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Recent mooring observations on the continental slope on the east side of the

Dongsha Island in the northeastern South China Sea (SCS) showed that an along-

slope bottom current can be generated when internal tides obliquely incident to

the slope are dissipated near the seafloor. In this study, new mooring data

collected on the south side of the Dongsha Island are used to explore the

universality of internal wave driven the bottom currents and test the ability of the

previous theory in estimating the along-slope current. The data show strong near-

bottom energy dissipation due to the critical reflection of diurnal internal tides on

the continental slope, with a time-mean depth-integrated dissipation rate

of ~4.8×10-3 W/m2. Because of the obliquely incident of diurnal internal tides to

the slope, near-bottom dissipation of internal tides generates a southwestward

along-slope current, with the maximum velocity exceeding 6 cm/s. By comparing

the observations, the previous theory for internal wave induced mean flows

developed by Thorpe (1999) shows a good ability to estimate the along-slope

bottom current velocity. Based on the theory, as well as modelled energy

dissipation on the entire continental slope in the northeastern SCS, a map is

obtained to quantitatively describe the along-slope bottom flow caused by internal

tide breaking on the slope.

KEYWORDS

along-slope bottom currents, internal tides, turbulent dissipation, critical slopes, South
China Sea
1 Introduction

Internal tides are internal gravity waves with tidal or quasi-tidal frequency, and mixing

driven by these waves play an important role in large-scale ocean circulation, material

transport and global climate change (Munk and Wunsch, 1998; Ferrari and Wunsch, 2009).

It is well known that internal tides are primarily generated by astronomical tides interacting
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with rough topography such as seamounts, ridges, and continental

slopes (Wunsch, 1975; Baines, 1982; Merrifield et al., 2001; Legg,

2004; Baines, 2007; Xie et al., 2015). Previous studies have

documented that when barotropic tides interact with topography, a

part of their energy is converted into high-mode internal tides that

dissipate locally, but most of them propagate out of their generation

region for a long distance in the form of low-mode internal tides

(Klymak and Gregg, 2004; Klymak et al., 2006; Alford et al., 2015).

When these low-mode internal tides impinge on topography, they

may scatter into high-mode internal waves, resulting in strong energy

dissipation and mixing (Klymak et al., 2008; Peacock et al., 2009;

Klymak et al., 2011; Wang et al., 2019; Xie and Chen, 2021). On the

other hand, if internal tides approach a slope at an oblique angle, their

dissipation may cause the generation of the along-slope bottom

currents (Thorpe, 1999; Zikanov and Slinn, 2001; Xie et al., 2018).

The pioneer work for wave-induced mean currents in the along-

isobath direction focused on surface gravity waves; that is, when the

surface waves obliquely approach a coastal beach, a mean current

tends to be set up in parallel to the shoreline in the surf zone (Putnam

et al., 1949; Galvin, 1967). Using the concept of radiation stress to

describe the fluxes of momentum associated with the incoming waves,

Bowen (1969) developed a theoretical framework that was

successfully used to estimate the along-slope current via comparing

laboratory data. Longuet-Higgins (1970a); Longuet-Higgins (1970b)

also conducted a similar theory model to estimate the mean currents

generated by surface waves breaking. Their estimated results were

consistent with the field observations and laboratory experiments. By

performing laboratory experiments in a rectangular tank, Dunkerton

et al. (1998) observed, for the first time, generation of the along-slope

current by internal waves travelling obliquely to a slope.

Subsequently, Thorpe (1999) extended the radiation stress theory to

internal wave field and derived a set of theoretical formulas which

may be used to estimate the along-slope currents generated by waves

breaking at a sloping bottom boundary. Since internal waves may be

significantly dissipated at critical topography where the propagation

direction of internal waves is parallel to the topographic slope (Moum

et al., 2002; Nash et al., 2004; Nash et al., 2007; Klymak et al., 2011),

Zikanov and Slinn (2001) conducted idealistic high-resolution

numerical simulations with internal waves obliquely incident to a

critical slope. They found that strong near-bottom dissipation of

internal waves due to the critical reflection on the slope can produce a

continuously widening bottom flow in the along-slope direction.

In the real ocean, the critical reflection of internal tides on

continental slopes is quite common (Moum et al., 2002; Nash et al.,

2004; Nash et al., 2007; Klymak et al., 2011; Xie et al., 2018). A typical

example is the continental slope in the northern South China Sea

(SCS). Recent field observations at a mooring site with a water depth

of ~850 m on the continental slope east of the Dongsha Island in the

northeastern SCS, where the slope is near-critical with respect to

diurnal internal tides, showed that along-slope current is generated

during diurnal spring tides (Xie et al., 2018). It is hypothesized that

when low-mode diurnal internal tides generated from the Luzon

Strait propagate westward to the continental slope at an oblique angle,

they are largely dissipated near the seafloor due to the critical

reflection, generating a strong southwestward along-slope bottom
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current. Since the oblique incidence of internal tides is common in the

whole northeastern slope of the SCS, these authors also estimated a

cyclonic circulation along the slope. In this study, new data collected

at a mooring site on the continental slope south of the Dongsha Island

is used to further investigate the generation of the along-slope bottom

currents due to internal tide dissipation and explore the possibility of

the cyclonic circulation.

A detailed description of the moored data, topographical

condition and data analysis methods are given in section 2. The

theoretical background of the along-slope bottom current caused by

wave breaking is introduced in section 3. Observations and theoretical

estimation are presented in section 4. Section 5 discusses a diagram

for the generation of along-slope bottom currents caused by internal

tide breaking on the northeastern slope of the SCS. A summary is

shown in section 6.
2 Data and methods

2.1 Data

The mooring data were collected at site M1 (~1900 m water

depth) on the continental slope south of the Dongsha Island in the

northeastern SCS (Figure 1A). The mooring was equipped with a

McLane Moored Profiler (MMP), consisting of a CTD (SBE 52-MP

CTD, Sea-Bird Scientific, USA) and a current meter (FSI 3D-MP

ACM) which were used to measure temperature, conductivity, and

horizontal velocity at a sampling rate of 1 Hz between depths of 385

and 1840 m (Figure 1B). The MMP completed a single upward or

downward profile every 4 hours. Its observation period was from July

15, 2018, to October 20, 2018. However, since typhoonMangkhut had

a great influence on the instruments after mid-September, data from

September 5 to October 20 were not used in this study. In addition, an

upward-looking 75-kHz RDI Acoustic Doppler Current Profile

(ADCP) was deployed at a depth of 270 m. The ADCP recorded

data every 30 min with 8-m vertical depth bins from July 18, 2018, to

September 15, 2019. The horizontal velocity is decomposed into

along-slope (x) and cross-slope (y) components ([u, v]). The

positive x and y directions are defined as 42° and 312° at M1,

measured clockwise from the true north direction (Figure 1A).

In this study, the bathymetry is obtained from the General

Bathymetric Chart of the Oceans’ gridded bathymetric data with a

30-arc sec resolution (http://www.gebco.net/). We also use the

climatological temperature and salinity of the 2018 World Ocean

Atlas (http://www.nodc.noaa.gov/OC5/WOA18) to obtain the full-

depth buoyancy frequency Nw (Figure 2A). This buoyancy frequency

profile Nwshows good consistency with Nmcomputed fromMMP data

at 385 m and 1840 m. Based on the full-depth Nw, the ray path of

internal waves with frequency w can be computed by

b =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 − f 2

N2 − w2

r
; (1)

where b is the slope of the internal wave group velocity with respect
to the horizontal direction and f is the local inertial frequency. NearM1,
frontiersin.org

http://www.gebco.net/
http://www.nodc.noaa.gov/OC5/WOA18
https://doi.org/10.3389/fmars.2022.1065824
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.1065824
the topographic slope is near-critical and subcritical with respect to

diurnal and semidiurnal internal tides, respectively (Figure 2B).
2.2 Bandpass filtering

We focus on diurnal internal tides and low-frequency flow. The

diurnal component is extracted by a second-order Butterworth band-

pass filter, with the cutoff frequency of [0.85, 1.15] cpd (cycles per

day), while the low-frequency flow is extracted using the low-pass

filter with a cutoff period of 3 days.
2.3 Decomposition of modes

The baroclonic velocity signals (that is, the raw velocity minus the

barotropic velocity [uT(t), vT(t)] defined as the depth-averaged

velocity) are projected into vertical modes. The baroclinic signals
Frontiers in Marine Science 03
can be represented by a superposition of discrete vertical modes that

depend on N2(z).

d2Fn zð Þ
dz2 + N2 zð Þ

c2n
Fn zð Þ = 0

F 0ð Þ = F −Hð Þ = 0

Pn zð Þ = r0c2n
dFn zð Þ

dz

8>>><
>>>:

(2)

where Fn(z) and Pn(z) are the vertical structure of modes for

vertical displacement and horizontal velocity, respectively, cn is the

eigenspeed and n is the mode number (Gill, 1982). The least square

mode fitting method is used to calculate the time-varying velocity of

the first three baroclinic modes [u′n(t), v′n(t)] from the observed

velocity profiles (Alford, 2003; Nash et al., 2005). The baroclinic

velocities u′(z, t) and v′(z,t) are expressed as

u 0 z, tð Þ = u
0
n tð ÞPn zð Þ

v 0 z, tð Þ = v
0
n tð ÞPn zð Þ

(
(3)
BA

FIGURE 1

(A) The map showing bathymetry and mooring sites (stars) in the northeastern SCS. The axis x and y represent the along-slope and cross-slope
directions at M1. The yellow dashed line shows the incident direction of diurnal internal tides near the M1 site, producing an incline angle g with respect
to the y-axis. The black dotted line indicates the cross-slope section crossing M1, shown in Figure 2B. The white arrows are the energy fluxes of K1

diurnal internal tides from satellite altimeter observations (Zhao, 2014). The X18 and K11 are mooring sites in Xie et al. (2018) and Klymak et al. (2011),
respectively. (B) Schematic diagram of the M1 mooring.
B

A

FIGURE 2

(A) Profiles of Nw (blue) and Nm(red) are computed from climatological data near M1 and from the mooring data, respectively. (B) A cross-slope section
crossing M1. The blue and red dotted line are the ray paths of K1and M2, respectively. The black thick line is the mooring position.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1065824
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.1065824
High mode velocities (n≥4) are obtained by the raw baroclinic

velocities minus the sum of the first three mode velocities.
2.4 Dissipation rate

Overturning from Thorpe-sorted profiles (Thorpe, 1977) is used

to calculate the turbulent dissipation rate ϵ at M1. Klymak et al.

(2011) suggested that stratification in the SCS largely depends on

temperature, and there are no salinity-compensated intrusions.

Therefore, to eliminate data errors from the salinity sensor,

potential temperature profiles are directly used to identify

overturning. In the original profile, each potential temperature is

associated with a depth Do. After sorted vertically, the sorted

temperature is associated with another depth Dr. LT is the Thorpe

scale and is calculated from the root-mean-square of Ld,

Ld = Dr − Do

LT =
ffiffiffiffiffi
L2d

q
ϵ = (CLT )

2N3
i

8>>><
>>>:

(4)

where Ni is Nmunder the sorting and C is a constant of

proportionality. Following Dillon (1982), C is set to be 0.8.
3 Theoretical background

When internal tides impact on a slope at an oblique angle g (with
respect to the positive y; Figure 1A), a net radiation stress Sx in the

along-slope direction may be generated due to the difference between

the radiation stresses of the incident and reflected waves (Thorpe,

1999):

SIx − SRx = Sx (5)

where SIx and SRx are the along-slope radiation stresses caused by

incident and reflected internal tides, respectively. Based on previous

studies (Longuet-Higgins, 1970a; Longuet-Higgins, 1970b), where

SIx - SRx = (FIy - FRy)/Cpx, Sx becomes
Frontiers in Marine Science 04
SxCpx = FIy − FRy (6)

Cpx =
Cp

sin g
(7)

where FIy and FRy are the cross-slope energy fluxes of the incident

and reflected internal tides, respectively, Cp is the phase velocity of

incident waves, and Cpx is its along-slope component. When internal

tides reflect from the slope, they may be dissipated so that there is a

difference between FIy and FRy, which can be computed as

FIy − FRy = ϵr0h (8)

where r0 is sea water density, ϵ is the turbulent dissipation rate

and h is the thickness of internal tide breaking layer. Then, the net

radiation stress becomes

Sx =
ϵr0h
Cpx

(9)

Assuming a balance between the radiation stress and the bottom

friction stress,

tx = r0CD Vitj jU (10)

where CD is the bottom drag coefficient and |Vit| is the velocity

magnitude of internal tides and U is the along-slope bottom current

velocity. Combining Equations (5-10), we can get

U =
ϵh sin g
CpCD Vitj j (11)
4 Results

4.1 Overview of internal tides

Strong internal tidal motions are clearly visible at M1 (Figure 3A).

The near-bottom isotherms show large vertical excursions with

diurnal period, whose maximum displacement exceeds 100 m

(Figure 3A). In the band-pass-filtered diurnal velocity field, the
B

A

FIGURE 3

(A) Time-depth maps of diurnal current variances (u2+v2)1/2 (colors) at M1. Black contours are isotherms of 2.4, 2.7, 3.0, 4.5, 6.0, 7.5 and 9.0°C. (B) The
diurnal (K1 + O1) barotropic tides current amplitude.
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near-bottom intensification of diurnal internal tides are also observed,

with the maximum velocity exceeding 0.1 m/s. These bottom-

enhanced diurnal internal tides show a clear ~14-day spring-neap

cycle, whose phase lags that of the local barotropic tides for ~3 days

(Figure 3B), suggesting that internal tides do not result from the local

barotropic forcing. Instead, the 3-day time difference is approximately

equal to the propagation time of the mode-1 diurnal internal tides

from the Luzon Strait to M1 (Figures 3A, B), suggesting their

generation source of the Luzon Strait, as previously reported in

Zhao (2014); Zhao (2020). However, the bottom-enhanced diurnal

internal tides observed at the mooring site are mainly composed of

higher modes (n≥4; Figure 4). This indicates that low-mode internal

tides are scattered into higher modes when they travel westward from

the Luzon Strait to the near-critical continental slope (Klymak et al.,

2011; Xie et al., 2018).

To identify the propagating direction of diurnal internal tides, the

modal decomposition of the velocity field is performed based on

equation (2). The mode-1 and mode-2 are dominant, occupying more

than 55% of the total energy (Figures 5A, B). The mode-1 diurnal

internal tide shows an elongated current ellipse, while the mode-2

wave is near-circularly polarized (Figure 5C). Since mode-1 is larger

than mode-2, the major axis of its current ellipse is regarded as the

along-beam direction of internal tides (Alford and Zhao, 2007).

Assuming that diurnal internal tides westward from the Luzon

Strait to the slope, their incident angles with respect to positive y

direction during four diurnal springs are g1 =23°, g2 =40°, g3 =51°and
g4 =43°, respectively (Figure 5C). This is consistent with the satellite

altimeter observations near M1 for mode-1 internal tides (g = 46°;

Zhao et al., 2020), except at the first spring during which the modal

decomposition may have large errors due to the absence of the upper

ADCP data.
4.2 Dissipation of internal tides on the
continental slope

Below 1600 m, strong dissipation is observed due to overturning

and breaking of high-mode internal tides, with the maximum
Frontiers in Marine Science 05
dissipation rate exceeding 3.9×10-7 W/kg (Figures 6A, B). Enhanced

dissipation rate is often phase-locked to diurnal internal tides. The

depth-integrated dissipation rate D near the bottom layer largely

depends on diurnal velocity amplitude (Figure 7A), and elevated D

also shows a spring-neap cycle whose phase is the same as that of

diurnal tides (Figures 6A, B). Clearly, the near-bottom enhancement

of diurnal internal tides and strong turbulent dissipation can be

attributed to their critical reflection on the continental slope

(Figure 2B), as shown in the previous studies (Klymak et al., 2011;

Xie et al., 2018). The depth-integrated dissipation rate D (= r0
Z H−h

H
ϵdh)

averaged over available data due to near-bottom dissipation of diurnal

internal tides is 4.8×10-3 W/m2. This turbulent dissipation is one

order of magnitude lower than that (D = 7×10-2 W/m2) estimated by

Klymak et al. (2011) based on the similar MMP measurements on the

continental slope east of the Dongsha Island, where diurnal internal

tides were much stronger than those observed at M1.
4.3 Generation of along-slope bottom
currents

Since diurnal internal tides obliquely impinge on the near-

critical continental slope, enhanced bottom dissipation due to

their breaking is expected to generate a southwestward along-

slope bottom current (Xie et al., 2018). To confirm it, along-slope

(U) and cross-slope (V) low-frequency velocities are shown in

Figures 6C, D, respectively. A southwestward low-frequency flow

(U<0) is observed below 1600 m where the turbulent dissipation rate

is elevated due to breaking internal tides (Figure 6B), with the

maximum velocities reaching 6 cm/s (Figure 6C). Note that the

along-slope velocity is often much larger than the cross-slope

velocity, suggesting dominant along-slope currents (compare

Figures 6C, D). The southwestward flow is enhanced at diurnal

springs (compare Figures 6A, C), whose magnitude shows a

correlation with near-bottom diurnal velocity (Figure 7B). The

correlation between enhanced U and diurnal velocities suggests

that the southwestward bottom current may be generated by

breaking diurnal internal tides on the near-critical continental
B

A

FIGURE 4

(A) Time-depth map of band-pass filtered diurnal velocities (along-slope component). (B) High-mode (n ≥ 4) diurnal velocities.
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slope, as reported in Xie et al. (2018). However, as shown in

Figure 7B, the along-slope current velocity does not increase when

Vit is larger than 6.5 cm/s. It may be because U in equation (11) is

inversely proportional to Vit although the bottom-enhanced

dissipation always increases as Vitincreases (Figure 7A).

The southwestward on the deep slope may also be caused by the

deep western boundary current (hereafter referred to DWBC; Wang
Frontiers in Marine Science 06
et al., 2011; Zhou et al., 2017; Zhao et al., 2020; Zhou et al., 2020).

Using mooring data collected near our mooring site M1, Zheng et al.

(2022) estimated that the DWBC was weak during August, 2018

corresponding to our observation period, with a velocity of 0.54 cm/s.

This small velocity is consistent with our observations (~0.6 cm/s) at

neap tides. Therefore, DWBC may affect the southwestward bottom

flow near M1, but their effects are secondary at diurnal spring tides.
B

C

A

FIGURE 5

(A) Time series of mode-1(black) and mode-2 (red) diurnal along-slope velocities (u′). (B) Time series of mode-1(black) and mode-2 (red) diurnal cross-
slope velocities (v′). (C) The diurnal u′ v′ hodographs of mode-1 (blue) and mode-2 (red) components at each spring period. The red lines represent the
cross-slope direction. Black dashed lines are the along-beam direction of mode-1 internal tides.
B

C

D

A

FIGURE 6

(A) Time series of diurnal velocity variances (u2+v2)1/2 averaged over depths of 1600 and 1840 m. The thick line is a smoothed result. (B) The dissipation
rate ϵ based on equation (4). The black dotted line is depth-integrated dissipation rate, and the thick line is its smoothed result. (C, D) Time-depth maps
of low-pass filtered along-slope (C) and cross-slope (D) velocities. The vertical dash lines indicate four diurnal springs.
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4.4 Theoretical prediction of along-slope
bottom currents

The above observations have suggested near-bottom dissipation

of diurnal internal tides and the subsequent generation of the

southwestward bottom currents on the near-critical continental

slope. Based on equation (11), it is possible to estimate internal

wave-induced along-slope current. Since the phase speed Cp of high-

mode internal tides (Cp< 1m/s for n≥4) are much smaller than that of

low-mode internal tides (Cp = 3.2 m/s for mode-1 internal tides), the

choice of Cp can significantly affect the estimation in equation (11).

Although it is assumed that low-mode internal tides are obliquely

incident to the continental slope, breaking of high modes (n≥4) are

essential to the bottom-enhanced dissipation (Figure 4). Here we use

the following dispersion relation to estimate Cp:

Cp = w=k = Nw=m
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2 − f 2

q
(12)

where k is the horizontal wavenumber and m is the vertical

wavenumber. The vertical wave number m can be deduced from the

near-bottom diurnal velocity (Figures 4A, B) and is approximately

2p/1000 m. Taking N =1.5×10-3 s-1 below 1600 m (Figure 2A), Cp is

approximately equal to 0.35 m/s. The depth integrated dissipation
Frontiers in Marine Science 07
rate ϵ from 1600 m to the seafloor (h = 300 m) during four diurnal

springs are used to compute the along-slope flow velocity,

respectively. The result is shown in Table 1.

As shown in Table 1, the estimated U are in magnitude consistent

with the observational values at all diurnal springs. Note that observed

U in Table 1 have removed the background velocity at neap tides

(~0.6 cm/s). If Cp of high-mode internal tides in equation (11) is

replaced by that of low-mode internal tides (e.g., mode-1), the

predicted along-slope bottom velocity is one order of magnitude

smaller than the observed value, even smaller than the background

velocities during neap tides.

Using the full-depth MMPmeasurements at a mooring site on the

continental slope east of the Dongsha Island (i.e., site K11; Figure 1A),

Klymak et al. (2011) showed that near-bottom breaking of diurnal

internal tides caused energy dissipation of ~7×10-2 W/m2 on the near-

critical slope. Their mooring site was close to X18 (Figure 1A), where

the along-slope bottom current caused by near-bottom dissipation of

diurnal internal tides was also observed, with velocity amplitude

of ~0.1 m/s (Xie et al., 2018). Using the dissipation rate (D =

~7×10-2 W/m2) estimated by Klymak et al. (2011), U at X18 is

estimated to be 0.11 m/s based on equation (11), where |u| = 0.2 m/

s, g= 20°, and Cp = 0.5 m/s (Xie et al., 2018). The result is also

consistent with the along-slope (southwestward) bottom velocity
TABLE 1 The along-slope bottom velocity U is estimated by equation (11) at four diurnal springs.

Date Observed Values Predicted Values

Diurnal spring periods D (W/m2) g (°) Cp (m/s) |Viw|(cm/s) U (cm/s) U (cm/s)

Jul.15~22 2.42×10-3 46 0.35 9.6 2.2 1.7

Jul.29~Aug.5 6.60×10-3 40 0.35 10.5 1.5 3.8

Aug.12~19 4.31×10-3 51 0.35 10.5 3.5 3.0

Aug.26~Sep.2 3.08×10-3 43 0.35 7.8 2.5 2.9

Note that g = 46° during the first spring is based on the altimeter observation rather than mooring observations due to the limitation of mooring data.
BA

FIGURE 7

(A) Averaged depth-integrated dissipation rate D and (B) averaged along-slope bottom velocity U against near-bottom diurnal velocity variance |Vit| (1.5
cm/s velocity bin) at M1.
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observed at X18. It should be pointed out that energy dissipation of

internal tides cannot be completely converted into the mean flow.

Parts of them may drive the local turbulent mixing and increase mean

potential energy (Klymak et al., 2011). Osborn (1980) estimated that

the upper limit mixing efficient was ~0.2. Such mixing efficient does

not essentially change the estimated result in equation (11).
5 Discussion

On the entire continental slope in the northeastern SCS, namely

the slope south-southeast-east-northeast of the Dongsha Island, Xie

et al. (2018) estimated a cyclonic bottom circulation caused by

breaking diurnal internal tides because of their oblique incidence.

Observations from satellite altimeters (Zhao, 2020) and numerical

models (Wang et al. (2021)) revealed the spatial inhomogeneity of

diurnal flux magnitudes when they approach the continental slope

(Figure 8). Therefore, the along-slope currents caused by internal tide

dissipation may also have a spatial variation (Table 2).

Assuming that energy dissipation (D) of internal tides on the

continental slope is equal to the difference between flux magnitudes of
Frontiers in Marine Science 08
diurnal internal tides incident to the slope and transmitted onto the

continental shelf based on the simulations of Wang et al. (2021), it is

possible to estimate the intensity of the along-slope bottom flow

associated with internal tide breaking on the entire slope in the

northeastern SCS. The result is shown in Table 2 and Figure 8.

As expected, the along-slope current velocity associated with

internal tide breaking showed a significant spatial variation. The

largest along-slope bottom flow appears at 20-20.5°N, with the

current velocity reaching 17 cm/s. On the east side of the Dongsha

Island, the dissipation of diurnal internal tides is close to the

observations of Klymak et al. (2011), and the estimated U based on

the model data can be, therefore, consistent with the observations.

However, on the continental slope in the south (below 20°N), the

dissipation rate in the model is much larger than the observation at M1.

This may be because a strong, southeastward beam of diurnal internal

tides reflected by the Donsha Island passed over this region (Wang et al.

(2021)), so that D of diurnal internal tides on the continental slope is

largely overestimated. The estimated U at M1 based on the model data

is one order of magnitude larger than that based on the observation.
6 Conclusion

Using moored observations carried out on the continental slope

south of the Dongsha Island in the northeastern SCS, we have examined

the dissipation of obliquely incident low-mode internal tides originating

from Luzon Strait and the generation of the along-slope bottom currents

associated with internal tide dissipation. The observed diurnal internal

tides showed near-bottom enhancement and dissipation due to their

near-critical reflection on the slope. Since internal tides were obliquely

incident to the continental slope, a southwestward along-slope current

was generated by their breaking near the seafloor. The previous theory

developed by Thorpe (1999) roughly reproduced the observed along-

slope bottom current velocity by using the phase speed of high-mode

internal tides driving bottom dissipation on the continental slope. The

theory, as well as the model data, is also used to depict a map of the

along-slope bottom velocity caused by dissipation of diurnal internal

tides on the northeastern slope of the SCS. A significant spatial variation

for internal tide driven along-slope bottom flow on the continental slope

was revealed, with the maximum velocity reaching 0.17 m/s. Strong

bottom currents caused by internal tide breaking may play an important

role in transporting bottom nutrients and sediments on the slope. It

should be pointed out that the bottom flow pattern estimated by the

model data did not completely reproduce the observations due to the

uncertainty of dissipation of internal tides on the continental slope. To

obtain the map for internal wave driven the along-slope bottom flow

more exactly, more field data and simulations for energy budget of

internal tides on the continental slope are necessary.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation. The

climatological data are available in NoAA National Oceanographic

Data Center (https://www.nodc.noaa.gov/OC5/woa18). The field data

in this study can be requested from the corresponding author. The
FIGURE 8

Spatial distribution of the estimated along-slope bottom velocity U
(green arrows) caused by breaking diurnal internal tides on the
northeastern continental slope of the SCS based on the modeled
dissipation of diurnal internal tides in the MITgcm simulations of Wang
et al. (2021). The white arrows indicate the energy fluxes of modeled
K1 internal tides (Wang et al. (2021)). The yellow arrows are the
observed U at M1 and X18.
TABLE 2 The theoretically predicted values of the along-slope bottom
flow velocity U at different latitudes on the northeastern continental slope
of the SCS based on the simulations of Wang et al. (2021).

Lat (°N) g (°) D (W/m2) U (cm/s)

22.0~21.5 10 8.3×10-3 0.7

21.5~21.0 20 1.1×10-2 2.0

21.0~20.5 25 6.1×10-2 11.1

20.5~20.0 40 7.2×10-2 16.9

20.0~19.0 60 5.8×10-2 11.9
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2018 World Ocean Atlas is produced and made available by NOAA

National Oceanographic Data Center (https://www.nodc.noaa.gov/

OC5/woa18/). The observation data for this paper can be requested

from XiaohuiXie (xxie@sio.org.cn).
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