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Data from five separate field experiments during 2000–2006 were used to study the internal
tidal flow patterns in the Gaoping (formerly spelled Kaoping) Submarine Canyon. The internal
tides are largewith maximum interface displacements of about 200m andmaximumvelocities
of over 100cm/s. They are characterized by a first-mode velocity and density structurewith zero
crossing at about 100 m depth. In the lower layer, the currents increase with increasing depth.
The density interface and the along-channel velocity are approximately 90° out-of-phase,
suggesting a predominant standing wave pattern. However, partial reflection is indicated as
there is a consistent phase advance between sea level and density interface along the canyon
axis.
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1. Introduction

Submarine canyons are common features on the con-
tinental shelves and margins. Their horizontal scales are
small, on the order of several kilometers, but the vertical
scales can be over 1000 m. The canyons often play the role of
the conduit connecting the inner shelf to the deep ocean. The
flow patterns in submarine canyons are complicated due to
the complex topography. Klinck (1988) showed that a
submarine canyon can be considered narrow if its width is
less than about half of the internal Rossby deformation radius,
O (10km) in mid-latitudes. In a narrow canyon, the water
motion along the axis often is dominated by the tidal currents
(Shepard et al., 1979). Studies have shown that the tides play
the dominant role in driving the internal tides and internal
waves and creating turbulence (Hotchkiss andWunsch, 1982;
Petruncio et al., 1998; García Lafuente et al., 1999; Carter and
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Gregg, 2002; Kunze et al., 2002; Xu et al., 2002; Liu et al.,
2006).

The Gaoping (formerly spelled Kaoping) Submarine Canyon
(KPSC) is a narrow submarine canyon off the southwest Taiwan.
In recent years, several studies have been conducted in KPSC to
study sediment transport processes (Liu et al., 2002; Liu and Lin,
2004; Liu et al., 2006). These studies concluded that the KPSC
acts as a trap and conduit for particles of both terrestrial and
marine origins. The spatial scale of KPSC is comparable to thatof
Monterey Canyon (U.S.) and La Línea Submarine Canyon
(Spain). Flows in Monterey Canyon are dominated by the
internal tides of amplitudes of about 20cm/s; the barotropic
tidal currents are small about 5cm/s (Petruncio et al., 1998).
Flows in La Línea Submarine Canyon also are dominated by the
internal tides butwithmuch larger amplitudes of about 50cm/s
(García Lafuente et al., 1999). For comparison, flows in KPSC are
even larger, over 70cm/s (Lee and Liu, 2006). The nature of
internal tidal currents in KPSC has not been examined. Due to
intense fishing activities and strong internal tidal currents,
mooring operations in KPSC can be quite hazardous (Lee and
Liu, 2006). In this study, observations from several anchor
stations and current meter mooring are combined to describe
the internal tidal currents in KPSC.
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Table 1
Information for the five experiments

Exp Date Instrument Observation
depth of flow
(water depth)

Parameters
measured

Temporal/
spatial
resolution

1 Jun. 28–Jul. 21,
2000

2 RCM8
current
meters

200 m and
270 m (300 m)

u, v, T, p 1 h

2 Feb. 26–
Feb. 27, 2004

sbADCP 8 m– 320 m u, v 2 min/8 m
CTD 0 m–350 m

(410 m)
T, S, p 1 h/1 m

3 May 26–
Jun. 27, 2004

NADCM 240 m (315 m) u, v, T, p 1 h

4 Dec. 13–
Dec. 14, 2004

sbADCP 8 m– 280 m u, v 30 s/8 m
btADCP 100 m–320 m u, v 5 min/2 m
CTD 0 m–420 m

(440 m)
T, S, p 1 h/1 m

5 Aug. 27–
Aug. 28, 2006

btADCP 87 m– 247 m u, v 1 min/8 m
CTD 0 m–250 m

(270 m)
T, S, p 1 h/1 m

u, v: x- and y-components of flow; T: temperature; p: pressure; S: salinity.
sbADCP: shipboard ADCP; btADCP: bottom-mounted ADCP; NADCM: Nortek
Aquadopp Doppler current meter.

398 I-H. Lee et al. / Journal of Marine Systems 76 (2009) 397–404
2. Study area

The head of KPSC, off Donggang (Formerly spelled Tung-
kang) (TK) harbor, is about 1km wide (Fig. 1). The mouth of
the canyon is open to the northeast side of the South China
Sea basin. The average width of KPSC is about 2–3km. The
detailed topography has been documented by Liu et al.
(2002), Liu and Lin (2004) and Liu et al. (2006). A notable
characteristic of KPSC is the “S” shaped orientation of the
canyon axis in the head. The canyon axis is oriented in the N–S
direction near the head and turns sharply to the E–W
direction about 10km down the canyon head. There is also a
small Island, Siaoliuciou (Formerly spelled Hsiao-liu-chiu)
(HLC), located at the southern bank of KPSC (Fig. 1).

3. Methods

Table 1 lists the data source from the five experiments
used in this study. Locations of ship anchor and mooring for
each experiment are shown in Fig. 1. Sea level data were from
HLC. In the following, u and v represent the east- and
northward velocity components. For experiments 1 and 5, the
channel is orientated in the N–S direction, and for experi-
ments 2 and 4 the channel is orientated in the E–Wdirection.

3.1. Experiment one (Exp1): time series of two current meters on
a taut-line mooring

Experiment 1 was from June 20 to July 21, 2000 (Liu and Lin,
2004). Two RCM8s were installed on a mooring array near the
bottom. The currentmeter depthswere around 160m and 195m
at the beginning. However, the readings of the pressure sensors
from the two RCM8s showed that themooring array was moved
to deeper depths for some unknown reason. The two RCM8s
Fig. 1. Topography of Gaoping Submarine Canyon (m). The locations of each experim
(formerly spelled Tung-kang, TK) and Gaoping River (KPR) are marked.
eventually settled after June28 at about200mand270mdepths,
respectively. Only the data afterwards (about 20days) were used
in the analysis. The eventual water depth was 320 m.

3.2. Experiment two (Exp2): 29-hour anchor station for hourly
CTD and shipboard ADCP observations

Experiment 2 was in February 26–27, 2004. During the
study, R/V Ocean Research I was kept in almost stationary
positionwith a drifting radius of less than 1km. The local water
depth was 410 m. The ADCP data were processed under the
ent (★), Siaoliuciou (formerly spelled Hsiao-liu-chiu) Island (HLC), Donggang
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standard data quality control (Wang et al., 2004). Because of the
range limit of the shipboard ADCP, only 3/4 of thewater column
was sampled (8–320 m). The raw data resolution was 8 m in
depth and every 2min in time. The data were averaged to
generate hourly values at 8m resolution. Between 8 and 248m
the datawere intact, and between 256 and 320 m about 14% of
data were extrapolated using cubic spline interpolation.

3.3. Experiment three (Exp3): time series of one current meter
on a taut-line mooring

Experiment 3 was conducted in May 25–June 26, 2004.
Two Nortek Aquadopp Doppler current meters (NADCMs)
were installed on two mooring arrays. The configurations of
these two moorings were described in Lee and Liu (2006).
One current meter was at 50 m depth and the other at 235m.
Both moorings however experienced severe tilt (Lee and Liu,
2006), which complicated the data processing. Experiment 3
therefore was not included in this study.
Fig. 2. Mooring configuration for Experiment 4. Only data from two moored
ADCPs are used in this study.
3.4. Experiment four (Exp4): time series of two ADCPS on a taut-
line mooring

Experiment 4 was from December 13 to 20, 2004. The
mooring was located about 2km to the west of Exp2. The
water depth was 440 m. The mooring configuration is shown
in Fig. 2. Only data from the two 300kh Workhourse ADCPs
were used in this study. These two ADCPs were installed on
the mooring array in the middle of the water column at
200 m, one upward-looking and the other downward-
looking. The raw data resolution was 2m in depth and every
5min in time, and the depth range for each ADCP was about
150 m. During the observations, the mooring was affected by
strong tidal currents with significant vertical excursions of
about 50 m. The data quality though is good because the two
instruments always stayed vertical. The data were averaged
into 10 m vertical resolution every hour. The combined ADCP
data covered the depth range between 110 and 320 m.

The CTD and shipboard ADCP data were collected in the
first 18h of Exp4. The shipboard ADCP data were calibrated
and merged with mooring ADCP data.

3.5. Experiment five (Exp5): time series of bottom-mounted
ADCP measurements

Experiment 5 was in August 27–28, 2006. The locationwas
near the head of the canyon. The local water depthwas 270m.
The data included bottom-mounted ADCP and hourly CTD
observations. The resolution of the raw ADCP data was 8 m in
depth and 1min in time. The ADCP data were averaged into
8 m vertical resolution every 10 min, and the depth rangewas
between 87 and 247 m.

4. Results

4.1. Experiment 1

Fig. 3 shows records from the two RCM8s of Exp1 (Fig. 3a–d)
and the corresponding sea levels at HLC (Fig. 3e). The
pressure records indicate that the two RCM8s are stable
with small depth-fluctuations. The flows in v-direction
mainly reflect the along-channel motion; the positive v is
up-canyon. The velocity amplitudes are larger at 270 m than
that at 200 m, suggesting that the flows increase with depth.
Fig. 4 shows power spectra of velocity and temperature (at
200 m) and coherence and phase between velocity,
temperature and sea level. Both the velocity and tempera-
ture fluctuations are dominated by the semi-diurnal tides;
though, the diurnal and higher-harmonics also are signifi-
cant. The sea level fluctuations, on the other hand, have
comparable diurnal and semi-diurnal constituents. Harmo-
nic analysis indicates that the major tidal constituents are S2
(0.14 m), M2 (0.28 m), K1 (0.28 m), and O1 (0.21m). These
four major constituents account for 90% of the observed
variance.

The velocity, temperature and sea level fluctuations
are highly coherent at the semi-diurnal period (Fig. 4).
The phase between velocity and temperature is 110°, that is,
temperature minimum leads the slack water after flood
current, by about an hour. “Flood current” is used in the text to
mean up-canyon flow in the lower water column. The nearly



Fig. 3. Pressure (a), temperature (b), and velocity (c–d) from two RCM8s at 200 m (solid lines) and 270 m (dashed lines) of Experiment 1, and sea level at HLC (e).

400 I-H. Lee et al. / Journal of Marine Systems 76 (2009) 397–404
90° phase relationship is characteristic of a standing wave.
The phase between velocity (temperature) and sea level is
140° (30°); or, the low water leads the temperature minimum
Fig. 4. Cross-spectrum of along-channel velocity component (v) vs. temperature (T)
T (Stt), and coherence and phase (in unit of π) between v and T (v vs. T), and betwe
by about an hour. We note that the velocity and temperature
fluctuations are coherent at the diurnal and quarter-diurnal
periods too.
and sea level for current meter at 200 m. Shown are spectrum of v (Svv) and
en v and HLC sea level (v vs. z).



Fig. 5. Tidal ellipses of semi-diurnal (M2) and diurnal (K1) tidal currents for Experiment 2 (left), Experiment 4 (middle) and Experiment 5 (right).
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4.2. Experiment 2

The data include 29h of shipboard ADCP and CTD
observations. The axis of KPSC at this location is oriented E–
W. Fig. 5 shows the tidal ellipses of semi-diurnal (M2) and
diurnal (K1) tide. The M2 is much larger than K1, which agrees
with the spectral results in Exp1. The K1 decreases gradually
with depth. The M2, on the other hand, has a distinct
baroclinic (first-mode) structure with zero crossing at about
120 m. The M2 velocity increases towards the bottom, which
also agrees with the findings in Exp1 (note that the local
water depth is 410 m). Fig. 6 shows the time series of velocity
vectors plotted over corresponding density contours; the
semi-diurnal component of the sea level is superimposed. The
Fig. 6. Time series of flow vectors plotted over density variations for Experiment 2. Se
Arrows indicate positive flow in East-North coordinate system.
velocity and density are about 90° out-of-phase, that is, the
density maximum occurs at the end of the flood current.
While the record is too short to establish a precise phase
relation, the approximate 1h (30°) offset between the density
maximum (temperature minimum) and slack water (after
flood) agrees well with Exp1. The low water leads the density
maximum by about 3h.

4.3. Experiment 4

Fig. 5 shows the tidal ellipses ofM2 and K1 between 100 and
320m from the 7-daymoored ADCP observations. TheM2 tidal
ellipses are similar at comparable depths to those of Exp2; the
zero crossing is slightly shallower. Fig. 7 shows the along-
a level (exaggerated) at HLC (M2 tide only) is marked for reference (gray line).



Fig. 7. Time series of along-channel velocity component from combined shipboard and mooring ADCP data. HLC sea level variation (thick line, M2 tide only) is
marked for reference.
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channel velocity from the ADCP datawith corresponding semi-
diurnal component of the sea level. In general, the rising sea
level corresponds to the flood current. Fig. 8 shows 18-hour
combined ADCP velocity vectors and density contours from the
Fig. 8. Time series of flow vectors plotted over density variations for Experiment 4. Se
positive flow to the east (u) and north (v) directions.
anchor station. The results are similar to Exp2 in that the
densitymaximumoccurs at the end of theflood current and the
density minimum at the end of the ebb current. The relation
between density and sea level also agrees with Exp2.
a level variation of HLC is marked for reference (M2 tide only). Arrows indicate



Fig. 9. Time series of flow vectors plotted over density variations for Experiment 5. Sea level variation of HLC is marked for reference (M2 tide only). Arrows indicate
positive flow in East-North coordinate system.
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4.4. Experiment 5

Fig. 5 shows the tidal ellipses of M2 and K1 between 140
and 250 m from the 23-hour bottom-mounted ADCP
observations. The M2 is almost uniform, indicating that the
measurement is completely in the lower layer. Fig. 9 shows
combined velocity vectors and density contours. The density
maximum occurs at the end of the flood current and the
density minimum at the end of the ebb current. These results
are similar to all the other experiments. The approximate 1-
hour phase difference between sea level and density agrees
with the 30° phase found in Exp1.

5. Discussion and summary

Five field experiments in KPSC were carried out from 2000
to 2006. Despite the differences in location and time, the
results indicate a consistent picture of the semi-diurnal
internal tides that can be described approximately as a first-
mode standing wave with velocity and density interface
about 90° out-of-phase. Similar standing internal tides were
reported at the Upper Loch Linnhe of Scotland (Allen and
Simpson, 1998) and at the outer continental slope of northern
California (McPhee-Shaw et al., 2004). It should be noted that
partial reflection of internal tides is likely as intense
dissipation is expected near the canyon head. The present
study does not permit examination of the phase propagation.
However, if we use semi-diurnal sea level as a reference, it is
possible to obtain an estimate of the along-canyon phase
change. For Exp1 (Fig. 4) and Exp5 (Fig. 9) the lowwater leads
the density maximum by about an hour. For Exp2 (Fig. 6) and
Exp4 (Fig. 8), on the other hand, the low water leads the
density maximum by about 3–4h. Thus, despite the short
records, there appears to be a consistent phase advance of
about 3h between the main channel and the canyon head.
Assuming a phase speed of 1.2m/s (based on themean vertical
density profile) for the first-mode internal tide, the estimated
wavelength is about 50km. The estimated 3-hour phase
difference is indeed consistent with the expected quarter-
wavelength phase difference between the main channel and
the canyon head. Future studies with synchronized along-
canyon survey are needed to examine the inferred phase
propagation. Also, it will be useful to extend the observations
to the mouth of the canyon to study the generation processes.

The large internal tidal flows likely have major impact on
the material transport in the Gaoping Canyon. Hung and Hsu
(2004) indicated that the Gaoping Canyon acted as a major
sink for river borne trace metals. Jeng et al. (1996) found that
the coprostanol concentration was highest at the river mouth
but remained high at 35km from the canyon head. It appears
that the oscillating internal tidal currents provide effective
mixing of sediments along the Gaoping canyon. We note that
the velocity measurements typically did not reach the
bottom. From the perspective of sediment transport, it
would be desirable to obtain in the future the velocity
measurements in the lowest 100 m.
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