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Abstract

Near-bottom currents play important roles in the formation and dynamics of deep-water sedimentary systems.
This study examined the characteristics and temporal variations of near-bottom currents, especially the tidal
components, based on two campaigns (2014 and 2016) of in situ observations conducted southeast of the
Dongsha Island in the South China Sea. Results demonstrated near-bottom currents are dominated by tidal
currents, the variance of which could account for ~70% of the total current variance. Diurnal tidal currents were
found stronger than semidiurnal currents for both barotropic and baroclinic components. The diurnal tidal
currents were found polarized with predominantly clockwise-rotating constituents, whereas the clockwise and
counterclockwise constituents were found comparable for semidiurnal tidal currents. It was established that
diurnal tidal currents could induce strong current shear. Baroclinic tidal currents showed pronounced seasonal
variation with large magnitude in winter and summer and weak magnitude in spring and autumn in 2014. The
coherent components accounted for ~65% and ~50% of the diurnal and semidiurnal tidal current variances,
respectively. The proportions of the coherent and incoherent components changed little in different seasons. In
addition to tidal currents, it was determined that the passing of mesoscale eddies could induce strong near-

bottom currents that have considerable influence on the deep circulation.
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1 Introduction

The South China Sea (SCS), with bathymetry that varies from
<100 m on the continental shelf to >4 000 m in the deep basin, is
the largest semienclosed marginal sea in the West Pacific Ocean.
Mainly driven by the East Asian Monsoon, the upper circulation
in the SCS shows obvious seasonal characteristics with a cyclon-
ic pattern in winter and an anticyclonic pattern in summer (Hu et
al., 2000). Previous studies have made considerable progress in
elucidating the characteristics and seasonal variations of the up-
per-layer circulation on the continental slope of the northern
South China Sea (NSCS) (Shu et al., 2018). It is commonly recog-
nized that the SCS deep circulation at depths >2 000 m is a basin-
scale cyclonic circulation (Li and Qu, 2006; Wang et al., 2011).
Using the Hybrid Coordinate Ocean Model, Lan et al. (2013)
provided a description of the SCS deep circulation, and they
found that the basin-scale cyclonic deep circulation was con-
trolled by the Luzon Strait overflow. Lan et al. (2015) revealed
that the deep circulation shows obvious seasonal variation with a

basin-scale cyclonic gyre that is strong in summer and weak in
winter. However, because of the complex bathymetry and lack of
observations, the deep-water properties and the dynamics of the
deep circulation in the SCS remain poorly understood.

Previous studies have demonstrated that the deep circulation,
especially the near-bottom currents, have important effects on
deep-water sedimentary systems, including the sediment forma-
tion and dynamics (Lei et al., 2007; Zheng and Yan, 2012; Chen et
al.,, 2016). The interactions among multiscale dynamic processes
and complex bathymetry are known to play important roles in
the deep circulation, sediment transport, and abyssal carbon
cycle of the NSCS (Su, 2004). Moreover, the NSCS has been found
to have strong internal tides in comparison with other seas (Duda
et al,, 2004; Guo et al., 2012; Lee et al., 2012). After generation in
the Luzon Strait, internal tides propagate westward into the deep
basin of the NSCS and then travel onto the continental shelf as
baroclinic waves (Alford et al., 2015; Beardsley et al., 2004). Dur-
ing propagation, their energy dissipates because of mixing pro-
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cesses, accompanied by the generation of internal solitary waves
on the NSCS shelf (Zhao et al., 2004; Zheng et al., 2007). In partic-
ular, the region east of Dongsha Island in the SCS is an area of
transition from the deep basin to the continental slope/shelf. The
bathymetry in this region changes dramatically from depths of
>3 000 m to hundreds of meters, which might constrain bottom
flow paths and could trigger strong internal tides (Klymak et al.,
2011; Lien et al., 2005). Using results from numerical models,
Alford et al. (2015) examined the importance of the region
between 117.89°E and 117.25°E on internal tide flux and energy
transport, and they found the continental slope east of Dongsha
Island was a region “critical” for internal tide conversion.

With respect to near-bottom currents, our understanding re-
mains poor because of the lack of high-resolution in situ observa-
tions over wide temporal ranges. Therefore, the characteristics of
tidal currents should be further examined. Given this considera-
tion, we conducted two campaigns of observations southeast of
Dongsha Island (20.3°N, 117.6°E), to examine the characteristics
and temporal variations of near-bottom currents. The remainder
of this paper is organized as follows. The observation system
used in the study is described in Section 2. An overview of the
near-bottom currents is presented in Section 3. The tidal cur-
rents are analyzed in detail in Section 4. In Section 5, we discuss
the characteristics of tidal currents and the influence of an anti-
cyclonic eddy on the near-bottom currents. Finally, Section 6
presents a brief summary.

2 Data
The site selected for the observations is located in the NSCS,

as depicted in Fig. 1. The water depth at this location is 2 224 m.
Two observational deployments were conducted, the first from
September 19, 2014 to September 16, 2015 and the second from
September 24, 2016 to June 25, 2017. During the first deployment,
two AANDERAA SeaGuard Single Point Current Meters (CMs),
placed 24 and 81 m above the ocean bottom (hereafter, D1U-CM
and D1D-CM, respectively), were used to measure the deep-
ocean currents at 1-h intervals. An SBE 37 CTD placed 80 m
above the ocean bottom was used to measure the pressure, tem-
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perature, and salinity at 5-min intervals. During the second de-
ployment, a CM was placed 30 m above the ocean bottom (here-
after, D2-CM) and an SBE 37 CTD was mounted 1 m beneath this
CM. The currents observed by the CMs were rotated counter-
clockwise (CCW) by 30° for transformation into along- and cross-
isobath components. The configurations of the observation sys-
tem are given in Table 1.

3 Basic characteristics

Time series of the original along- and cross-isobath velocities
observed by D1U-CM, D1D-CM, and D2-CM are shown in Fig. 2.
The velocities range from -20 to 20 cm/s with mean magnitude of
6.42 cm/s for the along-isobath component and 5.66 cm/s for the
cross-isobath component. To obtain the subtidal currents, a 3-d
Butterworth low-pass filter was applied to exclude the inertial
(~34 h at the observation site) and tidal components, and the de-
rived results are shown by the black lines in Fig. 2. It can be seen
that the along-isobath subtidal component is stronger than the
cross-isobath component. The along-isobath subtidal compon-
ent has a root mean square (RMS) of 1.82 cm/s, which is more
than twice that of the cross-isobath component (0.78 cm/s).
High-frequency fluctuations, which are mainly because of the
tidal currents, are evident in both the along- and the cross-
isobath original velocity time series. We applied a high-pass filter
with a cutoff period of 48 h to the original time series and found
that the variances (V, = u? + v, where u and v are the along- and
cross-isobath currents, respectively) of the high-frequency com-
ponents accounted for ~67% and ~73% of the total current vari-
ance for the along- and cross-isobath currents, respectively. The
mean magnitude is 4.01 cm/s for the along-isobath high-pass
component and 3.86 cm/s for the cross-isobath high-pass com-
ponent.

To further examine the temporal and frequency distributions
of the along- and cross-isobath velocities at the observation site,
the wavelet power spectrum method (Torrence and Compo,
1998) was resorted. As shown in Fig. 3, diurnal tidal currents
dominate both the along- and the cross-isobath components.
The wavelet power spectra also demonstrate signals of semidi-
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Fig. 1. Bathymetry of the NSCS. Color shading denotes depth and the red triangle identifies the location of the observation site.

Table 1. Observation system configurations

Mooring Location Depth/m Recording period (day/month/year) Instrument depth/m
D1 20.3°N, 117.6°E 2224 19/09/2014-16/09/2015 CM: 2200 and 2 143, CTD: 2 144
D2 20.3°N, 117.6°E 2224 24/09/2016-25/06/2017 CM: 2194, CTD: 2 195
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Fig. 2. Time series of velocities observed by D1U-CM (a, b), D1D-CM (c, d), and D2-CM (e, f). Left-hand panels show along-isobath
components and right-hand panels cross-isobath components. Thick black lines show the results obtained after applying a 3-d low-
pass filter to the original data.
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Fig. 3. Continuous wavelet power spectra of along- and cross-isobath currents of D1U-CM (a, b), D1D-CM (c, d), and D2-CM (e, f).
Thick black lines denote the 95% confidence level, and thin black lines the region affected by the edges of data.

urnal currents with magnitudes much weaker than the diurnal  lonic mesoscale eddy shed from the Kuroshio Loop.

tidal currents. As for the second observational deployment (Figs 3e The rotary spectra were used to interpret the inherent rota-
and f), strong signals with period of ~25 d are evident during  tional characteristics of the near-bottom currents in different fre-
March and April 2017, associated with the passing of an anticyc- quency bands. Rotary spectra decompose a complex velocity
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Fig. 4. Rotary spectra of currents obtained by D1U-CM (a), D1D-CM (b), and D2-CM (c); and the observed and theoretical CW/CCW
ratios (d). Red (blue) lines represent the CW (CCW) rotating components. Vertical lines denote the local inertial frequency and major

diurnal and semidiurnal tidal frequencies.

(u+iv) into clockwise (CW) and CCW rotating components (Gon-
ella, 1972). The results of the rotary spectra (Fig. 4) show mul-
tiple peaks at different frequencies, e.g., the inertial frequency (f),
diurnal tidal frequencies O, and K,, and semidiurnal tidal fre-
quencies M, and S,. There are also energy peaks at the com-
pound (8 h), second harmonic (6 h), and higher harmonics, in-
dicating strong nonlinearity of the internal tides. The CW com-
ponents are larger than the CCW components in the rotary spec-
tra, which is consistent with the internal wave theory for the
Northern Hemisphere. The amplitude ratio of the CW and CCW
components is ~10 for the diurnal band and the ratio decreases
with increasing frequency. At the semidiurnal frequency band,
the CW and CCW components are comparable. Based on the free
internal wave theory, the theoretical ratio of CW and CCW com-
ponents follows the line of (w + f)?/(w - f)?, where fis the local in-
ertial frequency and o is the internal wave frequency (Garrett
and Kunze, 2007). We compared the observed CW/CCW ratio to
the theoretical ratio (Fig. 4d) and found that the observed ratio is
close to the theoretical ratio, although the observed ratio is
slightly smaller than the theoretical ratio for the diurnal fre-
quency band.

As the vertical shear of the horizontal velocity is associated
with the stability of the water column and ocean mixing, we used
the shear spectrum to analyze the vertical shear in the near-bot-
tom layer. The vertical shear (s,) of the horizontal current
between D1U-CM and D1D-CM is defined as

. a_U 2 . B_V 2 1
b=\ oz z) M
As shown in Fig. 5, the vertical shear exhibits pronounced
peaks near the diurnal frequencies (O, and K, ), which means the

diurnal tidal currents dominate the vertical current shear and
contribute most to deep-ocean mixing.

4 Tidal currents

As shown in the above section, the near-bottom currents at
the observation site are dominated by tidal currents. In this sec-
tion, we analyze the characteristics and temporal variations of
the tidal currents in detail.

4.1 Barotropic constituent

Barotropic tides can cause variation of sea surface elevation
that could influence the depth of moored instruments. In our ob-
servational campaigns, an SBE37 CTD was deployed at a depth of
>2 000 m. At this depth, vertical motion of the moored instru-
ment is weak and any depth fluctuation could be attributed
mainly to variation of the sea surface elevation caused by baro-
tropic tides. In this paper, we define depth fluctuation as the ori-
ginal depth time series recorded by the SBE37 minus the mean
depth over the entire observational period. The time series of
depth fluctuations are shown in Fig. 6. Tidal motions with a
spring-neap cycle of ~14 d are clearly visible. At spring tides, the
amplitude of depth fluctuation of the SBE37 is >0.5 m (Figs 6a
and c). The power spectra of depth fluctuations show that prom-
inent peaks occur in the diurnal and semidiurnal frequency
bands (Figs 6b and d). The diurnal tides are stronger than the
semidiurnal tides. The primary tidal constituents consist of the
diurnal frequencies O, and K,, and the semidiurnal frequencies
of M, and S,. There also are energy peaks at higher harmonics,
reflecting the strong nonlinearity of barotropic tides.

4.2 Baroclinic tidal ellipse

Baroclinic tidal currents are usually estimated by vertically
averaging full-depth measurements. However, in our study, we
observed currents at only two fixed depth near the seafloor.
Therefore, we used OSU tidal prediction software (OTPS) (Egbert
and Erofeeva, 2002; http://volkov.oce.orst.edu/tides/
TPXO07.2.html) to obtain the barotropic currents. The baroclinic
tidal currents were obtained by subtracting the OTPS-predicted
barotropic currents from the observed original data. Then, to
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compare the characteristics of the primary baroclinic tidal con-
stituents, harmonic analysis was performed on the baroclinic
currents using the Matlab program T_Tide (Pawlowicz et al.,
2002). The characteristics of the baroclinic tides during the en-
tire observational period can be illustrated based on the results of
the harmonic analysis.

Tidal ellipses of the major diurnal and semidiurnal baroclinic
constituents are shown in Fig. 7. The ellipse properties of the ma-
jor diurnal and semidiurnal baroclinic tidal constituents are giv-
en in Table 2. The semimajor axes of the baroclinic constituents
0,, K}, M, and S, are 4.49, 6.49, 2.62 and 1.09 cm/s, respectively.
All of the four tidal constituents turn CW. The ratio (Ho, + Hx,)/
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Fig. 7. Tidal ellipses of the major diurnal and semidiurnal baroclinic constituents.

Table 2. Ellipse properties of the major diurnal and semidiurnal
baroclinic tidal constituents

. Semi-major Semi-minor Inclination/ Phase/
Constitutes . I . a2 o o
axis/cm-s!  axis/cm-s @) ©)
0, 4.494 -2.813 9.27 22.76
K, 6.488 -4.588 74.03 62.73
M, 2.617 0.615 72.30 43.46
S, 1.089 0.677 46.89 72.69

(Hwm, + Hs,) is 2.96, which means the baroclinic tides are mixed
with diurnal constituents dominant.

4.3 Temporal variations

To further study the temporal variations of the internal tides,
a band-pass filter was applied to the original data, and the diurn-
al (0.85-1.15 cpd) and semidiurnal (1.85-2.15 cpd) baroclinic tid-
al currents during the two observational campaigns are shown in
Figs 8 and 9, respectively. To aid understanding of the seasonal
variability of the baroclinic tides at the observation site, we also
display time series of the barotropic diurnal and semidiurnal tid-
al components obtained from the OTPS (black lines in Figs 8 and
9). The diurnal tidal currents demonstrate obvious seasonal vari-
ation. In 2014, the diurnal tidal currents are strong in summer

and winter and weak in spring and autumn for both the along-
and cross-isobath components. The maximum amplitude in
summer is up to 20 cm/s. However, the temporal variation in
2016 shows a different pattern with weak amplitude in winter.

As for the semidiurnal components, the amplitude is smaller
compared with the diurnal baroclinic currents, i.e., the maxim-
um value is no more than 10 cm/s. In comparison with the diurn-
al baroclinic tides, the seasonal variation of the semidiurnal
baroclinic tides is less apparent and the pattern is more complex.
The along-isobath component has greater amplitude in winter,
whereas the cross-isobath component has smaller amplitude in
winter.

4.4 Coherent and incoherent components

Previous studies have shown that the coherent and incoher-
ent features of internal tides could change during propagation
because of modulation by the background conditions and strati-
fication (Lee et al., 2012; Xu et al., 2013; Cao et al., 2017). Stand-
ard tidal harmonic analysis was applied to the full record to ex-
plore the degree of coherence (phase locked) with astronomical
forcing at the observation site. We also calculated the variances
of the coherent and incoherent components for the diurnal and
semidiurnal tidal currents and the time series are shown in Fig. 10.
The coherent variances account for about ~65% and ~50% of the
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variances of the diurnal and semidiurnal baroclinic tides, re-
spectively. The proportions of the coherent and incoherent com-
ponents do not change significantly in different seasons (Fig. 11).

5 Discussion

Previous studies have documented that the continental slope
and shelf near Dongsha Island is a region critical for barotropic-
to-baroclinic conversion (Alford et al., 2015; Klymak et al., 2011).
Klymak et al. (2011) found that the continental slope near Dong-
sha Island is supercritical with respect to the diurnal tide and
subcritical with respect to the semidiurnal tide. After generation
in Luzon Strait, the diurnal tide reaches the continental slope and

one third is reflected back into the basin, whereas the observed
reflection is very weak for semidiurnal tides. Thus, the model
structure of internal tides could also be changed substantially,
accompanied by the generation of internal solitary waves on the
continental slope and shelf of the NSCS (Zhao et al., 2004; Zheng
et al., 2007). According to the results of numerical simulation by
Alford et al. (2015), integrated semidiurnal tidal fluxes and non-
linear internal wave fluxes increase significantly and diurnal
fluxes decrease on the continental slope near Dongsha Island.
Continuous observations are needed to explore the detailed
barotropic-to-baroclinic conversion processes in this area.
Baroclinic tides in the northern SCS are associated with baro-
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tropic tidal forcing and stratification. Previous studies have found
that baroclinic tides across the NSCS demonstrate obvious sea-
sonal variability, although the patterns are different at different
observation sites. For example, Guo et al. (2012) found that both
diurnal and semidiurnal baroclinic tides on the continental shelf
were strong in both spring and autumn but weak in winter. Ma et
al. (2013) found that diurnal baroclinic currents on the contin-
ental slope were weakest in spring and strongest in summer, al-
though less seasonal variability was observed on the continental
shelf. Xu et al. (2013) found that diurnal baroclinic tides had
greatest amplitude in summer and smallest amplitude in winter,
whereas no obvious seasonal variations were found for semidi-
urnal baroclinic tides. Based on observations in the NSCS, Cao et
al. (2017) reported that diurnal baroclinic tides were strongest in
winter and summer but weakest in spring and autumn.

In our study, in combination with the temporal variations of
the barotropic tidal currents derived from the OTPS (Fig. 8a), it
can be concluded that the seasonal variability of the along-
isobath baroclinic tides is determined mainly by the barotropic
tides. As for the cross-isobath baroclinic tidal currents, their mag-
nitudes are much larger than the barotropic tidal currents and
their direction of flow is perpendicular to the slope, which sug-
gests the cross-isobath baroclinic tidal currents at the observa-
tion site might be generated locally. Further observations and ad-
ditional background information are needed to analyze the dif-
ference in the behavior of baroclinic tides in different years.

Variation of the background conditions and stratification
could modulate the coherent and incoherent features of an in-
ternal tide during its propagation (Lee et al., 2012; Xu et al., 2013;
Cao et al., 2017). Based on eight-month-long in situ observations
on the continental slope near Dongsha Island, Lee et al. (2012)
found that incoherent internal tidal motion could explain three
quarters of the total observed tidal energy. Furthermore, in the
same area, Xu et al. (2013) found that semidiurnal internal tides
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116° 118° 120°E

23°

were more incoherent than diurnal tides. Based on analysis of
two nine-month-long moored current observation campaigns,
Cao et al. (2017) investigated the coherent and incoherent intern-
al tides in the NSCS, and they found that the coherent and inco-
herent features had spatial variations. As the seasonal variations
of the background conditions and stratification are very weak in
the near-bottom layer, our results show little seasonal variation
in the proportions of the coherent and incoherent components.

As shown in Fig 3f, strong signals with periods of 16-32 d are
obvious in the wavelet spectrum, corresponding to the passing of
an anticyclonic mesoscale eddy (Figs 12a-c). We used a low-pass
filter with a cutoff frequency of 0.05 cpd (period: 20 d) to obtain
the currents induced by this eddy. As shown in Fig. 12e, the low-
frequency currents in the near-bottom layer at the mooring sites
were very weak. Before the passing of the eddy, the maximum
and mean amplitude of the near-bottom velocity was less than
4.0 and 2.0 cm/s, respectively. However, the velocity was evid-
ently enhanced during the passage of the eddy, with the maxim-
um velocity reaching 11.9 cm/s. The mean amplitude of the velo-
city increased to 6.8 cm/s during the eddy period, i.e., more than
three times greater than without the mesoscale eddy. Previous
studies have also documented the effects of mesoscale eddies on
the deep ocean. For example, Zhang et al. (2013) revealed en-
hanced near-bottom flows associated with the passing of a meso-
scale eddy pair in the NSCS. Zhang et al. (2014) showed that sur-
face-generated mesoscale eddies can have considerable influ-
ence on the deep-water dynamic sedimentary process in the
NSCS.

6 Summary

The characteristics and seasonal variability of near-bottom
currents on the continental slope in the NSCS were investigated
based on two in situ observational campaigns conducted to the
southeast of Dongsha Island. The original time series and wave-
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let spectrum analysis demonstrated that the near-bottom cur-
rents are dominated by tidal currents, the variance of which
could account for ~70% of the total current variance. The rotary
spectra illustrated that the diurnal tidal currents are polarized
with CW components that are ~10 times larger than the CCW
components, whereas no obvious polarization characteristics
were found for the semidiurnal currents. The wavelet shear spec-
tra showed that diurnal tidal currents could induce strong vertic-
al shear that could contribute to deep-ocean mixing. We conduc-
ted detailed analysis on the characteristics of the tidal currents. It
was found that the diurnal tidal currents are stronger than the
semidiurnal currents, irrespective of whether barotropic or baro-
clinic components. The diurnal tidal components in 2014
showed obvious seasonal variation with large amplitude in
winter and summer and weak amplitude in spring and autumn.
The study highlighted the importance of incoherent internal tid-
al constituents, which accounted for ~35% of the variance of the
diurnal tidal currents and ~50% of the variance of the semidiurn-
al tidal currents. It was found that the proportions of the coher-
ent and incoherent constituents did not change significantly in
different seasons. In addition to the tidal currents, our results
demonstrated that the deep-ocean current was enhanced
markedly by the passage of an anticyclonic eddy. During the
passing of the eddy, the mean magnitude of velocity was more
than three times that without the mesoscale eddy, indicating the
important role that mesoscale eddies might have in modulating
the deep-ocean circulation of the NSCS.
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