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ABSTRACT

It is suggested that the locus of a shelf front is where the water depth is equal to the thickness
of the tidal frictional bottom boundary layer. From this, it follows that the locus of the front
should be given by a critical value of #/U,, where 4 is the water depth and U, is the tidal stream
amplitude. This result differs from that suggested by Simpson and Hunter who argued that a
critical value of h/U? determines the locus of the front. The parameterization suggested here
implies that the locus of a shelf front (1) does not adjust in response to the seasonal heating
cycle and (2) responds only weakly to the spring-neap cycle. Utilizing established empirical
constants, we predict that the locus of a shelf front should be where A/U, ~ 80 s. All these
predicted features conform well with observed properties of shelf fronts. The bottom boundary
layer thickness conformant with these results is equal to A(Cy-U2)'/?[f, where 1=0.20 and

Cq=0.003.

1. Introduction

Thermal shelf fronts were first analysed by
Simpson and Hunter (1974). On the offshore,
deeper side of the front the water is thermally
stratified while on the landward, shallower side,
turbulence generated by the tides keeps the water
vertically homogeneous. In essence, Simpson and
Hunter suggested that a shelf front is located
where a length formed from the tidal stream
amplitude U, and the buoyancy flux B through
the sea surface attains a certain value. They
argued that B may be considered as constant
during the summer season. Under this premise,
the locus of the front should be defined by a
critical value of h/U3, where h is the water depth.

Below it is suggested that the locus of a shelf
front is where the tidal turbulent boundary layer
becomes thinner than the water column and
‘dives’ below the sea surface. This is in
accordance with the mixed layer dynamics in the
seasonal pycnocline model developed by the
present author (Stigebrandt, 1985). Thus, heating
(positive buoyancy flux) should play no major
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dynamical role for the shelf front but acts mainly
to create higher temperatures seaward of the
front which make the front visible in, e.g., satel-
lite infrared imagery.

It is well-known (e.g., Landau and Lifshitz,
1959) that fluctuating currents like the tides have
frictional boundary layers at the sea floor with
thicknesses Ly = A-u./w where u. is the friction
velocity, p-u? equals the bottom stress and w is
the angular frequency of the fluctuating current.
This kind of frictional boundary layer is similar
to the Ekman layer (Ekman, 1905) the thickness
of which is Lg = A-u./f, where f is the Coriolis
parameter. The empirical constant A has recently
been estimated to be equal to about 0.2, both for
tidal currents (Mofjeld and Lavelle, 1984) and for
wind-driven surface currents (Stigebrandt, 1985).
It is apparent that the turbulent bottom layer
caused by a fluctuating tidal current may in
sufficiently deep water not reach the sea surface,
while in sufficiently shallow water, the turbulent
layer will fill the whole water column.

Under conditions with unstratified water and
no buoyancy flux through the sea surface, Lg is
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the thickness of the frictional boundary layer at
the air-sea interface caused by the wind stress. In
periods with positive buoyancy flux through the
sea surface, the vertical penetration of the wind-
generated turbulence may be reduced by the
buoyancy flux and the turbulent well-mixed
surface layer may be thinner than Lg. In this
case, the equilibrium thickness of the well-mixed
layer is equal to the Monin-Obukhov length Lyo.
Below we look more closely into the dynamics
characterized by the two length-scales Lg and
Ly on continental shelves in the heating period.

The idea that the locus of a shelf front is where
the water depth is equal to the thickness of the
tidal frictional bottom boundary layer was briefly
discussed by Garrett et al. (1978). The A they used
to estimate the thickness of the boundary layer
(A=0.4, adopted from literature) led them to
reject this possibility since it gave a thickness of
the boundary layer about twice that observed at
the locus of the front. However, the idea has later
been put forward by several other authors (see
Loder and Greenberg (1986)).

We should also mention the work of Weatherly
and Martin (1978) who discussed and modelled
the thickness of the benthic boundary layer in the
presence of stratification. They proposed a
boundary layer thickness for steady flow which
involved the buoyancy frequency N. The mixed
layer they observed often had its maximal thick-
ness which was about half that of an Ekman layer
with 1=04 (a value they adopted from
literature).

It is a strange coincidence that the boundary
layer thicknesses observed both by Garrett et al.
(1978) and Weatherly and Greenberg (1978)'
under very different conditions, both happen to
be half that of the expected Ekman layer thick-
ness with A = 0.4. This coincidence indeed points
to the possibility that the A-value used is
overestimated by a factor of two.

2. Does Monin-Obukhov or Ekman dynamics
determine the locus of shelf fronts?

The Monin-Obukhov length is Lyg=
2mous/B, where mg is an empirical constant
(~0.6, see, e.g., Stigebrandt, 1985) and wu. is the
frictional velocity. If the turbulence is caused by
tides, we expect u# = C,UZ, where U, is the depth
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mean tidal speed and Cy4 is the drag coefficient
for tidal flow over the bottom (C;~ 0.003). In
essence, Simpson and Hunter (1974) reasoned
that the shelf front should be located where a
Monin-Obukhov type of length, based upon the
tidal stream amplitide, is equal to the water
depth. Assuming B = constant, it then follows
that the locus of a front should be given by a
critical value of h/U?, as suggested by Simpson
and Hunter.

If only heating contributes to the buoyancy
flux, this may be computed from the formula
B = gaH/(pC), where p is the density of the water,
o is the coefficient of heat expansion, C is the
specific heat, g is the acceleration of gravity and
H is the heat flow through the sea surface. As
typical values, one may use B=4-10"8 [m? s3],
which is obtained if H=100 W m~2 at water
temperatures typical for the Irish Sea in the
heating period (x=17-107%), and © = 0.00014
which applies to semi-diurnal tides.

Lyo varies tremendously with U, since it is
proportional to the (friction velocity)®, while Lg
varies much less since it is directly proportional
to the friction velocity. If we use the figures
introduced above, we find that L; is one or more
orders of magnitude smaller than Lyg for the
tidal velocities of interest (~1 m s~!). It then
follows that primarily the penetration depth of
the turbulent boundary layer, given by Ly, should
determine the locus of a shelf front. The front will
be found where the turbulent bottom layer ‘dives’
below the sea surface. This result is in conflict
with Simpson and Hunter (1974). After all, they
did explain the locus. This implies that the my
value corresponding to their critical value of b/ U}
must be at least one order of magnitude smaller
than the wvalue applicable to seasonal
thermoclines.

Utilizing the recently determined 4 =0.20 and
the generally accepted C,;=0.003, we may
predict that value of h/U, which gives the water
depth h (=Lg) where one should expect to
find the tidal front. We obtain A/U,=
ACY? /@ =0.2:0.003'2/0.00014 ~ 80 s. Actually
this value of h/U, locates the fronts in the
Irish Sea and the Gulf of Maine region at about
the correct water depth, ¢f. Simpson and Hunter
(1974) and Loder and Greenberg (1986), respec-
tively. Note that here we have used well-founded
values of the empirical constants A and Cy4 to
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determine the critical value of A/U,: no tuning
using shelf front data is involved. Loder and
Greenberg (1986) found that the h/U, criterion
located the fronts in the Gulf of Maine region
better than the Simpson and Hunter criterion. In
fact, Loder and Greenberg (1986) found that /U,
should be equal to about 80 s which is what we
actually predict.

3. The response of shelf fronts to time-
varying forcing

The excursion of a front in the tidal spring-
neap cycle can be estimated as follows. Like
Simpson and Bowers (1981), we assume that the
depth mean tidal stream amplitude varies over
the spring-neap cycle (of frequency o) according
to

U, = u,(1 + e cos (a1)).

Below we use the subscripts s and n to denote
mean spring and mean neap conditions, respec-
tively. Since, according to Simpson and Hunter
(1974), h/U? = const., we obtain

he=h, U U = h,(1 +€)3/(1 — e)>.

For a representative e = 0.3 (Simpson and Bow-
ers, 1981), one obtains hJh,=6.4. This
‘equilibrium’ value is about 5 times larger than
the observed A /h,. Simpson and Bowers argued
that when the front advances into deeper water
during increasing tidal stream amplitudes, the
turbulence on the well-mixed side of the front not
only has to mix the buoyancy supplied through
the sea surface into the whole water column, but
also has to homogenize the stratified water en-
countered. This would slow down the advance of
the front into deeper water. Simpson and Bowers
(1981) estimated that this effect would decrease
the spring-neap oscillation of the front locus to
about half of the equilibrium oscillation.
However, this is still about 2.5 times the ampli-
tude of the observed oscillation. Simpson and
Bowers (1981) then introduced variable efficiency
of vertical mixing such that the efficiency is
reduced as stratification becomes established.
This allowed the authors to obtain a good fit
between data and predictions.

If the locus of a shelf front is determined by the
thickness of the frictional bottom boundary layer,
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the spring-neap front oscillation should be given
by

hs/hn = U‘s/Uln = (l + e)/(l —e)'

Again using e = 0.3, one obtains the equilibrium
h/h, = 1.86 which is about 1.4 times the ampli-
tude of the observed oscillation. In our case,
stratification would also again tend to decrease
hg/h, compared to the equilibrium value. Thus we
may conclude that a shelf front controlled by the
thickness of the frictional bottom boundary layer
(h/U, = const.) would display a spring-neap oscil-
lation close to that observed.

The annual cycle of the locus of a shelf
front should, if governed by Monin-Obukhov
dynamics, develop at great water depths in early
spring when the buoyancy flux is weak. The front
should later move towards shallower water and
reach its shallowest position in summer when the
buoyancy flux is a maximum, and in autumn
retreat towards greater water depths. However, if
the thickness of the frictional bottom boundary
layer governs the locus of a shelf front, the front
should be at the same location all the year and no
seasonal adjustment in response to a changing
buoyancy flux is expected. To the best of the
present authors knowledge, there are no pub-
lished observations showing systematic, seasonal
movements of fronts.

Through the introduction of a variable mixing
efficiency (in principle a remarkably small and
varying m,) Simpson and Bowers (1981) managed
to account for the observed weak spring-neap
adjustment of fronts. We would, however, favour
the much simpler explanation presented here.

4. Conclusions

It has been demonstrated that the locus of a
shelf front should be determined by the thickness
of the tidal frictional boundary layer and not by
the Monin-Obukhov length. From this, it follows
that there should be no change of the locus of a
front in response to a varying buoyancy flux.
Furthermore, there will only be a weak
adjustment of the front position to the spring-
neap tidal cycle. These predicted properties are in
accord with observations. In general, positive
buoyancy fluxes should have very little to do with
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the actual locus of a front. Buoyancy fluxes are,
however, essential in making shelf fronts visible.

The fact that h/U, =~ 80 s actually locates shelf
fronts corrctly in the Irish Sea and in the Gulf of
Maine region may be taken as further evidence
for the correctness of the value of 1 (= 0.20)
provided one accepts C, ~ 0.003. With 1=0.20,
it also appears that the thickness of the benthic
boundary layers described in Weatherly and Mar-
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tin (1978) at least at times may have been set by
Ekman dynamics.
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