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Tidal fronts and their role in air-sea gas exchange

by B. Baschek1,2, D. M. Farmer1 and C. Garrett3

ABSTRACT
Tidal fronts are a common feature of many coastal environments. They are characterized by a

surface convergence zone that enhances wave breaking and the generation of gas bubbles due to
wave-current interaction. The associated downwelling currents carry bubbles to depths of up to 160 m
and increase the amount of air that dissolves from them.

An energetic tidal front is formed at the entrance to the Strait of Georgia, BC, Canada, by a
hydraulically controlled sill flow with vertical velocities of up to 0.75 m s−1. Extensive ship-board
measurements during two cruises are interpreted with models of wave-current interaction and gas
bubble behavior. The observations suggest that tidal fronts may contribute significantly to the aeration
of the subsurface waters in the Fraser Estuary. This process may be also of importance for other coastal
environments with plunging sill flows of dense water that deliver aerated surface water to intermediate
depths.

1. Introduction

Air-sea gas exchange plays a vital role in climate and has been the focus of continuing
research, including observational and modeling studies. These studies have focused on the
open ocean, although measurements are often conducted in more restricted environments
such as lakes and in the laboratory where greater control can be exercised. There is, however,
much interest in gas exchange in coastal waters – especially in densely populated areas where
limiting dissolved oxygen conditions occur in subsurface waters.

The focus of this paper is on the mechanisms by which air can be entrained, dissolved,
and subducted to substantial depths through tidally forced flow-topography interaction in
passages connecting semi-enclosed basins with the open ocean. This interaction represents
an interplay between the internal fluid dynamical behavior and the surface wave field,
leading to wave breaking and bubble subduction. Although the active areas participating in
this way are quite small, the influence on the aeration of the exchanging water mass can be
significant.
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Figure 1. The Fraser Estuary in British Columbia, Canada.

The Fraser River estuary in British Columbia, Canada, (Fig. 1) is a highly productive
ecosystem renowned for its salmon populations. Oxygen concentrations, however, can drop
in the Strait of Georgia to levels below 2–4 mL L−1 (Crean and Ages, 1971; D. Masson,
IOS, Canada, pers. communication; Fig. 2) at which fish are affected negatively (Müller
and Stadelmann, 2004). The ventilation of the Strait of Georgia is controlled by a sill at
its entrance (Boundary Pass) that forms a pronounced barrier to flow through the Strait
and causes intense mixing. It is suggested that the mechanisms that supply oxygen to the
subsurface waters are as follows: interaction of strong tidal currents with topography mixes
dense water from the Pacific Ocean with relatively fresh, oxygenated surface water. This
water is further aerated by the generation and subduction of gas bubbles in the tidal fronts
of Haro Strait. At Boundary Pass, it flows over a sill to intermediate depths, from where the
oxygen is likely to be transported by diffusion to the deeper parts of the Strait. During the
rare deep water renewal events, oxygen can be also delivered directly to the deep water in
the Strait of Georgia (LeBlond et al., 1991; Masson, 2002).
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Figure 2. Oxygen section along the Fraser Estuary in July 2000 (D. Masson, IOS, Sidney, Canada).
The Pacific Ocean is to the left, the Strait of Georgia to the right, and the sill at Boundary Pass at
x = 180 km.

Keeling (1993) suggests that bubbles make an important contribution to air-sea gas
exchange in the open ocean at wind speeds above 10 m s−1, and bubble plumes are com-
monly observed down to 10–15 m (Vagle, 1989; Crawford and Farmer 1987; Wallace and
Wirick, 1992). In tidal fronts, however, gas bubbles are also injected into the ocean on
calm days as a consequence of the amplification of small waves in adverse currents. Bubble
clouds can reach depths up to 160 m in the present situation.

The objectives of this paper are to understand the physical processes relevant for the
generation and entrainment of gas bubbles in tidal fronts and to estimate their contribution
to air-sea gas exchange. First, we present measurements of the hydraulically controlled
sill flow at Boundary Pass that forms an energetic tidal front over the sill crest. Wave
breaking and the injection and dissolution of gas bubbles are calculated for this front with
models of wave-current interaction and gas bubble behavior. This leads to an estimate of
the contribution of this and other tidal fronts to the aeration of the Fraser Estuary. This
contribution is then compared to other oxygen sinks and sources. It is finally shown that the
physical processes described here may also be relevant to the coastal ocean in other parts
of the world.

2. Instrumentation

Two research cruises were carried out with the research vessel CCGS Vector in Haro
Strait and Boundary Pass in October 1999 and September 2000. Measurements were taken
with an ADCP, an echo sounder, a CTD, and an Acoustical Resonator for measuring bubble
size distributions.

The 150 kHz workhorse ADCP from RDI was mounted on a strut on the side of the vessel
at a depth of 1 m. The instrument has a bandwidth of 39 kHz and a beam angle of 20◦. Bottom
tracking was used to convert the data from ship-coordinates to earth-coordinates allowing
for a direct correction of the alignment angle. The ship’s position and heading were provided



486 Journal of Marine Research [64, 4

by a differential GPS-receiver and a flux gate compass. Measurements were taken every 1 s
and averaged to create 10 s ensembles. With a bin size of 4 m, the ADCP measured the
upper 200–300 m of the water column. In spite of the strong horizontal current gradients
the standard 4-beam solution can be used to calculate the current speed (Baschek, 2003).

The acoustic backscatter intensity of the water column was measured with a 100 kHz
echo sounder. The transducer was mounted in the hull of CCGS Vector at a depth of 2 m.
The receiver band width was set to 5 kHz, the transmission interval to 0.5 s, and the pulse
width to 0.3 ms. An Acoustical Resonator was used for measuring bubble size distributions
in the tidal fronts (Farmer et al., 1998). With a frequency range of 6–196 kHz, gas bubbles
with radii of 15–550 µm can be detected. The Seabird SBE-19 CTD was calibrated prior
to the cruises. Salinity samples were taken from different depths for recalibration after the
cruises.

Measurements in the tidal fronts were carried out at ebb and flood tide. In order to
minimize the ship’s speed through the water to reduce the wire angle, repeated profiles were
acquired with the CTD or Acoustical Resonator while the ship traveled in the direction
of the currents. Additional CTD stations were carried out for hydrographic background
measurements. Repeated profiles using the Acoustical Resonator in the upper 60 m were
carried out while the ship remained stationary in the tidal front. These measurements were
repeated several times over a tidal period to map the temporal evolution of the front. In
order to minimize spring-neap tidal variations, the two cruises were carried out at a time
when the tidal currents were of similar amplitude.

3. Tidal fronts

Tidal fronts can be defined as sharp transition zones between two water masses of different
density and (tidal) current speed. They are characterized by converging flow at the sea
surface, which causes enhanced wave breaking and the formation and subduction of gas
bubbles. Their surface expressions are clearly visible at the sea surface. Tidal fronts can be
formed by three different mechanisms: inflow of dense water from an adjacent channel, flow
separation past a headland (Farmer et al., 2002), or flow over a shallow sill. The observations
from the Fraser River estuary described here are of the latter type.

The Fraser River delivers a mean discharge of 4,400 m3 s−1 to the estuary (Thomson,
1994). This water flows at the surface through Haro Strait and Juan de Fuca Strait into the
Pacific Ocean, while beneath it, saltier and denser water enters the estuary from the Pacific
Ocean. Superimposed on this mean circulation is a strong tidal regime with pronounced
spring-neap tidal variability (Pawlowicz, 2002), which causes intense flow-topography
interaction and mixing (Pawlowicz and Farmer, 1998; Farmer et al., 1995).

At Boundary Pass, a steep sill is located between Saturna and Patos Island (Fig. 3) and
forms a pronounced barrier for the water exchange between Haro Strait and the Strait
of Georgia. With a mean slope of about 30◦, it rises from 200 m to 60 m depth and also
blocks about 80% of the width of the passage. At flood tide, a hydraulically controlled flow



2006] Baschek et al.: Tidal fronts and their role in air-sea gas exchange 487

Figure 3. Chart of Haro Strait and Boundary Pass. The solid lines and arrows indicate the approximate
locations of tidal fronts and flow direction during ebb tide, the dashed lines during flood tide. The
small map shows the measurement transects at the sill at Boundary Pass.
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develops over the sill and delivers oxygen rich water to intermediate depths of 150–250 m.
Its forcing changes significantly during the flood tide. The moderate to intermediate and
strong forcing (Farmer and Armi, 1986) and an additional stage of flow separation during
extreme forcing have been observed. During strong and extreme forcing, extensive gas
bubble clouds are entrained into the ocean enhancing air-sea gas exchange. Both of these
stages are discussed below.

a. Strong forcing

At 0.5–1.5 h after the ebb slack tide, the sill flow at Boundary Pass is strongly forced.
Dense water flows from Boundary Pass over the sill into the Strait of Georgia. Just down-
stream of the sill crest, this water meets an arrested surface layer with relatively fresh water
and subducts beneath it due to the density difference between the two water masses (Fig. 4a).
At the surface, a distinct 50 m wide tidal front line forms. It stretches from the south-eastern
tip of Saturna Island to the end of the sill close to Patos Island. The flow is in the uncontrolled
state and the location of the plunge point depends only on the bathymetry, the strength of the
barotropic forcing, and the relative density difference to which it constantly adjusts (Armi
and Farmer, 2002).

An example of strongly forced flow is shown in Figure 5. It provides a quasi-synoptic
picture of the flow field, as it took only 6 min to complete this part of the transect, while the
time scale over which the tidal currents change is ∼2 h. The dark red line of high backscatter
intensity indicates the sea floor (A). The red/orange area just above it (B) corresponds to
the sonar side lobe interaction with the sea floor and limits the depth of useful Doppler
measurements. The high backscatter intensities extending from the sea surface to about
105 m depth (C) indicate mostly gas bubbles, as verified by independent measurements
with an Acoustical Resonator. The bubbles are injected close to the lower layer plunge
point and are carried down along the interface between upper and lower layer by strong
vertical velocities of up to 0.75 m s−1.

The horizontal component within the dense overflow reaches 2.2 m s−1 at the sill crest
and 1.7 m s−1 towards the bottom of the sill and prior to the transition to an internal hydraulic
jump. The strong lower layer currents are mainly orthogonal to the isobaths while the upper
layer currents are weak with variable flow directions. A comparison of the measurements
at the sill crest and bottom of the sill show that the flow exchange across the shear layer is
about 60% of the lower layer flow (Baschek, 2003), i.e. 60% of the flow has been entrained
into the upper layer and 40% carries on. At the plunge point, the density difference between
the two water masses is 2.7 kg m−3.

The hydraulic sill flow and tidal front have significant influence on the aeration of inter-
mediate water in the Strait of Georgia. At flood tide, dense water mixes with aerated surface
water and delivers oxygen to subsurface waters. It usually subducts to 150–200 m, but can
also ventilate the deep water during the rare deep water renewal events (Masson, 2002). The
water is further aerated by gas bubble injection in the tidal front. The vertical component of
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Figure 4. Sketch of the processes that are important for air-sea gas exchange in the tidal front at
Boundary Pass during (a) strong forcing and (b) extreme forcing.

the velocity in the front is 0.15–0.3 m s−1, which exceeds the rise speed of all bubbles with
radius < 900 µm. Bubbles trapped in the downwelling currents are drawn into the deeper
water where they dissolve. If we assume that they go into dissolution in the same volume,
the dissolved oxygen concentration (in mL L−1) would increase by 2 · 102 times the void
fraction of the injected bubbles, giving a sense of their contribution to aeration.
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Figure 5. Flow over the sill at Boundary Pass during strong forcing on September 29, 2000. The
colors show the acoustic backscatter intensity measured with an echo sounder and the black arrows
indicate the current speed perpendicular to the sill crest. The aspect ratio is 1:1.

b. Extreme forcing

When the tidal forcing increases further (2.5–4.5 h after low tide), the flow shoots over the
sill as a supercritical inertial jet with flow separation at the sill crest (Fig. 4b, 6). The lower
layer plunge point is shifted far downstream by the currents and is no longer delineated
by a clear front. The flow field downstream of the sill crest is characterized by irregular
3-dimensional convergence/divergence patterns associated with strong eddy activity and
wave breaking. Gas bubble clouds – indicating downwelling currents – are spread over a
distance of about 2 km, starting several hundreds of meters downstream of the sill.

The contribution to the aeration of water locally is still significant, even though the vertical
currents (0.25–0.3 m s−1) are much weaker. However, due to dilution through intense mixing
it is likely that the aerated water at this stage is insufficiently dense to reach intermediate
depths and bubble injection does not contribute to the aeration of subsurface waters.

4. Wave-current interaction in a convergence zone

In the convergence zone of a tidal front, either both water masses flow towards the front
or one of them is stagnant. Surface gravity waves that travel into this zone steepen due to
the effect of the opposing currents, break, and create gas bubbles that enhance air-sea gas
exchange as may be readily seen in Figure 7. In order to estimate the amount of gas entrained,
the injection location of the gas bubbles relative to the plunge point of the subducting flow
has to be determined. It is given by the interaction of waves and currents. A model that
describes the behavior and energy dissipation of waves traveling on a current is found in
detail in Baschek (2005) and will be reviewed here briefly.
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Figure 6. Transect over the sill at Boundary Pass during extreme forcing measured with an ADCP, an
echo sounder, and a towed Acoustical Resonator on September 29, 2000. (a) Along-strait current;
(b) vertical current; (c) acoustic backscatter intensity. The path of the resonator is shown by the
white line and the location of the bubble measurements in Figure 17 by the black dot.

Bretherton and Garrett (1969) derived a conservation equation for wave action, that is
valid for waves on a slowly varying current, i.e. the current changes only little over a wave
length. For a steady wave train traveling in the x-direction it can be written as

d

dx

{
(u + cg)

E

ω′

}
= 0, (1)

where u and cg are the current speed and group velocity. E is the wave energy, ω′ the wave
frequency relative to the water. For deep water waves, using ω′ = g/c and cg = c/2,

E

(
u + 1

2
c

)
c = const. ≡ 1

2
E0c

2
0, (2)

where the subscript “0” marks variables in a medium at rest. This yields together with the
wave energy E = ρga2/2 an expression for the wave amplitude (Phillips, 1977)

a

ao

= c0√
(2u + c)c

, (3)



492 Journal of Marine Research [64, 4

Figure 7. Wave breaking due to wave-current interaction in the Stuart Island tidal front.

where the phase speed is given by

c

c0
= 1

2
+ 1

2

√
1 + 4u

c0
. (4)

The wave energy E/E0 = (a/a0)
2 is shown in Figure 8 (solid curve) as a function of the

normalized current speed u/c0. The waves travel from left to right. At u = 0, E/E0 = 1
by definition and E/E0 goes towards infinity as u goes towards the negative group speed
of the wave (u/c0 = −1/4).

In reality, waves do not reach infinite amplitudes but break when they reach a certain
critical steepness ka, given by the product of wave number k and amplitude a. This
value is given by Longuet-Higgins (1969) as ka = 1/2. Duncan (2001) uses ka = 0.31
and Wu and Yao (2004) found values between ka = 0.15 and ka = 0.36 if currents are
present. We are interested in the amount of gas injected by breaking waves and will use
a value of ka = 1/2, which is conservative in the sense that the waves do not break as
easily.

The location at which the wave reaches its critical steepness depends on current speed,
initial wave number, and wave height. For waves with high initial steepness k0a0 this will
happen at low current speeds and for waves with lower initial steepness at higher current
speeds (Fig. 8). The amplitude at which the wave exceeds the breaking criterion decreases as
the wave travels farther against the current, because the wave number increases with current
speed. To derive the equation for the energy of a breaking wave, ka = 1/2 is multiplied
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Figure 8. The wave energy without wave breaking (solid curve) and with wave breaking is plotted as
function of current speed for a wave of initial steepness k0a0 (dashed curves). Current speed and
energy are scaled with the values for a medium at rest.

by 1/(ka0). Together with the expression (c/c0)
2 = k0/k we get

a

a0
=

(
c

c0

)2 1

2k0a0
, (5)

where c/c0 is given by Eq. (4). The group velocity equals the current speed when
u/c0 = −1/4, i.e. the wave cannot proceed any further against the currents and will have to
break somewhere in the convergence zone. E/E0 is plotted in Figure 8 for different initial
steepnesses k0a0 (dashed curves).

a. Wave breaking

Galvin (1968) has classified different types of breaking waves approaching a sloping
bottom. Two of these types, spilling and plunging breakers, can also be found in the open
ocean or a convergence zones. Observations show that spilling breakers are predominant in
tidal fronts or convergence zones (Fig. 7) and the following considerations will be limited
to these waves.
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Figure 9. Behavior of a quasi-monochromatic wave on an opposing current. The normalized energy
E/E0 is given for the case without breaking (black curves Γi ) and with breaking (gray curves Υj ).
∆E is the energy lost by wave breaking.

In order to determine the amount and location of injected gas bubbles, the shape of the
wave packet has to be considered, as the wave energy is transported with the group speed
and not with the phase speed. Consider a wave that is at time t = 0 at location x = 0 (on
curve Γ1). The curves Γi (Γi/Γ1 = const., Fig. 9) describe the wave energy without breaking
and Υi the wave energy with breaking. Γ1 and Υ1 mark the shape of the entire wave packet
at t = 0. One period τ later the wave has moved λ, and the wave packet λ/2, to the right. If
there was no wave breaking during this time, the shape of the wave packet would be given
by curves Γ1 and Υ2. But because of breaking, the “excess” energy ∆E = Υ2(λ) − Υ1(λ)

is lost between x = 0 and x = λ. From Figure 9 it also follows that Υ2(λ) = Γ2(λ). Putting
this together with

Γ2(λ)

Γ1(λ)
= Γ2(λ/2)

Γ1(λ/2)
= const. and Γ2(λ/2) = Υ1(λ/2) (6)
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yields an equation for the energy loss by wave breaking

∆E = Υ1(λ/2)Γ1(λ)

Γ1(λ/2)
− Υ1(λ). (7)

It should be noted though that due to the effect of the currents the difference in the wave
energy between two points of the curve is not equivalent to the dissipated wave energy.

In these idealized conditions, the wave crest is continuously pushed into the region of
critical steepness, so that the wave breaks continuously (and not intermittently) in order to
satisfy the stability criteria. However, this is not necessarily true if the magnitude of the
currents does not increase linearly or if we are looking at the more realistic case of a group
of waves rather than a monochromatic wave train. Figure 10 shows a sketch of the breaking
behavior of a group of waves on a current. At t = 0 (a), the first wave has a steepness of
ka > 1/2 and breaks. In contrast to open ocean waves (Donelan et al., 1972), the wave
packet amplitude is not maintained by a continuous source of wind energy but changes due
to breaking and the effects of the currents (b), At t = τ (c), the first wave has moved λ/2

Figure 10. Sketch of the break behavior of a group of waves on a current. For explanations see text.
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to the right (relative to the wave packet) so that its amplitude is reduced. It has a steepness
that is less than the critical value and stops breaking. At t = 2τ (d), the next wave has
reached its critical steepness and breaks – with an amplitude that is smaller than the first
wave. This intermittent breaking changes at a later stage (e): because the shape of the wave
packet is altered by wave breaking and the interaction with the currents, the waves are now
continuously pushed into the region of critical steepness and hence break continuously.
Depending on the initial shape of the wave packet and the current gradient, there may not
be a phase of intermittent breaking. It is also possible that the wave amplitude is reduced
more than necessary and the waves break again when they become steep. The energy loss is
then step-like instead of continuous. Observations of breaking waves in tidal fronts (Fig. 7)
show, however, that almost all waves within the convergence zone are actively breaking
whitecaps, indicating that continuous breaking is predominant.

5. Gas bubble behavior

Gas bubbles are injected into the ocean by breaking waves and then rise back to the sea
surface due to their buoyancy – or may be subducted by downwelling currents. The bubble
volume and buoyancy change with hydrostatic pressure and due to the gas exchange with the
water. This bubble behavior is described with a one-dimensional model from Thorpe (1982).
It provides the temporal change of bubble radius r and molar content nj of a gas j inside
the bubble. These are calculated along the path of a bubble so that the model is applicable
even in the highly complicated flow field of a tidal front. Bubble-bubble interactions are
neglected and it is assumed that the bubbles do not break up any further after they have
been injected, so that their size responds only to dissolution and pressure changes.

The gas exchange between bubble and water is driven by the difference of the partial gas
pressure in the bubble Pj and in the water far from the bubble Pwj

(Thorpe, 1982, 1984)

dnj

dt
= −4 π r Dj Sj Nuj (Pj − Pwj

), (8)

where Pj = χj (patm − gρz + 2γr−1) and Pwj
= (1 + 0.01σj )χjatm patm. Dj , Sj , Nuj , and

σj are the coefficient of diffusion, the solubility, Nusselt number, and gas oversaturation
in water. The time, atmospheric pressure, density of sea water, gravitational acceleration,
depth, coefficient of surface tension, and mole fraction are denoted as t , patm, ρ, g, z, γ,
and χj . The gas transfer from the bubble into the water is enhanced by the flow relative to
the bubble (rise speed or turbulence). The Nusselt number Nu is a dimensionless measure
of turbulent gas transfer and is given by the ratio of the total gas exchange and the gas
exchange caused by diffusion alone (Woolf and Thorpe, 1991).

The change of bubble radius with time is given by

dr

dt
=

⎛
⎝ 3RT

4πr2

∑
j

dnj

dt
− r

dp

dt

⎞
⎠ (

3p + 3patm + 4γ

r

)−1

(9)
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where the change of the hydrostatic pressure dp/dt is given by the sum of vertical current
speed w, bubble rise speed wb, and turbulent current speed wturb as

dp

dt
= g ρ(−w − wb + wturb). (10)

Gas bubbles rise in a fluid due to their buoyancy. Formulae for their rise speed are given
by various authors (e.g. Thorpe, 1982; Woolf and Thorpe, 1991; Keeling, 1993; Fan et al.,
1999). Fan and Tsuchiya (1990) merged the results from different studies covering a wide
range of radii. We will use their description for bubbles with a layer of surface-active
material (“dirty bubbles”).

The coupled ordinary differential equations (8), (9), and (10) were solved with an explicit
Runge-Kutta formula in MATLAB. For this one-step solver only the solution at the imme-
diately preceding time point is needed, so that the vertical current speed can be described
by an arbitrary function of time and also turbulence can be implemented.

The typical scale of the turbulent vertical current speed in a tidal front of w∗ = 0.05 m s−1

has been estimated from observations by Gargett and Moum (1995) in a similar environment
in Haro Strait. The vertical displacement of a parcel of water due to the turbulent velocity
wturb (Eq. 10) is calculated by multiplying w∗ with a random value chosen from a normal
distribution with mean zero and standard deviation one. The increased gas flux due to small
scale pressure fluctuations is incorporated in the description of the Nusselt Number.

For the model calculations, the gas mixture in the bubbles contains the four gases O2, N2,
CO2, and Ar. It can be assumed that the injection time of the bubbles is short in comparison
to the time scale of diffusion, so that the initial mole fraction in the bubble χj at time t = 0
is equivalent to the atmospheric one. Mole fraction and gas content, however, change after
injection due to diffusion. Typical parameter values (Woolf and Thorpe, 1991) used in the
model runs are listed in Table 1.

Table 1. Typical values for the parameters used in the model calculations (Woolf and Thorpe, 1991).

Values for
Variable O2 N2 CO2 Ar Units

Dj 1.7 1.8 1.3 1.7 10−9 m2 s−1

χj 209.5 780.9 0.0035 9.2 10−3

Sj 13 6.29 445 14.2 10−6 mol m−1 Pa−1

σj 0 0 0 0 %

T 283 K
ρ 1020 kg m−3

patm 1 · 105 Pa
γ 0.036 N m−1

ν 1 · 10−6 m2 s−1

w∗ 0.05 m s−1
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a. Gas entrainment by bubbles

In the following, we will look at the size distribution of gas bubbles that are injected in
the tidal front and will calculate how much of the enclosed air dissolves and contributes
to air-sea gas exchange. The air enclosed during wave breaking quickly breaks up into gas
bubbles due to pressure fluctuations exerted by turbulence (Deane and Stokes, 1999). These
bubbles form a size distribution N(r), that describes the number density in a unit volume
of water for each radius increment r − dr/2 to r + dr/2. Numerous measurements (e.g.
Johnson and Cooke, 1979; Baldy and Bourguel, 1987; Dean and Stokes, 1999) show that it
can be adequately described by power laws of the form N(r) = βrα, where β is a scaling
factor that depends on the total number of bubbles. α is the slope of the size distribution
(in double-logarithmic space) and has negative values as small bubbles are more numerous
than big bubbles.

The values for α given in the literature range between −1.8 and −5.5. Unfortunately it
is difficult to compare these measurements with each other as they were taken in different
environments (tank, surf zone, open ocean), different wind and wave conditions (spilling or
plunging breakers), measurement depths, or may be influenced by surfactants. In particular
the different times relative to initial bubble generation (plume age) are a concern as the
bubble size distribution changes due to dissolution, which flattens the spectrum for small
bubbles, and due to buoyancy, which steepens the spectrum for larger bubbles (Garrett et al.,
2000; Baldy and Bourguel, 1985, 1987; Baldy, 1988; Hwang et al., 1990).

For the modeling of bubble behavior and gas exchange, we are interested in the initial
size distribution that is established immediately after bubble formation. Garrett et al. (2000)
argue on dimensional grounds that the bubble breakup by turbulence results in an initial size
distribution that is proportional to r−10/3. This was observed by Deane and Stokes (2002)
for bubbles with radii >1000 µm generated in the surf zone. For r < 1000 µm, however,
the observed slope was α = −3/2, which is supported by dimensional considerations for
bubble entrainment by a jet of water and implies that most of the small bubbles are formed
when the wave curls over and plunges into the sea surface. Although this scenario seems
to be more likely for plunging than for spilling breakers and the separation point between
the two slopes changes under different conditions, we will use this description with two
power laws for the initial bubble size distribution due to the lack of measurements in more
relevant conditions.

While it is assumed that the two initial spectral slopes α are constant with depth, the
bubble density decreases with depth. Observations indicate that this decay is exponential
(e.g. Medwin, 1970; Baldy and Bourguel, 1987; Crawford and Farmer, 1987), so that the
size distribution is given by

N(r, z) = β0r
αez/δ, (11)

where δ is the bubble entrainment depth, β0 the scaling factor at the sea surface, and z

the depth (with positive values upwards). The bubble penetration depth increases with the
wave amplitude a. Chanson and Jaw-Fang (1997) observed δ = 1.2−2a for a jet or plunging
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breaker generated in a tank and Hwang et al. (1990) found in tank experiments a quasi-linear
relationship between significant wave height Hs and bubble penetration depth (δ ≈ Hs).
Loewen et al. (1996) measured δ = 0.11−0.34a in a tank, and Thorpe (1986) observed
bubbles in the ocean to depths of 2.5−3Hs for moderate winds and 4−5Hs for strong winds.
Also, observations of open ocean whitecaps by Thorpe (1982), Vagle (1989), and Crawford
and Farmer (1987) show that the overall number of bubbles and their penetration depth
increases with wind speed and hence with wave height. Oceanic measurements, however,
may overestimate the initial entrainment depth as bubbles are carried farther down by wave
motion or Langmuir circulations. We will use for our calculations a value of δ = a/4, as it
yields the best agreement in void fraction and bubble size distribution with the values for
small spilling breakers published by Loewen et al. (1996) (see below).

The total number of injected bubbles depends on the dissipated wave energy ∆E. A part
of this energy Eb goes into the subduction of newly formed gas bubbles. For a single bubble
of radius r it is Eb1 = −4/3πr3ρgz. The energy that is required to submerge all bubbles of
a size distribution N(r, z) is then

Eb = −
∫ 0

−∞

∫ r2

r1

N(r, z)
4

3
πr3ρgz dr dz. (12)

If we insert the equation for the size distribution (11), integrate between the cut-off radii
r1 and r2 and over the whole water column, we obtain an equation for the scaling factor β0

that describes the total number of gas bubbles at the sea surface

β0(x) = 3(α + 4)E∆E

4πgρδ2

(
rα+4

2 − rα+4
1

)−1
for α 	= −4,

= 3 E ∆E

4πρg ln (r2/r1)
for α = −4, (13)

where E ≡ Eb/∆E is defined as the ratio of energy required for the subduction of bubbles
to the total dissipated wave energy. Due to the current speed gradients, ∆E, δ, and β are
functions of horizontal distance x. The water density is ρ = 1023.5 kg m−3.

If a part of the bubble spectrum is not detected, β0 is underestimated. For α > − 4, the void
fraction is mainly determined by large bubbles and for slopes of α < − 4 it is determined by
small bubbles. For our bubble spectrum, this means that the cut-off radius for small bubbles
r1 is not critical as the spectral slope is α = −3/2 > − 4. The cut-off radius for large bubbles
r2, however, is important for calculating gas entrained by bubbles as α = − 10/3 > − 4.
Hence, the void fraction is dominated by the larger bubbles. For our model calculations we
will use r1 = 20 µm and r2 = 10 000 µm, covering the whole measurement range.

Measurements of breaking waves show that between 10% and 60% of the wave energy
is dissipated during breaking (e.g. Chanson and Jaw-Fang, 1997; Melville and Rapp, 1985;
Nepf et al., 1998). The portion of this energy that goes into the subduction of gas bubbles
is E = 1.5−4.2 · 10−3 for small spilling breakers (Loewen et al., 1996) or as high as E =
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Figure 11. Percentage of gas d(r, z) that dissolves from a bubble while it rises back to the surface. It
is shown for O2, N2, CO2, and Ar as a function of initial bubble radius and depth. The gray shaded
area marks the bubbles that dissolve completely.

0.3−0.5 for small plunging breakers (Lamarre and Melville, 1991). The appropriate value
for a breaking wave on a current is therefore quite uncertain and varies over two orders of
magnitude. It is likely that it depends on the current speed gradient a wave experiences: a
sudden current change may result in a plunging breaker, while a gradual change may result
in a spilling breaker. We chose a conservative value of 3·10−3, as for a small spilling breaker
with an amplitude of only a few centimeters.

While Eq. (13) yields the total number of gas bubbles entrained, we are especially inter-
ested in the amount of gas that actually dissolves from the bubbles. The amount of gas
d(r, z) a single bubble loses to the surrounding water before it rises back to the sea surface
depends on the initial bubble radius, the injection depth, and the vertical current. It has
been calculated with the bubble model and is plotted in Figure 11 for a range of radii and
injection depths for N2, O2, CO2, and Ar and no vertical currents. The gas saturation is
100% for all gases. The smaller bubbles dissolve completely (marked by the gray shaded
area) while the larger ones rise to the surface where the remaining gas is released.

Downwelling currents keep the injected bubbles underwater for longer, increasing the
time during which gas dissolves. This is obvious in Figure 12 where d(r, z) is plotted for a
uniform vertical current speed of w = −0.2 m s−1 (right at the surface w = 0). A bubble
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Figure 12. Percentage of gas d(r, z) that dissolves from a bubble while it rises back to the surface. It
is shown for O2, N2, CO2, and Ar as a function of initial bubble radius and depth and for a current
speed of w = −0.2 m s−1.

dissolves completely if the vertical currents are stronger than its (initial) rise speed. The
larger bubbles lose more gas than without currents, but still reach the sea surface.

The total percentage of gas dissolved Gj is given by the integral over all bubbles of a
given size and depth distribution

Gj =
∫ r2
r1

∫ 0
−∞ dj (r, z) N(r, z) V0(r, z) dz dr∫ r2
r1

∫ 0
−∞ N(r, z) V0(r, z) dz dr

, (14)

where the initial volume of a bubble, which it would have at the sea surface under only
atmospheric pressure patm, is given by

V0 = 4

3
πr3

(−gρz

patm

+ 1

)
. (15)

Gj has been plotted in Figure 13 as a function of the vertical current for bubble radii
between 1 µm and 10, 000 µm and δ = 0.1 m. It increases slowly for currents up to
−0.2 m s−1 and much more rapidly between −0.2 m s−1 and −0.3 m s−1. This sudden
increase can be explained by the function describing the rise speed of gas bubbles (Fan and
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Figure 13. Percentage of the total amount of gas dissolved Gj as function of current speed w for an
entrainment depth of δ = 0.1 m.

Tsuchiya, 1990). For radii between 700 µm and 7000 µm, the bubble rise speed increases
only gradually from 0.2 m s−1 to 0.3 m s−1. Therefore, only a slight increase in current
speed greatly enhances the number of bubbles that are drawn down and dissolve. Gj also
depends on the assumed entrainment depth δ, because bubbles that are injected deeper have
a longer path through the water column. For example, for δ = 1 m, Gj increases for all
gases by a factor of 2–4 for w < 0.22 m s−1.

The differences in the curves for the four gases are caused by the different diffusion
speeds which are proportional to S D2/3, where S is the solubility and D the coefficient
of diffusion. CO2 dissolves more quickly than the other gases, and for currents stronger
than −0.25 m s−1 all CO2 is lost. N2 has a low diffusion rate, so that “old” bubbles contain
mostly N2.

b. Application to the sill flow at Boundary Pass

The amount of gas dissolved in a tidal front depends on the injection location relative to
the plunge point of the subducting water mass: the closer to the plunge point the bubbles
are injected, the less time the bubbles have to rise back to the surface before they are
subducted, and the more gas dissolves. The considerations in the previous section can be
directly applied to this situation: in a reference frame moving with the currents, the bubbles
experience a temporally varying vertical velocity.
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Table 2. For an estimate of the air-sea gas exchange at Boundary Pass, three representative waves
with different amplitudes and wave lengths were chosen approaching the front from East and West.

←− Waves from the East

Wave a0 [m] λ0 [m] a0k0 Break Region
I 0.05 1.5 0.32 74 m to 42 m
II 0.2 8 0.13 7 m to −17 m
III 1 15 0.42 85 m to −47 m

−→ Waves from the West

Wave a0 [m] λ0 [m] a0k0 Break Region
I 0.05 1.5 0.32 −13 m to 1 m
II 0.2 8 0.13 33 m to 84 m
III 1 15 0.42 > −16 m

Waves that approach the tidal front at Boundary Pass encounter two slightly different
situations: waves approaching from the west ride on the strong flood tidal currents until
they reach the front marking the transition to the stagnant surface layer in the east. For
waves approaching from the east, the transition is from stagnant water to fast opposing
currents. The model of wave-current interaction is used to calculate the location of bubble
injection and the dissipated wave energy. This yields the amount of injected and dissolved
air as a function of horizontal distance. A sensitivity study is used to estimate the error of
the model calculations due to the uncertainties in the parameters (Appendix).

In the following, three different waves are chosen as examples. They may represent
wind/wave conditions on a calm, average, and windy day. The wind speeds in the Strait
of Georgia are usually less than 15 m s−1, with prevailing winds of less than 7 m s−1. The
conditions are usually fetch-limited and the expected wave height is up to 1.5 m, but usually
less than 0.6 m (Bretschneider, 1958). In particular, the following values for the initial
amplitude a0 and wave length λ0 are chosen: a0 = 0.05 m, λ0 = 1.5 m (wave I, calm day;
Table 2), a0 = 0.2 m, λ0 = 8 m (wave II, average day), and a0 = 1 m, λ0 = 15 m (wave III,
windy day). The initial steepness of all waves is below the critical value for breaking. The
horizontal surface currents are taken from ship-board observations in the tidal front (Fig. 5).

The results are plotted in Figures 14 and 15. The initial wave length λ0 determines the
phase speed of the wave and hence how far the wave proceeds against the current before
it reaches the critical value of u/c0 = −1/4 where it is arrested. Long waves advance
farther against the current (Fig. 14b and 15a) and waves with a high initial steepness break
earlier than waves that are not so steep (Fig. 8). Hence, the initial steepness determines the
beginning, and the wave length the end, of the break region.

The horizontal currents carry the bubbles into regions of different w, so that for each
injection location, the vertical currents are described as a function of time (in a reference
frame moving horizontally with the currents/bubbles). It is assumed that w = 0 to the east
of the front, and that the bubbles that are injected at a location to the west of the front are
carried downward by the vertically averaged lower layer currents as soon as they are advected
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Figure 14. (a) Horizontal (gray) and vertical (black) current in the tidal front at Boundary Pass.
Surface currents are shown by dashed lines, vertically averaged lower layer currents by solid lines.
(b)–(c) Amplitude and dissipated energy for waves I, II, and III approaching the front from the
East; (d) amount of air injected; (e) percentage of oxygen dissolved for detrainment depths 0.05 m
(dashed), 0.5 m (solid black), and 1 m (dash-dotted).
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Figure 15. (a)–(b) Amplitude and dissipated energy for waves I, II, and III approaching the front from
the West; (c) amount of air injected.

horizontally past the plunge point. The initial size distribution of the injected bubbles is
calculated as a function of horizontal distance and depth (13). The resulting vertically
integrated void fraction is shown for O2 in Figures 14d and 15c for the entrainment depths
0.05 m, 0.5 m, and 1 m.

Bubbles injected within 3–5 m to the west of the tidal front dissolve almost completely
due to the very strong vertical currents exceeding the rise speed of even the largest bubbles.
In this zone, the total amount of gas dissolved does therefore not depend on δ. Farther to
the west, Gj decreases as some of the bubbles have time to rise back to the sea surface.
Between x = −3 m and x = −17 m, Gj drops from 95% to less than 3% for all three
entrainment depths. To the east of the front, the surface layer is stagnant and Gj is < 3%.

For an estimate of the frontal contribution to the aeration of the subsurface water in the
Strait of Georgia, we are only interested in the dissolved gas that is subducted by the currents
(Fig. 14 and 15). The gas that is injected to the east of the front stays in the surface layer and
can be neglected, although the gas exchange in that region is also increased by enhanced
wave breaking in the vicinity of the front. The waves that contribute most to the aeration of
the intermediate water are those that break within the zone of high dissolution close to the
front. For waves approaching from the West, this is the case for short initial wave lengths
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Figure 16. Sketch of the oxygen sources and sinks in the Fraser Estuary. The numbers show the dis-
solved oxygen saturations in the surface water [%] and the oxygen concentrations in the subsurface
water [mL L−1].

(wave I). Waves approaching from the East can only contribute if they have a wave length
of more than 5 m (waves II, III), so that they are fast enough to travel past the front.

6. Oxygen Budget of the Fraser Estuary

In order to determine the contribution of tidal fronts to air-sea gas exchange, a comparison
must be made with other oxygen sinks and sources: diffusion through the sea surface, bubble
injection by breaking wind waves, advection by currents, as well as biological production
and consumption (Fig. 16). For the entire Fraser Estuary, including the surface waters, the
contribution of tidal fronts is <1% (Baschek, 2003). Here, we focus on the oxygen budget
of the subsurface waters in the Strait of Georgia. The surface waters of Juan de Fuca Strait
and the Strait of Georgia do not contribute directly to this. The tongue of oxygenated water
that subducts to intermediate depths in the Strait of Georgia (Fig. 2) has its origin in Haro
Strait, where tidal fronts contribute to the aeration, and oxygen rich surface water is mixed
with dense water from the Pacific Ocean.

a. Contribution of tidal fronts

The tidal front at Boundary Pass is the most pronounced front in Haro Strait. The oxygen
flux in this front will be estimated from the model results as well as from measurements
of bubble size distribution and current speed. Extrapolation to other fronts in the Strait
leads to an estimate of the total gas flux. A minimal value will be given as well as a “best
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guess”. Notwithstanding the uncertainties, our use of conservative estimates throughout
should provide a lower bound to the flux.

i. Estimate from model results. The oxygen flux in the tidal front at Boundary Pass has
been estimated for strong flood tidal forcing by applying models of wave-current interaction
and bubble behavior in the front. This yields the amount of gas injected by each breaking
wave, which is then multiplied by the mole fraction of oxygen (0.21) and the width of the
front (2200 m) and is divided by the wave period. It is assumed that these processes take
place twice a day for a 2 h period during flood tide and the results are averaged over 1 d.

Only the bubbles injected by waves breaking within a few meters of the front contribute
to the aeration of intermediate water in the Strait of Georgia. The oxygen flux for waves
reaching this zone is ∼0.02 m3 s−1. We emphasize that this is a minimal value given the
selection of the values for gas saturation, entrainment depth δ, and the portion of energy
E that goes into bubble subduction. The estimate does not change much, if a different gas
saturation level or a different spectral shape are chosen. It is, however, quite sensitive to
E and δ (Appendix). The values in the reference model runs are given for small spilling
breakers with amplitudes of only a few centimeters. For only slightly higher waves, δ may
increase by a factor of 4, E by a factor of up to 100 (for small plunging breakers). We use
intermediate values of δ = a/2 and E = 0.03 as a best, yet conservative, estimate of actual
conditions with a resulting gas flux of 0.1 m3 s−1.

ii. Estimate from observations. Direct measurements of gas bubbles provide an alternative
way of estimating the gas flux in a tidal front. The void fraction V is multiplied by the mole
fraction of oxygen χ, the bubble entrainment depth δ, the current speed u with which the
bubbles are carried past the plunge point, the width W and length L of the front, as well as
the duration of gas entrainment T (in h) during a 12 h tidal period. This yields the gas flux
in the entire front averaged over a tidal period

Gas flux = V χ(O2) δ u W L T /12. (16)

An Acoustical Resonator for measuring bubble size distributions was towed through the
tidal front at Boundary Pass. The void fraction in the bubble plume at a depth of 20 m
is V = 9.9 · 10−7 (Fig. 17). The initial bubble size distribution is derived from this for
different current speeds by using the bubble model to track the bubbles back to the surface.
The resulting void fraction at the surface varies within a factor of 2, with a mean value of
1.1 · 10−5.

Echo sounder measurements taken at the same time suggest, however, that bubbles outside
the measurement range may have been present (Fig. 6). The gas bubbles at 100 m must have
had a radius of at least 0.9 mm at the surface, which is larger than the largest bubble detected
by the Resonator. Smaller gas bubbles may also have been present, but were not measured
and may have dissolved completely before reaching the measurement depth. To estimate
the amount of gas contained in bubbles outside the measurement range, the bubble size
distribution is extended to smaller bubbles with a spectral slope of −3/2, as used in the
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Figure 17. (a) Void fraction during the transect shown in Figure 6. (b) Volume scaled bubble size
distribution 4/3πr3N(r) (dash-dotted curve) of the bubble plume in the front in 20 m depth (marked
by arrow in upper panel and by the black dot in Figure 11). The bubble size distribution at the surface
is calculated with the bubble model for w = 0.1 m s−1 and w = 0.5 m s−1.

previous model calculations. For larger bubbles, we use α = −4.8 matching the slope of
the observed surface spectra (Fig. 17b). The resulting void fraction of the total spectrum is
2.3 · 10−5, which is equivalent to an increase in dissolved oxygen by 4.6 · 10−3 mL L−1.

Even this value for the void fraction is, however, two orders of magnitude smaller than
the observations under small spilling breakers by Loewen et al. (1996) and 4 orders of
magnitude smaller than the observations under bigger waves (Deane, 1997; Lamarre and
Melville, 1991; Loewen et al., 1996; Monahan, 1993). This is not that surprising, given the
great natural variability in a turbulent front. We therefore chose a value derived from our
observations as a minimal value and the measured void fraction for small spilling breakers
of 0.002 (Loewen et al., 1996) as a best guess, assuming that they are injected in the upper
0.15 m of the water column (0.05 m as minimal value).

The speed with which the bubbles are advected past the lower layer plunge point is
1.5 m s−1 in the horizontal and somewhere between −0.2 m s−1 and −0.7 m s−1 in the
vertical. We take a minimal vertical current speed of −0.2 m s−1 and an average value of



2006] Baschek et al.: Tidal fronts and their role in air-sea gas exchange 509

−0.5 m s−1 as a best guess, so that the resulting current speeds are 1.5 m s−1 and 1.6 m s−1,
respectively. The width of the front W is given by the zone in which the injected gas bubbles
are subducted by the currents before they rise back to the sea surface. This value is between
5 m and 17 m, with a best guess of 10 m. The length of the front L = 2200 m is given
by the geometry of the sill. The resulting minimal average gas flux is 6.6 · 10−4 m3 s−1

and for the best guess 0.37 m3 s−1. Notwithstanding the uncertainties in the measurements
and in the seasonal and neap tidal variability, these calculations provide a framework for
estimating the role of tidal fronts in air-sea gas exchange.

iii. Contribution of all tidal fronts in Haro Strait. The results from the tidal front at Bound-
ary Pass can now be used to estimate the contribution of the other tidal fronts in Haro Strait.
A parcel of water moving from Juan de Fuca Strait into the Strait of Georgia will pass several
of these fronts – due to the changing flow direction of the tidal currents possibly even more
than once. About 9 ebb and 7 flood tidal fronts are located in the estuary (Fig. 3). Aerial
photos and GPS measurements were used to map the extent of these fronts. Ignoring the
weaker fronts and including only the ebb tidal fronts at Stuart Island (0.5), Battleship Island
(0.3), Gooch Island (0.2), and Discovery Island (0.2), as well as the flood tidal fronts at
Boundary Pass (1) and Stuart Island (0.2), where values in parentheses provide an approxi-
mate estimate of their relative contribution to aeration. The oxygen flux in all fronts in Haro
Strait is therefore about 2.5 times that of Boundary Pass, yielding an oxygen flux for the
intermediate water in the Strait of Georgia of 0.92 m3 s−1 (best guess) and 6.6 ·10−4 m3 s−1

(minimal value).

b. Comparison with other oxygen sources

In the following, the gas exchange in tidal fronts is compared with the diffusive gas flux
and biological production. Due to the strong tidal currents and mixing in Haro Strait and
the sparsity of data, it is not possible to estimate reliably the contribution of advection or
biological decomposition. For further discussion see Baschek (2003).

The diffusive gas flux was estimated from oxygen data (Crean and Ages, 1971) and hourly
wind speed measurements from 1998 at Sandhead, Strait of Georgia. The data may not be
representative for the whole estuary, and wind and saturation data are taken from different
(possibly untypical) years and at only a few stations. Nevertheless, these numbers provide
an estimate of the order of magnitude of the diffusive gas flux. The parameterizations by
Wanninkhof (1992) and Liss and Merlivat (1986) yield an annual mean oxygen flux for Haro
Strait of 7.6 m3 s−1 and 4.5 m3 s−1. The oxygen production by algae has been estimated
from a daily primary production rate of 520 mgC m−2 d−1 (Koblents-Mishke, 1965), which
results in a mean oxygen production rate of 5 m3 s−1 for Haro Strait (Kirke, 1994).

The oxygen budget can now be calculated for the intermediate water in the Strait of
Georgia. Diffusion and photosynthesis contribute about the same amount to the additional
production of oxygen in the subducting layer (Table 3). The tidal fronts contribute about
8% to the aeration of intermediate water (best guess), or 14.2% of the diffusive gas flux.
The tidal front at Boundary Pass by itself contributes 3%.
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Table 3. Oxygen sinks and sources [m3 s−1] of the Strait of Georgia and the Fraser Estuary. The
values for the tidal front are the ones for the “best guess”. ∗) Taken from Thomson (1994). ∗∗)

Estimated.

Oxygen-Source/Sink Intermediate water Fraser Estuary
Strait of Georgia

Area 450 km2 ∗∗) 10.950 km2 ∗)

Diffusive gas flux 6.5 115/68
Photosynthesis 5 152
Advection ? −100
Biol. decomposition ? −150 (?)
Tidal front

Boundary Pass 0.37 (model 0.1) 0.72 (model > 0.1)
all fronts 0.92 (model 0.25) 1.8 (model > 0.25)

Oxygen background values in the subsurface waters of the Strait of Georgia and Haro
Strait are about 4.5 mL L−1 (Fig. 2). The dense water in Haro Strait mixes at the sill with
aerated surface water which has dissolved oxygen levels of about 5.5 mL L−1. This water
mass is then advected to intermediate depths with oxygen values of 5.0 mL L−1, suggesting
a 1:1 mixing ratio between both water masses. Additional oxygen is supplied by bubble
entrainment in the tidal front. Due to the contribution of the tidal fronts, the oxygen con-
centration of the newly subducted intermediate water is increased by 0.08 mL L−1 (best
guess).

7. Discussion

These results show that entrainment of gas bubbles in tidal fronts may contribute ∼8%
to the aeration of intermediate water in the Strait of Georgia. This “best guess” represents a
conservative estimate. The hydraulic sill flow at Boundary Pass delivers additional oxygen
from the aerated surface waters in Haro Strait. In the following, the different processes
relevant to entrainment of gas bubbles in tidal fronts will be reviewed together with the
corresponding uncertainties.

The flow field of the tidal front is important because the surface convergence zone deter-
mines the point at which surface waves break, and hence the location of bubble injection.
The injected bubbles are carried away by the subducting water. The currents determine the
extent of gas dissolution from the bubbles and the depth to which the aerated water is carried.
In this respect, the processes right at the sea surface are especially important. The currents
are measured below 1 m depth and provide a good estimate of the current speed with which
the gas bubbles are advected past the lower layer plunge point. The flow field may, however,
be subject to seasonal or spring-neap tidal variations as the density difference across the
front may change due to the Fraser River discharge or due to mixing. This is suggested by
brief observations in January 2002 when the tidal front at Boundary Pass was much less
pronounced because of weaker stratification with gas bubble clouds reaching only 40 m.
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The gas pressure difference between water and bubble determines how much gas dissolves
before the bubbles return to the sea surface. This is not critical, however, as the downwelling
currents are stronger than the rise speed of the largest bubbles. We can therefore assume
that all bubbles injected close to the plunge point dissolve. We may therefore limit our
considerations to the void fraction rather than the actual bubble size distribution.

The void fraction is hard to estimate. Values in the literature range over two orders of
magnitude, depending on the type of breaking wave. We have taken a value intermediate
between plunging and spilling breakers, which means that the estimated contribution of tidal
fronts to the aeration of an estuary could well be a factor of 10 larger or smaller. The size
of the waves and the entrainment depth corresponding to the given void fraction (Loewen
et al., 1996; Lamarre and Melville, 1991) is representative for calm conditions. Even then,
waves break due to the effect of wave-current interaction. On windy days, however, the
bubble entrainment depth and void fraction would increase and hence the amount of gas
dissolved. Our estimate of 8% for the contribution to the aeration of intermediate water can
therefore be considered to be conservative.

Bubble induced air-sea gas exchange in tidal fronts is also found in other coastal environ-
ments where strong tidal currents interact with a rugged topography. Data from the Strait of
Messina, Italy (pers. comm. P. Brandt, IfM Kiel), Bay of Fundy (pers. comm. D. Johnston,
Duke Marine Lab) and Gulf of St. Lawrence, Canada, show bubble entrainment to depths
of 40 to 80 m. This process is likely to occur also around places like Ireland, Norway, Chile,
Japan, and in the North Sea. The importance of tidal fronts for the aeration of an estuary
varies with the geographical setting. Air-sea gas exchange in tidal fronts is more important
in estuaries with a small surface area and numerous and extended tidal fronts than in large
estuaries with only a few fronts.

Surface convergence zones also form in Langmuir circulation (Thorpe and Stubbs, 1979;
Thorpe, 1982) or during deep convection events in the North Atlantic and Mediterranean
Sea in some winters (Schott et al., 1999). Downwelling currents are 5 − 15 cm s−1 and the
associated divergence/convergence patterns may increase wave breaking and the formation
and subduction of gas bubbles. In the latter case, gases like O2 are carried down to depths of
more than 1500 m forming a direct connection between surface waters and the deep ocean.

Because of the limitations of the observations, it would be desirable to carry out additional
measurements. In this respect, special focus should be given to near surface processes
that are important for the gas exchange by bubbles. In particular, observations of void
fraction or bubble size distribution in combination with measurements of surface currents
and turbulence may help to understand the gas entrainment mechanisms in tidal fronts.
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APPENDIX

Sensitivity of model results

A sensitivity study is used to investigate the importance of single model parameters incor-
porated in the oxygen flux calculations. We take wave II approaching the front from the east
and wave I approaching from the west as references (see Section 5), representing the waves
contributing most to the aeration of subsurface waters. Additional model runs are carried
out with one parameter changed at a time, so that the sensitivity can be studied (Table 4).

The diffusion of gas from a bubble to the surrounding water depends on the gas saturation
in water. In this particular front, however, the gas saturation levels have little effect on gas
flux. Due to the small entrainment depths, the bubbles either rise quickly back to the surface,
so that an increased concentration difference has little effect, or they dissolve completely.
For example, if the saturation of O2 in the water drops from 100% to 80%, the total gas
flux in the front increases by less than 3%. In the Fraser Estuary, undersaturated conditions
are predominant with the exception of the surface layer in the Strait of Georgia in summer.
A saturation of 100% is therefore a slightly conservative value.

Table 4. Parameter values for the model calculations of gas entrainment in the tidal front at Boundary
Pass. The lower part of the tables shows the results from the sensitivity study; values different to
those of the reference runs (upper part of tables) are shown in bold letters.

←− Waves from the East

Wave α δ [m] σ [%] E [%] O2-flux [m3/s]
I −1.5/ − 3.3 a/4 100 0.3 0
II −1.5/ − 3.3 a/4 100 0.3 0.012
III −1.5/ − 3.3 a/4 100 0.3 0.009
II −2 a/4 100 0.3 0.011
II −4.5 a/4 100 0.3 0.086
II −1.5/ − 3.3 a 100 0.3 0.003
II −1.5/ − 3.3 a/4 80 0.3 0.012
II −1.5/ − 3.3 a/4 100 30 1.17

−→ Waves from the West

Wave α δ [m] σ [%] E [%] O2-flux [m3/s]
I −1.5/ − 3.3 a/4 100 0.3 0.02
II −1.5/ − 3.3 a/4 100 0.3 0
III −1.5/ − 3.3 a/4 100 0.3 0.007
I −2 a/4 100 0.3 0.018
I −4.5 a/4 100 0.3 0.045
I −1.5/ − 3.3 a 100 0.3 0.005
I −1.5/ − 3.3 a/4 80 0.3 0.021
I −1.5/ − 3.3 a/4 100 30 2.03
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The spectral slope of the bubble size distribution α determines the relative importance of
small versus large bubbles. If we choose α = −2 for the whole spectrum, there are more
large bubbles in the water than in the reference run, the gas flux decreases by about 9% as
the bubbles rise more quickly to the surface. The results are not sensitive to the choice of
cut-off radius for large bubbles r2. If there are more small bubbles (α = −4.5), the gas flux
increases by a factor of 2 to 7. The values for α used in the reference runs are therefore also
a conservative choice.

For the reference runs, δ = a/4 has been chosen for the entrainment depth as it yields
very similar results for void fraction and bubble size distribution to those of Loewen et al.
(1996) for small spilling breakers. An entrainment depth of δ = a, for example, would yield
results that are 16 times smaller than those observations, assuming the same value for E . It
should be kept in mind though that the laboratory breaking mechanism involved a sloping
boundary rather than a wave breaking on a current.

The number of injected bubbles is determined by the portion of energy E , that goes into
the subduction of gas bubbles. For our model runs, we have so far assumed a very low value
of E = 0.003 (Loewen et al., 1996), which may be suitable for wave amplitudes of a few
centimeters. For bigger waves, or if the breaking waves are plunging rather than spilling
breakers, a higher value of E = 0.3 − 0.5 may be more appropriate (Lamarre and Melville,
1991). For E = 0.3, the resulting oxygen flux increases by a factor of 100. If we increase
the entrainment depth without increasing the amplitude, fewer bubbles are injected and the
gas flux decreases. An increase of δ by a factor of 4 reduces the gas flux by 75%.
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