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Abstract

The energy flux in internal waves generated at the Celtic Sea shelf break was estimated by (i) applying perturbation theory to a week-
long dataset from a mooring at 200 m depth, and (ii) using a 2D non-hydrostatic circulation model over the shelf break. The dataset
consisted of high resolution time-series of currents and vertical stratification together with two 25-h sets of vertical profiles of the
dissipation of turbulent kinetic energy. The observations indicated an average energy flux of 139 Wm™!, travelling along the shelf break
towards the northwest. The average energy flux across the shelf break at the mooring was only 8 Wm™'. However, the waves propagating
onshelf transported up to 200 W m™", but they were only present 51% of the time. A comparison between the divergence of the baroclinic
energy flux and observed dissipation within the seasonal thermocline at the mooring showed that the dissipation was at least one order of
magnitude larger. Results from a 2D model along a transect perpendicular to the shelf break showed a time-averaged onshelf energy flux
of 153-425Wm~!, depending on the magnitude of the barotropic forcing. A divergence zone of the energy flux was found a few
kilometre offshore of the location of the observations in the model results, and fluxes on the order of several kW m~! were present in the
deep waters further offshelf from the divergence zone. The modelled fluxes exhibited qualitative agreements with the phase and hourly
onshelf magnitudes of the observed energy fluxes. Both the observations and the model results show an intermittent onshelf energy flux
of 100-200 W m™', but these waves could only propagate ~20-30km onshore before dissipating. This conclusion was supported by a
25-h dataset sampled some 180 km onto the shelf, where a weak wave energy flux was found going towards the shelf break. We therefore
conclude that shelf break generated internal waves are unlikely to be the main source of energy for mixing on the inner part of the shelf.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Vertical mixing in a shelf sea is an important process for
several reasons. Not only does it control stratification, but
it is also a forcing mechanism for the vertical movement of
plankton in the photic zone and for the supply of nutrients
to them. It is therefore a critical factor for controlling
primary production in shelf seas and in particular for
sustaining the subsurface chlorophyll maximum and the
resultant flux of carbon from the production zone to the
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lower part of the water column (e.g. Tsugoni et al., 1999;
Sharples et al., 2001, 2007). The main source of energy for
mixing in the pycnocline of large areas of stratified shelf,
such as the Celtic Sea shelf (see Figs. 1-3), has not been
identified, although it has been postulated that the energy
flux in solitary internal waves, generated at the shelf break,
is one of the main contributors (e.g. Sandstrom and Oakey,
1995; MacKinnon and Gregg, 2003). Baines (1982) and
Baines and Fang (1985) suggest, using analytical models,
that there is an onshore baroclinic energy flux from the
Celtic Sea shelf break of ~163Wm™"'. Holt and Thorpe
(1997) show, using a long but irregularly sampled dataset,
that only 20% of the observed wave packets at the Celtic
Sea shelf break have orientations consistent with genera-
tion by the across-slope barotropic tide, and estimated the
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onshelf flux in these waves to be ~100Wm™'. The
remaining part of the energy either propagates along the
shelf (some 23%) or is generated shoreward of the shelf
break. Similar results are reported from other areas as well,
e.g. the New Jersey shelf (Hallock and Field, 2005) and Bay
of Biscay (Lam et al., 2004).

The Celtic Sea (Fig. 1) is a ~400 km wide and 100-200 m
deep shelf sea characterised by large tidal currents in
50°N 1 combination with strong seasonal variations in surface
® 0B heating and cooling (see Simpson, 1998 and Fig. 3). The

0 freshwater supply to the area is small and, consequently,
the stratification is dominated by temperature. A strong
] seasonal stratification becomes established in summer over
most of the area where buoyancy input out-competes
France stirring by tides and winds. At the ocean boundary,
barotropic tidal flow over the steep topography at the
shelf break forces the stratified water column up and down
the slope, and hence generates patterns of propagating
internal waves and with them a baroclinic energy flux.
47N . Close to the shelf edge, the energy dissipates as the waves
MW 10°W 9°W 8°W  T°W  6°W  5°W  4°W propagate and thus causes vertical mixing, which drives the
nutrient flux sustaining the subsurface chlorophyll maxima
near the shelf break (see Figs. 2 and 3 and Sharples et al.,
2001). From Fig. 3, it is evident that this maxima in
primary production is quite local and occurs in close

52°N
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48°N

Fig. 1. Map of the Celtic Sea with the location of CS 2 and OB marked.
The dashed line across the shelf break is the SeaSoar transect (see the data
in Fig. 2), and the dash-dotted lines are the 500 and 1500 m isobaths.
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Fig. 2. Observed stratification (panel a, colour), and chlorophyll concentration (panel b, colour) from SeaSoar during a transect across the Celtic Sea in
2003 (see Fig. 1). The black contours in plate b are density contours, and the vertical dotted line is the location of station CS 2. Note that the calibration of
the chl-a data is good on the shelf, but inaccurate offshelf. At 0-100km, the chlorophyll concentrations are overestimated about 2.5 times, see also
Sharples et al. (2001) and Figs. 1 and 3.
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Fig. 3. The plates show the average SST (a) and chl-a concentration (b) in the Celtic Sea as seen from satellite between 3 July and 19 July 2004.

association with the surface temperature minimum at the
shelf break. The production in the central shelf, where the
surface layer is warmer, is relatively small until we reach
the tidal mixing front at the boundary between the Celtic
and Irish seas (at 51-52°N). There are also smaller
patches of higher chlorophyll concentration in the vicinity
of banks and seamounts, which may be related to increased
mixing.

The purpose of this paper is to investigate the magnitude
of the onshelf energy flux and its possible contribution to
mid-water mixing in the Celtic Sea, from the shelf break
and into the interior regions of the shelf. We will focus on
waves propagating at a single point, station CS 2, across
the shelf break, and we start in Section 2 with the
presentation of the theory of energy fluxes in internal
waves. This is followed in Section 3 by details of a high
resolution week-long dataset of observed currents and
stratification from station CS 2. We also introduce a 25-h
dataset from station OB located further onto the shelf,
which was sampled a week after the collection of data at
CS 2. The wave flux theory is then applied to the observed
time series data in order to estimate the energy fluxes at
these two sites. The results are considered in relation to
parallel observations of energy dissipation from three 25-h
series of microstructure shear measurements. In Section 4,
a comparison is made between the observational results
and simulations using a 2D non-hydrostatic model with
simplified shelf break topography, which enables the
energy fluxes to be estimated from the stratification and
tidal amplitudes. The results of the calculations are
presented in Section 5, and the paper concludes with a
discussion in Section 6.

2. Energy fluxes in internal waves

The conversion of energy from barotropic to baroclinic
motions occurs in a region where the shelf slope is critical
or nearly critical with respect to direction of propagation of
the internal tide. If the buoyancy frequency N is assumed
constant, internal waves with frequency w propagate at an

angle 6 to the horizontal given by

2
0 = arcsin <7]a\;z :§2>, (1)

where f is the Coriolis parameter. Waves can thus only
propagate past the topography, onto the shelf, if this angle
is larger than the slope of the shelf, ¢, i.e. 0> ¢, but can be
generated and propagate away from the topography, in an
offshelf direction, even if 0<¢. The generation zone can
thus stretch over much of the shelf break (see Fig. 9 where
Eq. (1) has been applied to a shelf transect). Mixing
observed offshore of the continental slope may be a result
of waves generated at the shelf break, or reflection of
remotely generated internal tides or local tidally driven
hydraulic jumps.

The passage of an internal wave at a fixed location is
marked by changes in density and velocity structure. The
response of the stratification to the passing of the wave
varies considerably, however, between solitons and bores
(see, e.g. MacKinnon and Gregg, 2003 for a discussion).
The pure soliton leaves the vertical stratification and shear
in the water column as they were before the passage of the
wave, whereas a passing bore changes the vertical structure
of the fluid. The solitary internal waves seen in the shelf sea
usually have properties between the extremes of a soliton
and a pure internal bore, and are therefore often referred to
as solibores.

The baroclinic energy flux for a monochromatic
progressive wave may simply be estimated by forming the
product of the wave energy with the group velocity (e.g.
Stigebrandt, 1977). The situation at the shelf is generally
more complicated with a variety of waves travelling in
different directions. Under these circumstances, the energy
fluxes should properly be obtained from a method based on
the correlation of velocity and pressure perturbations (e.g.
Kunze et al., 2002). This approach is demanding in that
it requires full vertical time-series of both stratification
and horizontal velocity. The data must also have sufficient
vertical resolution to fully resolve the pressure perturbations
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caused by the internal waves, and fast enough sampling in
order to avoid aliasing of the dominant frequencies. The
energy flux is then determined from (Kunze et al., 2002):

Ef(Z’ t) = <u/p/>s (2)

where p'(z, ) is the perturbation of the pressure, and u'(z, t)
is the perturbations of the horizontal velocities. The
brackets denote time averaging over a selected wave phase.

The pressure perturbation p'(z, t) is calculated from the
hydrostatic equation:

0
PEn=p0+ [ pE0a: 3)
where p, is the surface pressure (this term comes from the
integration and can be thought of as the surface pressure
perturbation generated by the internal waves), g is the
gravitational acceleration constant, and p’ is the density
perturbation from a state of rest. The latter is calculated
from the observed density field p(z, ) and its time-average

{p(z)) through:
p'(z,t) = p(z,1) — (p(2)), “4)

po is found from Eq. (3) and a condition stating that the
depth integral of p’ is zero:

0
/;y@ngo (5)

The velocity perturbations u'(z, ) are calculated from the
observed velocity u(z, ¢), its time-average <u(z)), and an
unknown depth-averaged velocity uy(?):

u'(z,0) = u(z, 1) — (u(z)) — bo(1). (6)

The term (7)) is determined by using Eq. (6) and a
condition similar to Eq. (4):

0
/ u'(Z,1)dz=0. (7
-H
The above equations (Egs. (3)—(7)) now form a complete
set of expressions that can be used in Eq. (2) to compute
the energy flux. The present paper centres on the depth
integrated energy flux in the waves, which we define as

0
a”:[H@@”&' (8)

3. Observations at the Celtic Sea shelf break
3.1. Data sampling at CS 2

Station CS 2 (see Fig. 1) was located in ~200 m of water
depth, and was visited for 7 days in mid July 2005 in order
to investigate the processes sustaining the subsurface
chlorophyll maxima at the Celtic Sea shelf (see Sharples
et al., 2001,2007, and Fig. 2). At the mooring, currents
were measured using two RDI 300 kHz ADCPs: one at the
bottom and one in a mid-water float ~100m above the
bed. Each ADCP recorded averages of a series of four

pings every 2 s with a 2 m vertical resolution over a range of
up to ~112m of the water column. There was a blank
region of 4.8 m above each instrument and the mid water
ADCEP had a blank region of six bins at the sea surface. A
second mooring was located about 200 m from the first and
consisted of a chain of Vemco thermistors positioned every
10m from the bottom up to about 120 m from the bottom,
and every 5Sm from there to the surface. In addition,
SeaBird MicroCats were located at the bottom, at the mid
water float, and at the surface buoy. The Vemco
thermistors and the MicroCats sampled once every minute.

In parallel with the mooring deployments, two 25-h sets
of vertical profiles of microstructure shear and stratifica-
tion were obtained, using the FLY microstructure profiler
(Dewey et al., 1987; Simpson et al., 1996). The profiler was
operated in a yoyo-mode, in which it falls freely down
to the sea-bed and measures small-scale velocity shear to
within 0.15m from the bottom. It is then hauled back
to the surface using a lightweight Kevlar tether which also
transmits data to the ship. Each hour, a sequence of five to
seven profiles of high resolution current shear and
temperature were obtained within ~45min, after which
the batteries required recharging. During our two 25-h
sequences, we obtained a total of 31 sets of profiles with an
average time of 1.6 h between each set.

3.2. Observed currents and stratification

The data from the moorings were linearly interpolated to
a common grid with 2m vertical resolution. Gaps in the
ADCP-data were interpolated vertically, with no data in
the bottom bin and an assumption that the velocity at the
surface was the same as in the uppermost good bin below
the surface. The horizontal separation of the moorings
(~200m) means that propagating short internal waves
would not appear exactly simultanecously in the stratifica-
tion and current data. The propagation time scale for a
wave between the two moorings should be ~6 min. We
have therefore produced 10-min averages of the mooring
data to minimise spurious contributions from high
frequency components.

The currents at CS 2 were dominated by a semidiurnal
barotropic tide (Figs. 4 and 5). The spectra of the depth-
averaged currents show a dominating peak in the
semidiurnal band, with a smaller peak located at the
quarter diurnal frequency. The spectra for the depth-
averaged current (Fig. 5b) do not differ significantly from
that of 170 m above bed (mab) (Fig. 5a), but there is more
variance in the higher frequency range. The depth averaged
tidal ellipses were rotating in the clockwise sense and
oriented with the major axis along a line perpendicular to
the shelf edge. The amplitudes along the minor axis were
about half those along the major axis. A harmonic analysis
of depth averaged currents showed that the amplitude in
the major semidiurnal band, ay, = 0.36ms™' was about
15-20 times that in the diurnal and over 30 times that in the
quarter-diurnal band (ax; = 0.02, apg = 0.0l m s_l). The
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Fig. 4. The observed along-shelf (a) and cross-shelf (b) current at CS 2 (colour) and the observed density (solid black lines). The density is shown as the
1026-1027.5kgm ™~ isopycnals drawn in steps of 0.5kgm™. Currents to the north-west and north-east are positive, and all data shown are 10-min
averages.
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Fig. 5. Spectra of the current velocities from 170 mab (plate a) and of the depth-averaged currents (plate b). Solids lines are the along-shelf currents
(parallel to the shelf) and the dotted lines represent the across-shelf (perpendicular to the shelf) currents.

dataset was too short to allow separation of the different The maximum variation in salinity over the period was
constituents within each band. The residual flow was very 0.332, whereas the temperature ranged from a maximum
weak (~0.02ms™") and directed to the northwest, parallel of 18.67°C at the surface to 11.38°C near the bed.
to the shelf. These variations imposed a temperature-controlled vertical
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density difference of Ap =2-2.5kgm™ (see Fig. 4). The
vertical stratification could be described by a well-mixed
surface layer over a weakly stratified lower layer, separated
at 150-170 mab by a relatively thin pycnocline. There was a
clear semidiurnal internal tide of ~25m present in the
pycnocline with superposed rapid displacements of up to
45m amplitude occurring at times.

3.3. Observed dissipation

The rate of dissipation of turbulent kinetic energy (TKE)
per unit volume, &, was calculated from the mean-square
shear from the sensor through the expression (e.g. Osborn,
1980; Simpson et al., 1996):

2
e =75 (%) , 9)

where p is the dynamic viscosity of sea-water, u is the
horizontal velocity component, and z is the vertical
coordinate. The calculated dissipation was interpolated to
the same vertical grid as the other data, but with an hourly
resolution in time during the two periods of sampling. The
temperature and salinity data from the FLY were
interpolated to the same grid as the dissipation. Due to
large surface waves, the ship’s wake, and the acceleration
of the FLY near the surface the upper 20m of each FLY
profile were blanked out after the interpolation.

The results of the FLY measurements are shown in
Fig. 6. The dissipation was patchy both in time and in the

vertical, with increased levels of dissipation at the bottom,
in the pycnocline and in the surface layer. Near the bottom,
the dissipation had an My signal, described by Simpson
et al. (1996), stretching up through the water column to
~30mab. Above this region, there is significant M,
component, with a phase lag increasing with height, which
extends up into the pycnocline.

3.4. Observations at OB

To further investigate the effects of the onshelf baroclinic
energy flux, we look at a short series of data from station
OB, located some 180 km onshelf from CS 2 (see Fig. 1). The
data was sampled 7 days after the data at CS 2, and consists
of a 25h long FLY series, and ship borne ADCP data. The
site is characterised by weaker currents than at CS 2, and the
dissipation rates are low except in the boundary layers
(Fig. 7); the mid-water dissipation rates are very low and
often close to the noise level of FLY (107*Wm™). The
average vertical density profile, calculated from the FLY
data and shown in Fig. 8, exhibits two well-mixed layers
separated by a relatively sharp thermocline. This is the
expected picture and typical of a summer stratified shelf with
dominating boundary mixing and only very weak internal
mixing. If there were only boundary mixing at CS 2, the
profile should resemble that at OB. At CS 2, however, we
have a profile which shows clear evidence of mid-water
mixing (see Fig. 8b) even though the two profiles have
similar densities in both the bottom and surface layers.
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4. Modelling the shelf
4.1. Model outline

There are a couple of questions which cannot be
answered using our limited datasets. First, we need to
know the location of the wave generation zone to ensure
that we are indeed on the shelf side of it. Further, we want
to estimate the propagating length scale of the wave flux.
To answer these questions, and to obtain an extra estimate
of the wave flux, we used the MIT Ocean model (Marshall
et al., 1997). This model integrates the fully 3D, non-
hydrostatic Boussinesq equations. It has been used for
similar investigations previously (see Legg, 2004a, b), and is
well suited to the present application as it has arbitrary
topography, and includes a free-surface formulation. For
the present study, we employ a linear equation of state.
Laplacian friction is used in the simulations, with a
horizontal viscosity of 0.1 m?*s~" and a vertical viscosity
of 0.01m?s™'. These values are found to be necessary to
eliminate grid-scale noise in the velocity fields at the present
resolutions. The model employs the Superbee flux limiting
advection scheme for tracers, which prevents the appear-
ance of spurious oscillations while minimising smoothing
of sharp gradients, and it introduces numerical diffusion
where necessary to eliminate grid-scale noise. The explicit
diffusivity is set to zero to avoid erosion of the background
stratification in the absence of flow. No other subgrid-scale
model is used, and no attempt is made in these simulations
to parameterise the bottom boundary layer as the focus
here is on the internal waves.

The model is used in a 2D cross-shelf configuration,
which means that a flow is permitted along the shelf, but
there are no along-shelf gradients of either flow or tracer
quantities. The absence of 3D in these simulations limits
the degree to which the model and data can be compared,
but the 2D configuration allows us to isolate the internal
waves generated at the shelf by the cross-shelf component
of the tide. Deviations between model results and observa-
tions will therefore give some indication of the importance
of 3D effects in the real ocean. The model set-up described
here is identical to that used in Legg and Huijt (2006),
apart from the details of the particular stratification,
topography and the amplitude of the forcing tidal flow.

4.2. Forcing and the simulations

The topography was extracted from a database of S5nm
resolution along a line running perpendicular to the shelf
break through CS 2. The total model domain was 300 km
long and centred at the shelf break. The maximum depth
was 3100 m, and a variable resolution was used in both the
vertical and horizontal directions. The vertical resolution
was concentrated in the top 750m while horizontal
resolution was increased near and on the shelf. The
minimum vertical grid-spacing was 3.5 m and the minimum
horizontal grid-spacing was 170 m. The simulated period

was 70h, coinciding with the first part of the observed
dataset, using a time-step of 3.125s. The initial background
stratification was horizontally uniform and came from a
CTD-cast taken at the shelf break (not shown). The tidal
forcing was applied as a periodic body forcing term in the
horizontal momentum equation throughout the domain,
equivalent to a 0.02 or 0.04ms~' M2-periodic cross-shelf
current at the deep open boundary. The magnitudes of the
barotropic forcing were based on results from a tidal model
of the European shelf (Simon Neill, personal communica-
tion, and Neill et al., 2007). At the bottom boundary, there
is no flow and no fluxes of tracer normal to the
topography. A stress-free bottom boundary condition is
used, since our resolution is not sufficient to resolve any
frictional bottom boundary layer. At the top boundary,
there is a free surface, again with no tracer fluxes across
this surface. At both side boundaries, open boundary
conditions are used. The flow is split into barotropic and
baroclinic components, with an Orlanski radiation condi-
tion applied at the open boundary to the baroclinic flow, as
well as to the tracers, allowing internal waves to propagate
freely out of the domain. The barotropic flow is specified at
the open boundary, with a tidally varying value to match
the forcing applied in the interior. Stratification and
current data were extracted at 625s intervals at stations
located 0, 14.1, 26.6, 44.9, 54.4, 68.2 and 114.2 km from the
3000m isobath. The energy flux in internal waves was
calculated at each of these stations using Eqs. (2)—(8). CS 2
was located 44.9 km from the 3000 m isobath in the model.

5. Energy fluxes
5.1. Observed internal wave fluxes at the shelf break

Eqgs. (2)—(8) and the observations shown in Fig. 4 were
used to estimate the internal wave energy flux at CS 2. The
resulting depth integrated fluxes, =, calculated using 1h
averages (henceforth the hourly fluxes) are shown in plates
b and ¢ of Fig. 9. The fluxes after application of a 12.5h
centred moving average (henceforth called the M2-filtered
fluxes) are shown in Fig. 9d. The resulting fluxes are
summarised in Table 1. The hourly series are useful to
identify instances of positive and negative correlations
between the perturbations, whereas the M2-filtered quan-
tities will be used in estimates and quantifications of the
wave energy flux. In the following, fluxes and currents
along (parallel to) the shelf break are taken to be positive if
they are directed to the northwest, whereas fluxes across
the shelf break are positive if they are directed onto the
shelf, to the northeast. We have also divided the fluxes into
two main groups: along the shelf and across the shelf, i.e.
parallel and perpendicular to the shelf break, respectively.
The across-shelf fluxes are further divided into onshelf and
offshelf fluxes.

The vector average of the fluxes was 139 Wm™" directed
to the northwest, along the shelf edge, but there were large
variations in both directions and magnitudes (see Fig. 9b
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Fig. 9. (a) Time-series of the observed sea-level variation at CS 2 during the sampling period. (b) Time-series of the along-shelf component of the depth
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solid line is the integrated flux along the shelf break and the dotted line the flux across the shelf break. Please note the offset y-axis scales in the plates.

Table 1

A summary of the wave energy fluxes at CS 2

Data Flux (Wm™")
Vector averaged flux, observations 139, along shelf
Vector averaged across-shelf flux, observations 8

Vector averaged onshelf flux, observations 73

Vector averaged across-shelf flux, model 153-425, onshelf

and c and Fig. 10). If we group the fluxes depending on
direction, we can divide the fluxes going across the shelf
break into onshelf and offshelf fluxes. The average flux
across the shelf break was merely 8 Wm™', but there was
an energy flux propagating onshelf 51% of the time, which
averaged 73 Wm™'. However, nearly 200 W m~' could be
found going onshelf for sustained periods of time, and
more than 100Wm™' were found to be propagating
offshelf for sustained periods. On a few occasions, there
was an energy flux of more than 1000 Wm ™' propagating
across the shelf break (see Figs. 9 and 10). There seems to

be a periodicity in the across-shelf component of 3-4 days
for the Mo,-filtered flux (Fig. 9d). Filtering the data
decreased the directional variability and removed the large
across-shelf peaks (Fig. 10). This indicates that the large
pulses of energy which may propagate across the shelf
break have higher frequencies than the internal tide and
that fluxes with tidal frequencies provide a minimal time-
averaged flux across the shelf break.

Although the average baroclinic flux at CS 2 was parallel
to the shelf, there are periods when 100200 Wm™'
propagated onshelf. At a station located further onshelf,
one might, therefore, expect to see weak intermittent
energy fluxes originating from the shelf edge. The question
is how far these onshelf can reach weak fluxes? To
investigate this question, we now turn to an onshelf
dataset.

5.2. Mixing over the shelf

The dataset from OB, sampled 180km onshelf from
CS 2, was only 25h long, and the vertical resolution of the
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Fig. 10. Energy flux vector plots of the hourly (plate a) and averaged
(plate b) data from Fig. 9. The offset arrows show the magnitude and
direction of the time-averaged energy flux. Note: the different scales
between the plots, and the 200-1400 m isobaths in steps of 400 m.

current measurements was ~4 m. This should, however, be
enough to give an indication of the level and direction of
the flux on the shelf. Applying the previous method, using
60-min averages, shows that there is an almost continuous
depth integrated energy flux of some 4050 Wm ™! directed
towards the shelf break. This is a strong indication that
waves generated at CS 2 have not reached this far onto the
shelf.

Without any internal mixing, the vertical density profile
in a shelf sea should be close to two-layer. The internal
mixing changes the density profile, so by computing the
difference in stratification between a theoretical and an
observed profile, we can get an estimate of the mixing that
has occurred at the site. This can be done by using the
parameter ¢, introduced by Simpson (1981):

0
p=1 /h 42l — p(2)]dz. (10)

Here, g is the depth averaged density, and /% is the water
depth. For the two-layer stratification, we assume a surface
layer with a density of 1025.7kgm > and a thickness of
40m for CS 2 and 30 m for OB. This layer is superposed on
a 160-m-deep layer at CS 2 and a 103-m-deep layer at OB,
both with a density of 1027.0kgm™>. This results in

Qo = 148 Jm~? for the two-layer stratification at CS 2,
and ¢,; = 143Jm™> for the two-layer profile at OB.
Similar computations using time-averages of the observed
density profiles give @ops = 174kIJm™ at CS 2 and ¢ =
159kIm~> at OB, i.c. a difference between the two-layer
profile and the observed density of 26kJm~> at CS 2 and
16kJm~> at OB, respectively. This shows that both sites
have experienced some internal mixing, but that more
mixing has taken place at CS 2. This result strongly
supports the conclusion above that shelf break internal
waves have not reached station OB.

5.3. Modelled internal wave fluxes

From the model results, we extracted time series of the
vertical stratification and currents structure at seven
stations along the section. The stations were taken at the
2000, 1000, 500, 200, 175, 150 and 148 m isobaths,
respectively. The station at 200m depth corresponded to
the location of CS 2, and Fig. 11 contains a comparison
between the observations and model results at this
location. Both model and observations show sudden
downward excursions of isopycnals near the time of
maximum onshelf flow. However, the model density
changes are confined to the thermocline, while in the
observations isopycnals at depth also show significant
variations. The model also shows much less high frequency
structure than seen in the observations. This strongly
suggests there are additional processes in the observations
not accounted for by the model, probably due to the 3D
nature of the shelf-topography and forcing in the real
ocean.

The modelled data was also analysed using Egs. (2)—(8)
and the resulting energy fluxes across the shelf are shown in
Fig. 12. Plates a and b show time-series of the modelled
energy fluxes calculated using a 60-min average. Also
shown are the observed energy fluxes along the transect
used in the model (Fig. 12a). It is clear that most of the
energy flux peaks of the model and observations are in
phase. Fig. 12c shows the time averaged and depth
integrated energy flux from the model plotted as a function
of distance from the deep ocean. The results show a
divergence point of the energy flux located over the shelf
break and at a position further offshelf than the observa-
tion site at CS 2. Another important feature seen in Fig. 12
is that the onshelf wave energy flux decreases to zero within
20-30 km from the shelf break, regardless of the magnitude
of the forcing. This supports the suggestion previously
made that the energy flux dissipates close to the shelf edge.

A picture of the internal structure of a modelled solibore
(Fig. 13a) shows that it has a very small horizontal scale
(about 1 km), meaning that the horizontal resolution in the
model of 170 m barely resolves the disturbance. This could
contribute to its rapid dissipation in the simulation,
although the modelled dissipation rates correlate well with
the observed rates. An examination of the time-evolution
across the full model domain of temperature in the
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Fig. 11. The modelled (plate a) and observed onshelf velocity component (plate b) at CS 2 for a model forcing of 0.02ms™'. The solid black lines are the
1025-1026.5kgm™ density isolines drawn in steps of 0.5kgm™>.
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Fig. 12. (a) Observed (black) and modelled (grey) depth integrated energy flux at CS 2 for the first 70 h of the observation period. The observed flux shown
is the across-shelf flux. The forcing at the open ocean boundary was a 0.02ms~' M2-periodic barotropic tide in this plate. (b) The spatial structure of the
baroclinic energy flux, in Wm™2, with a 0.02ms~" forcing at the open ocean boundary. The vertical black lines at 390 m depth denote possible wave
generation zones using the background stratification in the model in Eq. (1). (c) The time-averaged depth integrated energy fluxes from the model results as
a function of distance from the open ocean. The vertical dotted lines in the plates are the location of CS 2.
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Fig. 13. (a) This plate shows a close up of a solibore feature at 4.22 M2
tidal periods after the beginning of the simulation, propagating onshelf,
i.e. to the right. The colour contours are the cross-shelf current velocity
and the black isolines are temperature, and the x-coordinate is taken from
the 210m isobath (close to station CS 2). (b) The second plate shows
temperature at a depth of 30m, i.e. in the middle of the thermocline, as a
function of cross-shelf distance and time. The solibores are visible as warm
anomalies in this plate. The x-coordinate is again taken from the 210 m
isobath close to CS 2.

thermocline at a depth of 30m reveals the solitons as
propagating warm anomalies (Fig. 13b). Multiple locations
for soliton generation are also evident: in addition to the
zone around x = 0 (the shelf break near CS 2), there might
be another around x = 30 km, where there is a slight bump
in the topography. Some signal from the second site
propagates toward deeper water, mixing with the signal
propagating to shallower water from the shelf break
generation site. The structure of the patterns on the
shallow side of the shelf break is due to the nonlinearity
as the solitons’ propagation gets arrested during maximum
offshelf flow, and accelerated during maximum onshelf
flow.

The vector averaged modelled energy flux at CS 2 was
153Wm~"' for the 0.02ms~' and 425Wm~' for the
0.04ms™" forcing at the open boundary, both averages
directed onshelf. In the deep ocean, there were fluxes away
from the shelf on the order of several kW m™' in the model.
In Fig. 12a, there is a reasonable correlation between the
hourly observed and modelled energy fluxes, using the
U=0.02ms~" forcing, although the model presents a
larger average cross-shelf flux than do the observations (see
Table 1). There was a fair correlation in phase between the
modelled and observed cross-shelf fluxes, but the model
generally overestimated the magnitude of the fluxes. The
reason for this discrepancy is the contribution from a few
large bursts of energy in the model that is not present in the
observed data from CS 2. The modelled flux away from the
shelf into the deep water is of the same order of magnitude
as that predicted by Baines (1982).

6. Summary and discussion

A week-long observational programme was performed
at the Celtic Sea shelf break in the summer of 2005. The
observations consisted of well-resolved time series of
vertical stratification and horizontal currents, as well as
two 25-h periods of vertical microstructure shear and
stratification. The resolution in time and the good vertical
coverage allowed us to calculate the baroclinic energy flux
at station CS 2 using the correlation between the vertical
perturbations of pressure and horizontal velocity (Kunze et
al., 2002). A 2D model was used to further investigate these
fluxes. The observations indicated that the average
baroclinic energy flux at the Celtic Sea shelf edge was
propagating parallel to the shelf edge, with only a fraction
of the energy travelling onshelf. In the 2D model, the long-
term time-averaged flux was directed onshelf at the
location of CS 2, and it dissipated over a short distance
from the shelf break (within 30 km). The model results also
showed large energy fluxes travelling from the shelf break
into the deep water offshelf. At station OB, located on the
shelf ~180 km from CS 2, the wave flux was not consistent
with waves generated at the shelf break. A calculation of
the stratification parameter ¢ at the two sites revealed that
more internal mixing had taken place at CS 2 than at OB,
when the obtained values of ¢ were compared to those of a
theoretical two-layer stratification.

The energy flux parallel to the shelf break has been
related to a long-slope jet-like current interacting with
irregular topography at the shelf break (e.g. Holt and
Thorpe, 1997). There are of course no wave energy fluxes
parallel to the shelf in the model, and this prohibits a full
comparison between the model and the observations, but
we can still draw important conclusions from the two
datasets. Firstly, the generation zone for the baroclinic
waves is recognised by its divergence in the energy flux. As
seen in Fig. 12, it was located just a few kilometres offshelf
from CS 2 in the model. This is confirmed by calculating
the critical slope using Eq. (1) and displaying the result in
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the shelf profile of Fig. 9. Secondly, the dissipation rates in
the model, based on the propagating length scale of the
wave flux, and the observed dissipation agree well, even
though the model does not include dissipation in the
bottom boundary layer. Thirdly, both model and observa-
tions indicate greatly enhanced dissipation and mixing in
the vicinity of the shelf break, which is thought to be
responsible for the minimum in sea surface temperature
frequently observed over the shelf edge in IR images
(see Fig. 2).

The present analysis is based on a relatively short
dataset. Due to technical limitations in the ADCP data, we
had to interpolate the data vertically using assumptions of
a constant velocity in the top 10-15m of the water column.
At the bottom, we chose to leave the lowest two bins blank
instead of interpolating. Using a no-slip velocity at the
lower boundary and blanking out the missing bins at the
surface did not significantly change the results of the depth-
integrated energy fluxes. The dissipation rates are esti-
mated correct to within +50% of the calculated values
with the present method (e.g. Simpson et al., 1996), and the
density estimates are based on data with an error less than
0.01 units for both temperature and salinity. The density
estimates are therefore considered highly reliable, and with
them the pressure perturbation, especially over the
thermocline where the vertical resolution was highest.
The main uncertainty in the wave flux analysis must be the
averaging period, which is somewhat arbitrary. It should
cover the period of the lowest frequency spectral compo-
nent contributing to the flux, so our 12.5-h averages may be
on the short side. An application of a 15-h moving average,
however, does not significantly alter the fluxes compared to
the M2-filtered fluxes. The hourly averages are probably
not useful for estimates of dissipation rates and travel
distances but they do give a good picture of the covariance
and the effect of high frequency contributions.

The observed dissipation integrated over the thermocline
at the shelf break amounts to ~5mW m 2. An energy flux
of 100-200 W m~" would supply this energy demand as the
waves propagate for a distance of less than 50 km. The
1000W m™" transported onshelf by a few rare solitary
waves could possible propagate over a longer distance but
their average mixing effect would necessarily be small. The
main conclusion of the paper is that the contribution from
the internal waves generated at the shelf break to the
internal mixing on the central and inner part of the shelf is
small. However, the internal waves generated at the shelf
break are of local importance and a significant source for
mixing energy near the shelf edge.
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