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Abstract: A 15-day coastal acoustic tomography (CAT) experiment was carried out at four
acoustic stations in March 2013, to measure the tidal current in the strait. The horizontal
distributions of the tidal currents were calculated by inverse analysis of CAT data. The
diurnal tidal current constituents were found to dominate: the ratio of the amplitudes O1, K1,
M2, &, and MSF was 1.00 : 0.60: 0.47 : 0.21 : 0.11. Theresidual currents flowed westward
in the northern QS and turned southward in the southern QS. The residual current velocities
were larger in the northern area than in the southern area, with a maximum westward
velocity of 12.4 cm:s? in the northern QS. Volume transport estimated using the CAT data
varied between -0.710 Sy and 0.859 Sy, with residual current transport of -0.044 Sv, where
negative values indicate westward. This is the first estimation, from synchronous
measurements, of major tidal current constituents, residual currents, and volume transport in

this strait.
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1. INTRODUCTION

The Qiongzhou Strait (QS) is a channel and key point of water exchange between the
northern South China Sea and the Beibu Gulf (Fig. 1a).

Analysis of current meter data and tide gauge data from 1963 to 1999 revealed a westward
residual current through the QS throughout the year [1]. They also roughly estimated the
corresponding volume transport: approximately 0.2-0.4 Sv in winter and spring. These results
agree with the more recent current meter mooring data collected at several stations and at
different times [2]-[4], drifting bottle data [5], and numerical studies [6]. However,
synchronous data measurements to directly probe the spatial structure of the tidal and residual
currents and the resulting volume transport through the strait have not yet been performed.

To measure the current in the QS, we carried out a 15-day experiment using coastal
acoustic tomography (CAT) systems. To the best of our knowledge, this study is the first
synchronous measurement that separates the major tidal current constituents and residual
current in the QS.

2. SITE AND METHODS

Four CAT systems measured the currents in the QS (Fig. 1b) over a 15-day experiment
period (March 17 to April 1, 2013), which covered one fortnightly spring/neap tidal cycle.
The CAT systems were set up using fishing ships anchored on both sides of the QS, at four
stations numbered C1-C4, spanning an 11.5 km %16.5 km area. The broadband transducers
were suspended at a depth of about 7 m using a rope. During the CAT observation period, 26
along-line tracks of shipboard ADCP (RDI Workhorse 300-kHz) were performed across the

QS (Fig. 1b).
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Fig. 1: (a) Bathymetry of the South China Sea; (b) Bathymetry of the Qiongzhou Strait. The solid
circles (C1-C4) indicate the positions of the CAT stations. The blue dash lines indicate the sound
transmission lines, the red lines indicate the shipboard ADCP tracks.
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The inverse method [7] reconstructed the horizontal distribution of depth averaged tidal
currents from the differential travel-time data obtained from the reciprocal sound
transmissions for all the CAT station pairs. The inverse domain is 33 kmx33 km (Fig. 1b),
and the grid size for the data display is 2.8 kmx2.8 km.

3. ALONG-STRAIT CURRENT VELOCITY AND TRANSPORT

The reciprocal sound transmission method [8] determines the section-averaged current
velocity between two acoustic stations to be

ch
Um = - At (D),

where Cm and Um are the sound speed and current velocity averaged along the ray path,
respectively; At is the differential reciprocal travel time; and L the station-to-station
distance.

Hourly mean section-averaged current velocity Um along each transect (Fig. 2a-f) was
estimated from At using Eq. (1). V,pcp denotes the shipboard ADCP velocities averaged
over the entire section. Um for each transect agrees well with V,pcp; the root-mean-squares
differences (RMSD) between the two variables are 0.041 m-s™!, 0.036 m's™', 0.029 m's™!, and
0.030 m-s! for station pairs C1-C3, C1-C4, C2-C3, and C2-C4, respectively. Station pair
C3-C4 um reaches a maximum of about £1 m s’ in the direction nearly parallel to the strait.
The um of station pairs C1-C4 and C2-C3 are small because these two sections are nearly
perpendicular to the strait.
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Fig. 2: (a)-(f): Time series of the section-averaged velocity along the sound transmission lines (C1-C2,
C1-C3, C1-C4, C2-C3, C2-C4, C3-C4); (g) The volume transport (Qcar, black line), its prediction
based on harmonic constants (blue line) and the volume transport due to the residual current (green
line)through the Qiongzhou Strait. Red rectangles in (b)-(e) and (g) indicate the section-averaged
ADCEP velocity and the volume transport given by ADCP velocity. Positive (negative) value indicates
the eastward (westward) velocity or volume transport.

To acquire a time series of volume transport through the QS that allows for harmonic
analysis, we established an empirical relationship between Qapcp and At, and applied this
relation to all At to obtain a At-based volume transport through the QS (Qcar).

Qapcep and At are linearly related for the mean of station pairs C1-C3 and C2-C4.
Therefore, the empirical formulae that relate At to volume transport are

Qcar = 0.100 X ATypqn — 0.016  (2),
where Qcar is the volume transport estimated from a At; At,,.q4, are the mean differential
travel time for station pairs C1-C3 and C2-C4.

Qcar varied temporally with tide (Fig. 2g). Its value ranged from -0.710 to 0.859 Sv, with
-0.044 Sv mean residual volume transport. Time dependent volume transport due to residual
current (green line in Fig. 2g) is defined as the difference between the volume transport
measurement (black line in Fig. 2g) and prediction (blue line in Fig. 2g), estimated by a tidal
harmonic analysis. This transport also varied with diurnal tide..

4. TIDAL CURRENT AND RESIDUAL CURRENT STRUCTURES

Fig. 3 presents tidal ellipse spatial distributions of tidal constituents O1, K1, M2, & and
MSF (Figs. 3a-3e), as well as the temporal mean of the residual current (Fig. 3g). The diurnal
tidal constituent O1 (Fig. 3a) is the greatest among the five tidal constituents, while the MSF
(Fig. 3e) is the smallest among them. The spatially averaged amplitudes of O1, K1, M2, & and
MSF follow the proportions 1.00 : 0.60 : 0.47 : 0.21 : 0.11. The major axis directions
(anticlockwise from due east) of the tidal ellipses for the five constituents are generally along
the strait direction of 8°. The temporal mean of the residual current was larger in the northern
area than in the southern area; the spatially averaged westward speed was 7.3£1.7 cm-s™' and
the spatially averaged direction (anticlockwise from the east) was 227.3+34.7° (Fig. 3g). The
maximum temporal mean of the westward residual current speed was 12.4 cm s in the
northern QS.
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Fig. 3: Depth-averaged tidal current ellipses for the tidal constituents (a) O, (b) K1, (c) M2, (d) &, (e)

MSF and (f) diurnal ((K1+0O1)/2) , and (g) the temporal mean of residual current. The red tidal current

ellipses in (c) and (f) are from Shi et al. (2002). Note that the length scale for the diurnal tidal current
ellipses is different from the others.

To evaluate the accuracy of our estimated tidal currents, we compared our results with
previous independent measurements. Estimated tidal current data from this study agreed well
with results reported by Shi et al. [1]. They collected all available current data from
observations in the QS from 1963 to 1999, which included the four data sites covered by our
CAT observations. The diurnal ((O1+K1)/2) and semidiurnal tidal currents estimated from our
CAT data (black ellipses) are consistent with those reported by Shi at al. [1] (red ellipses)
(Figs. 3c and 3f). The RMSD of the major axes, minor axes and diurnal tidal current
ellipses orientations at the four sites are 14.3 cm's™!, 4.0 cm's™! and 12.3°, respectively; the
RMSD of the major axes, minor axes and semidiurnal tidal current ellipses orientations at the
four sites are 1.8 cm-s™!, 2.8 cm-s™ and 9.6°, respectively.

5. CONCLUSIONS

We present the first synchronous observations of tidal current, residual current, and
volume transport in the QS. A 15-day coastal acoustic tomography experiment measured the
tidal currents in the QS using four acoustic stations during March, 2013.

The Qcar for the entire CAT experiment period, predicted using the empirical regression
formula between Qapcp and At, ranges from -0.710 to 0.859 Sv, with a 0.044 Sv mean
westward volume transport of residual current. The major axes of the tidal ellipses of the five
constituents were generally directed along the strait. The ratios of O1, K1, M2, & and MSF
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tidal currents amplitudes were 1.00 : 0.60 : 0.47 : 0.21 : 0.11. The residual current flowed
westward, stronger in northern area than in southern area and turned from a westward
direction in the northern area to southward in southern area of the strait.

The easy handling of the CAT system and its performance (as shown in this study) suggest
that the CAT system is potentially a highly viable way to achieve a long-term current
measurement.
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