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Abstract In the ocean, internal frontal bores above sloping topography have many appearances,
depending on the local density stratification, and on the angle and source of generation of the carrier wave.
However, their common characteristics are a backward breaking wave, strong sediment resuspension, and
relatively cool (denser) water moving more or less upslope underneath warm (less dense) water. In this
paper, we present a rare example of a downslope moving front of cold water moving over near-bottom
warm water. Large backscatter is observed in the downslope moving front’s trailing edge, rather than the
leading edge as is common in upslope moving fronts. Time series observations have been made during a
fortnight in summer, using a 101 m long array of high-resolution temperature sensors moored with an
acoustic Doppler current profiler at 396 m depth in near-homogeneous waters, near a small canyon in the
continental slope off the Malin shelf (West-Scotland, UK). Occurring between fronts that propagate upslope
with tidal periodicity, the rare downslope propagating one resembles a gravity current and includes strong
convective turbulence coming from the interior rather than the more usual frictionally generated turbu-
lence arising from interaction with the seabed. Its turbulence is 3–10 times larger than that of more com-
mon upslope propagating fronts. As the main turbulence is in the interior with a thin stratified layer close to
the bottom, little sediment is resuspended by a downslope propagating front. The downslope propagating
front is suggested to be generated by oblique propagation of internal (tidal) waves and flow over a nearby
upstream promontory.

1. Introduction

One of the major contributors to the mechanical generation of turbulence in the ocean is the breaking of
‘‘internal’’ waves [e.g., Shrira, 1981; Gregg, 1989]. Internal waves are mainly supported by the stable density
stratification in the ocean interior. They can freely propagate when their frequency r is in the range
between the local inertial frequency f 5 2X sinu at latitude u and buoyancy frequency N(x,y,z,t). This range
generally includes tides, which are an important source of internal wave energy.

Generally just ocean-ward of shelf-breaks, the combination of a permanent pycnocline providing relatively
large vertical density stratification (measured in terms of N) and relatively large vertical currents yields favor-
able conditions for the conversion of energy from surface to internal tides [e.g., Baines, 1982; Munk, 1997;
Gerkema et al., 2004]. Estimates of conversion rates vary considerably depending on the model used [see
Munk 1997, for a discussion]. Although mid-ocean ridges seem more important for energy conversion to
internal tides, the conditions ocean-ward of the continental shelf breaks are not negligible especially consid-
ering 3-D topography generation [Gerkema et al., 2004], and because their slopes (b) are close to critical, i.e.,
closely matching the slope a of an internal wave ray given by sin2a(r) 5 (r2 2 f2)/(N2 2 f2), when N � f
[e.g., LeBlond and Mysak, 1978].

Considerable internal wave breaking occurs at underwater topography, such as seamounts, continental
slopes, and small-scale hills [Eriksen, 1982; Thorpe, 1987; van Haren et al., 2015]. In the open ocean away
from topography, internal waves can be mainly linear and turbulence generation is generally very weak
[e.g., Gregg, 1989]. The nonlinear features of incoming and reflecting waves above a subcritical slope, b< a
[Thorpe, 1992], and solitary waves of elevation [Helfrich, 1992; Vlasenko and Hutter, 2002] can develop as a
turbulent front that moves up the slope (Figure 1). Besides in theoretical and numerical predictions, such
front(al bores) have been observed in the laboratory over near-critical slopes [e.g., Dauxois et al., 2004]. In
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the ocean, they have been observed at
a variety of slopes ranging from sub-
critical to supercritical (for internal
tides) under different principal forcing
varying from internal tides to subiner-
tial (noninternal wave) topographic
waves [Klymak and Moum, 2003; Hose-
good and van Haren, 2004].

The fronts have mainly been observed
moving relatively dense (cold) water
close to the boundary as they occur
following the transition from down-
slope to upslope phase of the principal
carrier wave. They have an appearance
that resembles the structure of a ‘‘gravi-
ty current’’ [Venayagamoorthy and
Fringer, 2007], despite the front propa-
gating upslope. The associated back-
ward breaking and frontal shape differs
for all bores [e.g., van Haren, 2006]. Over
complex topography of a canyon above
a supercritical slope for semidiurnal

tides in the Bay of Biscay, regular cold water fronts associated with the (main) upslope phase of the tide are
found preceded by local upslope motions in the 30 min before, followed by local downslope flow after the
frontal bore passage [Gemmrich and van Haren, 2001]. This was attributed to the gravitational collapse of inter-
nal waves propagating obliquely to the main slope.

In this paper, we present a rare downslope (propagating) front, which, compared to the more common
upslope propagating front, has inverse temperature characteristics: a front upside down (Figure 1). During
tidal periods before and after this event, multiple upslope propagating fronts are observed in the same
area.

2. Materials and
Methods

We investigate a site where
internal tidal wave generation
and possibly breaking can be
expected, just below the shelf
break of the North-West European
continental slope (Figure 2). For
the duration of 15 days in July
2013, a temperature (T) sensor
array was moored at 55854.2300N,
9816.9340W, 396 m water depth
as shown by the yellow dot in Fig-
ure 2. This site, off the Malin Shelf,
demonstrates near-critical match-
ing of bottom slope with semidi-
urnal internal tidal wave slope
a(M2). Using local shipborne Sea-
bird 911-plus Conductivity Tem-
perature Depth CTD-observations
to evaluate N, we find around the

Figure 1. Sketch of upslope and downslope propagating fronts and hypothesized
generation mechanisms. The thin solid arrows indicate the direction of (wave)
propagation. The dashed arrow indicates the sequence in time.

Figure 2. Study area over the Malin continental slope. The temperature sensor mooring
array is denoted by the yellow dot, where local water depth is about 200 m below that of
the shelf break. The horizontal coordinate axes are indicated by [u, v]; the large open
arrows indicate the slope current, as was also observed at other current meter moorings
in the vicinity. Depth contours are drawn for 200, 500, 1000, 1500, and 2000 m.
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depth of the moored temperature sensors a(M2) 5 0.06 for mean N 5 1.2 3 1023 s21 with a maximum of
a(M2)max 5 0.14 for minimum Nmin 5 5 3 1024 s21. Temperature dominated salinity in density variations (Fig-
ures 3a–3c). The relatively weak stratification compared to other shelf break sites is attributed to ‘‘mode’’ water,
a nearly vertically homogeneous water mass created by deep convection in winter. The estimated local bottom
slopes are b 5 0.06 6 0.01, with maximum b 5 0.09, indeed approximately matching the above a(M2).

A total of 102 NIOZ4 high-resolution T-sensors were taped at 1 m intervals to a nylon-coated 0.005 m diam-
eter steel cable. The sensors were between 13 and 114 m above the bottom. Unfortunately, 27 sensors and
thus their data were lost after the mooring was hit by a ‘‘longliner’’ fisherman and torn from the line on the
release of the anchor during recovery (see Figure 4a below for positions of these sensors). One meter above
the upper sensor a downward looking 300 kHz four-beam TeleDyne/RDI Acoustic Doppler Current Profiler
(ADCP) was mounted. The horizontal currents measured by the ADCP are decomposed in along-slope (158

from North) and cross-slope (158 from East) components. The relative acoustic echo amplitude ‘‘dI’’ is com-
puted with respect to its time mean for every 2 m depth level (vertical bin) of the ADCP. The 300 kHz dI
gives some qualitative indication of resuspended sediment near sloping topography [Hosegood et al., 2004],
but we note that this may be partially mixed with stratified turbulence there [van Haren, 2007] while being
most sensitive to ‘‘particles’’ of sizes of a mm and larger [RDI, 1996]. It has not been calibrated and cannot
provide a quantitative measure for (fine) sediment resuspension. The ADCP measured at a rate once per
15 s, which is here sufficient to obtain detailed information on phase propagation of fronts from the differ-
ent arrival times in echo amplitudes of the beams [van Haren, 2007]. From that previous experiment by van
Haren [2007], in which frontal phase speed c and direction estimates from echo amplitudes are compared
with particle velocities up, we know that they are highly aligned in direction within a range 6108, while
|up|max 5 1.6 6 0.4c and the frontal bores’ particle speed |up|enc � c. We can therefore use the information
on the directly measured particle velocities from ADCP to establish speed and direction of frontal

Figure 3. Local shipborne CTD data <1 km from thermistor string mooring (black profile from 558 53.7830N, 9817.0100W, 378 m water
depth, day 183.125) and down to 1030 m about 10 km offslope (blue profile; 558 55.1550N, 9826.4240W, day 185.937). (a) Absolute Salinity,
with horizontal scale equally contributing to density as the one in Figure 3b. (b) Conservative Temperature. The purple bar indicates the
range of the moored T-sensor array. (c) Relative density referenced to the surface. (d) Temperature-density relationship, with linear best-
fits in red and purple for the data portions in the upper half of the water column. (e) Zoom of d, for the T-range of the moored sensors,
with linear best-fit slopes indicated for the ranges 20–240 m (slope 20.2), 240–300 m (20.6), and 300–378 m (21). The blue profile slope
of 20.23 is for the range 240–380 m.
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propagation and compare with the inferred phase speed and direction of the front from the different times
of elevated acoustic backscatter in opposing beams.

NIOZ4 are self-contained T-sensors sampling at 1 Hz, with precision better than 5 3 10248C (after drift-cor-
rection) and a noise level of <1 3 10248C, see [van Haren et al., 2009] for the predecessor ‘‘NIOZ3’’ with sim-
ilar characteristics. Every 4 h, all sensors are synchronized via induction to a single standard clock, so that
the entire 101 m range is sampled in less than 0.02 s. The T-data are converted into ‘‘Conservative’’
(�potential) Temperature data H [IOC, SCOR, IAPSO, 2010]. The high sampling rate, at least 100 times faster
than the highest internal wave (buoyancy) frequency, the large number of sensors and the high precision
allow for detailed observations of internal waves and turbulence, also in weakly stratified waters. However,
as we do not measure salinity with these sensors, the CTD data are needed to establish a temperature-
density relationship in order to be able to estimate turbulence parameters. A constant linear temperature-
density relationship is used with slope of 20.2, as established for the range between 300 and 400 m from
CTD-observations (Figures 3d and 3e). Thus, turbulence estimates can be made using the method of com-
puting vertical displacements d between original and reordered density (temperature) profiles as intro-
duced by Thorpe [1977]. Hereby, N is computed from the reordered profiles. Averaging is done over the
entire range of sensors instead of over single overturns. Single overturns are difficult to define as overturns
of different sizes are found at any given time and depth. Two hour, 101 m averaged values are used to com-
pute the dissipation rate, e 5 a2d2N3, using a constant value of a 5 0.8 for the Ozmidov/rms displacement
ratio [Dillon, 1982]. For the eddy diffusivity Kz 5 Ca2d2N, a constant mixing efficiency of C 5 0.2 is used
[Osborn, 1980; Oakey, 1982]. This is commensurate with nearly all oceanographic estimates of turbulence
using the method of Thorpe [1977]. Further details for its use with moored temperature sensors are given in
van Haren and Gostiaux [2012] and van Haren et al. [2015].

Figure 4. Moored data overview for the entire 15 day period. (a) Conservative Temperature from high-resolution T-sensors. The purple ver-
tical bars indicate the periods of Figures 5 and 6, respectively. The blue horizontal bars indicate the 27 lost sensors. (b) Cross-slope current
component from ADCP. (c) Along-slope current component from ADCP. (d) Vertical current component from ADCP. (e) Relative echo
amplitude from ADCP-beam 1.
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3. Observations

Interpretation of the present T-data set is a challenging task, because of the varying stratification. Portions
of the data are in near-homogeneous waters. Such weak stratification is generally more common in the
deep ocean. Buoyancy periods of typically 5100 s (�1.5 h) and up to 12,000 s (>3 h) occur, the latter nar-
rowing the internal gravity wave band f<r<N to only half an order of magnitude. The local inertial period
is about 52,000 s (14.4 h).

An overview of the temperature throughout the fortnight in the lower 115 m above the bottom at the
thermistor string mooring (Figure 4) shows a gradual increase in temperature, presumably due to an eddy
or to the meandering of the slope current, whose core is between 200 and 300 m at the cross-slope position
of the mooring. Superposed on the slow variation with time is the semidiurnal variation, best visible in the
horizontal cross-slope current component (Figure 4b). This variability is also seen, albeit less dominant, in
temperature (Figure 4a), along-slope current component, which is virtually always positive with mean speed
of 0.19 m s21 directed toward the north-northeast (Figure 4c), vertical current component (Figure 4d), and
dI (Figure 4e).

In these four depth-time series, the semidiurnal variability is more nonsinusoidal than in Figure 4b. This is
most manifest in a sudden transition from the warming (yellow-red) to the cooling (blue) phase of the tide
in Figure 4a. In general, such a transition is accompanied by a transition from down- (blue) to upslope (yel-
low-red) horizontal currents (Figure 4b), and regularly, but not always, by vertical motions and dI extending
from the bottom upward (Figures 4d and 4e). It occurs nearly every tidal cycle, although in varying
intensity.

These transitions are the now commonly observed upslope propagating frontal bores that dominate sedi-
ment resuspension [Hosegood et al., 2004]. A detail-example is given in Figure 5. The intensity and form
vary strongly from bore to bore, here in this area as well as in others like in the Bay of Biscay [e.g., van Haren,

Figure 5. As Figure 4, but for a 2 h period around the passage of an example upslope propagating frontal bore; the temperature range is
different and missing sensor data have been interpolated in Figure 5a.
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2006] occurring more or less, to within 10%, with the semidiurnal periodicity. They all have a cold-front that
passes the mooring within minutes, the leading edge some 10–20 m from the bottom, being at least 50 m
high and strongly turbulent, with a relatively strongly stratified layer higher-up moving vigorously up and
down due to the turbulence. Upward ejection of fluid from the bottom occurs mainly around the frontal
passage. The front is not a smooth rigid structure and extends above the range of T-sensors, as can be
inferred from the unstable temperatures around z 5 2290 m, t 5 186.56 yeardays. Such ‘frontal instabilities’
have been observed previously, see e.g., Figure 4 in van Haren [2007]. Averaged over the time-depth span
of Figure 5, the mean turbulence values are e 5 1 6 0.4 3 1027 m2 s23, Kz 5 3 6 1 3 1022 m2 s21.

An unusual exception is seen to occur on day 187.9 (purple line marked F6 in Figure 4a), when a transition
to cold waters occurs during downslope (blue) flow (Figure 4b). The 2 h detail in Figure 6 shows a front, but
which resembles more a gravity current as it appears upside down compared to the upslope moving front
of Figure 5. For both fronts, the along-slope current was positive, directed toward the north-northeast, with
an amplitude varying between 0.2 and 0.3 m s21; as the downslope front in Figure 6 passed the mooring,
alongslope velocity increased from 0.16 to 0.32 m s21 within 35 min. The direction of propagation is
inferred from the particle velocities and timing of elevated acoustic backscatter in the ADCP beams.
Accounting for the ADCP heading and its mounting in a downward looking configuration, the trailing edge
of the front within which the acoustic backscatter was highest passed beam 1, which was pointing toward
1558N, 293 s before the opposing beam 2 (Figure 7). The time of arrival of the trailing edge at beams 3 and
4 are difficult to distinguish, although beam 4 seems to be passed before beam 3, suggesting the direction
of propagation to be between 3108N and 3358N. At a range of 90 m, the beam spread equates to 64 m, indi-
cating a phase speed of 0.21 m s21. The northwestward propagation, which corresponds to a poleward,
downslope direction, is consistent with the particle velocities of 0.32 m s21, such that |up|max 5 1.5c, that
were directed toward 3408N.

Although being a cold-front, the leading edge is some 80 m above the bottom in Figure 6. This is several
tens of meters higher than for typical upslope moving frontal bores. It appears as a bottom separation, as

Figure 6. As Figure 5, but for a 2 h period around the rare passage of a downslope propagating gravity current.
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sketched in Figure 1 bottom-right, and which is possible in turbulent overturns over a span of time that is
smaller than the local buoyancy period. The relatively warmer waters below are progressively closer to the
bottom and move slightly slower off-slope than the cooler waters above. This unstable density configura-
tion facilitates convective turbulence. Averaged over the time-depth span of Figure 6, the mean turbulence
values are e 5 5 6 2 3 1026 m2 s23, Kz 5 3 6 1 3 1021 m2 s21. The Rayleigh number amounts Ra 5 ga/mj �
DTL3 � 5 3 1014 for a range of sensors L 5 100 m, and a temperature difference of DT 5 0.05 K. Here g
denotes the acceleration of gravity, a the thermal expansion coefficient, m the kinematic viscosity and j the
thermal diffusivity. The large Ra> 1000 indicates that turbulent convection dominates conduction [Allaby
and Allaby, 1999]. From laboratory observations in a porous medium, Lister [1990] found for Ra> 1000 a sig-
nificant number of dendritic downwellings eventually feeding into a single downwelling plume. Here,
plumes seem to be more extending upward, away from the bottom. Given the large Ra and an estimated
Rossby number> 1, the flow regime is characterized by turbulence rather than geostrophic turbulence in
which rotation effects are important [Boubnov and Golitsyn, 1990; Marshall and Schott, 1999].

Such turbulence has similar small-scale overturn features to that for upslope bores but it is found to last a
much longer period of 2 h compared to several minutes during upslope bores. This 2 h period is still smaller
than the maximum buoyancy period and motions thus can last being unstable, and turbulent, as was also
found for Rayleigh-Taylor mixing by Lawrie and Dalziel [2011]. Motions with periods longer than the buoy-
ancy period, like internal waves, need to be in a stable environment for support. Also in contrast with Figure

Figure 7. (a) Relative echo amplitude from ADCP-beams 1–4 during the downslope front with the time of arrival of the trailing edge at beams 1 and 2 indicated as t1 and t2, respectively.
(b) A plan view of the ADCP heading and its 4 beams at the time relative to the bathymetric slope. (c) A side-on view of the downward looking ADCP indicating the 64 m horizontal dis-
tance between beams 1 and 2 at a range of 90 m.
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5, the upward ejection of fluid from near the bottom does not occur at the front at day 187.88 in Figure 6,
but later at day 187.94 when the colder layer reaches the bottom from above. This was the only example of
a downslope moving front observed in the 15 day record, although on two occasions much weaker quasi-
upside down fronts were observed during slack-water, when the cross-slope current was almost zero, and
one occasion with vigorous cold-water convective overturning from above without a propagating front.

4. Discussion and Conclusions

The observed gravity current resulting in a downslope moving frontal bore is an unusual exception to the
now commonly observed upslope moving bores above deep-sea topography [e.g., Klymak and Moum,
2003; Hosegood et al., 2004]. Although the latter are known for their impact on sediment resuspension
[Hosegood et al., 2004; Bourgault et al., 2014], such resuspension is unknown for the former. The associated
turbulence trailing the downslope propagating bore has a different character, principally coming from the
interior and being strongly convective rather than shear-induced.

Judging from turbulence estimates, the upside down front is an order of magnitude more turbulent than
regular, upslope propagating frontal passages. Variations in the value of the slope in the local temperature-
density relationship are observed, but we note that this does not raise doubts about the static stability of
the front in Figure 6, as the sign of slope is always negative.

The mechanism for generating the gravity current leading to the downslope moving frontal bore seems
associated with the canyon, or the oblique propagation of the large-scale carrier wave along the continental
slope, here the semidiurnal internal tide. No difference is found in the large-scale along-slope directed cur-
rent between upslope and downslope frontal passages. The rare occurrence of the latter seems thus more
related with a gravitational collapse, rather than with a local change in slope current. In contrast with the
findings in the Bay of Biscay [Gemmrich and van Haren, 2001], the present downslope front is not preceded
by upslope motions in the 30 min before the frontal passage.

As for the consequences for ocean mixing, underwater topography should be considered in full 3-D as the
flow-effects of promontories and canyons seem to be important. Numerical modeling results from a shelf
break region in the Celtic Sea indicate that internal tides generated at submarine promontories, similar to
that found upstream of the current mooring location, spread radially from their source region [Vlasenko
et al., 2014]. Baroclinic internal tidal energy thus propagates along the slope rather than primarily across it,
raising the possibility that the predominant along-slope velocity, rather than the usual cross-slope domi-
nance, in the bores observed here is attributable to remotely generated internal tides. Recent modeling
results further indicate the potential of tidal flow over the same promontory discussed here in generating
along-slope propagating bottom trapped internal waves [Stashchuk and Vlasenko, 2017]. The waves in the
modeling case intensified currents over the lower 400 m, approximately, in water of depth 1000 m. This is
somewhat deeper than the fronts observed in our observations but the constant and time-independent
stratification used in the model suggest that such a mechanism may be implicated when realistic variability
in background stratification, such as that observed throughout the observational period, is accounted for.

Although in the present observations the downslope propagating bore is not associated with large shear-
induced Kelvin-Helmholtz billows as was observed in (also rare) flow over a promontory in the Gulf of Valen-
cia [van Haren et al., 2013], the presently observed convective instabilities create large turbulence. While
there is some uncertainty to quantify this turbulence due to variation in the local temperature-density rela-
tionship, it is estimated to be at least of the same order of magnitude as in upslope propagating bores. An
essential difference is the turbulence coming from the interior, rather than extending from the bottom
upward, and thus less affecting the resuspension of sediment. Given the rareness of occurrence of a down-
slope front compared to upslope propagating fronts, the latter seem to contribute more to overall turbu-
lence generation by internal wave breaking over sloping topography, confirming previous estimates over
seamounts [e.g., van Haren and Gostiaux, 2012]. However, despite its rareness, it is challenging to establish
the precise nature of downslope propagating fronts in the future, with turbulent bursts in the form of sta-
lagmites rather than stalactites (Figure 1, bottom-right). We note that the present observations were made
in mid-summer, when mode- and deep-water formation are not known to occur.
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