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ABSTRACT
We obtained real-time monitoring data of water temperature, salinity, wind, current, CH4 and other oceanographic

parameters in a coastal bay in the southern sea of Korea from July 8 to August 15, 2003, using an environmental

monitoring buoy. In general, the transfer velocity of environmental gases across the air—sea interface is obtained

exclusively from empirical relationships with wind speeds. However, our monitoring data demonstrate that the agitation

of the aqueous boundary layer is controlled significantly by tidal turbulence, similar to the control exercised by wind

stress in the coastal ocean. The sea-to-air transfer of CHj is enhanced significantly during spring tide due to an increase

in the gas transfer velocity and vertical CHy4 transport from bottom water to the surface layer. Thus, our unique time-
series results imply that the sea-to-air transfer of gases, such as CH, DMS, DMHg, N»O, CO, and ?*?Rn, from highly
enriched coastal bottom waters, is controlled not only by episodic wind events but also by regular tidal turbulence in

the coastal ocean.

1. Introduction

The flux of environmental gases across the air—sea interface is
a function of gas transfer velocity (k) and the concentration dif-
ference (AC) between the surface-mixed layer and the air—sea
boundary layer, where the concentration is in equilibrium with
the atmosphere,

F =kAC. ey

The transfer of slightly soluble gases is restricted by a thin aque-
ous boundary layer at the air—sea interface, where molecular
diffusion dominates (Jdhne and HauBecker, 1998). The magni-
tude of & is determined by the molecular diffusivity and diffusion
through this layer whose thickness is a function of near-surface
turbulence. Both boundary layer models and dimensional anal-
yses indicate that an increase in the turbulence level results in a
decrease in the thickness of the layer (increase in k).

In addition, the surface renewal model (Danckwerts, 1970),
which assumes that the boundary layer is continually replaced
with the bulk water below due to turbulent eddies, has been
regarded as a useful conceptual model for k. Modern technology
facilitates the direct detection of AC for most gases comprising
the atmosphere in situ; however, it has been difficult to measure
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k directly in a field. Consequently, the determination of gas flux
in the ocean relies on an empirical parametrization of k.

For the open ocean, momentum flux due to wind is considered
to be a major parameter responsible for controlling k. It plays
arole in triggering other parameters such as the wave field and
whitecap coverage, which also causes & to vary (Woolf, 1997;
Bock et al., 1999). Several types of relationships between wind
speed and gas transfer velocity have been suggested on the basis
of a number of independent wind tunnel and field experiments
using tracers such as >*?Rn, SF4 and 3He (for example, Liss and
Merlivat, 1986; Wanninkhof, 1992; Wanninkhof and McGillis,
1999).

In estuaries and the coastal ocean, it seems that boundary fric-
tion and tide, in addition to wind, play significant roles in generat-
ing turbulent energy (Cerco, 1989; Maclntyre et al., 1995; Zappa
et al., 2003). Zappa et al. (2003) measured some turbulence-
related parameters such as the surface renewal rate and turbulent
dissipation rate (&) using infrared imagery and a high-frequency
acoustic Doppler velocimeter. They showed that the parame-
ters correlated closely with tidal speed and k estimated by the
gradient flux technique under low wind-speed conditions. Their
results demonstrated that the turbulent transport associated with
tidal speed is potentially an important factor with respect to the
gas exchange in coastal systems.

Therefore, in this study, we measured many water and at-
mospheric properties including salinity, temperature, current,
CH,4 concentration and wind speed by deploying a real-time
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Fig. 1. Schematic view of the real-time monitoring buoy systems at Narodo in the southern sea of Korea.

monitoring buoy in a coastal bay. The 40-d dataset allowed us
to determine the influence of tide on near-surface turbulence
and the mixing of the water column. We calculated the tide- and
wind-driven gas transfer velocities and used them to calculate the
sea-to-air fluxes of CH,4, which is one of the gases responsible
for regulating the radiation balance and atmospheric chemistry
of the Earth.

2. Real-time monitoring buoy

In order to understand real world processes, we require time-
series information on physical and biogeochemical variations.
Therefore, we developed a monitoring buoy system that houses
various environmental sensors for measuring water and air
temperature, salinity, wind, current, CH4 and other oceano-
graphic parameters (Fig. 1). The temperature and salinity of
water were measured at three depths (1.7, 5.7 and 7.3 m)
using SBE37 conductivity—temperature—depths (CTDs). The
water currents through the entire water column were mea-
sured using an RDI 300 kHz acoustic Doppler current profiler
(ADCP).

The concentration of CH4 was measured at a distance of 1.5 m
from the surface by using a commercial underwater CH, sensor
(METS by CAPSUM technologie). The measurement principle
is that the hydrocarbon molecules diffuse out of the liquid into
the detector chamber through a special silicon membrane. The
adsorption of hydrocarbons onto the active layer leads to an elec-
tron exchange with oxygen and therefore the resistance is varied.
This variation is converted into a voltage by the electronic de-
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vice. The membrane is composed of silicon with a thickness
of 10 um. The detection limit is 20 nmol L' with a reaction
time of 3-30 min. Detailed information on this sensor can be ob-
tained from the manufacturer (http://www.capsum.com). Using
this sensor, Kim and Hwang (2002) successfully monitored CH,4
in submarine waters over a period of several months. During their
study period, they found that the concentration of CH, varied in
proportion to that of >>?Rn due to fluctuations in the submarine
groundwater discharge. This confirms a minimal drifting effect
of this sensor in seawater.

We employed code division multiple access (CDMA) as a
communication platform for two-way communication between
the sensors on the buoy and a database computer and/or per-
sonal cellular phone (Nam et al., 2005). The CTD, ADCP and
CH, sensors were programmed to generate data at 10-min in-
tervals. Simultaneously, meteorological data such as air temper-
ature, pressure, humidity and wind speed were obtained from
the buoy. The buoy was deployed at the centre of a bay (9 m in
depth) in the southern sea of Korea (34°31'N, 127°32'E) from
July 8 to August 15, 2003 (Fig. 1).

3. Results and discussion

Large variations in water temperature and salinity were observed
(Fig. 2). The overall trend could be due to changes in solar radi-
ation and rainfall during summer. A pronounced feature of the
results is that the salinity and temperature differences between
the surface and bottom layers increase at neap tide. This indi-
cates that the tidal force is not sufficiently strong to mix the water
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Fig. 2. Temporal variations in the oceanic parameters and CH4 in

seawater in the southern sea of Korea from July 8 to August 15, 2003.

(a) The salinity and (b) temperature obtained at three depths, (c) CH4

in the surface layer, (d) wind speed measured approximately 1.8 m

above the sea surface and (e) water depth indicating the tidal

cycle.

column at neap tide. The differences were rather small around
day 222 when the wind speed was higher than 10 m s~'. It is
likely that the wind played a significant role in mixing the water
column during that period.

The variation in CHy is largely opposite to that in salinity,
thereby indicating relatively high concentrations of CHy in less
saline water. This result may be due to a strong input of CHy
from the submarine groundwater discharge in Yeoja Bay during
a period of high precipitation, as documented by Hwang et al.
(2005) by means of Ra tracers. In the following sections, we
determine the relative importance of the factors (wind speed
versus tidal speed) that control the sea-to-air transfer of CHy4,
which, along with biological oxidation, constitutes a major sink
in the coastal ocean.

3.1. Gas transfer velocity due to the wind

In order to estimate the gas transfer velocity due to the wind, we
employed the relationship for short-term wind speeds given by
Wanninkhof (1992):

kwor = 0.31u2,(Sc/660)"/2, )

where u is the wind speed at a distance of 10 m above the sea
surface and Sc (Schmidt number) is defined as the ratio of water
viscosity (v) to the diffusion coefficient of the gas (D). Since the
wind speed sensor of the buoy is located approximately 1.8 m
above the sea surface, the measured wind speeds (4 g; Fig. 2d)
were converted to u;p by using the neutral drag law given by
Smith (1988). The Schmidt number of CH4 was calculated using
the relationship derived by Wilke and Chang (1955). During the
observation period, the gas transfer velocity due to the wind,
kwoa, was below 30 cm h™!, with the exception of large peaks
reaching 60 cm h™! on days 198 and 218 (Fig. 3a). The gas
transfer velocities based on the relationships given by Liss and
Merlivat (1986) and Wanninkhof and McGillis (1999) were also
calculated in order to compare the resultant difference in the flux
(Fig. 3e).

3.2. Gas transfer velocity due to the tide

Lamont and Scott (1970) developed amodel based on small-scale
motions present in an eddy cell to predict the surface renewal
rate. By using this model and the Kovasznay turbulent energy
spectrum (Hinze, 1975), they derived the following equation:

ke = 0.4(ev)/*Sc™1/2, 3)

where ¢ is the turbulent kinetic energy dissipation rate (W kg~!)
and v is the kinematic viscosity of water. Although the value
of ¢ can be calculated from the magnitude of the wave-number
spectrum in the inertial subrange (Zappa et al., 2003), our mea-
surement interval of ADCP (10 min) is too long to show the
wave-number spectrum in this subrange. Instead, we estimated
the dissipation rate in terms of the tidal speed alone by fitting
eq. (4) to the results obtained by Zappa et al. (2003). The form
of eq. (4) is selected as the best fit among the various functions
for the given range,

g=aV'"", )

! and « is a constant of value

where V is the tidal speed in m s~
1.07 x 107*. For this case, the wave-number spectrum in the
inertial subrange is assumed to be the same function of the tidal
speed at the two regions.

The tidal speed, V, was calculated from the ADCP measure-
ments at each depth level by a two-dimensional vector har-
monic analysis (Foreman, 1996) using 38 tidal constituents.
The analysis reveals dominant current oscillations in a direction
along the bay, with typical magnitudes of 20-30 cm s~' and

1020 cm s~' at M2 and S2 periods (12.42 and 12.00 hr),
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Fig. 3. Temporal variations in the (a) gas transfer velocity due to the
wind (kwo2), (b) tidal speed, (c) gas transfer velocity due to the tide
(k¢), (d) density gradient (stability) between the depths of 1.7 m and
5.7 m and (e) CH4 fluxes calculated based on the wind (F w92, F 136
and F wp99) and tide (F ;).

respectively. The calculated tidal speed exhibits strong semidi-
urnal oscillations during the periods of days 193-198, 210-215
and 224-229, which are consistent with the oscillations in water
depth (Figs 3b and 2e). This indicates that the tidal current is
well calculated from the ADCP measurements. The tidal speed
was 20-35 cm s~! during spring tide and 5-15 cm s~! during
neap tide. The turbulent dissipation rate (¢) was calculated from
V (Fig. 3b) and then used to estimate the gas transfer velocity
due to the tide (k,; eq. 3).

While Zappa et al. (2003) directly correlated the water current
measured using the ADCP with ¢, we fed the tidal component
only into eq. (4). This component was obtained from the ADCP
measurements by the two-dimensional harmonic analysis. The
purpose was to remove any possible interaction between the
wind speed and the tide due to a higher wind variation than
that of Zappa et al. (2003). This implicitly assumes that the
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contributions of the wind (ky¢,) and tide (k.) to the gas transfer
are additive (Borges et al., 2004).

In addition to the tidal speed (or stream flow), water depth con-
tributes to the generation of turbulent energy by bottom friction.
According to the relationship given by O’Connor and Dobbins
(1958), the reaeration coefficient (k) is inversely proportional
to the 3/2 power of the depth (H). Considering the gas transfer
velocity to be the product of k, and H, it can be expected that
the gas transfer velocity due to the tide would decrease with an
increase in the water depth (k. oc H~'/2). The relationship sug-
gests that an increase in the water depth from ~3 m (Zappa et al.,
2003) to ~12 m (this study) should result in a 50% decrease in
the near-surface turbulence. However, since eq. (4) intrinsically
includes the effect of bottom friction, the change in k., with an
increase in the depth could not be estimated quantitatively in this
study. Thus, extensive future studies are required to determine
quantitatively the tidal effect on the air—water gas exchange as a
function of the water depth in the coastal environment.

3.3. Sea-to-air transfer of CH,

The gas transfer velocities due to the tide and wind are com-
pared in Fig. 4. Under the condition that the wind speed is below
6 m s~!, the tidal speed higher than 0.25 m s~! accounts for
more than half the gas transfer. Since wind speed alone has been
used for calculating the gas transfer velocity in the coastal ocean
(Corbett et al., 1999; Burnett et al., 2003), our results suggest a
new direction for this field requiring further follow-up studies.

The CH,4 fluxes due to the tide (F',) and wind (F y9,) were in-
dependently calculated from the estimated values of k. and k9,
and the concentration difference (eq. 1) between the surface-
mixed layer and the air—sea boundary layer, where the con-
centration is in equilibrium with the atmosphere. We calculated
the equilibrium solubility of CH, according to Weisenburg and
Guinasso (1979) by assuming an average atmospheric CH4 con-
centration of 1.8 ppm (Dlugokencky et al., 1993), which is negli-
gible as compared with our measured concentrations. The air—sea
boundary layer may not be in equilibrium with the atmosphere
because of microbial consumption. In fact, Upstill-Goddard et al.
(2003) argued that bacterioneuston oxidizes CHy in this layer and
increases its sea-to-air exchange by ~12%. Although microbial
consumption can enhance the absolute flux, the relative magni-
tude of the CH4 fluxes due to the tide and wind remains valid.
The daily averaged fluxes due to the tide (F ) and wind (F 6,
F oy and F yy99) are shown in Fig. 3e. Considering that F y g,
was consistently higher than F'; g6 and F w99, F o, should be
regarded as an upper limit of the CH,4 flux due to the wind. Al-
though the mean F 9, (umol cm~2 h™") of 0.56 was larger than
the mean F, of 0.20, the fraction of CH, flux (F.) due to the
tide is generally predominant during spring tides.

The concentration of CH, is considerably high in coastal
groundwater and bottom water. For example, Bugna et al. (1996)
found that the CH, concentrations in groundwater and near-shore
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Fig. 5. A hypothesis showing the difference in the fluxes of CH4 between spring and neap tides in the coastal ocean. Relatively higher fluxes
through the boundary layers are expected due to a larger submarine groundwater discharge (CD interface) vertical mixing (BC interface) and a

thinner boundary layer (AB interface) during spring tides.

seawater of the Gulf of Mexico were as high as 61 uM and 62
nM, respectively. Thus, in order to investigate the vertical trans-
port of CH, from bottom water to the surface layer (eventually
controlling AC cy4 in eq. 1), we calculated the water stability
(Knauss, 1997) that is defined as the density gradient between
the surface (1.7 m) and below it (5.7 m):

_1 (o
E_p<32>' ©

The three peaks of stability for the time-series data coincide
with neap tides on days 190,215 and 221 (Fig. 3d). If we consider

normal condition of a constant supply of CH, from upstream,
the CH, input to the surface layer will be enhanced due to higher
vertical mixing under unstable water column conditions during
spring tide.

Furthermore, Kim and Hwang (2002) documented that sub-
marine groundwater discharge, which is one of the main sources
of CHy4 in the coastal ocean, is enhanced significantly at spring
tide during summer when aquifers are recharged adequately.
Similar variations of submarine groundwater discharge, with a
semi-monthly period due to neap-spring tidal pumping, were also
found independently by automated seepage meters (Taniguchi,
2002).

Tellus 58B (2005), 1



TIDAL INFLUENCE ON THE SEA-TO-AIR TRANSFER OF CH4 IN THE COASTAL OCEAN 93

By combining the overall effects, there are three apparent pos-
itive effects on the sea—air gas exchange during spring tide: (1)
gas transfer velocity, (2) supply of CH,4 from bottom water to the
surface layer and (3) submarine groundwater discharge (Fig. 5).
The relative importance of these factors will vary according to
hydrogeochemical and oceanographic settings. Therefore, more
extensive studies are necessary to include these factors in con-
straining the sea—air exchange of environmental gases in the
coastal ocean.

4. Conclusions

We successfully obtained real-time monitoring data of temper-
ature, salinity, current, CH, and wind speed in the southern sea
of Korea. Our results reveal that the agitation of the sea surface
is controlled mainly by the tidal and wind speeds. This suggests
that the sea-to-air transfer of environmental gases increases con-
siderably during spring tide due to an increase in the gas trans-
fer velocity, vertical water mixing and submarine groundwater
discharge. Our results imply that the sea-to-air transfer of criti-
cal environmental gases (DMS, CH,, DMHg, 222Rn, CO,, etc.)
is significantly controlled by the tidal turbulence in the coastal
ocean, in addition to episodic wind events. For an effective study
of the gas exchange in the future, both ?2?Rn and CH, sensors
may be included in the monitoring buoy for more depths and
stations.
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