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Abstract. Tidal fronts are a common feature of the coastal ocean. They are
formed by the interaction of tidal currents with topography and are characterized
by surface convergence zones with strong gradients in density and current speed.
Waves – or even small disturbances formed at low wind speed – that travel into
these areas are slowed down by the currents and tend to steepen and break. Because
the location of wave breaking is therefore highly predictable, tidal fronts form an
ideal and easily accessible natural laboratory for studying wave-current and wave-
wave interactions. The conditions in the fronts favor the formation of statistically
extreme waves, i.e. waves with heights of up to twice the significant wave height.
Due to the small spatial scales of tidal fronts, it is possible to observe the history
of these waves in space and time simultaneously. In spite of the different scales of
the waves, the principal physics of the formation mechanisms may be applicable to
the open ocean case where rogue waves represent a significant threat to ship traffic
and offshore structures.

Introduction

Tidal fronts can be found in the coastal ocean where
strong tidal currents interact with topography. At the sea
surface, convergence zones with strong gradients in den-
sity and current speed are formed. Tidal fronts are areas
of intense mixing but are also interesting for air-sea gas ex-
change (Baschek, 2003) and underwater acoustics due to
large amounts of entrained gas bubbles. They also deserve
attention due to a strong biological response to the physi-
cal processes in the fronts, like krill and fish aggregations
(Simard et al., 2002).

But tidal fronts are also interesting because of their pro-
nounced effect on surface waves and are therefore natural
laboratories for studying wave-current interaction. Surface
gravity waves, that were generated by wind or any other
disturbances of the sea surface, travel into the convergence
zone, steepen due to the effect of the currents, and tend to
break. This situation is similar to wave breaking in shallow
water.

Areas of strong currents are known to be potentially haz-
ardous for ship traffic as waves can be getting short and steep
(D. Masson, 1996). Tidal currents can change sea state con-
ditions within minutes as the direction of the tidal current
changes.

In addition, it has been shown that strong oceanic currents
favor the formation of rogue waves (Wu and Yao, 2004).
These waves are characterized by their extreme statistics
with wave heights of 1.5-2.0 times the significant wave
height of the surrounding wave field. With wave heights of
up to 35 m, these waves are a potential threat for ships and
offshore structures.

While rogue waves have long been treated as ”sailor’s
myth”, it has now been recognized that they are a rare but
frequent oceanic feature. In January 1995, for example, a
rogue wave of 25.6 m was measured from the Norwegian oil
drilling platform Draupner in the North Sea (Clauss, 2002).
In February 2001, the German cruise ship Bremen was hit in
the Southern Ocean by a wave of estimated 30-35 m height
and only 2 weeks later the Caledonian Star encountered a
wave of similar height in the same area. In April 2005,
the cruise ship Norwegian Dawn was severly damaged by
a rogue wave of more than 20 m off Florida. Also a recent
investigation of satellite images suggests that rogue waves
occur quite frequently (MaxWave). During a period of three
weeks in 1996, several rogue waves could be observed in the
Southern Ocean.

Observations of rogue waves are extremely difficult to
obtain as these waves are relatively rare and occur under
rough conditions. So far, only a few rogue waves have been
measured with wave gauges (e.g.Clauss (2002)) or recently
also from satellite (MaxWave). For a better understanding of
the formation process and for developing a forecasting sys-
tem for ship traffic it is, however, necessary to obtain more
measurements of these waves, in particular observations of
the formation process of these waves as well as their subse-
quent evolution and decay.

Simultaneous measurements of statistically extreme waves
in time and space can be easily carried out in the coastal
environment. Although the waves there are much smaller
than oceanic rogue waves, observations in tidal fronts may
provide valuable insight into the formation process of these
waves which may be applicable to the open ocean case.

In this paper, the behavior of waves traveling on a spa-
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tially varying current is described. First, a model of wave-
current interaction is reviewed, which then leads to consid-
erations on wave breaking and energy dissipation. Some of
these considerations may be applicable to the formation pro-
cess of rogue waves in areas of strong oceanic currents.

Tidal fronts

Tidal fronts are generated by the interaction of strong
tidal currents with topography and are a common feature of
the coastal ocean. They can be defined as sharp transition
zones between two water masses of different density and
(tidal) current speed. At the sea surface, a pronounced front
line of 1-20 m width can be observed (Figure 1). Due to the
strong shear across the front, energetic eddies are formed
that enhance the mixing between the two water masses on
both sides of the front. This front extends into the water col-
umn to depths of typically 50-150 m and forms an interface
that may be tilted due to density differences between the two
water masses (Farmer et al., 2002;Baschek, 2003).
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Figure 1. Aerial view of a tidal front in the Fraser Estuary, British
Columbia. The arrows indicate the main flow direction.

Tidal Fronts can be formed by three different mechanisms
(Figure 2):

• Type I: Inflow of dense water from an adjacent chan-
nel and plunging flow into intermediate depths;

• Type II: Flow separation processes past a headland,
i.e. flow-topography interaction at a vertical boundary
(Farmer et al., 2002);

• Type III: Flow over a shallow sill, i.e. flow-topography
interaction at a horizontal boundary.

All of these tidal fronts are characterized by converging
flow at the sea surface with either both water masses flowing
towards the front or one of them being stagnant.

Waves traveling into these fronts tend to steepen and
break due to the effect of the changing currents (Figure 3).
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Figure 2. Different types of tidal fronts. a) Inflow of dense water
from an adjacent channel; b) flow separation past a headland; c)
flow over a shallow sill. For explanations see text.

For a wave, it is equivalent if it is riding on a current towards
the front or if it is approaching the front from still water: in
a reference frame moving with the water, the wave always
encounters an opposing current. The difference between the
two cases only has to be considered if the location of wave
breaking relative to the tidal front is of importance. The gen-
eral problem, however, is adequately described by the first
case. For simplicity, we will therefore limit our considera-
tions to the case where a wave travels from still water to an
opposing current.

The observations presented in this paper were made in the
Haro Strait region of the Fraser Estuary, BC, Canada (Figure
4). Special attention was given to the tidal fronts at Stuart
Island, Battleship Island, and Boundary Pass.

Wave-current interaction

In the following, we will describe the behavior of a wave
that encounters an opposing current with a model of wave
action conservation (Bretherton and Garrett, 1969). We as-
sume that the processes can be described by linear wave the-



WAVE-CURRENT INTERACTION IN TIDAL FRONTS 133

Figure 3. Wave breaking in the convergence zone of a tidal front
in the Fraser Estuary.
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Figure 4. The Fraser Estuary in British Columbia, Canada.

ory and that wave-wave interactions can be neglected.

In the following, variables in a reference frame mov-
ing with the currents have no subscript while variables in
a medium at rest (u = 0; u is the horizontal current speed)
are marked by the subscript ’0’.

Since the water depth in the tidal fronts isH > 60 m
and is therefore larger than the wave lengthλ � 2H, the
waves can be treated as deep water waves (short waves) with
a phase speedc =

√
g/k, whereg is the gravitational accel-

eration andk the wave number. The wave energy is trans-
ported with the group velocitycg =c/2.

For waves traveling on a current, the frequency for a fixed
reference frame is

ku + ω = const. ≡ ω0 , (1)

whereω0 is the frequency atu=0 (Phillips, 1977). With the
expressionsω=

√
gk andc=

√
g/k we get

k(u + c) = k0c0 , (2)

from which we can derive a quadratic equation for the phase
speedc with the solution

c

c0
=

1
2

+
1
2

√
1 +

4u

c0
. (3)

Bretherton and Garrett (1969) derived a conservation
equation for wave action, that is valid for waves traveling
on a slowly varying current (i.e. the currents change only
little over a wave length)

∂

∂t

(
E

ω

)
+ ∇ ·

{
(u + cg)

E

ω

}
= 0 , (4)

whereu and cg are the vectors of the current speed and
group velocity. For steady wave trains traveling inx-direction
this can be further simplified

d

dx

{
(u + cg)

E

ω

}
= 0 , (5)

so that we get for deep water waves, usingω = g/c and the
equations for phase and group speed

E

(
u +

1
2
c

)
c = const. ≡ 1

2
E0c

2
0 . (6)

Together with the wave energy equationE = ρga2/2 we
finally get an expression for the wave amplitudea (Phillips,
1977)

a

a0
=

c0√
(2u + c)c

. (7)

The wave energy is then given byE/E0 = (a/a0)2 and
is shown by the gray curve in Figure 5 as a function of the
normalized current speedu/c0. The waves travel from left to
right (for explanations of the other curves see below). Atu=
0, E/E0=1 by definition andE/E0 goes towards infinity as
u goes towards the negative group speed of the wave (u/c0=
−1/4).

Breaking waves on a current

In reality, waves do not reach infinite amplitudes but
break when they reach a certain critical steepnesska, given
by the product of wave numberk and amplitudea. This
value is given byLonguet-Higgins (1969) aska=1/2. Other
authors use a limiting steepness ofka=0.31 (Duncan, 1980)
or found values ranging fromka=0.15 to ka=0.36 if cur-
rents are present (Wu and Yao, 2004). For our considerations
the exact value is not critical and we will therefore use for
simplicity ka=1/2.
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Figure 5. Wave energy as a function of current speed. Current
speed and amplitude are scaled with the values for a medium at rest
(u = 0). The wave energy in the absence of wave breaking (solid
gray curve) is plotted together with the wave energy for a breaking
wave (dashed black curves, equation 8) of initial steepnessk0a0

(black numbers).

Obviously, the location at which the wave breaks, the am-
plitude of the wave, and also the distribution of dissipated
energy depends on the current speed but also on the initial
wave numberk0 and wave amplitudea0. E/E0 = (a/a0)2

describes the wave energy for a given current speed and is
plotted in Figure 5. At some point the wave reaches its crit-
ical steepness and breaks. To derive the equation for the
energy of a breaking wave, the break conditionka = 1/2
is multiplied by 1/(ka0). Together with the expression
(c/c0)2 =k0/k we get

a

a0
=

(
c

c0

)2 1
2k0a0

, (8)

wherec/c0 is given by equation (3). For waves with high
initial steepnessk0a0 this will happen at low current speeds
and for waves with lower initial steepness at higher current
speeds. The amplitude at which the wave exceeds the break
criterium decreases as the wave travels further against the
current, because the wave number increases with current
speed. The more the currents increase the more energy is
lost by breaking. It should be noted though that due to the
effect of the currents the difference of wave energy between
two points of the curve is not equivalent to the energy lost
by wave breaking (see below).

Amplitude and energy of a breaking wave

When the current speed equals or exceeds the negative
group velocityu/c0≥−1/4 (equation 3), the waves cannot
proceed against the currents and will have to break some-
where in the convergence zone. To calculate the amplitude

of a wave when it breaks, we insert equation (2) into equa-
tion (7), use(c/c0)2 = k0/k, and multiply by(a0/a)3/2

yielding

(a0

a

)7/2

+
k0a0

ka

(a0

a

)1/2

− 2
(

k0a0

ka

)3/2

= 0 . (9)

Together with the condition for wave breakingka = 1/2 we
get

(a0

a

)7/2

+ 2k0a0

(a0

a

)1/2

− 2(2k0a0)3/2 = 0 . (10)

This equation can be solved for the relative amplitudea/a0

that is plotted in Figure 6 as the gray curve. It shows the
situation for a wave traveling from still water (right) to fast
opposing current (left). The corresponding current speed is
indicated by the black dots and numbers. The amplitude at
which the wave breaks depends only on its initial steepness
and increases with decreasingk0a0. It goes towards infinity
ask0a0 goes towards zero.
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Figure 6. Relative change of the amplitudea/a0 of a breaking
wave as function of the initial wave steepness. The numbers indi-
cate the corresponding current speedu/c0 at which the wave starts
to break.

The amplitude can be also normalized ask0a and is plot-
ted in Figure 7 as a function of current speed after multi-
plying equation (7) byk0a0. A wave of initial steepness
k0a0 travels from left to right into the convergence zone un-
til it breaks (gray curves). From then on it follows the black
curve (in the absence of breaking it would follow the dashed
gray curves), that is derived by multiplying equation (8) by
k0a0.

Continuous and intermittent breaking

There are different types of breaking waves (Galvin,
1968) depending on environmental conditions like wind,
currents, or bathymetry:

• Spilling breakers occur when the wave slowly reaches
its critical steepness. The wave becomes unstable at
the top and the “excess height” is lost by breaking
in form of a whitecap (Figure 8a), which then flows
down the front face of the wave.
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Figure 7. The gray curves show the normalized amplitude of a
wave of initial steepnessk0a0 (gray numbers) as a function of cur-
rent speedu/c0. After the wave reaches the critical valueka=1/2
the amplitude is given by the black curve, or in the absence of
breaking by the dashed gray curves.

• Plunging breakers occur when the wave breaks quickly.
The crest curls over the front face, plunges forward,
and falls into the base of the wave enclosing some
larger amount of air while breaking (Figure 8b). Most
of the wave energy is dissipated by one short break
event.

• Collapsing and surging breakers occur when the wave
crest remains unbroken and the wave base advances
up a steep beach.

a)

b)

gas bubble formation

Figure 8. Sketch of a) spilling breaker and b) plunging breaker.

Observations show that spilling breakers are predominent
in tidal fronts (Figure 3). We will therefore limit the follow-
ing considerations to these waves. It is quite possible though
that some waves break in a convergence zone as plunging
breakers or some intermediate type of breaker. This is sug-
gested by the gray curves in Figure 7, which show that the
amplitude increases more quickly for waves with a small
initial steepness as they reach their critical steepness than

for waves with a high initial steepness. It is therefore more
likely that they break as plunging breakers.

Waves can either break continuously – i.e. for a period
of time longer than the wave period – or intermittently – i.e.
the wave breaks only for a short time without losing all its
energy and breaks again at a later time. The energy distribu-
tion of a breaking wave will be different for an intermittently
or a continuously breaking wave. If we want to determine
how a wave breaks and how much wave energy is dissipated
we will have to look at a wave packet rather than a single
monochromatic wave, as the wave energy is transported with
the group speed.

Wave packet in an ocean an rest. First of all, let us
consider a packet of wind generated deep water waves in
an ocean at rest (Figure 9). At timet = 0, the first wave
slightly exceeds the critical steepnesska = 1/2 and breaks
(see alsoDonelan (1972)). One period later (t = τ ), this
wave has traveled one wave lengthλ to the right while the
shape of the wave packet has traveledλ/2 during the same
time (cg =c/2), i.e. the wave has traveledλ/2 relative to the
packet. The steepness of this wave is therefore reduced, we
assume to a value ofka<1/2, and the wave does not break
anymore.
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t=τ t=2τ

x=0 x=0x=0
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no
breaking
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1.2.
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Figure 9. Intermittent breaking of a packet of deep water waves in
an ocean at rest. Wave breaking occurs when the waves are steeper
than the critical steepnesska=1/2.

At time t = 2τ , the second wave has reached its critical
steepness and breaks2τ later than the first wave and one
wave length to the right of the location at which the first
wave was breaking.

This intermittent breaking, however, can only occur if
there is a continuous source of energy (e.g. wind) keeping
the wave packet at the same amplitude. In the absence of
an energy source, the steepness of the waves is reduced by
wave breaking so that the waves would probably break a few
times before the group decays.

Monochromatic wave on a current. With this in mind
we can now look at the behavior of a quasi-monochromatic
wave on a current, i.e. a wave packet that consists for
any current speedu/c0 only of one monochromatic com-
ponent. Although amplitude, wave number, and wave length
change due to the effect of the currents, it can be treated as a



136 BASCHEK

monochromatic wave, if the current speed changes only little
over a wave length.

For the calculation of the energy dissipation by wave
breaking, the shape of the wave packet has to be considered,
as the wave energy is transported with the group speedcg

and not with the phase speedc. As already discussed (Fig-
ure 5), amplitude and wave number increase as the wave en-
counters an opposing current (energy given byΓ1 in Figure
10) until it reaches its critical steepnesska=1/2 (curveΥ1)
and breaks.Γ1 andΥ1 mark the shape of the entire wave
packet at timet=0.

Υ1

u/c0

Γ2

Γ1

Γ3

Υ3

Υ2

E/E0

1/4
0

t=0 t=τt=τ/2

∆E

Figure 10. Behavior of a quasi-monochromatic wave on an op-
posing current. The normalized energyE/E0 is given for the case
without breaking (black curvesΓi) and with breaking (gray curves
Υj). ∆E is the energy lost by wave breaking.

As the waves travel further against the opposing current
(left to the right in Figure 10), their amplitudes would in-
crease, if they were not reduced by breaking. The energy
the waves would have had without breaking is given by the
curvesΓi, with Γi/Γ1=const.

Let us now consider a wave that is at timet = 0 at loca-
tion x = 0 (on curveΓ1). One periodτ later it has moved
λ and the wave packetλ/2 to the right. If there was no
wave breaking during this time, the shape of the wave packet
would be given by curvesΓ1 andΥ2. But because of break-
ing, the “excess” energy∆E = Υ2(λ)−Υ1(λ) is lost be-
tweenx = 0 andx = λ. From Figure 10 it also follows that
Υ2(λ)=Γ2(λ). Together with

Γ2(λ)
Γ1(λ)

=
Γ2(λ/2)
Γ1(λ/2)

= const. and Γ2(λ/2) = Υ1(λ/2)

(11)
we yield an equation for the energy loss by wave breaking

∆E =
Υ1(λ/2) Γ1(λ)

Γ1(λ/2)
− Υ1(λ) . (12)

In these idealized conditions, the wave crest is continu-
ously 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 neces-
sarily 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.

Wave packet on a current. Figure 11 shows a sketch
of the break behavior of a group of waves on a current. At
time t = 0 (a), the first wave is steeper thanka > 1/2 and
breaks, which also changes the form of the wave packet (b).
At t= τ (c), the first wave has movedλ/2 to the right (rela-
tive to the wave packet) so that its amplitude is reduced and
its steepness is less than the critical value. It stops breaking.
At t = 2τ (d), the next wave has reached its critical steep-
ness and breaks – with an amplitude that is smaller than the
first wave. Because the shape of the wave packet is altered
by wave breaking, at a later stage (e), the waves are continu-
ously pushed into the region of critical steepness and hence
break continuously.
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Figure 11. Sketch of the break behavior of a wave packet on a
current. For explanations see text.

However, depending on the initial shape of the wave
packet and the gradient in current speed, there may not be
a phase of intermittent breaking. It is also possible that the
waves “overshoot” when they break, i.e. the amplitude is
reduced more than necessary in order to satisfy the stability
criteria, and break again when they are getting too steep. The
energy loss is step-like instead of continuous. Observations
of breaking waves in tidal fronts (Figure 3) show, however,
that most waves within the convergence zone are whitecaps,
indicating that continuous breaking is predominant.
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Are tidal fronts a natural laboratory to study
rogue waves?

Rogue waves are a potential hazard for ships and off-
shore structures like oil drilling platforms. They reach wave
heights of up to 35 m and exceed the significant wave height
of the surrounding wave field by a factor of 1.5 - 2, so that
they occur unexpectedly for ship traffic. The formation of
rogue waves can be explained by the linear superposition of
several waves at the same time and location due to their dif-
ferent phase speeds. This wave focusing can occur anywhere
in the ocean but is more likely in areas of strong currents (Wu
and Yao, 2004). However, in order to develop a forecasting
and warning system it is necessary to better understand their
formation mechanism and under which sea, wind, or current
conditions they are likely to occur.

Observations of rogue waves, however, are very rare as
they are found offshore, may be a short lived phenomenon,
and occur under severe sea state conditions. The present ob-
servations have been made with wave gauges from buoys or
oil drilling platforms providing time series of wave height
at a fixed location (e.g.Clauss (2002)) and some progress
has been also made with satellite measurements (MaxWave).
These measurements, however, can only provide a snap shot
in either time or space, but not both, which is necessary
for observing the formation mechanism of rogue waves and
their subsequent evolution.

Experiments in wave tanks offer here an advantage (e.g.
Wu and Yao, (2004)) and have helped to understand how
rogue waves can be formed. The environmental conditions,
however, have to be prescribed and it can be questioned how
typical they are for oceanic conditions.

It may therefore by useful to use tidal fronts as a natural
laboratory as they offer advantages of both, wave tanks and
natural conditions:

• tidal fronts are easily accessible; measurements from
shore are possible at low cost;

• wave formation occurs even at low wind speeds and
the location of tidal fronts is controlled by topography,
so that this process is very predictable;

• the incoming wave field is of natural randomness;

• wave focusing due to currents favors the formation of
statistically extreme waves (Figure 12).

Furthermore, because tidal fronts are on the order of 100
m wide and 1-5 km long, it is possible to carry out measure-
ments of wave height and current speed in time and space si-
multaneously. For this, a land based marine radar and a (hor-
izontally looking) moored Acoustic Doppler Current Profiler
(ADCP) may be used.

It should be noted though that the environmental con-
ditions in tidal fronts are, however, quite different from
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Figure 12. Wave focusing in a tidal front. As a wave encounters
an opposing current it is slowed down and may be even stopped
completely. For waves of different wave lengths (phase speeds) this
happens at different locations within the front. The likelihood that a
fast wave passes a slow wave (wave focusing) is therefore increased
by the currents. a) Linearly increasing current speed (m s−1); b)
time-space diagram of three waves with 5 m, 10 m, and 15 m wave
length.

oceanic conditions under which rogue waves occur. These
differences are, in particular, the one order of magnitude
difference in wave height and much stronger current speed
gradients that may cause wave reflection or untypical wave-
wave interaction.

The principal physics of the formation process may, how-
ever, still be applicable and tidal fronts may be therefore
an ideal and easily accessible natural laboratory to study
the formation process of rogue waves. Other locations with
similar advantages may be nearshore ocanic currents or the
mouths of estuaries and rivers, where currents cause en-
hanced wave breaking and focusing.

Conclusions

Tidal fronts are a common and highly predictable feature
of the coastal ocean. Waves that travel into the surface con-
vergence zone of the front tend to steepen and break due
to the effect of the opposing current. This process can be
observed even at low wind speeds so that tidal fronts are an
ideal natural laboratory for studying wave-current and wave-
wave interactions.

The break behavior of waves encountering an opposing
current is described by a model based on wave action con-
servation (Bretherton and Garrett, 1969). This leads to con-
siderations of wave breaking and energy dissipation for a
group of waves in the convergence zone of a tidal front. The
location where a wave breaks within the tidal front is deter-
mined by its initial steepness. The break behavior of a group
of waves changes from intermittend to continuous breaking
as it advances against the current.

Tidal fronts may be also an ideal and easily accessible
laboratory to study the formation process of statistically ex-
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treme waves as it is relatively easy to carry out simultaneous
measurements in space and time. The principle physics of
the formation process like wave focusing may be applicable
to rogue waves in the open ocean allowing a better under-
standing of their formation process and hence the forecast-
ing of these waves.
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