurements had been performed in wind-
wave tanks at free-stream velocities larger than 20 ms−1.
The highest gas transfer velocity measured in fresh water
is 180 cmh−1, at a wind speed close to 20 ms−1 (Komori
and Shimada, 1995). Higher gas transfer velocities were only
measured during the WABEX-93 experiment (Asher et al.,
1995) in a freshwater surf pool without wind but with break-
ing waves. The highest measured gas transfer velocity mea-
sured in a laboratory, corrected to a Schmidt number of 600,
was 450 cmh−1 at a fractional whitecap coverage of 0.067
(Wanninkhof et al., 1995).

In late 2010 the first high-speed wind-wave facility be-
came available at Kyoto University with free-stream wind
speeds larger than 40 ms−1, opening up new experimental
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opportunities in the laboratory. It remains an open ques-
tion, however, whether high wind speed conditions can be
adequately simulated in laboratory facilities. This concerns
mainly the spatial scale of breaking waves and the deep in-
jection of bubbles with the resulting bubble dissolution flux
pathway. Therefore, it makes sense to perform first a pilot
study with limited effort to explore the feasibility of such ex-
periments. The results of such a pilot study are reported in
this paper.

2 Air–sea gas transfer

The net gas fluxj across the air–sea boundary is given as the
product of the gas transfer velocityk and the concentration
difference as

j = k1c = k(cw − αca), (1)

with the tracer’s air- and water-side concentrations,ca and
cw, respectively, and the tracer’s dimensionless solubilityα.

For a sparingly soluble tracer, a dependency of the transfer
velocity k on the water-sided friction velocityu∗, a measure
for momentum input into the water, is commonly assumed in
the form

k ∝ u∗Sc−n, (2)

with the tracer’s dimensionless Schmidt numberSc= ν/D,
the ratio between the kinematic viscosity of waterν and the
tracer’s diffusivity in waterD. The Schmidt number expo-
nentn is two thirds in the case of a smooth water surface
and one half for a rough and wavy surface. More thorough
derivations of Eq. (2) can be found inDeacon(1977), Coantic
(1986) andJähne et al.(1989).

Equation (2) can be used to compare the transfer velocities
of two tracers, A and B, under the same conditions in the
form of Schmidt number scaling,

kA

kB
=

(
ScA
ScB

)−n

. (3)

On the ocean, the gas transfer velocity depends on
many different factors such as wind speed, fetch, the pres-
ence of surface active material, and atmospheric stabil-
ity. Wind speed has been identified as the main forcing
factor. Many different empirical wind-speed–gas-transfer-
velocity parameterizations have been proposed in the last few
decades, for instanceLiss and Merlivat(1986), Wanninkhof
(1992), Nightingale et al.(2000), McGillis et al. (2001),
andWanninkhof et al.(2009). These were all developed in
the wind speed region below 15 ms−1, where most of them
agree reasonably well with each other. Extending these pa-
rameterizations to wind speeds observed in a hurricane (see
Fig. 1) paints a different picture with large deviations be-
tween the different parameterizations. At a wind speed of
50 ms−1, the deviations between the highest and the lowest
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Fig. 1. Some commonly used gas-transfer–wind-speed parameter-
izations in a double logarithmic plot. The insert shows the same,
but with linear axes. LM1986:Liss and Merlivat(1986), W1992:
Wanninkhof(1992), N2000:Nightingale et al.(2000), McG2001:
McGillis et al. (2001) and W2009:Wanninkhof et al.(2009). The
parameterization byMcNeil and D’Asaro(2007) (McN2007) is the
only one developed for hurricane wind speeds.

predicted transfer velocity is more than one order of magni-
tude. This highlights the very limited applicability of gas-
transfer–wind-speed parameterizations in hurricane condi-
tions. The only parameterization available for hurricane wind
speeds byMcNeil and D’Asaro(2007), who measured gas
transfer velocities during Hurricane Frances, is also shown
in Fig. 1.

At high wind speeds, breaking waves generate spray and
bubbles. Gas transfer due to single bubbles is well stud-
ied experimentally (see for instanceMori et al., 2002, and
Vasconcelos et al., 2002) as well as in models (seeMemery
and Merlivat, 1985). The impact of spray on the gas exchange
velocity, however, has not been well studied. In most models
of gas exchange at high wind speeds, the effects of break-
ing waves, spray and bubble clouds are combined into the
breaking-wave-mediated transfer velocity,kb. Then it is as-
sumed that the total gas transfer velocityk can be split up
into direct transfer through the surfaceks and the breaking-
waves-mediated transfer velocitykb,

k = ks+ kb, (4)

(see Merlivat and Memery, 1983). Examples of param-
eterizations ofkb can be found inKeeling (1993) and
Asher et al.(1996). More complex models are available (see
for instanceWoolf et al., 2007). All of the models of gas
transfer at high wind speeds have in common that the gas ex-
change of a specific tracer not only depends on the Schmidt
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number but also on the solubility. Assuming tracers with the
same Schmidt number, the transfer velocity due to breaking
waves in these empirical models is higher for the tracer with
the lower solubility.

3 Method

Classical evasion experiments (see for instanceJähne et al.,
1979) were conducted in this study. In an evasion experi-
ment, the decrease in concentration of a tracer, mixed into the
water before the start of the experiment, is monitored over
time. The simple approach described inJähne et al.(1979)
must be slightly modified and adapted to the Kyoto high-
speed wind-wave tank to accommodate for water lost from
the system due to spray.

Under the condition of a negligible air-side concentration
αca ≈ 0, and small solubilityα, as well as the choice of
a tracer that is not in the water used to replace the water lost
due to spray, the mass balance for a tracer on the water side
is found to be

Vwċw = −(Ak + V̇w)cw. (5)

In this equation, the mass of the tracer in the water is ex-
pressed using the water-side concentrationcw. A denotes the
water surface area,Vw the total water volume, anḋVw is the
rate of water inflow to replace water lost from the flume due
to spray being blown out of the tank. The Kyoto high-speed
wind-wave tank is an open facility, meaning fresh ambient
air is blown over the water surface once and then removed
from the system. Choosing a tracer that is not present in am-
bient air, the condition of a negligible air-side concentration
αca ≈ 0, can be met.

Equation (5) can be easily solved,

cw(t) = cw(0) · exp

(
−

(
k ·

A

Vw
+

V̇w

Vw

)
· t

)
, (6)

with cw(0) being the water-side concentration at timet = 0.
The time constantτ of this equation is defined as

1

τ
:= k ·

A

Vw
+

V̇w

Vw
. (7)

This time constantτ is acquired from an exponential fit of
Eq. (6) to the time series of measured concentrations. The
water volumeVw, the water surface areaA, as well as the
leak rateλ = V̇w/Vw are known or measured during an ex-
periment. The transfer velocity can then be calculated as

k =

(1

τ
− λ

)
·
Vw

A
. (8)

Fig. 2.Schematic view of the flume section of the Kyoto high-speed
wind-wave tank. Not shown is the radial fan producing the wind
(left side). The red cross marks the approximate sampling position.

4 Experiments

4.1 Tracers

The tracers were chosen such that their diffusivity in water,
and thus their Schmidt numbers, were similar, while their sol-
ubility differed. Because UV absorption spectroscopy was
used to measure tracer concentrations, tracers were chosen
which exhibit a high extinction coefficient in the UV range
as well as distinctly different spectra . To keep the mass bal-
ance described in Sect.3 simple, the tracers were required
to be absent from the ambient air, as well as absent in the
tap water. The tracers chosen by these criteria were hexaflu-
orobenzene (HFB) and 1,4-difluorobenzene (DFB). Table1
lists properties of the tracers as well as carbon dioxide as
a reference.

4.2 Experimental setup

4.2.1 The Kyoto high-speed wind-wave tank

The Kyoto high-speed wind-wave tank has a linear flume
shape (see Fig.2). The water flume is 80 cm wide, has a total
length of 15.7 m with 12.9 m being exposed to the wind. The
total height is 1.6 m, with up to 0.8 m being filled with tap
water. The wind is generated by a radial fan. The maximum
wind speed that can be reached isu10 = 67.1 ms−1. Before
the wind enters the air side of the tank, it passes through
a honeycomb structure to minimize large eddies. The air is
taken from the room surrounding the wind-wave tank and
guided out of the building after it has been blown over the
water.

There is an external water tank available that holds up to
7 m3 of water, which is connected to the wind-wave flume by
two pipes: one pump draws the water out at the downwind
end of the flume and into the water tank, and another pump
draws the water out of the tank and into the upwind end of
the wind-wave flume. For all lower wind speed settings, the
amount of water coming out of the lab’s water supply lines is
sufficient to replace the water lost due to spray. At the highest
wind speed setting, the external tank was used as a buffer
to keep the water level constant inside the wind-wave tank.
Trace gases can be mixed into the water by operating both
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Table 1. Molar mass, solubility, diffusivity in water and Schmidt
numbers of the tracers hexafluorobenzene (HFB) and 1,4-
difluorobenzene (DFB) for a temperature of 20◦C. Also shown is
CO2 for comparison.

Name M α at 20◦C D Sc
g mol−1 10−5cm2s−1

HFB 186.1 1.0a 0.736d 1360e

DFB 114.1 3.08b 0.815d 1225e

CO2 44.01 0.83c 1.68f 601f

a calculated from mole fraction solubility fromFreire et al.(2005) and vapor
pressure fromAmbrose et al.(1990). b Yaws and Yang(1992).
c Young(1981). d Yaws(1995). e calculated from diffusion coefficients taken
from Yaws(1995) and water viscosity taken fromKestin et al.(1987).
f Jähne et al.(1987).

pumps and thus cycling the water between the external tank
and the wind-wave flume.

4.2.2 Concentration measurement

Tracer concentrations in the water were monitored using UV
absorption spectroscopy. Water was sampled at a fetch of
about 6.5 m at a water height of approximately 35 cm with
a rate of 7 to 10 Lmin−1. The approximate sampling loca-
tion is marked in Fig.2. Because air bubbles generated by
breaking waves would have scattered the light out of the UV
spectroscopic measuring cell, it was decided to not spectro-
scopically analyze the water directly, but to equilibrate the
water with a small parcel of air first, and analyze this air. The
water extraction and equilibration setup is shown in Fig.3. A
membrane equilibrator called an oxygenator (Jostra Quadrox
manufactured by Maquet, Hirrlingen, Germany) was used to
equilibrate the water with the air. Because of the large inner
surface of the device in relation to its water volume, the time
constant for gas equilibration is very fast. Measurements per-
formed byKrall (2013, pp. 56–57) show that the response on
a step concentration change of hexafluorobenzene has a time
constant between 1.2 and 1.3 min. Because of its higher sol-
ubility, the time constant for difluorobenzene should be even
faster. Thus the time constant of the gas equilibrator is about
five times faster than the shortest e-folding time of hexaflu-
orobenzene gas exchange, which was 6.6 min at the highest
wind speed. Therefore, the measured gas transfer velocities
are not biased by a limited time constant of the gas equilibra-
tor.

Air is cycled around the closed air loop at a rate of about
150 mLmin−1. During the measurements, the valves were set
such, that no outside air could enter or leave the air loop. Dur-
ing preparation of the experiment, the valves allowed sam-
pling of ambient air to estimate the background. In addition,
the water temperature was monitored.

The gas sampling cell is made of a 1 m-long quartz glass
tube with an inner diameter of 3 mm. Light produced by
a deuterium lamp enters the tube through a quartz glass lens

water
pump

sampling
cell

air
pump

oxygenator

to the 
wind-wave-tank

air tubes

water hoses

50µm 
particle 

filter

temperature
sensor

valves

vent ambient 
air

Fig. 3. Gas extraction setup. Water pumped from the wind-wave
tank is equilibrated with air using an oxygenator. The air is contin-
uously cycled between the oxygenator and the UV-spectroscopic
measuring cell. The valves allow background sampling and are
closed during measurements.

with a focal length of 5 cm and a quartz glass window. It
leaves the measuring cell through another quartz glass win-
dow and lens to be focused on a glass fiber. This glass fiber
is connected to a UV spectrometer (Maya2000 Pro by Ocean
Optics, Dunedin, USA). This spectrometer can resolve wave-
lengths from 190.5 to 294.1 nm with a resolution of approx-
imately 0.05 nm. About one spectrum was acquired per sec-
ond.

During data evaluation, one absorbance value per tracer
is calculated from each spectrum in a process described in
detail in Krall (2013). Beer’s law states that the absorbance
A of a tracer is directly proportional to the concentration in
the measured air parcel,ca. According to Henry’s law, the
air-side concentration is proportional to the water-side con-
centrationcw; thus A ∝ ca ∝ cw. Because only the change
in concentration over time is relevant to measure the gas
transfer velocity (see Eqs.6 and8), no absolute calibration
that converts absorbance into the water-side concentrations
is needed. Equation (6) can then be converted into the form

cw(t)

cw(0)
=

A(t)

A(0)
= exp

(
−

t

τ

)
, (9)

with the time constantτ that is needed to calculate the gas
transfer velocities (see Eq.8).

4.3 Experimental conditions

A total of 21 experiments at nine different fixed wind speeds
were performed. The wind generator’s rotational frequency
ffan was set and kept constant for each condition. The free-
stream wind speeduinf , the air-sided friction velocityu∗ as

Ocean Sci., 10, 257–265, 2014 www.ocean-sci.net/10/257/2014/



K. E. Krall and B. Jähne: Air–sea gas exchange at hurricane wind speeds 261

 5

 10

 25

 50

 100

 250

 500

 900

 5  10  25  50  100  250  500  900

m
ea

su
re

d 
tr

. v
el

. k
m

ea
s 

[c
m

/h
]

predicted tr. vel. kpred [cm/h]

HFB
DFB

kpred=kmeas

Fig. 4.Measured transfer velocitieskmeasfor HFB and DFB as well
as the transfer velocitieskpredpredicted by Eq. (2) in a double log-
arithmic plot.

well as the wind speed at a height of 10 mu10, which is com-
monly used as a reference, were not measured during the pre-
sented campaign, but taken from a table kindly provided by
the Japanese colleagues. The wind speed at a height of 10 m
u10 was extrapolated from the measured friction velocityu∗

and free-stream wind speed using a logarithmic wind pro-
file. Water heighthw was measured at the wind inlet before
and after each experiment with no wind and no waves. Typi-
cally, both water height values differed by no more than 1 %.
This ensured that the rate of inflowing waterV̇w was equal
to the amount of water lost due to spray as required by the
method (see Sect.3). The conditions used are listed in Ta-
ble 2. Transfer velocities of both tracers were measured in
parallel in each of the experiments, with the exception of one
experiment atffan = 600, where only the absorbance time
series of DFB could be evaluated.

5 Results

5.1 Comparison with gas exchange model and
field measurements

A total of 41 transfer velocities were measured, 21 of which
for DFB and 20 for HFB. Figure4 shows the measured
transfer velocities for both tracers versus the transfer ve-
locities predicted by Eq. (2). The momentum transfer resis-
tance parameterβ was assumed to be 6.7 (seeKrall, 2013).
The Schmidt number exponent was chosen to ben = 0.5 at
medium to high wind speeds. However, to compensate for the
smooth water surface visually observed at low fetches during
the two lowest wind speeds of 7 ms−1 and 12.1 ms−1, the ex-
ponent was set to a value of 0.55.
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Fig. 5.Measured transfer velocities for HFB and DFB, compared to
the data and parameterization byMcNeil and D’Asaro(2007), all
scaled to a Schmidt number of 600, in a double logarithmic plot.

For the low friction velocities of up tou∗ < 6 cms−1,
which corresponds to a wind speed ofu10 < 35 ms−1, and
transfer velocities around 80 cms−1, the measured transfer
velocities agree well with the transfer model’s prediction. At
higher wind speeds, the measured transfer velocities exceed
the ones expected from Eq. (2) by up to around 340 % (HFB)
and 220 % (DFB).

Figure5 shows the transfer velocities, scaled to a Schmidt
number of 600 using Schmidt number scaling (Eq.3) in com-
parison with the data byMcNeil and D’Asaro(2007) ac-
quired on the open ocean, including their proposed param-
eterization. Within the margin of errors, both data sets agree
surprisingly well.

This does not mean that it is possible to transfer these lab-
oratory data directly to the field. The conditions are too dif-
ferent: fresh water was used instead of sea water, the scales
of the short-fetch waves in the laboratory are much smaller
than at sea, and deep injection of bubbles and the resulting
bubble dissolution flux pathway does not occur with a mean
water depth of only 0.80 m.

Strictly speaking, scaling to a Schmidt number of 600 is
also not correct, because Schmidt number scaling only ap-
plies to the transfer across the free-water interface. The dif-
ferent bubble mediated processes scale in a different way,
with the tracer’s solubility becoming the second key parame-
ter. It can be expected that the applied scaling somewhat un-
derestimates the oxygen–nitrogen-based gas exchange mea-
surements ofMcNeil and D’Asaro(2007), because these two
gases have much lower solubility. Given the limited experi-
mental data from the pilot experiment, it is still the best that
can be done. The resulting uncertainty of this approach is
probably not larger than the error bars of the field measure-
ments fromMcNeil and D’Asaro(2007) (Fig. 5).
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Table 2.Experimental conditions used at the Kyoto high-speed wind-wave tank.ffan is the frequency of the wind-generating fan,u∗ is the
friction velocity,uinf denotes the free-stream velocity, andu10 is the wind speed at 10 m height.V̇w is the leak rate. The number of repetitions
of each of the conditions is labeled withn. One free-stream velocityuinf was not measured (n.m.).

ffan u∗ uinf u10 V̇w
rpm cm s−1 m s−1 m s−1 L min−1 n notes

100 0.836 4.72 7.0 0 3
150 1.50 10.36 12.1 0 1
200 2.34 10.29 16.7 0 2
250 3.10 n.m. 23.75 0 1
300 5.19 16.26 29.8 0 3
400 7.24 22.17 40.7 0 3
500 8.23 28.47 48.0 3.5 2
600 9.37 34.75 56.4 14.5 4 only three experiments evaluable for HFB
800 11.5 43.29 67.1 192 2 Vw decreased, external tank used

One important conclusion can be drawn nevertheless: if
one of the dominant pathways for gas transfer induced by
breaking waves were missing in the laboratory experiment,
the gas transfer velocities measured there would be signif-
icantly smaller than those measured in the field. The ex-
perimental data indicate that this is not the case. This en-
courages further, more detailed wind-wave tunnel experi-
ments, because it is likely that the more important processes
are adequately captured in the Kyoto high-speed wind-wave
tank. More specifically, this suggests – but still needs to be
proven – that the bubble dissolution flux pathway may be not
the dominant mechanism at these high wind speeds.

5.2 Enhancement at highest wind speeds

Vlahos and Monahan(2009) andVlahos et al.(2011) present
measured transfer velocities of dimethyl sulfide (DMS),
which show a decrease in the gas transfer velocity when bub-
ble clouds are present at high wind speeds. For both trac-
ers used in this study, this decrease was not observed. Up to
a wind speed of 35 ms−1, the gas transfer velocity is roughly
proportional tou1.1

10 . For higher wind speeds, the proportion-
ality changes tok ∝ u3

10 for DFB andk ∝ u3.6
10 for HFB (see

Fig. 6). This clearly indicates the start of a new regime of
air–sea gas exchange starting at around 35 ms−1. In order to
compare the theory of Vlahos with our experimental data and
to estimate the DMS transfer velocity, it would be necessary
to know the total surface of bubbles submerged by breaking
waves in relation to the surface area of the facility. These data
are not available from this pilot experiment. All that can be
said is that difluorobenzene and hexafluorobenzene are flat
symmetrical molecules with certainly a much lower surface
activity than DMS. Thus it is neither possible to verify nor to
dismiss the theory of Vlahos.

At the highest wind speeds, the transfer velocity of HFB
increases stronger than the one of DFB, as indicated by the
different slopes in Fig.6. To quantify this, an enhancement
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factorEf can be defined by

Ef :=
k600,HFB − k600,DFB

k600,DFB
· 100 %. (10)

Figure 7 shows the enhancement factorEf , averaged on
a condition basis. Up to a wind speed of around 40 ms−1,
no enhancement is observed. Above 40 m s−1, however, the
transfer velocity of HFB is up to 40 % larger than that of DFB
with a clear wind speed dependence. This enhancement is ex-
pected from bubble models (see Sect.2), with the less soluble
tracer HFB (α = 1.0 at 20◦C) having larger transfer veloci-
ties than the slightly higher soluble tracer DFB (α = 3.08 at
20◦C).

The tracers used in this pilot study span only a small frac-
tion of the Schmidt number – solubility parameter space,
(Fig. 8). In particular, gases with low solubilities are missing

Ocean Sci., 10, 257–265, 2014 www.ocean-sci.net/10/257/2014/



K. E. Krall and B. Jähne: Air–sea gas exchange at hurricane wind speeds 263

-30
-20
-10

 0
 10
 20
 30
 40
 50
 60

 6  8  10  15  20  30  40 50 65 80

en
ha

nc
em

en
t f

ac
to

r 
E

f [
%

]

 wind speed u10 [m/s]

Ef = 0

Fig. 7.Mean enhancement of the transfer velocity of HFB over that
of DFB, both scaled to a Schmidt number of 600. AnEf of 0 means
no enhancement.

where bubble-mediated gas transfer can be expected to be
even higher. In addition, no bubble density spectra are avail-
able. Therefore, a more detailed analysis would make no
sense and is omitted in this paper. With such limited data,
any model on bubble-mediated gas transfer can be fitted to
the data (Krall, 2013) with the result that no conclusive state-
ments are possible. In particular any extrapolation to a gas
with lower or higher solubility than the tracers used in this
study is highly speculative and very likely incorrect.

6 Conclusions and outlook

The transfer velocities at hurricane strength wind speeds
were found to be extremely high. The measured transfer ve-
locities were found to be in agreement with the only other
data set of gas transfer at extreme wind speeds (McNeil
and D’Asaro, 2007). In wind speeds higher than around
35–40 ms−1, where frequent large-scale wave breaking with
bubble entrainment and spray generation occurs, the corre-
lation between gas transfer velocities and wind speed was
found to become steeper, indicating a new regime of air–
sea gas exchange. The steepness of the relationship between
the gas transfer velocity and the wind speed could be linked
to the solubility of the tracer. The lower the solubility, the
higher the transfer velocities measured.

The results of this pilot study confirm that it is possible to
measure realistic air–sea gas exchange velocities in a wind-
wave tank at hurricane wind speeds with the method de-
scribed in this paper. However, due to the aforementioned
limitations in solubility and Schmidt number, a physical in-
terpretation as well as physics-based modeling will have to
be suspended until detailed measurements of bubble and
spray densities and of turbulence have been conducted. For
a detailed and robust parameterization, it is also required
to perform experiments with many tracers simultaneously,
which cover the largest possible range of solubilities and
Schmidt numbers. If these requirements are met, it would be
highly possible to estimate gas transfer velocities at sea from
laboratory measurements.
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Appendix A

Measured transfer velocities

TableA1 summarizes all measured experimental data: fric-
tion velocity, wind speed, mean water temperature, as well
as both tracer’s transfer velocities and Schmidt numbers.

Table A1. Transfer velocitiesk (not scaled toSc= 600) measured in the Kyoto high-speed wind-wave tank for tracers 1,4-difluorobenzene
(DFB) and hexafluorobenzene (HFB) and their respective uncertainties1k. “n.m.” means not measured. The wind speedu10 and water-
sided friction velocityu∗, kindly provided by the Japanese colleagues, are also given.T denotes the mean water temperature during the
measurement. Schmidt numbersScof the tracers at this temperature are also shown.

Date u∗,w u10 kHFB 1kHFB kDFB 1kDFB T

(yyyy/mm/dd) cm s−1 m s−1 cm h−1 cm h−1 cm h−1 cm h−1 ◦C ScHFB ScDFB n

2011/10/27 9.38 56.4 369.5 14.8 332.1 12.8 17.5 1555 1403 0.5
2011/10/28 7.25 40.7 120.4 7.2 113.5 3.6 17.1 1590 1434 0.5
2011/10/28 9.38 56.4 415.3 23.3 299.2 14.0 17.1 1590 1434 0.5
2011/10/31 2.34 16.7 29.35 1.67 31.40 1.00 18.3 1489 1344 0.5
2011/10/31 8.23 48.0 222.8 9.4 196.9 8.6 17.5 1555 1403 0.5
2011/11/02 5.19 29.8 72.77 2.75 74.86 2.8 19.9 1367 1234 0.5
2011/11/02 8.23 48.0 193.6 6.7 173.0 5.8 18.5 1473 1329 0.5
2011/11/04 0.84 7.0 11.80 0.56 10.84 0.42 19.5 1396 1260 0.55
2011/11/04 9.38 56.4 373.1 19.5 318.1 11.4 19.2 1419 1280 0.5
2011/11/08 5.19 29.8 63.86 2.58 58.13 1.75 17.0 1598 1442 0.5
2011/11/10 11.5 67.1 726.2 92.6 505.3 60.7 17.25 1577 1422 0.5
2011/11/11 9.38 56.4 n.m. n.m. 299.9 9.7 17.25 1577 1422 0.5
2011/11/14 0.84 7.0 6.77 2.18 7.90 0.65 17.0 1598 1442 0.55
2011/11/15 7.25 40.7 132.4 5.9 134.7 4.8 16.2 1671 1507 0.5
2011/11/16 2.34 16.7 30.5 1.1 26.98 1.0 14.5 1837 1657 0.5
2011/11/16 7.25 40.7 114.9 6.2 133.1 5.3 13.25 1973 1779 0.5
2011/11/17 1.50 12.1 13.1 1.4 15.29 0.48 14.1 1880 1695 0.55
2011/11/17 3.10 23.7 42.3 5.3 45.37 3.71 13.3 1967 1774 0.5
2011/11/18 0.84 7.0 7.75 0.65 7.42 0.34 14.15 1874 1690 0.55
2011/11/19 5.19 29.8 55.6 2.8 55.59 2.8 15.2 1766 1593 0.5
2011/11/19 11.5 67.1 671.7 45.0 543.6 34.2 17.25 1577 1422 0.5
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