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Turbulent overturning on scales greater than 10 m is observed near the bottom and in mid-
depth layers within the Gaoping (formerly spelled Kaoping) Submarine Canyon (KPSC) in
southern Taiwan. Bursts of strong turbulence coexist with bursts of strong sediment
concentrations in mid-depth layers. The turbulence kinetic energy dissipation rate in some
turbulence bursts exceeds 1074 W kg™, and the eddy diffusivity exceeds 10~! m? s, Within the
canyon, the depth averaged turbulence kinetic energy dissipation rate is ~7x10"® W kg™, and
the depth averaged eddy diffusivity is ~10"2 m? s™\. These are more than two orders of
magnitude greater than typical values in the open ocean, and are much larger than those found
in the Monterey Canyon where the strong turbulent mixing has also been. The interaction of
tidal currents with the complex topography in Gaoping Submarine Canyon is presumably
responsible for the observed turbulent overturning via shear instability and the breaking of
internal tides and internal waves at critical frequencies. Strong 1st-mode internal tides exist in
KPSC. The depth averaged internal tidal energy near the canyon mouth is ~0.17 m? s™2. The
depth integrated internal tidal energy flux at the mouth of the canyon is ~14 kW m™,
propagating along the axis of the canyon toward the canyon head. The internal tidal energy flux
in the canyon is 3-7 times greater than that found in Monterey Canyon, presumably due to the
more than 10 times larger barotropic tide in the canyon. Simple energy budget calculations
conclude that internal tides alone may provide energy sufficient to explain the turbulent
mixing estimated within the canyon. Further experiments are needed in order to quantify the
seasonal and geographical distributions of internal tides in Gaoping Submarine Canyon and
their effects on the sediment flux in the canyon.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

of suspended sediments by currents inside submarine
canyons. Therefore, submarine canyons are potential conduits

Submarine canyons are natural traps of suspended fine-
grained sediments. Turbulent entrainment of sediments from
the seabed within the water column facilitates the transport
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for the sediment flux between the shelf and deep ocean.
Internal tides and associated turbulent processes have been
shown not only to create and maintain nepheloid layers, but
also to transport suspended sediments (Friedrichs and
Wright, 1995). Liu et al. (2002) find strong inhomogeneity of
suspended sediment concentration (SSC) in a submarine
canyon. They hypothesize that observed pockets of high SSC
are caused by breaking internal tides trapped in the sub-
marine canyon.

Tidal currents dominate the flow field in many submarine
canyons (Shepard et al., 1974, 1979; Garcia Lafuente et al.,
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1999; Xu et al,, 2002). The vertical stratification and the
complex topography in submarine canyons (Monaco et al.,
1990; Liu et al., 2002) favor the generation and focusing of
internal tides (Hotchkiss and Wunsch, 1982; Petruncio et al.,
1998; Cresswell, 2000; Jachec et al., submitted for publica-
tion). The internal tidal energy propagates primarily along the
canyon axis due to the topographic steering. A broad
spectrum of turbulent processes exists in submarine canyons
such as the bottom boundary-layer turbulence and turbu-
lence generated by breaking of internal waves and internal
tides (Carter and Gregg, 2002). At critical slopes, the en-
hancement of internal waves of critical frequencies, whose
characteristic slopes match the slope of the ocean bottom,
could cause resuspension and deposition of sediment. Ribbe
and Holloway (2001) report a strong on-shelf sediment
transport associated with internal tides.

In the deep open ocean, free linear internal waves are well
modeled by the GM spectrum (Garrett and Munk 1972, 1975).
Near sources and sinks of internal waves, observed spectra
deviate from the GM spectrum. Most deviations from the GM
spectrum are found near topography such as shelf breaks,
continental slopes, and submarine canyons (Wunsch 1976;
Waunsch and Webb 1979; Hotchkiss and Wunsch 1982; Lien
et al,, 2005).

This study in Gaoping (formerly spelled Kaoping) Sub-
marine Canyon quantifies the turbulent mixing, associated
energy dissipation rate, internal tidal energy and energy flux,
and examines the possible link between turbulent mixing
and small-scale suspended sediment anomalies in the
canyon. In Section 2, we describe the experiment and the
measurements, and present brief summary of previous
observations of sediment concentration. In Section 3, we
compare the internal wave continuum in the canyon with the
prediction by the GM spectrum, and compute internal tidal
energy and energy flux. In Section 4, we compute the tur-
bulent overturning scales, turbulence kinetic energy dissipa-
tion rate, and eddy diffusivity within the canyon. Possible
explanations for intermediate and near-bottom nepheloid
layers are discussed. Results of this analysis are summarized
in Section 5.

2. Experiment, measurements, and previous results
2.1. Experiment site

The study site, Gaoping Submarine Canyon, is located in
southern Taiwan on a wave-dominated microtidal (tidal range
smaller than 2 m) coast (Fig. 1a). The head of the canyon is
located approximately 1 km off the mouth of Gaoping River
whose physical setting has been described in detail by Liu
et al. (2002).

2.2. Measurements

Comprehensive field experiments were carried out
between June 1999 and July 2000 onboard the R/V Ocean
Researcher III to study the sediment flux in the canyon. These
two experiments consisted of (1) 8 one-day cruises of
hydrographic vertical profiles along the axis (10 stations
labeled as A-]J in Fig. 1) of the canyon within 10 km from the
canyon head, (2) twelve hourly hydrographic vertical profiles

at a fixed site at the center of the canyon axis (the vertical
white line), and (3) one-month long current meter measure-
ments at 200- and 270-m depths on a mooring (the vertical
white line) between June 20 and July 20, 2000. Details of the
experiment, instruments, measurements, and data processing
are described in Liu et al. (2002).

Dates of the 8 cruises are labeled in Fig. 2. Ten stations,
from station A at the head of the canyon to the offshore
station ] (Fig. 1b), are occupied during each survey. At each
station, profiles of conductivity, temperature, and light
transmission were measured using a Sea Bird SBE 9/11 CTD
system at ~0.2 m vertical intervals from surface to about 20 m
above the seafloor.

A set of 28 h of hourly shipboard ADCP and CTD vertical
profiles were taken on Feb. 26-27, 2004 (the red line in Fig. 1b
and the cross in Fig. 1a). Internal tidal energy and energy flux
were estimated using these data, providing basic properties of
internal tides in the canyon.

2.3. Previous results of suspended sediment concentration (SSC)
observations

Gaoping Submarine Canyon is stably stratified by tem-
perature (Liu et al., 2002). The deeper part of the canyon is
filled with colder and more saline offshore water that is little
affected by the change of seasons. The water column is stable
in the summer river flood season and less stable during the
dry winter season. During the transition in fall, the upper part
of the canyon remains highly stable but the deeper part
becomes less stable.

Measurements of light transmission along the canyon axis
are shown in Fig. 2. It takes 4-5 h to complete one
hydrographic profiling transect. Observed hydrographic fluc-
tuations along each transect are modulated by tides at varying
phases. Therefore, Fig. 2 represents tidally aliased quasi-
snapshots of light transmission along the canyon axis.

Hydrographic surveys were conducted during flood
seasons (cruises 1, 2, 7, and 8), dry seasons (cruises 5 and 6),
and transitions (cruises 3 and 4). Liu et al. (2002) infer
suspended sediment concentrations from light transmission
measurements. Observed suspended sediment concentration
distributions exhibit common characteristics: (1) High sus-
pended sediment concentration values are generally in the
lower part of the water column. Except for the two flood
season surveys, higher suspended sediment concentration
values also tend to occur toward the seaward end of the
canyon. (2) During the flood season, higher concentrations of
suspended sediments carried by the river effluent are evident
near the surface toward the head of the canyon. (3) There are
localized patches of high suspended sediment concentrations.
These patches sometimes coexist with localized density
inversions. Since these patches exist in the vicinity where
internal M, tides may be generated or reflected, Liu et al.
(2002) propose that high suspended sediment concentration
patches are associated with the trapping internal tidal energy
without any quantifying evidence.

In laboratory experiments, McPhee-Shaw and Kunze
(2002) demonstrate that reflection of internal waves from a
sloping boundary not only could cause instabilities and create
density perturbations, it also could cause intrusions of dyed
fluid from the boundary following isopycnal surfaces.
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3. Internal waves and internal tides

3.1. Internal waves in Gaoping Submarine Canyon versus GM
prediction

Frequency spectra of horizontal kinetic energy (HKE) are
computed using two current meters. Peaks are present at the
semidiurnal (®=0.0805 cph) and diurnal (w=0.042 cph)
frequencies (Fig. 3). There is a secondary peak at twice the

semidiurnal tidal frequency (w=0.16 cph), suggesting non-
linearity of semidiurnal tides. The semidiurnal tide is stronger
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than the diurnal tide. In the internal wave continuum,
®>0.2 cph, spectra exhibit the canonical “-~2” slope. The
observed kinetic energy is about 3 times the prediction by the
GM internal wave model. Hotchkiss and Wunsch (1982) found
a similar increase of internal wave energy toward the head of
Hudson Canyon.

Frequency spectra of the clockwise and counterclockwise
rotating vertical shears are computed, having similar magni-
tudes. For linear internal waves in the northern hemisphere,
the clockwise rotating vertical shear is greater than the
counterclockwise rotating shear. Our observed equipartition
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Fig. 1. (a) Bathymetric map of Gaoping Submarine Canyon in southern Taiwan and (b) the 3-d perspective of Gaoping Submarine Canyon looking from the head to
the mouth, roughly corresponding to the white box in (a). The nominal positions of 10 along-canyon stations are labeled A-J. The vertical white bar marks the
location of the 12-h profiling of CTD, near the mooring of two current meters. The black cross in (a) and the vertical red line in (b) mark the location of 28 h of ADCP
and CTD profiles taken during Feb. 26-27 of 2004. The white arrow in (a) shows the depth-integrated internal tidal energy flux computed in Section 3.
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Fig. 2. Light transmission observations during 8 transects along the canyon axis. Dates of cruises are labeled.

of the two rotary shear components is inconsistent with free
linear internal waves. This departure suggests the importance
of the nonlinearity, external forcing, and boundary effects in
Gaoping Submarine Canyon. Primary shear spectral peaks are
at the diurnal, semidiurnal, and 6-h tidal frequencies. There is
no significant spectral peak at the inertial frequency
(0=0.032 cph). The narrow width of the canyon likely sup-
presses inertial waves (Hotchkiss and Wunsch, 1982).

In the canyon, the energy of background internal waves is
three times greater than that predicted by the GM model. Strong
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internal tides could be generated in the canyon (discussed in
the next section), and background internal waves enhanced
via the wave-wave interaction and critical slope processes.

3.2. Internal tidal energy and energy flux in Gaoping Submarine
Canyon

Continuous vertical profiles of CTD and shipboard 75-kHz
ADCP measurements were taken hourly for 28 h in 2004 near
the canyon mouth at ~350 m depth. The vertical normal mode
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Fig. 3. (a) Frequency spectra of horizontal kinetic energy (HKE) at 200-m depth (thick solid) and at 270-m depth (thin solid), and (b) observed vertical shear of
clockwise (thick solid) and counterclockwise velocity (thin solid) between 200- and 270-m depths. Shadings indicate 95% confidence intervals. In panel (a), thick
and thin dashed curves represent horizontal kinetic energy spectra predicted by the GM model at 200- and 270-m depths, respectively. Frequencies of inertial (f),

diurnal (K;), and semidiurnal (M) frequencies are labeled.
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Fig. 4. Vertical profiles of (a) buoyancy frequency, (b) vertical structures of the first two vertical modes of horizontal velocity, and (c) vertical structures of the first
two vertical modes of vertical velocity. Thick curves in (b) and (c) represent the first mode, and thin curves represent the second mode.

structures of internal tides are computed using the average of zontal velocity had a nodal point at ~150 m depth. The phase
the sorted density profiles (Fig. 4). The buoyancy frequency is propagation speed C, of internal tides of the lowest two
mostly between 0.008 and 0.01 s~ '. The first mode of hori- modes is 1, and 0.5 m s~ !, respectively. The energy speed,
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Fig. 5. Vertical and temporal variations of (a) the zonal velocity perturbations, (b) the isopycnal vertical displacements, (c) the pressure perturbation with the
hydrostatic component and vertical mean removed, and (d) the zonal energy flux. The vertically integrated zonal energy flux (black curve with shading) and
meridional energy flux (red curve) are shown in (e) where the black dashed horizontal line represents the temporal average of vertically integrated zonal energy
flux, and the red dashed horizontal line represents the temporal average of vertically integrated meridional energy flux, close to zero. The vertical profile of the
temporal average of the zonal energy flux is shown in (f).
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Cy=Cp(w*-fA)w %=0.85C,, is comparable to the phase speed is projected onto the barotropic mode (37%) and the first

for semidiurnal internal tides. baroclinic mode (45%). The velocity of the baroclinic tide is
We decompose observed velocity vertical profiles into ~0.5ms™ ! (Fig. 5a). The vertical and temporal average of the

theoretical vertical modes. More than 80% of velocity variance baroclinic HKE, mainly internal tides, is 0.04 m? s™2,
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Fig. 6. Illustration of estimates of overturning scales and the run-length test: vertical profiles of (a) observed density (black) and sorted density (red), (b) buoyancy
frequency, and (c) Thorpe displacement (shading), and overturning patches (black bar). Magnitudes of bars correspond to the rms Thorpe scale. Panel (d) shows the
run-length test. The red line shows the 27" pdf for random uncorrelated noise, where n is the run-length. The gray shading indicates the 95% confidence computed
from the Monte Carlo simulation. Red asterisks represent the pdf of the run-length computed from the observed density profile.
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A background potential density profile png(z) is con-
structed as follows. We combine the 28-h of vertical profiles
of potential density, each with 1-m vertical resolution. We
sort the combined potential density profile and assign each
density grid with 1/28-m vertical scale so that the sorted
combined potential density profile, pp(2), fits into the local
water depth. The available potential energy (APE) of the ob-
served baroclinic tide is estimated following Henyey (1983).
For every hourly vertical profile the APE is defined as
APE(2) = 1N2(z0)*(2). The vertical displacement varies
mostly between -100 and 70 m, showing a clear tidal
fluctuation (Fig. 5b). The vertical and temporal average of
APE is 0.13 m? s™2. The estimate of the total baroclinic tidal
energy, including both diurnal and semidiurnal tides, is

0.17 m? s~2. For linear internal waves, APE and HKE have a
similar magnitude at frequencies far from N and f Our
findings of APE~3HKE suggest either that observed internal
tides are nonlinear or that the vertical displacement of
barotropic tides on the sloping bottom is responsible for the
excess APE over HKE (Kunze et al., 2002).

The energy flux of internal tides F is computed using
simultaneous measurements of density and velocity follow-
ing Kunze et al. (2002), i.e., F=ECg=<u'p">[po, where E is the
total energy, u’ and p’ are perturbation velocity and pressure
associated with internal waves. The < > denotes the average
over the wave phase. The perturbation pressure is computed
using the estimate of vertical displacement. The procedure is
described in Kunze et al. (2002). The perturbation pressure
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of the rms Thorpe scale, ¢, and K, are excluded from the following analysis and are not shown in (b), (), (d) and (e). Vertical black dashed lines denote the times of

vertical profiles shown in Fig. 8.
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varies mostly between +600 Pa and shows a clear tidal
periodicity (Fig. 5c). The perturbation pressure also shows
a dominant first mode structure, similar to that of velocity.
The zonal component of the energy flux is mostly positive
(Fig. 5d). The vertical profile of the time averaged zonal
component of the energy flux shows a minimum near the
nodal point of the first baroclinic mode and maxima in the
upper and lower layers. The maximum zonal energy flux is
~100 W m™2 (Fig. 5f). The depth integrated zonal energy flux

L-H. Lee et al. / Journal of Marine Systems 76 (2009) 383-396

also shows a semidiurnal fluctuation, with a mean of ~14 kW
m~! averaged over the 28-h period. The depth integrated
meridional energy flux is -1 kW m™! (Fig. 5e). In summary, at
station I the internal tidal energy flux propagates toward the
canyon head following the canyon axis (see white arrow in
Fig. 1a). The depth integrated internal tidal energy flux in the
canyon mouth of Gaoping Submarine Canyon is more than
twice that measured at the mouth of Monterey Canyon,
<5 kW m™! (Kunze et al., 2002) and is ten times that found
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Fig. 8. Profiles of rms Thorpe scales (the top panels), inverse light transmission (the second to the top panels), turbulence kinetic energy dissipation rate (the second
from the bottom panels), and the eddy diffusivity (the bottom panels) at five different hours, hours 2, 3, 7,10, and 11 at isopycnal surfaces. Profiles at hours 3, 7 and
10 correspond to the time of strong turbulence (see Fig. 7).
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near the head of Monterey Canyon, 1.5 kW m™! (Carter and
Gregg, 2002). The barotropic tidal current in Monterey
Canyon is O (0.01 m s ') (Petruncio et al., 1998). The
barotropic tidal current in Monterey Canyon is much weaker
than the barotropic tidal current in Gaoping Submarine
Canyon, ~0.5 m s ! Therefore, we expect much stronger
internal tidal energy in the canyon than that in Monterey
Canyon. The observed internal tidal energy flux is nearly ten
times that in the deep basins at western Pacific and near
Hawaii, 1-2 kW/m, estimated using historical hydrographic
and mooring measurements (Alford, 2003). It is comparable
to the observed strong semidiurnal internal tidal energy flux,
0 (10) kW m™ !, radiating from the Hawaiian Ridge (Lee et al.,
2006). Note that our results of internal tidal energy and
energy flux are estimated from a short 28-h record. They
might not be representative as typical characteristics in
Gaoping Submarine Canyon. Nonetheless, they represent the
possible internal tidal energy and energy flux in the canyon.
Further investigations will be needed to quantify the
geographical and temporal variation of internal tidal energy
and energy flux.

4. Turbulence properties

Turbulent processes are the primary mechanism for
resuspension and transport of suspended sediment in the
submarine canyon. In Gaoping Submarine Canyon, turbulence
could be generated via surface forcing such as typhoons and
monsoons, inertial wave breaking in the interior, the
barotropic tidal shear near the solid boundary, the breaking
of internal tides near the generation sites, and the breaking of
internal tides and internal waves near the critical slopes.

We do not have direct turbulence measurements in the
canyon. Turbulent overturning Thorpe scales Lt will be
estimated based on vertical profiles of CTD. The turbulence
kinetic energy dissipation rate ¢ will be estimated using the
relation between Ozmidov scale Lo=(g/N*)"/? (Ozmidov,
1965) and Thorpe scale, Lo=0.8Lr (Dillon, 1982). Accordingly,
£~0.64EN>. The turbulence eddy diffusivity is computed
using the Osborn method (Osborn, 1980), i.e., K,=0.2eN %=
0.13&N . Details of turbulence estimates are discussed in the
following sections.

4.1. Overturning scales

Thorpe scale Ly is defined as the root-mean-square (rms)
of Thorpe displacements of the density profile from its sorted
profile (Thorpe, 1977). The vertical resolution of the CTD
profile, instrument noise, mismatch response time of tem-
perature and conductivity sensors, and systematic errors
could produce spurious estimates of overturning and lead to
incorrect estimates of the overturning scale. Galbraith and
Kelley (1996) thoroughly discuss the problems of determining
overturning scales using vertical profiles of CTD data. They
designed a statistical run-length test to exclude possible
errors due to the instrument noise and systematic errors.
Johnson and Garrett (2004) revisit the run-length test. They
conclude that, although the run-length test is a useful diag-
nostic, comparing the run-length statistics with the uncorre-
lated random series might not be appropriate for typical
oceanic conditions. We will follow Galbraith and Kelley's

schemes to determine a threshold for our estimates of Thorpe
scales. The run-length statistics will be compared with run-
length statistics of the randomly reshuffled density profile,
instead of the theoretical value suggested by Galbraith and
Kelley (1996).

4.2. Techniques for estimates of Thorpe scales

The vertical resolution of observed CTD profiles 6z is 0.2 m.
Galbraith and Kelley (1996) suggest that only overturning
scales L>56z=1 m could be detected. With the strongest
stratification N~0.01 s™%, the lowest bound of estimates of ¢
is I2 N*>~10"® W kg™'. At places of weak stratification
N=0.001 s™!, we may detect ¢ as low as 10™° W kg~ '. The
resolution of density measurements is ~0.001 kg m™>. It sets
another limit on the smallest detectable overturning scale,
L,=2g(5p/po)/N*~0.02-2 m for N=0.01 and 0.001 s~ ", respec-
tively. Combining the constraints of the vertical resolution of
CTD profiles and of the density resolution, the smallest
detectable overturning scale is ~1 m.

Fig. 6 illustrates the estimate of Thorpe displacement,
definition of the overturning patch, the estimate of the rms
Thorpe scale, and the run-length test. Each observed vertical
profile of potential density is sorted so that the water is stably
stratified. The original, unsorted, density profile and the sorted
density profile are shown in Fig. 6a. At each depth, the
difference between the observed density and the sorted
density is called the Thorpe density fluctuation. Thorpe dis-
placement is defined as the vertical distance between the
displaced depth and the initial depth. The overturning patch is
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Fig. 9. Histograms of Ly as a function of distance above the bottom. Ly is
binned in logarithmic scales in order to see the variation of histograms of
small scale Ly. The scale of the histogram is marked on the right axis.
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defined such that the accumulated density difference within
the patch is smaller than the density resolution 6p (stairs in
Fig. 6¢). Thorpe scale Ly is defined as the root-mean-square
(rms) value of Thorpe displacements within each patch.

Thorpe displacements as large as 30 m are found near the
bottom, varying mostly between 1 and 15 m (Fig. 6¢). The
vertical scale of overturning patches is typically less than
10 m. The largest vertical scale overturning patches is ~35 m
found near the bottom.

The run-length test is carried out for all profiles. Detail of
the run-length test is discussed in Galbraith and Kelley (1996).
The run is defined as a series of adjacent Thorpe displace-
ments of the same sign. The number of points within each run
is defined as the run-length.

The probability density function (pdf) of the run-length is
computed using the complete vertical profile. For uncorrelated
random series, the pdf of a run-length nis 27" (Larson and Marx,
1986). Johnson and Garrett (2004) suggest that the theoretical
pdf, 27", may not be appropriate to define the threshold
criterion for true density inversion of typical ocean density
profiles. We will take an alternative approach. A Monte Carlo
simulation is used to compute the pdf of the run-length of
randomly reshuffled observed density profiles. The pdf of the
run-length of the observed density profile is compared with
those computed from randomly reshuffled density profiles. The
pdf of the run-length of randomly reshuffled density profiles
agrees well with the theoretical prediction for uncorrelated
random series. The 95% confidence interval of the pdf of the

200
Transect 1

4002 June 4, 1999,
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randomly reshuffled density profiles is adopted as the threshold
for the true density overturning. This typical illustration shows
that Thorpe scales greater than ~1 m are acceptable as true
density overturning. Throughout this analysis, estimates of
overturning scales smaller than 1 m will be excluded.

Galbraith and Kelley (1996) use the water-mass test to
remove spurious inversions due to intrusions. Within each
turbulence patch, a least linear regression is fitted between
temperature and density, pr=ar+b1T, and between salinity and
density, ps=as+bs S. The sum of rms errors between the ob-
served density p and py, and between p and ps are normah%g}i
by the rms Thorpe denSIty fluctuations R = [MZM

ie, Ri= [ 24 (o-pr?] /R and Rs = [45¥ (o-ps)?] /R,

where M is the number of density measurements, and p’ is
Thorpe density fluctuation. We exclude density inversions
which have Max{Ry, Rs}>Rc=0.5. The criterion of Rc=0.5 is
adopted from Galbraith and Kelley (1996). Each overturning
patch is inspected with this test.

4.3. Temporal and vertical distributions of turbulence within
Gaoping Submarine Canyon

Thorpe scales are computed using measurements of 12 h
of continuous CTD profiles (Fig. 7). Time series of buoyancy
frequency, derived turbulence properties and light transmis-
sions are averaged over three density layers, 0y=23.2-23.6,
0y=25.2-25.6, and 0,=26.2-26.6 kg m~3, called the upper,
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Fig. 10. Estimates of Thorpe Scales during 8 transects along the axis of the Gaoping Submarine Canyon. Estimates of Thorpe scales less than 1 m should be

disregarded because they do not pass the run-length-test criterion.



L-H. Lee et al. / Journal of Marine Systems 76 (2009) 383-396 393

intermediate, and lower layers. The tidal isopycnal displace-
ment during the 12-h period is ~50 m. The buoyancy
frequency remains nearly constant in the first 6 h, and varies
greatly in the later 6 h. Estimates of Lt>5 m are consistently
observed in the intermediate layer with three bursts of 10-, 8-,
and 5-m in the 12-h period, and about 2 m in the lower layer.
The separation of bursts suggests the turbulence time scale
is shorter than 1 h. The associated turbulence kinetic
energy dissipation rate, £~0.64L7N°, exceeds 1074 W kg™ ! in
the intermediate layer during flood tide (rising interface) and
<1077 W kg™ ! during ebb (descending interface). In the lower
layer, it is slightly greater than 107> W kg™ ! during flood tide
and ~1077 W kg™' during ebb. Two bursts of low light
transmission occur in the intermediate and lower layers. The
first burst coincides with the burst of strong turbulent over-
turning, Lt~ 10 m. The second burst of low light transmission
lags the second burst of [1~8 m by ~2 h. Assuming that
particles are stirred up from the bottom by boundary-layer
turbulence, light particles could remain floating in the water
column even after turbulence decays, whereas heavy particles
may settle through the turbulence patches. On the other hand,
particles may preferentially settle through quiescent water.
Because of the intrinsic differences between the sediment and
turbulence dynamics, high concentrations of particles and
energetic turbulence do not necessary collocate.

The eddy diffusivity is estimated as K,=0.2¢eN %=
0.13I#N"". During flood tide, K, exceeds 0.1 m? s™' in the
intermediate layer. In the lower layer, K,, is typically 0.01 m?s™".
During ebb, K, decreases to 0.001 m? s™". The 12-h CTD-

profile measurements were taken near a week spring tide in
June 2000. In Monterey Canyon, Carter and Gregg (2002) find
¢>10"*W kg ! and K,~0.08 m* s~ ! during the spring tide.

Profiles of Ly, ¢, K, and light transmission along isopycnal
surfaces are shown in Fig. 8. Large Thorpe scales, >10 m,
clearly exist in the intermediate density layer 0y=25.2-
25.6 kg m™3. In hours 2, 3, and 7 (during the flood), large
Thorpe scales with low light transmission exist near bottom
suggesting resuspension of sediment.

Histograms of Lt as a function of distance above the
bottom are shown in Fig. 9. Typical CTD profiles stop 20 m
above the bottom. Thorpe scales greater than 10 m are
confined to the bottom 2/3 of the water column, suggesting
the importance of interior turbulence.

4.4. Spatial and temporal variations of turbulence along and
across Gaoping Submarine Canyon

Thorpe scales and turbulence properties are computed
using CTD measurements taken in 8 transects along the axis
of the canyon (Fig. 10). Thorpe scales greater than 10 m are
found near the bends of the canyon axis and near the bottom,
especially clear in cruises 5, 6, and 8. Near the mooring station
(magenta line), large Thorpe scales are found at mid-depths
and near the bottom, most clearly in cruises 1, 5, 6, 7, and 8.
This is consistent with results found in the previous section.

The estimate of eddy diffusivity along the canyon axis
during 8 transects is shown in Fig. 11. Large eddy diffusivity
occurs near the bends of the canyon axis, as large as 0.1 m?s™!
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Fig. 11. Estimates of eddy diffusivity during 8 transects along the axis of the Gaoping Submarine Canyon.
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Fig. 12. Geographical distribution of the vertically averaged eddy diffusivity I_<,) (dots) in two winter cruises (blue) and in six summer and fall cruises (red). The size
of dots represents the magnitude of K, The scale reference is represented as sizes of black dots on the left of the plot. Black curves represent isobath of 50 m
interval. The white curve marks the center axis of the Gaoping Submarine Canyon estimated as the low-pass filter of positions where the water is the deepest.

and near the bottom, mostly 0.01 m? s™ .. In cruise 7, the eddy
diffusivity near the mooring station (magenta line) has a
maximum of ~0.05 m? s~! at 150-200 m depth, a similar
magnitude found in the previous section (Figs. 7 and 8).

The spatial distribution of the depth averaged eddy
diffusivity is shown in Fig. 12. In summer and fall, the eddy

diffusivity varies between 0.001 and 0.034 m? s !, with a
mean of 0.008 m? s™ .. In winter, the eddy diffusivity varies
between 0.003 and 0.061 m? s™!, with a mean 0.019 m? s,
The eddy diffusivity in winter is twice that of summer and fall.

In winter, the depth averaged eddy diffusivity along the
canyon axis varies in 0.01-0.04 m? s~ within 9 km from the
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Fig. 13. Summary of estimates of eddy diffusivity along the canyon axis (a), and cross canyon axis (b). Filled squares are estimates taken in two winter cruises, and
circles are estimates taken in six summer and fall cruises. The black curve is the mean for winter cruises, and the gray curve is the mean for summer and fall cruises.
Note that the mouth of the canyon is at Y=0 km and the head is at Y=10 km.
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Fig. 14. Summary of estimates of turbulence kinetic energy dissipation rate ¢ along the canyon axis (a), and cross canyon axis (b). Filled squares are estimates taken
in two winter cruises, and circles are estimates taken in six summer and fall cruises. The black curve is the mean for winter cruises, and the gray curve is the mean
for summer and fall cruises. Note that the mouth of the canyon is at Y=0 km and the head is at Y=10 km.

canyon head, i.e., Y>1 km, and drops by a factor of ~10in 1 km
to 0.004 m? s~ ! near the canyon mouth (Fig. 13). In summer
and fall, the depth averaged eddy diffusivity increases from
0.0015 m? s™ ! at the canyon head to 0.01 m?s™! at 1 km from
the canyon mouth, and drops by a factor of 3 in 1 km to
0.004 m? s™! near the canyon mouth, similar to the winter
condition. The largest eddy diffusivity exists in 1-4 km from
the canyon mouth. There is no clear cross-canyon structure of
eddy diffusivity (Fig. 13b). In all seasons, the eddy diffusivity
seems to decrease slightly beyond ~1 km off the canyon axis.

There is no significant seasonal variation of the depth
averaged ¢ (Fig. 14). The two times larger eddy diffusivity in
winter than in summer and fall is due to the weaker strat-
ification in winter. The depth averaged e varies in 4-10x
107% W kg™ ! within 9 km from the canyon head, Y>1 km,
and drops by about a factor of 5 in 1 km at the canyon head.
There is a slight decrease of ¢ beyond 1 km off the canyon
axis. The bulk estimate of the depth integrated turbulence
kinetic energy dissipation rate in Gaoping Submarine
Canyon is O (1) W m™2, which is 1000 times of that esti-
mated in the global abyssal ocean, 1 m W m™2, and that
expected for the GM internal wave model, 0.8 mW m™2
(Kunze et al., 2006).

5. Discussions

It is worthwhile to compare our estimates of turbulence
intensity in KPSC with those directly measured in Monterey
Canyon (Carter and Gregg, 2002; Gregg et al., 2005). Averaged
within 10 km of the head of Monterey Canyon, the kinetic
energy dissipation rate ¢ is 1.9x1077 W kg™ !, and the eddy
diffusivity is 0.0025 m? s™'. The measured ¢ in Monterey
Canyon is 1 decade smaller than that in Gaoping Submarine
Canyon. The eddy diffusivity near the head of the Monterey

Canyon is a factor of 4-16 of that estimated within 9 km of the
head of Gaoping Submarine Canyon. In both Gaoping
Submarine Canyon and Monterey Canyon, turbulence is
stronger on the canyon axis, and weaker off the axis. Within
a ~50-m thick layer of an internal tidal beam over a sea fan in
Monterey Bay, off the canyon, ¢ exceeds 10" W kg™, and K,
exceeds 0.01 m? s ! (Lien and Gregg, 2001).

Our estimate of internal tidal energy near the mouth of
Gaoping Submarine Canyon is 0.17 m? s 2, likely over-
estimated as explained in 3.2. Assuming that the internal
tidal energy is dissipated in one semidiurnal period, the
kinetic energy dissipation rate is 4x 10" W kg™ .. The estimate
of depth integrated internal tidal energy flux near the mouth
of the canyon is 14 kW m™ !, propagating into the canyon head
(Fig. 1a). A bulk estimate of turbulence kinetic energy dis-
sipation rate is ~7x10"% W kg~ !, assuming a balance between
the energy flux divergence and the turbulence kinetic energy
dissipation rate, i.e., e~ FW, [ (LiHWypo) =F [(LiHypo), Where
Wy is the average width, Hyi the average depth, and L, the
distance from the station of the internal tidal energy estimate
to where the internal tidal energy flux diminishes. F is the
depth integrated internal tidal energy flux. We assume that
internal tidal energy flux diminishes at the canyon head, i.e.,
Li=10 km, and the average depth within 10 km of the canyon
head is H,=200 m. These two bulk estimates, 4x 105 W kg™
and 7x107°% W kg !, suggest that internal tides in Gaoping
Submarine Canyon alone may provide energy sufficient
to explain the observed turbulence intensity in the canyon,
4-10x107° W kg™ .

6. Summary

Our analysis provides first estimates of internal tidal
energy, internal tidal energy flux, turbulence kinetic energy
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dissipation rate, and eddy diffusivity in one of the major
canyons in Taiwan, Gaoping Submarine Canyon. Both baro-
tropic and baroclinic tides are strong and have nearly equal
speed of ~0.5 m s~ . The baroclinic tide shows a clear first
mode structure. The depth integrated baroclinic tidal energy
flux is 14 kW m™! at the canyon mouth, and is 3-7 times of
that measured in Monterey Canyon (Kunze et al., 2002; Carter
and Gregg, 2002). The depth averaged baroclinic tidal energy
is 0.17 m? s™2. Simple energy budget calculations conclude
that internal tides alone could provide energy sufficient to
explain the turbulent mixing observed in Gaoping Submarine
Canyon.

Thorpe scales are computed using CTD vertical profiles
with a minimum threshold of 1 m determined by the
modified run-length test. Thorpe scales greater than 10 m
exist in the bottom 2/3 of the water column. Bursts of strong
turbulence and low light transmission are found in a mid-
depth density layer, with e>10"* W kg™' and K, > 0.1 m?* s
suggesting the low light transmission resulted from the
sediment resuspension by turbulence entrainment.

Within the canyon, the depth averaged ¢ is ~7x107¢ W
kg ! and K, is ~0.01 m? s~ . The turbulence drops by about
five times near the canyon mouth. There appears to be no
significant seasonal variation of .

Further investigations of internal tides and sediment
transport are necessary. We expect a significant seasonal
variation of internal tidal energy and energy flux in the
canyon because a strong seasonal variation of stratification in
the canyon has been reported (Liu et al., 2002). To understand
the effects of internal tides on the sediment transport, we
need detailed measurements of internal tides along and
across canyon axis.
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