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The benthic nepheloid layer (BNL) has been observed in the head region of the Gaoping/Kaoping Submarine
Canyon (KPSC) throughout a year. The top of the BNL could be as high as 100 m above the canyon floor in
which the suspended sediment concentration (SSC) could be as high as 30 mg/l. In the BNL, sand-sized
particles comprise the largest size-class in the suspended sediment population.
Based on three one-month time series observations near the canyon floor of along-canyon velocity, water
temperature, and the volume concentration (VC) of clay, very-fine-to-medium silt, coarse silt and sand size-
classes in 2000, 2002, and 2004, the BNL is strongly modulated by the tides at semidiurnal, diurnal, quarter,
and sixth diurnal and spring-neap frequencies. In the course of a semidiurnal tidal cycle, the flood (up-
canyon) current brings colder water from the seaward part of the canyon causing the SSC and the thickness
of the BNL to increase. The SSC immediately near the canyon floor also increases in response to the maximum
flood and ebb currents of the M, tide.
The tidal-to-total energy ratio (ER) of the along-canyon flow is between 70-80%, and between 50-80%
among the suspended sediment of clay, very-fine-to-medium silt, coarse silt and sand size-classes. The M, is
the most important tidal constituent in the temporal variations of along-canyon flow, water temperature,
and the VC of the four size-classes. The local phase differences between the forcing (velocity), and the
responses (temperature and VC) at the M, frequency show distinct phase-lock that suggests patterns of
standing and progressive internal tides. Suspended sediments in the BNL also respond to the M, forcing in a
coherent fashion.
Suspended sediment movements are strongly affected by nonlinear processes as indicated by the elevated
values of the amplitude ratio of M4/M, of the suspended sediment size-classes comparing to that of the flow.
The cross-canyon geometry and the slope of the submarine canyon floor affect the propagation of the
barotropic and internal tides, which in turn, affect the nonlinearity generation in the BNL.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The benthic nepheloid layer (BNL) has been widely observed in
many different marine and oceanographic settings. These settings
include open continental shelves (Inthorn et al., 2006; McCave and
Hall, 2002; Oliveira et al., 2002; van der Loeff et al., 2002; Vitorino
et al,, 2002; van Weering, et al., 2001), marginal seas (Chronis et al.,
2000; Karageorgis and Anagnostou, 2001; Ramaswamy et al., 2004;
Yurkovskis, 2005; Zhu et al., 2006), and submarine canyons (Frignani,
etal,, 2002; Liu et al,, 2002; Puig and Palanques, 1998; Puig et al., 2004).

The BNL on the shelf is maintained by resuspension of the bottom
sediment by waves and tidal currents (Chronis et al.,, 2000; Karageorgis
and Anagnostou, 2001; Ramaswamy et al., 2004; van der Loeff et al.,
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2002; van Weering et al., 2001). Sediment in the BNL is often trans-
ported over the shelf edge/break (Forest et al., 2007) following isopycnal
surfaces and form the intermediate nepheloid layer (INL) over the slope
(McCave et al.,2001; McCave and Hall, 2002; McPhee-Shaw et al., 2004;
Oliveira et al., 2002).

In shallow waters, processes related to the breaking of internal
waves affect the movement of the suspended sediment in the BNL
(Chronis et al., 2000; Johnson et al., 2001). Internal tides have a much
wider influence on the resuspension and advection of the suspended
sediment in the BNL over continental shelves, slopes, and in
submarine canyons (Puig et al., 2001, 2004; Ribbe and Holloway,
2001). On some occasions, sediment is transported from the adjacent
shelf to submarine canyons via the BNL (Frignani, et al., 2002; Oliveira
et al., 2007). High mass fluxes measured in the BNL in submarine
canyons (Liu et al., 2006, 2009a; van Weering et al., 2001) suggest that
major sediment transport and rapid accumulation occur in the BNL in
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Fig. 1. (a) Map showing the deployment sites of the sediment trap moorings in 2000, 2002, and 2004, respectively in the head region of the Gaoping Submarine Canyon (KPSC); and
the 25-h profiling station in the head region of the canyon in 2006. (b) Line A-A’ shows the water depth of a perpendicular cross-section encompasses the locations of 2000 and 2004
moorings. (c) Line B-B” shows a slanted cross-section that encompasses the locations of 2002 and 2004 moorings. The insert is a larger-scaled map showing the island of Taiwan.

submarine canyons and the BNL is significant in the submarine
canyon conduit to supply sediment to the deeper part of the ocean
basin (Liu et al., 2009a; Masque et al., 2003).

Internal tides could be generated at the canyon opening, the rim,
and along the canyon floor (Kunze et al., 2002; Petruncio et al., 2002),
and propagate up-canyon with enhanced bottom currents. In addition
to the tidal current, the temperature, turbidity and suspended sedi-
ment concentration (SSC) observed in submarine canyons also fluc-
tuate predominantly at semidiurnal tidal frequencies in the BNL (Liu
and Lin, 2004; Liu et al., 2006; Puig et al., 2004). These fluctuations
together with the density characteristics of submarine canyons
suggest that internal tides are important mechanisms affecting the
BNL in the canyon. However, there have not been many studies on the
quantitative link between the BNL and internal tidal forcing in sub-
marine canyons. Therefore, the objective of this study is to quantify
the tidal characteristics of the along-canyon flow, water temperature,
and the concentrations of different grain-size-classes of suspended
sediment in the BNL in order to understand how internal tides affect
the BNL in a submarine canyon conduit.

2. Study area and background

A multidisciplinary research program called ‘Fate of the terrestrial
substances in the Gaoping (formally spelled Kaoping) Submarine
Canyon’ (FATES-KP) has been investigating the source, pathway,
transport, and fate of sediments in a river-sea system consisting of a
small mountainous river (Gaoping River, KPR) and the adjacent
Gaoping Submarine Canyon (KPSC) off Southern Taiwan (Liu et al.,
2009b). KPSC is a two-way conduit for the transport of terrestrial
sediment and particles of marine origins (Liu et al, 2006, Liu et al.,
2009a). The water column in the interior of the KPSC is stratified
primarily due to strong temperature gradients (Liu et al., 2002; Lee

et al., 2009a,b). Both barotropic and baroclinic tides are strong in the
canyon and have equal magnitudes (Lee et al., 2009a). The tidal
current velocity and water temperature in the canyon are dominated
by semidiurnal tides yet diurnal and higher harmonics are also
significant (Lee et al., 2009a,b). The amplitude of tidal velocity and
vertical phase shift in the canyon increase with depth and increase
toward the canyon head (Wang et al., 2008). In the head region of the
canyon, tidal flows are up-canyon directed during the flood and
down-canyon directed during the ebb. The up-canyon flood flow also
brings colder water from offshore toward the canyon head (Wang
et al,, 2008; Lee et al., 2009a,b).

The existence of isopycnal surfaces in the canyon is conducive to the
propagation of internal tides and the existence of a critical bottom slope
in the head region of KPSC also favors the generation of internal tides
(Lee et al., 2009a; Liu et al.,, 2002; Wang et al., 2008). From observed
temporal changes of velocity and density profiles, the 1st two modes of
semidiurnal internal tide are resolved (Lee et al., 2009a,b). The head-
ward propagation of the internal tidal wave is analogous to a beam
parallel to the bottom topography of the canyon (Wang et al., 2008).
This scenario is consistent with the vertical displacement of isopycnal
depth (isotherms) on the order of 160 m due to the advection of colder
water in the course of a semidiurnal tidal cycle (Lee et al., 2009a; Wang
et al., 2008). The internal tidal energy (depth integrated baroclinic tidal

Table 1
The height of each instrument above the sea floor on the tree taut-line moorings.

Year Water depth Instrument height (meters above bed)
(m) LISST-100 Current meter (type)

2000 290 5 50(rotary)

2002 313 28 33(rotary)

2004 315 41 47(acoustic)
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energy) flux in the head region of the KPSC is 3-7 times greater than that
found in Monterey Canyon which is likely due to larger (10 times
greater) barotropic tide in the KPRSC (Lee et al., 2009a).

Since the head of the canyon forms an ultimate terminus for the
propagating tide, the complex geometry of the canyon boundaries,
and the existence of a super critical bottom slope near the canyon

head, standing semidiurnal internal tides have been observed. The
characteristics of the 1st mode standing wave has the 90-110° phase
lag between the along-canyon velocity and the density interface (Lee
et al.,, 2009b, Wang et al., 2008).

In the head region the substrate surface of the canyon floor is
composed of mostly mud (grain size finer than 63 pm), of which the
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Fig. 2. The result of 25 hourly profiling measurements of salinity (a), temperature (b), light transmission and shipboard ADCP (c) from 13:00 of Aug. 27 to 14:00 of Aug. 28. The
arrows indicate the magnitude and horizontal orientation (north is upward) of the flow (c). The inverse triangles indicate the time of 22 LISST profile measurements.
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medium- to fine-grained silt size-class dominates (Liu et al., 2002).
Previous studies have found that the BNL is present in the KPSC
throughout the year (Liu et al., 2002, Lee et al., 2009a). The thickness
of the BNL could be greater than 100 m above the canyon floor and the
suspended sediment concentration (SSC) in the BNL could exceed
30 mg/1 (Liu et al., 2002). Most suspended sediment transport in the
KPSC took place within BNL in which mass fluxes of settling sediment
measured by sediment traps in the canyon during the energetic
typhoon and flood season of the KPR can exceed 800 g/m?/d (Liu et al.,
2009a). Within the BNL, localized pockets of high SSC have a similar
length scale of the turbulence overturning suggesting a cause-
effective relationship (Lee et al., 2009a). Tide-related processes are
the primary mechanism for resuspension and transport of suspension
sediment in the KPSC.

3. Field experiments and methods

For observing particle dynamics at a hypothesized depocenter (Liu
et al.,, 2002) sediment trap moorings were deployed for one month at
similar locations (Fig. 1) in the head region of the Gaoping Submarine
Canyon (Fig. 1) in 2000 (June 20-July 20), 2002 (June 27-]July 26), and
2004 (May 26-June 26), respectively (Liu and Lin, 2004; Liu et al.,
2006; Lee and Liu, 2006; Liu et al., 2009b). These locations were on the
south side of the canyon wall where the canyon axis forms a
meandering bend (Fig. 1b, c¢) whose cross-section is v-shaped
(Fig. 1b). The year 2000 mooring was the closest to the canyon wall
(Fig. 1b). The 2004 mooring was the closest to the thalweg. The 2002
mooring was located in a relatively open space in the canyon (Fig. 1c).
In this paper, we focus on the analyses of simultaneously observed
records by a current meter (rotary or acoustic) and a Laser In-situ
Scattering and Transmissometry (LISST-100) co-located at similar
levels on each mooring (Table 1). All records from the same year are
synchronized to have the same beginning and ending times having
the sampling interval of 1 h before analysis using harmonic analysis,
spectral analysis, and other statistical analysis techniques.

In addition to the moored platforms, hourly hydrographic profiling
was conducted over a 25-h period at a location closer to the mouth of
the KPR (Fig. 1) on board R/V Ocean Researcher IIl (OR-3) on Aug. 27,
2006. The profiling consisted of CTD and light transmission (Sea Bird
SBE 9/11), and in-situ volume concentration (VC, in pl/1) of 32 particle
sizes using a LISST-100.

4. Results

For a better spatial and temporal perspective of the issue at hand,
the changes of vertical structure of the suspended sediment volume
concentration (VC) measured by the LISST-100 in the course of two
semidiurnal tidal cycles are presented first before the time series
observations from moored platforms are presented.

4.1. Tidal variations of the vertical structures of volume concentrations
(VC) of suspended sediment

The 25-h hydrographic CTD and transmissometry and LISST-100
records began on 13:00 of Aug. 27 through 14:00 of Aug. 28 (Fig. 2).
Because of onboard data download and instrumentation procedure,
the LISST-100 record only consists of 22 profiles (Fig. 3). The time
points at which a LISST-100 record was obtained are indicated by
inverse triangles on the time-axis of the salinity (Fig. 2a), temperature
(Fig. 2b), and light transmission (Fig. 2c) plots.

At the surface there was a thin (about 15 m) SNL (surface
nepheloid layer) of water having low values of salinity (Fig. 2a)

and light transmission (Fig. 2c) indicating the presence of the river
plume. Below the depth of 50 m, all the salinity, temperature, light
transmission, and currents from shipboard ADCP show distinctive
tidal signals (Fig. 2a, b, ¢). During the flood stage in the deeper part of
the canyon, the up-canyon current flowed along the thalweg of the
canyon and brought in colder water (Fig. 2b) from offshore (Wang
et al., 2008) that also carried higher suspended sediment concentra-
tion as indicated by the low light transmission (Fig. 2c). The colder
offshore water containing higher SSC could increase the thickness of
the BNL by at least 10 s of meters in the course of a semidiurnal tidal
cycle (using the height of the 30% light transmission isoline as an
indicator, Fig. 2c). However, near the canyon floor high SSC (low
values of light transmission) also coincided with strong ebb flow
(Fig. 2¢).

The LISST profiling data is plotted as cumulative VC (Fig. 3) of the
following size-classes: 0-3 (clay), 3-10 (very-fine-to-medium silt),
10-63 (coarse silt), and greater than 63 pm (sand and coarser) based
on the mesh size for a nested filtration system of the water samples
(subject of another study and results not presented here). The
cumulative VC shows not only the total value but also the size-
composition in terms of the above 4 size-classes. Since R/V OR-3 does
not have a dynamic positioning system, during each profiling
operation, the ship might have drifted slightly. Subsequently, the
profiled water depth might not be exactly the same because of the
drastic depth change if the ship drifted toward the canyon wall (Fig. 1).
Also due to the time constraint by all the sampling tasks at a
scheduled sampling time, this drift was not fully corrected on some
occasions (Fig. 3). For each profile (expressed as meters above the
bed, mab), the cumulative VC is plotted against the temperature,
which provides a qualitative indication of the stage of the tide and the
vertical density structure. To show the magnitude change during the
entire sampling period, the plotting ranges for temperature and VC
are fixed except for the time point at 17:00, where the upper bound of
the VC had to be increased from 80 to 180 pl/l to accommodate the
exceptionally high value in the BNL (Fig. 3). Both the light trans-
mission data and the LISST data show bi-modal distribution of a
consistent SNL related to the river plume of the KPR and a BNL at
depth related to the tide in the canyon.

The largest size-fraction in the BNL includes particles coarser than
63 um. Based on the ADCP measurements (Fig. 2c), the profiling
period included two full semidiurnal tides of which the first flood
half-cycle was roughly between 13:00 and 18:00; and the second
flood was between 25:00-30:00 (Fig. 2c). Visual examination of the
LISST and temperature plots corroborates with the tidal stage
designation. During the flood, the VC values gradually increased
and the BNL thickened (Fig. 3). The exceptionally high VC value that
occurred at 17:00 (Fig. 3) coincided with the max. up-canyon flow
(Fig. 2c). The high VC values on 19:00 might suggest a time lag
between the peak flow and peak high suspended sediment
concentration. In the second flood half-cycle, the maximum flow
coincided with high near-bed VC values and increased BNL thickness
on 27:00. During the maximum ebb (22:00 and 36:30), the VC values
alsoincreased, yet the thickness of the BNL continued to decrease and
the BNL was less conspicuous.

4.2. Simultaneous time series observations by sediment trap moorings

All moored data sets presented in this paper contain monthly
measurements of the along-canyon flow, water temperature and
the VC of the same four size-classes near the canyon floor (Table 1,
Figs. 4-6). The tidal signal of each time series was quantified by using
harmonic analysis (Supplemental material Tables 1-3). The results

Fig. 3. Profiles of temperature and cumulative volume concentration of the size-classes: 0-3, 3-10, 10-63, and larger than 63 um measured at discrete time points (indicated by the
box) throughout the 25-h hydrographic survey between 13:00 of Aug. 27 and 14:00 of Aug. 28. The vertical distance is expressed as height above the bed in meters at the time of each
profiling. Since R/V OR-3 does not have a dynamic positioning system, the surveyed water depth at the time of each cast varies slightly (Fig. 1).
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very-fine-to-medium silt (d), coarse silt (e), and sand (f) size-classes in 2000.

show that M, is the most important semidiurnal constituent and Oy is
the most important diurnal constituent in the KPSC for all the 6 variables
examined by this study. Based on the harmonic analysis results of 33
tidal constituents, hind casts of the tidal signals of the along-canyon
velocity, water temperature, and the VC of the four size-classes for the
duration of the observation were made and plotted with the original data
(Figs. 4-6). In each figure, the original record and the hind cast are
presented in a descending order: along-canyon velocity (a), water
temperature (b), VC of clay (c), very-fine-to-medium silt (d), coarse silt
(e), and sand (f), respectively. Although these one-month observations
were made in different years, they each encountered a typhoon event
(Liu and Lin, 2004; Liu et al. 2006; 2009a).

To compare the characteristic magnitudes of the total and tidal
signals of the above time series, the root mean square (RMS) velocity,

temperature, and volume concentration of the four size-classes (Vrus)
are calculated as follows:

N 1/2
Vims = {I:I > [V(ti)_ 7]2} (1)

i=1
where v(t;) is the observed variable of instantaneous velocity,
temperature, and volume concentration (VC), N is the number of
time points in the time series, v is the mean value of the time series,
(t;) is the ith time point. The RMS of the tidal signals of each of the 6
variables (Trms) was subsequently calculated:

N 1/2
Trus = {%igl [Vp(ti)_ 7]2} (2)
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where v({;) is the observed instantaneous values of the variables, v,(t) =
tidal hind cast (synthetic tidal signature) of each time series; and
m
v,(t) = 121 ay cos (wt—0) 3)
K=

whereV = mean value of the observed time series; w;, = radian frequency
(=2n/Ty); T, = period of the kth tidal constituent; a, and 6, = amplitude
and phase, of the kth tidal constituent respectively; and m =33.

To further compare the significance of the tide, tidal-to-total energy
ratio (ER) for each variable was calculated. The ER is defined as:

% [vit)—v,(6)]’

ER = - x 100%
2 {V(ti)_

(4)

7]

ER and tidal RMS values of the along-canyon velocity, water
temperature, and the VC of the four size-classes are shown in Fig. 7. ER
values for the along-canyon flow in 2000 and 2002 were 80% and a
little less than 70%, respectively (Fig. 7a). ER value for the flow in 2004
is greater than 90% (Fig. 7a). This is an artificial effect since the
harmonic-fit technique was used to rectify the raw data due to the tilt
of the moorings (Lee and Liu, 2006). This also explains the small
difference between the RMS velocity and RMS tidal velocity in the
2004 data (Fig. 7a). In any case, the RMS tidal flow and total flows near
the canyon floor vary between 20 and 24 cm/s.

The temperature records in all the three years are predominantly
tidal. The ER values are nearly 100% and there are also very small
differences in values between the RMS total and RMS tidal tem-
peratures (Fig. 7b).
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The tide is also a dominant forcing affecting the temporal
variations of the VC in the three record sets. The ER ranges from
being a little over 50% to over 80% for different size-classes in different
years (Fig. 7c, d, e, f). The RMS VC values and the size-composition of
the suspended sediment also varied from year to year. There is usually
a 3-order of magnitude difference in the RMS VC values. Usually the
clay has the smallest RMS VC values (Fig. 7c), and the sand has the
highest VC values (Fig. 7f). Yet in 2004, the coarse silt has the highest
RMS values (Fig. 7e). The 2004 RMS VC values are also the highest
among all the years. Year 2002 has the lowest ER values for all the VC
size-classes, which also have lower RMS values than the other two
years.

4.3. Spectral characteristics of measured parameters in the BNL

Based on ER values, although the tide is the most dominant in the
temperature, less dominant in the flow, and the least dominant in the VC
records; it is helpful to examine the spectral compositions of all the time
series records. For each year, the normalized power densities of the
along-canyon velocity (shaded) and the temperature (line), and the VC
of the 4 size-classes are shown in a descending order (Fig. 8a-e, f-j, k-0).

Visual inspection of these spectra indicates that the energy breakdown
of the along-canyon velocity (forcing) by frequency is fairly consistent in
the 3 data sets. The most energetic band lies at the semidiurnal
frequencies (2 cycles/d). There are four other distinct energy bands at
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Fig. 7. Tidal-to-total energy ratio (ER) and root mean square (RMS) of total and tidal (a) velocity, (b) temperature, (c) VC of clay, (d) VC of very-fine-to-medium, (e) VC of coarse silt,

and (f) VC of sand in 2000, 2002, and 2004, respectively.

the diurnal (1 cpd), third diurnal (3 cpd), fourth diurnal (4 cpd), and
subtidal frequencies (less than 0.1 cpd) (Fig. 8a, f, k). Since these fre-
quencies are related to the compound and overtides, their presence
suggests nonlinear effects in the submarine canyon flow regime (Pugh,
1987). The last major peak is located at subtidal frequencies, which could
be due to the spring-neap tide or other low-frequency forcings. For
suspended sediments, the energy at the subtidal frequency band is the
highest, suggesting spring-neap and long-term processes are also
important factors influencing the temporal fluctuations of suspended
sediments in the BNL, which could be related to the season flooding of the
Gaoping River or the fluctuations of the Kuroshio branch (Liu et al., 2006).

5. Discussion
5.1. Tide is the predominant forcing causing temporal changes in the BNL

The ER values for all the 6 time series in 3 different years are above
50%, which suggests the tide is the most important forcing that causes

the temporal fluctuations in the BNL. In each data set, since the water
temperature fluctuation was mainly caused by the tidal advection
alone, it has the highest and near 100% ER values (Fig. 7b). Although
tidal flow is the major forcing for suspended sediment movements
through advection and resuspension, the suspended sediment
fluctuations are also subject to the influence of other non-tidal
processes such as near-boundary mixing (McPhee-Shaw, 2006),
downward settling (Liu et al., 2002) and gravity flows (Liu et al.,
2009b). This is why the ER values of VCs are always lower than those
of the flow in all the data sets.

When cross-comparing the ER values among the 3 data sets, the
year 2002 has the lowest ER values of all variables except the
temperature (Fig. 7). The typhoon that occurred in 2002 (from July 8-
13) exerted the strongest episodic signal than typhoons in other years
such that all the VC values increased by one order of magnitude during
this typhoon (Fig. 5, Liu et al., 2006). Due to the large magnitude of
pulses during this typhoon, which are non-tidal, the ER values are
smaller than those in other years.
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5.2. The BNL is closely related to the propagation of the semidiurnal
internal tide in the canyon

In the course of a semidiurnal tidal cycle, the advection of colder
offshore water that contains a higher concentration of suspended
sediment causes the thickness of BNL to increase and decrease at the
semidiurnal frequency (Fig. 3). The displacement of the top of the BNL
is on the same order of hyperpycnal surface displacement due to the
nonlinear internal tide, or barotropic tide (Lee et al., 2009a; Wang
et al, 2008), or the reflection of the semidiurnal internal tide
(McPhee-Shaw, 2006). The phase differences at the M, frequency
among the along-canyon flow and the temperature, VC of clay, very-
fine-to-medium silt, coarse silt, and sand indicate two different
patterns of phase-locking. The 2002 and 2004 data sets have similar
patterns in which a phase difference between 90 and 110° exists
(Fig. 9). This is indicative of the existence of the standing semidiurnal

internal tide (Lee et al., 2009b, Wang et al., 2008) that causes the
vertical displacement of water mass as well as the resuspension of
bottom sediments.

The phase lag for 2000 displays a different pattern. The 90-110-
degree phase difference between the current and water temperature
also indicates the displacement of water mass by the internal tidal
current. However, the around-zero phase difference between the flow
and the VC of the 4 suspended sediment size-classes indicates that the
suspended sediment fluctuations in the BNL are associated with the
horizontal advection. The in phase relations of the flow and sediments
are also shown in the time series plot (Fig. 4) that high sediment
concentrations occurred frequently at strong currents. It is speculated
that since the 2000 mooring was the closest to the canyon wall, the
complex canyon cross-section morphology caused the displacement
of water mass and the advection of suspended sediments to be in-
fluenced by different processes.
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Fig. 9. Phase difference (local phase) of the along-canyon velocity minus that of the
clay, very-fine-to-medium silt, coarse silt, and sand at the M, frequency for the three
years.

In either pattern, the phase-locking between suspended sediment
size-classes and the tidal flow suggests that the suspended sediment,
despite of their grain sizes, respond to the dominant M, forcing in a
site-specific and yet coherent way in the BNL.

5.3. Suspended sediment movements in the BNL are nonlinear

Over a semidiurnal tidal cycle elevated suspended sediment concen-
trations are corresponding to the entrainment by the shear stress induced
by max. flood and ebb flows in the BNL (Fig. 2), which is a nonlinear
process dictated by the quadratic stress law. Overtides and compound
tides in all VC time series are also resolved by the harmonic analysis
(Supplemental material Tables 1-3). It is clear that the suspended
sediment transport in the BNL is related to nonlinear processes. A direct
measure of nonlinearity generation is the amplitude ratio between the M,
and its overtide My (My/M,), which is the first harmonic (Aubrey and
Friedrichs, 1988; McPhee-Shaw, 2006; Parker, 1991).

The results show a great diversity in the 3 data sets. Across the
canyon, the 2004 mooring is located in the thalweg and the 2000 and
2002 moorings are positioned away from the thalweg towards the
canyon wall (Fig. 1). There is an inverse relationship between the M,/
M4 ratio of the flow and the distance to the canyon wall such that the
closer to the canyon wall, the higher the M,/M, ratio (Fig. 10). This
suggests the boundary effect of the wall on the nonlinearity
generation in the flow.

However, the M,/M4 ratios of all the 4 size suspended sediments are
all higher than that of the flow (Fig. 10). This indicates that the
suspended sediments in the BNL are subject to a greater set of nonlinear
processes than the flow. Yet, there is diversity in the values of the ratio
among different grain-size-classes even in the same year except for
2002. Since the 2002 mooring is located in a relative open spot in the
canyon, it is probably less affected by boundary-related mixing and
entrainment processes and thus, all size-classes have a uniform value of
M,/M, ratio. As for the other two years, it is not clear what size-specific
nonlinear processes are causing the different M,/M,4 ratios.

5.4. Topographic effect on the propagation of internal tides that effect the
BNL

The topography, which includes canyon cross-section geometry
and the slope of the canyon floor, affects the propagation of internal
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Fig. 10. The My/M, amplitude ratio of the along-canyon velocity, clay, very-fine-to-
medium silt, coarse silt, and sand for 2000, 2002, and 2004, respectively.

tides, which in turn, affects the energy dissipation and nonlinearity
generation. The 2002 and 2004 moorings are located on the south side
of the canyon meander (Fig. 1), which is in the path of up-canyon
propagating barotropic and internal tides. The reflected and incoming
tides easily form standing waves and this explains the standing wave
characteristics in the BNL measured by the 2002 and 2004 moorings.
At the 2000 mooring site progressive waves are more influential on
the transport of suspended sediments (indicated by near-zero
degree phase lag with the flow) and yet, the advection of water
masses is affected by the standing internal wave (indicated by the
near 90-degree phase lag with the flow, Fig. 9).

Because of the earth's rotation, the cross-canyon distribution of the
internal tidal energy favors the right-hand side in the direction of
propagation in the northern hemisphere (Petruncio et al., 2002). In
our case, it is the southeast side of the canyon meander where the
moorings were deployed. Additionally, secondary flow cells in
meandering submarine channels are best developed at the bend
apex with the basal component of the flow moving from the inside to
the outside of the bend (Keevil et al., 2006). The secondary flow also
promotes higher levels of turbulence. The combination of the
secondary flow that upwells at the outer band (in our case, the
canyon wall) provides a mechanism for the formation of coarser
deposits on the outer bank bend (Keevil et al., 2006). In our case, it is
also from the west side (2000 mooring) to the east side (2004
mooring) at the mooring sites (Fig. 1). This could explain the highest
VCs and increasing nonlinearity with grain size (Fig. 10) observed by
the 2004 mooring. The cross-canyon flow asymmetry and secondary
flow cell could generate lateral transport (Wang et al., 2008) that also
contributes to the differences among the observations of the three
moorings.

6. Conclusion

The characteristics of the BNL in the KPSC, including its thickness,
flow, water temperature, and the concentrations of suspended
sediments of different grain sizes, possess distinctive tidal signatures.
The semidiurnal internal tide at the M, frequency is the most
dominant forcing that causes major fluctuations in the NBL. Temporal
changes of the suspended sediment in the BNL are related to non-
linear processes that are also influenced by the geometry of the
canyon cross-section, the slope of the canyon, and the proximity to
the canyon wall.
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