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Abstract

In a pilot study conducted in October and November 2011, air-sea gas trans-
fer 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 interaction facility is capable of producing hurricane
strength wind speeds of up to uyq = 67 ms~'. This constitutes the first lab study of gas
transfer at such high wind speeds. The measured transfer velocities kgo, spanned two
orders of magnitude, lying between 11 cm h~' and 1180cmh™" 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 dataset at hurricane wind speeds
(McNeil and D’Asaro, 2007). The disproportionately large increase of the transfer ve-
locities found at highest wind speeds indicates a new regime of air-sea gas transfer,
which is characterized by strong wave breaking, enhanced turbulence and bubble cloud
entrainment. It was found that tracers spanning a wide range of solubilities and diffu-
sivities are needed to separate the effects of enhanced surface area and turbulence
due to breaking waves from the effects of bubble and spray mediated gas transfer.

1 Introduction

Ocean regions, where strong winds usually occur, play an important role in global CO,
budgets, see Bates 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 conditions are sparse due to difficulties of sam-
pling under extreme wind conditions. During hurricane Frances in 2004, McNeil and
D’Asaro (2007) measured three transfer velocities of O, using unmanned floats at wind
speeds larger than 25 ms™", with the highest wind speed being 50.4 ms™.
High wind speeds are associated with the presence of breaking waves. These en-

hance turbulence near the water surface and generate spray and bubble plumes, which
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increases gas fluxes, see for instance Monahan and Spillane (1984) and Farmer et al.
(1993). Breaking waves enhance gas transfer by several mechanisms. The water sur-
face, 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 mixing
near the water surface.

Wind-wave tanks provide an alternative to measurements in the field. All the incon-
veniences and dangers associated with measurements in the field during hurricane
wind speed conditions are virtually non-existent in a lab setup.

2 Air-sea gas transfer

The gas transfer velocity k, along with the net gas flux j, is commonly used to describe
the gas transfer process across the air—sea boundary

j=kAc=k(c, - acy) (1)

with the tracer’s air and water side concentrations, ¢, and c,, respectively, and the
tracer’s dimensionless solubility a.

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

koxu,Sc™" (2)

with the tracer’s dimensionless Schmidt number Sc = v/D, the ratio between the kine-

matic viscosity of water v and the tracer’s diffusivity in water D. The Schmidt number

exponent nis 2/3 in the case of a smooth water surface and 1/2 for a rough and wavy
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surface. More thorough derivations of Eq. (2) can be found in Deacon (1977); Coantic
(1986) and Jahne 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 _ (Sca\™" 3)
ks \Scg/)

On the ocean, the gas transfer velocity depends on many different factors such as
wind speed, fetch, the presence of surface active material and atmospheric stability.
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
decades, for instance Liss and Merlivat (1986); Wanninkhof (1992); Nightingale et al.
(2000); McGillis et al. (2001); Wanninkhof et al. (2009). These were all developed in
the wind speed region below 15 ms™', where most of them agree reasonably well with
each other. Extending these parameterizations to wind speeds observed in a hurri-
cane, see Fig. 1, paints a different picture with large deviations between the different
parameterizations. At a wind speed of 50 ms_1, the deviations between the highest
and the lowest predicted transfer velocity is more than one order of magnitude. This
highlights the very limited applicability of gas transfer — wind speed parameterizations
in hurricane conditions. The only parameterization available for hurricane wind speeds
by McNeil 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 studied experimentally, see for instance Mori et al. (2002) and
Vasconcelos et al. (2002), as well as in models, see Memery and Merlivat (1985). The
impact of spray on the gas exchange velocity, however, is not studied well. In most
models of gas exchange at high wind speeds, the effects of breaking waves, spray
and bubble clouds are combined into the breaking waves mediated transfer velocity,
ky,. Then it is assumed, that the total gas transfer velocity k can be split up into direct
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transfer through the surface k; and the breaking mediated transfer velocity k),
k = kg + ki, (4)

see Merlivat and Memery (1983). The breaking waves part of the transfer velocity k,
is usually parameterized using the whitecap coverage parameter, which describes the
percentage of the total water surface area covered in whitecaps. Examples of param-
eterizations of k, can be found in Keeling (1993) and Asher et al. (1996). More com-
plex, but still partially empirical models are also available, see for instance Woolf et al.
(2007). All of the models of gas transfer at high wind speeds have in common, that the
gas exchange of a specific tracer does not only depend on the Schmidt 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 instance Jahne et al. (1979), were conducted in
this study. In an evasion experiment, 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 in Jahne 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 ac, ~ 0, and small solubility
a, 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 in the water side is found to be

V,,6y = —(Ak + V,,)c,.- (5)

In this equation, the mass of the tracer in water is expressed using the water side
concentration ¢,,. A denotes the water surface area, V,, the total water volume and V,,
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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 ambient air, the condition of a negligible
air side concentration ac, ~ 0, can be met.

Equation (5) can be easily solved,

v
cu(t) = ¢,(0)-exp (- <k- vi + 7W> ~t> , (6)

with ¢,,(0) being the water side concentration at time t = 0.
The time constant 7 of this equation is defined as

1 =k- A + ﬁ (7)
T Vo Vau

This time constant 7 is acquired from an exponential fit of Eq. (6) to the time series of
measured concentrations. The water volume V,,, the water surface area A, as well as
the leak rate 1 = VW/ V,, are known or measured during an experiment. The transfer
velocity can then be calculated as

k= (1o) 8
-(5-1) % ©

4 Experiments
4.1 Tracers

The tracers were chosen such that their diffusivity in water, and thus their Schmidt num-
bers, were similar, while their solubility differed. Because UV absorption spectroscopy
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was used to measure tracer concentrations, tracers which exhibit a high extinction co-
efficient in the UV range as well as distinctly different spectra were chosen. To keep the
mass balance described in Sect. 3 simple, the tracers were required to not be present
in ambient air, as well as not present in the tap water. The tracers chosen by these
criteria were hexafluorobenzene (HFB) and 1,4-difluorobenzene (DFB). Table 1 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 12.9m 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 is
Uy =67.1 ms~'. Before the wind enters the air side of the tank, it is passing through
a honeycomb structure to minimize large eddies. The air is taken from the room sur-
rounding the wind-wave tank and guided out of the building after it was blown over the
water.

There is an external water tank available that holds up to 7m® of water, which is
connected to the wind-wave flume by two pipes. A 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 pumps and thus cycling the water
between the external tank and the wind-wave flume.
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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 35cm
with a rate of 7 to 10Lmin~". The approximate sampling location 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 chosen to not spectroscopically 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. In Krall (2013), the perfor-
mance and applicability of the oxygenator setup is validated from geometrical consid-
eration as well as test experiments. Air is cycled around the closed air loop at a rate
of about 150 mLmin~". During the measurements, the valves were set such, that no
outside air could enter or leave the air loop. During preparation of the experiment, the
valves allowed sampling 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 diam-
eter of 3mm. Light produced by a deuterium lamp enters the tube through a quartz
glass lens with focal length of 5cm and a quartz glass window. It leaves the measur-
ing cell through another quartz glass window 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 wavelengths from 190.5 nm to 294.1 nm
with a resolution of approximately 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, c,. According to Henry’s law, the air side concentration is proportional to the
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water side concentration ¢, thus A« ¢, « ¢,,. Because only the change in concentra-
tion over time is relevant to measure the gas transfer velocity, see Eqgs. (6) and (8),
no absolute calibration that converts absorbance into the water side concentrations is
needed. Equation (6) can then be converted into the form

¢, (1) AD _ oo ( t)

6u(0) ~ A0)

with the time constant 7 that is needed to calculate the gas transfer velocities, see
Eq. (8).

4.3 Experimental conditions

T

9)

A total of 21 experiments at 9 different fixed wind speeds were performed. The wind
generator’s rotational frequency f,, was set and kept constant for each condition. The
free stream wind speed u,.;, the air sided friction velocity u, as well as the wind speed
at a height of 10m v,y that is commonly used as a reference were not measured
during the presented campaign, but taken from a table kindly provided by the Japanese
colleagues. Water height h, was measured at the wind inlet before and after each
experiment with no wind and no waves. Typically, both water height values differed
by no more than 1%. This ensured that the rate of inflowing water VW 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 Table 2. Transfer velocities of both tracers were measured
in parallel in each of the experiments, with the exception of one experiment at £,,=600,
where only the absorbance time series of DFB could be evaluated.
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5 Results
5.1 Comparison with the gas exchange model and previous measurements

A total of 41 transfer velocities were measured, 21 of which for DFB and 20 for HFB.
Figure 4 shows the measured transfer velocities for both tracers vs. the transfer ve-
locities predicted by Eq. (2). The momentum transfer resistance parameter G was as-
sumed to be 6.7, see Krall (2013). The Schmidt number exponent was chosen to be
n= 0.5 at medium to high wind speeds. However, for the two lowest wind speeds of
7ms™ ' and 12.1ms™" the exponent was set to a value of 0.55, to compensate for the
smooth water surface visually observed at low fetches during this wind speed condi-
tions. For the low friction velocities of up to u, < 6.cm s™', which corresponds to a wind
speed of uyy < 35 ms~" and transfer velocities around 80cms™", the measured trans-
fer 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).

Figure 5 shows the transfer velocities, scaled to a Schmidt number of 600 using
Schmidt number scaling (Eq. 3) in comparison with the data by McNeil and D’Asaro
(2007) acquired on the open ocean, including their proposed parameterization. Within
the margin of errors, both data sets agree surprisingly well.

5.2 Enhancement at highest wind speeds

Vlahos et al. (2011) present measured transfer velocities of dimethylsulfide (DMS),
which show a decrease in the gas transfer velocity when bubble clouds are present at
high wind speeds. For both tracers used in this study, this decrease is not observed.
Up to a wind speed of 35 ms™', the gas transfer velocity is roughly proportional to u}&; .
For higher wind speeds, the proportionality changes to k « u130 for DFB and k o u13(')6
for HFB, see Fig. 6. This clearly indicates the start of a new regime of air sea gas
exchange starting at around 35 ms™'.
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At 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
factor E; can be defined by

_ k600,HFB - k600,DFB

E = x 100 %. (10)

kGOO,DFB

Figure 7 shows the enhancement factor E;, averaged on a condition basis. Up to a wind
speed of around 40 ms'1, no enhancement is observed. Above 40 ms’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 expected from bubble models, see Sect. 2, with
the less soluble tracer HFB (a = 1.0 at 20 °C) having larger transfer velocities than the
slightly higher soluble tracer DFB (a = 3.08 at 20 °C).

6 Conclusions

The transfer velocities at hurricane strength wind speeds were found to be extremely
high. The measured transfer velocities 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 3540 ms~', where frequent large scale wave break-
ing with bubble entrainment and spray generation occurs, the correlation 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 tracers used in this pilot study spanned only a small fraction of the Schmidt
number — solubility parameter space, see Fig. 8. Because the covered parameter space
is so small, general statements, applicable to all of the solubility and Schmidt number
range would be highly speculative and is therefore omitted in this paper.
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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 described in this paper. However, due to the mentioned limitations in solubil-
ity and Schmidt number, a physical interpretation as well as physics based modeling
will have to be suspended until further measurements with more tracers and detailed
measurements of bubble and spray densities and of turbulence have been conducted.
Choosing tracers covering the whole range of possible solubilities and Schmidt num-
bers is expected to expand the understanding of the processes involved in air—sea gas
exchange at highest wind speeds. Partitioning the transfer velocity into a part due to
enhanced turbulence at the water surface, and spray and bubble mediated gas transfer
seems feasible in future studies at the Kyoto High-Speed Wind-Wave Tank.

Appendix A

Measured transfer velocities

Table A1 shows all measured transfer velocities, as well as mean water temperatures
and Schmidt numbers of both tracers.
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Table 1. Molar mass, solubility, diffusivity in water and Schmidt numbers of the tracers hexafluo-
robenzene (HFB) and 1,4-difluorobenzene (DFB) for a temperature of 20 °C. Also shown is CO,
for comparison. [1]: calculated from mole fraction solubility from Freire et al. (2005) and vapor
pressure from Ambrose et al. (1990). [2]: Yaws and Yang (1992). [3]: Young (1981). [4]: Yaws
(1995) [5]: calculated from diffusion coefficients taken from Yaws (1995) and water viscosity
taken from Kestin et al. (1987). [6]: Jahne et al. (1987).

Name M a at20°C D Sc
g mol™ 10~°cm?s™’
HFB 186.1 1.0 0.736 1360"
DFB 114.1 3.08% 0.815 12250
CO,  44.01 0.83! 1.68°! 601
1986
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Table 2. Experimental conditions used at the Kyoto High-Speed Wind-Wave Tank. £, is the
frequency of the wind generating fan, u, is the friction velocity, u,; denotes the free stream
velocity, and v, is the wind speed at 10 m height. V,, is the leak rate. The number of repetitions
of each of the conditions is labeled with N. One free stream velocity u,; was not measured

(n.m.).

fian u, Upng Uso V., N notes

rom cm s ms?' ms' Lmin™

100 0.836 4.72 7.0 0 3

150 1.50 10.36 12.1 0 1

200 234 1029 16.7 0 2

250 3.10 n.m. 23.75 0 1

300 5.19 1626 29.8 0 3

400 7.24 2217 407 0 3

500 8.23 28.47 48.0 3.5 2

600 937 3475 564 14.5 4 only 3 experiments evaluable for HFB

800 11.5 4329 67.1 192 2 V,, decreased, external tank used
1987

Jaded uoissnosiq

Jaded uoissnosiq

L

Jaded uoissnosiq | Jaded uoissnosiq

il

OSD
10, 1971-1996, 2013

Air-sea gas
exchange at
hurricane wind
speeds

K. E. Krall et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/10/1971/2013/osd-10-1971-2013-print.pdf
http://www.ocean-sci-discuss.net/10/1971/2013/osd-10-1971-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table A1. Transfer velocities k (not scaled to Sc =600) measured in the Kyoto High-Speed
Wind-Wave Tank for tracers 1,4-difluorobenzene (DFB) and hexafluorobenzene HFB and their
respective uncertainties Ak. “n.m.” means not measured. The wind speed u,, and water sided
friction velocity u,, kindly provided by the Japanese colleagues, is also given. T denotes the
mean water temperature during the measurement. Schmidt numbers Sc of the tracers at this
temperature are also shown.

cms™ ms' cmh' emh' ocmh?' cmh” °C

27 Oct 2011 9.38 56.4 369.5 14.8 332.1 12.8 175 1555 1403 0.5
28 Oct 2011 7.25 40.7 1204 7.2 113.5 3.6 17.1 1590 1434 0.5
28 Oct 2011 9.38 56.4 415.3 23.3 299.2 14.0 17.1 1590 1434 0.5
31 Oct 2011 2.34 16.7 29.35 1.67 31.40 1.00 183 1489 1344 05
31 Oct 2011 8.23 48.0 222.8 9.4 196.9 8.6 175 1555 1403 0.5
2 Nov 2011 5.19 20.8 7277 2.75 74.86 2.8 199 1367 1234 0.5
2 Nov 2011 8.23 48.0 193.6 6.7 173.0 5.8 185 1473 1329 0.5
4 Nov 2011 0.84 7.0 11.80 0.56 10.84 0.42 195 1396 1260 0.55
4 Nov 2011 9.38 56.4 373.1 19.5 318.1 11.4 192 1419 1280 0.5
8 Nov 2011 5.19 29.8 63.86 2.58 58.13 1.75 17.0 1598 1442 0.5
10 Nov 2011 11.5 67.1 726.2 92.6 505.3 60.7 1725 1577 1422 0.5
11 Nov 2011 9.38 56.4 n.m. n.m. 299.9 9.7 1725 1577 1422 05
14 Nov 2011 0.84 7.0 6.77 2.18 7.90 0.65 17.0 1598 1442 0.55
15 Nov 2011 7.25 40.7 1324 5.9 134.7 4.8 16.2 1671 1507 0.5
16 Nov 2011 2.34 16.7 30.5 1.1 26.98 1.0 145 1837 1657 0.5
16 Nov 2011 7.25 40.7 114.9 6.2 133.1 5.3 1325 1973 1779 05
17 Nov 2011 1.50 12.1 13.1 1.4 15.29 0.48 14.1 1880 1695 0.55
17 Nov 2011 3.10 23.7 42.3 5.3 45.37 3.71 133 1967 1774 0.5
18 Nov 2011 0.84 7.0 7.75 0.65 7.42 034 1415 1874 1690 0.55
19 Nov 2011 5.19 29.8 55.6 2.8 55.59 2.8 152 1766 1593 0.5
19 Nov 2011 11.5 67.1 671.7 45.0 543.6 342 1725 1577 1422 0.5
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Fig. 1. Some commonly used gas transfer — wind speed parameterizations in a double logarith-
mic 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 by McNeil and D’Asaro (2007)
(McN2007) is the only one developed for hurricane wind speeds.
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