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Abstract

Theoretically, propagating internal tides in the ocean may reflect at turning depths, where buoyancy frequencies
equal tidal frequencies, before colliding with the air-sea interface or rugged bottom topography. Globally, the
internal tide lower turning depths (ITLTDs) in the open ocean have been mapped; however, knowledge of the
presence of ITLTDs in the South China Sea (SCS) is lacking. In this study, 2 125 high-quality temperature-salinity
profiles (including 58 deep-sea hydrographic measurements with observational depths exceeding 3 000 m) are
collected and analyzed to investigate the existence of ITLTDs in the SCS. Furthermore, the concept of the upper
turning depth is first introduced in the context of internal tides, and internal tide upper turning depths (ITUTDs)
are also investigated. ITLTDs are found to exist at several abyssal stations; these stations are distributed mostly in
the southern part of the SCS basin, possibly due to the greater water depths there. Fewer locations show the
presence of ITLTDs for K1 versus M2 tidal frequencies because of the lower tidal frequency. The distance between
ITLTDs and the seafloor ranged from 270 m to more than 1 200 m, implying the possible existence of multiple
internal wave evanescent regions in the abyssal bottom. ITUTDs of tens of meters are ubiquitous in the SCS;
stations with the presence of ITUTDs are located mainly in the northeastern SCS due to the intensive observations
there. However, the calculated ITUTDs have large uncertainties; they are sensitive to the selected bin values. The
horizontal propagation directions of internal tides in the SCS change dramatically, and as a result, the estimated
turning depths under the full  Coriolis  force definition are different  compared to that  under the traditional
approximation.
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1  Introduction
Internal tides are ubiquitous in the ocean and have dual im-

pacts on human maritime activities. First, the breaking of intern-
al tides is regarded as one of the major catalysts of ocean mixing,
which is crucial for large-scale ocean circulation (Munk and
Wunsch, 1998). Internal tidal-induced upwelling can pump nu-
trients upward to the euphotic layer; this surface nutrient enrich-
ment can in turn increase fishing yields (Jan and Chen, 2009).
Second, the steepening of internal tides can induce large-amp-
litude internal solitary waves, which are key environmental
factors in the design of offshore oil and gas engineering projects.
Internal waves are considered to be second only to typhoons in
terms of disaster potential due to the enormous threat they pose
to undersea equipment (Fang and Duan, 2014).

The propagation of internal tides in the ocean is significantly
affected by the inhomogeneous hydrological environment
(Gerkema et al., 2004). In linear theory, freely propagating intern-
al waves have a lower frequency limit of the local inertial fre-

< ω < N
quency and a higher frequency limit of the buoyancy frequency
(f ). In view of this theoretical basis and the fact that
buoyancy frequencies are generally exponentially dampened
with depth in the abyssal sea, Munk (1981) first proposed the
possible existence of internal tide turning depths, where the loc-
al buoyancy frequency matches the tidal frequency. The pres-
ence of turning depths can impact the pathways and energy
losses of internal tides during propagation by reflecting or re-
fracting internal tidal beams at the turning interface and prevent-
ing internal tides from colliding with rugged bottom topograph-
ies. Numerical and experimental studies have suggested that in-
ternal tidal beams behave remarkably differently according to the
presence or absence of turning depths (Paoletti and Swinney,
2012). Moreover, the existence of turning depths may affect the
generation of internal tides beneath them (Paoletti et al., 2014).

The identification of internal tide turning depths requires hy-
drographic observations of the abyssal ocean. Based on World
Ocean Circulation Experiment data, King et al. (2012) mapped  
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the global spatial distribution of M2 internal tide turning depths
and suggested that turning depths are common in oceans with
depths greater than 4 000 m. However, available deep-sea hydro-
graphic observations are concentrated mainly in the open ocean.
The South China Sea (SCS) is a marginal sea in the western Pa-
cific, in which internal tidal processes are very active compared
to the world oceans (Niwa and Hibiya, 2011). The central deep
basin of the SCS features an average depth of more than 3 000 m.
Thus, the existence of turning depths is highly possible. However,
to our knowledge, internal tide turning depths in the SCS have
not yet been reported. A broad understanding of turning depths
in the SCS may deepen our insight into the generation, propaga-
tion and dissipation processes of internal tides.

The existence of internal tide turning depths in the SCS is still
unknown mainly due to very limited deep-sea sampling. Despite
the large number of historical hydrographic profiles in the SCS,
deep-sea hydrographic profiles are extremely rare. For example,
there are more than 2 000 World Ocean Database 2018 (WOD18)
temperature and salinity profiles in the SCS with observational
depths greater than 1 000 m, but that number decreases to 15
profiles when the observational depth is extended to greater than
3 000 m. In March of 2012, with the support of the Oceanographic
Research Vessel Sharing Plan of the National Natural Science
Foundation of China (NSFC), the Ocean University of China ob-
tained 32 deep-sea hydrographic measurements (>3 000 m) with
a spatial coverage of nearly the entire central deep basin (Fig. 1).
These modern high vertical resolution and high-quality data to-
gether with historically accumulated data provide an opportun-
ity to explore the existence of internal tide turning depths in the SCS.

Moreover, strictly speaking, all the abovementioned internal
tide turning depths refer to internal tide lower turning depths
(ITLTDs), which are close to the bottom. In fact, the buoyancy
frequencies within the surface mixed layer are also very small

and may be less than the tidal frequencies. However, the concept
of upper turning depths has rarely been mentioned in the con-
text of internal tides; it is more widely used in the field of acous-
tical oceanography (Dushaw and Sagen, 2017). The presence of
internal tide upper turning depths (ITUTDs) could also impact
the propagation of internal waves. For example, Liang et al.
(2019) attained a better correlation between numerical predic-
tions and observations on the arrival times of incident internal
waves when internal waves reflected at the subsurface at approx-
imately 50 m.

This study explored the existence of ITUTDs and ITLTDs in
the SCS based on new ocean observations as well as historical hy-
drographic data. The M2 and K1 tidal constituents were chosen to
represent the most important semidiurnal and diurnal internal
tides, respectively. The existence of ITUTDs and ITLTDs is con-
firmed in the SCS and turning depths are found to distribute over
a broad spatial area. In Section 2, the data and analysis methods
are described. In Section 3, the observational evidence for the ex-
istence of ITUTDs and ITLTDs in the SCS is provided. The spatial
distribution of turning depths is mapped based on the available
data. Furthermore, estimating the turning depth under the full
influence of the Coriolis force is discussed. The main results of
this study are summarized in Section 4.

2  Data and methodology

2.1  NSFC observation
To investigate the existence of internal tide turning depths in

the SCS, the hydrographic data collected by the open cruise of
the NSFC in the SCS in March of 2012 is analyzed. During the
cruise, a total of 48 sets of hydrographic profiles were obtained,
and 35 of these profiles have observational depths exceeding
3 000 m (see locations in Fig. 1). The observational depths of all
the profiles exceed 200 m. The extensive horizontal spatial cover-
age and vertical depth range of the conductivity-temperature-
depth (CTD) profiles allow an accurate analysis of the existence
of internal tide turning depths in the SCS. These CTD profiles
were recorded by the Seabird SBE-911 and have a temperature
accuracy of 1 mK and a conductivity accuracy of 0.3 mS per
meter. The vertical resolution of the data is 1×104 Pa.

2.2  WOD18 data
To supplement the NSFC hydrographic measurements and

uncover more observational evidence of internal tide turning
depths in the SCS, WOD18 data, which represent the most com-
prehensive collection of ocean hydrographic data currently avail-
able, were also analyzed. The WOD18 data include quality-con-
trolled observational data for more than 15.7 million temperat-
ure profiles and 8.5 million salinity profiles (Boyer et al., 2018)
and are available from the National Oceanographic Data Center
(https://www.nodc.noaa.gov/OC5/WOD/pr_wod.html). Given
the main focus of this study, only WOD18 high-resolution CTD
hydrographic profiles within 4°–24°N and 105°–121°E with the
deepest measurement exceeding 200 m are considered. After
screening, a total of 2 077 WOD18 profiles from the years 1773 to
2019 met these requirements, within which 23 profiles have ob-
servational depths greater than 3 000 m (15 deep-sea measure-
ments in the SCS and 8 deep-sea measurements in the Sulu Sea).
All the analyzed WOD18 profiles are at the observation depths.

The WOD18 stations cover nearly the entire SCS (Fig. 1); they
have better spatial coverage than the NSFC observations due to
the longer period of data accumulation, but the NSFC observa-
tions have more deep-sea hydrographic measurements. To ob-

24°

N 0

20°
1 000

16°

2 000

12°

3 000

8°

108° 112° 116° 120° 124°E

4 000

4°

5 000

6 000

D
ep

th
/m

1 000

3 000

WOD station 200-3 000 m

P
h
il

p
p
in

es

WOD station > 3 000 m
observation station 200-3 000 m
observation station > 3 000 m

 

Fig. 1.   Topography and observation stations in the South China
Sea. The triangles and the dots represent the in situ observation
stations of the WOD18 and 2012 NSFC cruises, respectively. The
yellow triangles and green dots denote profiles with observation-
al depths greater than 3 000 m, which are used for internal tide
lower turning depth identification. The red triangles and black
dots denote profiles with observational depths greater than 200 m
but less than 3 000 m; all the available profiles are used for intern-
al tide upper turning depth identification. The background gray
contours indicate the 1 000 m and 3 000 m isobaths, respectively.
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tain more abyssal data, gridded data products such as the US
Navy Generalized Digital Environment Model (GDEM) is also
analyzed, which are available at 78 standard depths (ranging
from the surface down to 6 600 m; Carnes, 2009). However, tem-
perature-salinity plots indicate that the abyssal GDEM data show
obvious data interpolation (not shown here). Calculating the
buoyancy frequencies in weakly stable waters utilizing original
profiles is more reliable than using a gridded dataset. The final
dataset used in this study consisted of 48 NSFC and 2 077 WOD18
temperature/salinity profiles, with 58 profiles having observa-
tional depths exceeding 3 000 m. Using this dataset, this study
aimed to obtain a spatial map of internal tide turning depths in
the SCS.

2.3  Computation of the squared buoyancy frequency

Traw Sraw

Traw Sraw

Quality control was applied to the raw temperature and salin-
ity profiles from each station; duplicate profiles and abnormal
values were removed. The original hydrographic data have a
“wiggly” nature due to the observation accuracy of the instru-
ments (Fig. 2). For instance, in the WOD18 data, the accuracies of
the temperature and conductivity sensors are 1–5 mK and 0.3–2 mS
per meter, respectively (Boyer et al., 2018). Fluctuations in tem-
perature and salinity data can lead to large fluctuations in the
buoyancy frequency. Therefore, the raw hydrographic temperat-
ure and salinity data (  and , respectively) were smoothed
before calculating the buoyancy frequency. The entire water
column was vertically divided into several bins with a constant
depth, and  and  in each bin were averaged (Fig. 2).

The ocean stability is weak near the surface and at great
depths; thus, the determination of turning depths requires the
most precise buoyancy frequency calculation possible. Van Har-
en and Millot (2006) sought to determine the buoyancy fre-
quency in weakly stable waters and concluded that CTD observa-
tions can be used to estimate water stability with an error of ~0.8 f
(with an average over 1×106 Pa, where f is the inertial frequency).
In the SCS (~10°–20°N), 0.8 f ranges from 2.53×10–5 rad/s to 4.98×
10–5 rad/s, which is less than the tidal frequency (1.41×10–4 rad/s
and 7.29×10–5 rad/s for semidiurnal and diurnal frequencies, re-
spectively); thus, the observed temperature and salinity profiles
of the CTD data can indicate the existence of internal tide turn-
ing depths in the SCS.

T Sa

The buoyancy frequency indicates the natural frequency of
vertically oscillating fluid parcels in the continuously stratified
water and can be derived in terms of the vertical gradients of po-
tential temperature , and absolute salinity , such that

N(z) = g

(
α ∂T

∂z
− β ∂Sa

∂z

)
, (1)

g α β

N (z)

Sa

where  is the gravitational acceleration, and  and  are the
depth-dependent thermal expansion coefficient and the saline
contraction coefficient, respectively.  is not calculated by
the vertical potential density gradients because the density of wa-
ter is not a directly observed variable, and calculating the buoy-
ancy frequency utilizing the potential density expression may un-
derestimate the strength of the stability (Lynn and Reid, 1968). In
this study, the Gibbs SeaWater toolbox was adopted to calculate
the buoyancy frequency (http://www.teos-10.org). This toolbox
is based on the new thermodynamic seawater equation TEOS-10,
and the ocean state is depicted more accurately by considering
the spatially dependent  (Li et al., 2013).

N (z)

N
bin (z)

SDN
bin

Tbin

Sbin
SDTbin SDSbin

Mbin

As suggested by King et al. (2012), the squared buoyancy fre-
quency ( ), rather than the buoyancy frequency was calcu-
lated to determine the existence of a turning depth because the
squared version was used in the internal wave governing equa-
tion. The squared buoyancy frequency can also be negative, in-
dicating convective instability. Vertical profiles of the bin-aver-
aged squared buoyancy frequency ( ) and the associated
standard deviation ( ) were obtained by utilizing a Monte
Carlo method following the calculation process of King et al.
(2012). First, the bin-averaged temperature and salinity (  and

) were spline-fitted to the entire water column, and the stand-
ard deviations of temperature and salinity (  and ) and
the number of samples in each bin ( ) were obtained. Then, a
set of synthetic data samples was devised based on sample func-
tions (2) and (3); the number of samples was set to 500 following
King et al. (2012).

Tsample = Tbin + noise× SDTbin/
√
Mbin, (2)

Ssample = Sbin + noise× SDSbin/
√
Mbin. (3)

N (z)
N

bin (z) SDN
bin

N (z)
Finally,  was calculated based on the synthetic data, and

 and  were obtained. Generally,  is large at the
main pycnocline (a gradual interface separating two fluids of dif-
ferent densities) and decreases exponentially from the pycno-
cline to both the surface and bottom boundaries. In the SCS, the
main pycnocline depth is approximately 120 m, which was ob-
tained from satellite altimetry estimation (Chen et al., 2017).
Thus, the distance from the main pycnocline to the ITLTD is far
more than that to the ITUTD, and the bin widths are different for
ITLTD and ITUTD identification. The sensitivity of the calculated
results to different bin widths is shown in Section 3.1.

3  Results and discussion

3.1  Examples of the existence of turning depths in the SCS based
on observational data

N (z)

The buoyancy frequency commonly peaks at the depth of the
pycnocline and decreases from the pycnocline to both the sur-
face and bottom boundaries. The existence of ITLTDs was first
investigated. An example of the deep-sea  calculated at one
station (14.1°N, 117.0°E) is shown in Fig. 3; obviously, the depth-
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Fig. 2.   Profiles of temperature (a) and salinity (b) (blue lines) at
a WOD18 station (15.42°N, 115.31°E). The original (black lines)
and smoothed (red lines, bin of 100 m) profiles at the a depth
between 2 850 m and 3 100 m are amplified and shown in the in-
sets; the pink patches denote the standard deviation calculated
by the Monte Carlo method.
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N (z)dependent  crosses the M2 and K1 tidal frequencies at
depths of approximately 3 660 m and 3 870 m, respectively. The
K1 ITLTDs are greater than those of M2 at the same locations due
to the lower tidal frequency. The distance between the ITLTDs
and the seafloor is approximately 380–590 m, which corresponds
to a thick, deep, “homogeneous” layer of weak stability. The cal-
culated ITLTDs are basically consistent under different bin val-
ues of 50 m, 100 m and 200 m (Fig. 3). These findings confirm
that ITLTDs exist in deep marginal seas in addition to the abyssal
open ocean.

Notably, an optimum bin size must be selected to calculate
the turning depth. The squared buoyancy frequency profiles may
swing drastically due to small bin values (Fig. 3a), which could
lead to an incorrect supposition of the existence of several turn-
ing depths. Buoyancy frequency profiles become smoother with a
larger bin size and are more representative of the vertical strati-
fication structure. However, at the other extreme, buoyancy fre-
quency profiles may not be able to cross tidal frequencies due to
large bin sizes because large bin values correspond to a reduc-
tion in the number of deep samplings (Fig. 3c). Thus, in a sub-

sequent analysis, a 100 m bin size as suggested by King et al.
(2012) was selected to avoid multiple crossings between the
squared buoyancy frequency profile and the tidal frequencies
and to simultaneously ensure the reliability of the calculated
ITLTD. However, the 100 m bin size could also result in multiple
crossings, and the ITLTDs at these stations were obtained by cal-
culating the mean of the crossing depths.

N (z)

N (z)

N (z)

N (z)

N (z)

In contrast to the very limited abyssal observations, a stronger
data foundation was available for the investigation of the ITUTDs.
Figure 4a shows a sample of upper ocean  values calculated
at one station (20.25°N, 117.21°E), in which the thickness of the
upper mixed layer (within which the density discrepancies are
less than 0.01 kg/m3) is approximately 25 m. A closer view of the
vertical distribution of  values within the mixed layer (Fig. 4b)
shows that the water stability in the upper mixed layer is very
weak, and the calculated  profiles with small bin values
cross the tidal frequencies many times. Similar to the ITLTD cal-
culation, the bin values were increased to smooth the  pro-
file. Considering that the pycnocline is much closer to the ocean
surface than the ocean bottom,  decreases upward from the
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Fig. 3.   Squared buoyancy frequency profiles calculated under different bin values 50 m (a), 100 m (b), and 200 m (c) at the station
located at 14.1°N and 117.0°E. The cyan lines and patches indicate the bin-averaged squared buoyancy frequency and associated
standard deviation, respectively. The black and red dashed lines indicate the K1 and M2 tidal frequencies, respectively.
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Fig. 4.   The squared buoyancy frequency profiles calculated with a 5 m bin at the station located at 20.25°N and 117.21°E (a), and
amplified views of the squared buoyancy frequency profiles at the observational depth and with different bin values (2 m, 5 m and 8
m) in the upper ocean (b, c). In a, the cyan lines and patches indicate the bin-averaged squared buoyancy frequency and associated
standard deviation, respectively. In b and c , the black and red dashed lines indicate the K1 and M2 tidal frequencies, respectively. Note
that the horizontal coordinates are different among the subplots.
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N (z)

N (z)

N (z)

maximum value at the pycnocline to tidal frequencies within a
very short distance if ITUTDs exist; the bin values in the ITUTD
calculation are much less than those in the ITLTD calculation.
When the bin sizes are greater than 5 m, the  profiles are
smooth and are still able to cross tidal frequencies, and this res-
ult confirms the existence of ITUTDs and indicates the fact that
propagating internal tides can reflect at the subsurface. However,
the estimated ITUTDs are different under different bin values
and it is difficult to determine an optimal bin value convincingly.
One possible reason is that, in contrast to the relatively quiet
abyssal ocean, the upper boundary is influenced by winds and
surface buoyancy fluxes, and the  profiles may not exhibit a
monotonous decreasing trend from the pycnocline to the sea
surface. The coexistence of multiple ITUTDs at one single profile
may be closer to the real oceanic scenario. Thus, ITUTD estima-
tions include more uncertainty than ITLTD estimations. In the
following section, a 5 m bin size is selected to obtain a reference
value for ITUTDs in the SCS. If there are multiple crossings
between the  profiles and the tidal frequencies, ITUTDs are
determined by calculating the mean of the crossing depths.

3.2  Spatial distribution of turning depths in the SCS
N (z)

N (z)

Based on the  profiles calculated from both the NSFC
and WOD18 observations, a comprehensive picture of turning
depths in the SCS can be obtained. Among the 58 abyssal ocean
observations, ITLTDs exist at 16 (and 12) stations for M2 (and K1)
internal tides (Figs 5 and 6). At certain stations, ITLTDs may also
exist but are not detected because of the incomplete observation-
al coverage of the full water depth. Because K1 internal tides have
lower frequencies, in rare cases, the minimum  may cross
only M2 tidal frequencies but fail to reach K1 tidal frequencies.
Horizontally, ITLTDs are distributed over a wide spatial area in
the SCS (Figs 5a and 6a) but are concentrated mainly in the
southern part of the deep basin. This north–south asymmetry
may result from the fact that the water is deeper in the south. The
maximum ITLTD exceeds 4 500 m in the vicinity of the Manila
Trench. ITLTDs also exist in the Sulu Sea according to limited ob-

N (z)

servations. Vertically, the distances between ITLTDs and the sea-
floor range from 270 m to more than 1 200 m (Figs 5b and 6b),
which implies the existence of a broad evanescent region at mul-
tiple locations at the bottom. The maximal distance between the
turning points and the seafloor occurs near the southern bound-
ary of the deep basin. The residence time of the deep water in the
SCS deep basin is approximately 30–100 years (Broecker et al.,
1986; Qu et al., 2006), and  profiles for depths greater than
1 000 m can exhibit very limited variations over several years
(King et al., 2012). Therefore, the map presented in this study
may shed light on the basic spatial features of ITLTDs in the SCS.
More high-quality deep-sea hydrographic measurements are
needed in the future to complete the details on the map.

Figure 7a shows the spatial distribution of M2 ITUTDs in the
SCS. At each station, the calculated ITUTDs are nearly the same
for M2 and K1 frequencies (Fig. 4c); therefore, the map of K1

ITUTDs is not shown here. Among the 2 125 ocean observations,
upper turning depths exist at 210 stations for both M2 and K1 in-
ternal tides. Most of the stations with the presence of ITUTDs are
located in the northeastern SCS, where the most intensive obser-
vations are located. The maximum calculated ITUTD is 93.7 m;
this indicates that the internal wave evanescent region near the
surface is not as spacious as that in the abyssal bottom. Moreover,
the calculated ITUTDs are different among neighboring stations,
which may be caused by the difference in observation times. In
contrast to the relatively quiet abyssal ocean, the upper ocean is
stirred by winds and surface buoyancy fluxes. Thus, ITUTDs can
be highly variable both temporally and spatially. To quantify the
uncertainties of the calculated ITUTDs, the standard deviations
of the obtained ITUTDs under different bin values of 2–8 m were
calculated (Fig. 7b). Note that the standard deviations were cal-
culated only at stations where ITUTDs could be detected under
all of the abovementioned bin values. The standard deviations
are generally less than 10 m at most stations; at a few stations, the
standard deviations can exceed 15 m. Compared to the ITUTDs
in the 5 m bin, the percentage of uncertainty ranges widely from
0.7% to 80.7%. Further studies with the support of long-term
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Fig. 5.   Spatial distribution of the lower turning depths of the M2 internal tide (a) and the distance between the turning points and the
seafloor (b). The red dots indicate the stations where lower turning depths are not detected. The background gray contours indicate
the 3 000 m isobath.

  Liu Kun et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 2, P. 139–146 143



mooring data may be more convincing in understanding the un-
certainties and temporal variations in the ITUTDs.

3.3  Estimating turning depths with more than the traditional
Coriolis approximation
Considering their relatively shallow water depths, oceanic

motions generally have very large horizontal scales, rendering
the cosine terms of the Coriolis force insignificant such that they
are typically neglected in traditional approximations. In the pre-
vious sections, turning depths were estimated based on the tradi-
tional Coriolis definition. However, when approaching a turning
depth, the internal tidal beams are nearly perpendicular to the
horizontal plane (Paoletti and Swinney, 2012); thus, the cosine

d N (z)

term of the Coriolis force can no longer be neglected for motions
with manifestly vertical characteristics (Gerkema et al., 2008). As
the cosine terms of the Coriolis force act only in the zonal direc-
tion, the horizontal propagation direction of internal tides should
be taken into account. For internal tides propagating at an angle

 with respect to the east, the critical  can be derived following
King et al. (2012):

N
crit =

ω(f 
s + f 

c sind − ω)

f 
s − ω

, (4)

fs = Ω sin φ Ω
φ

where  (in which  is the Earth’s angular velocity
and  is  the lat i tude in  the northern hemisphere)  and
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Fig. 6.   Spatial distribution of the lower turning depths of the K1 internal tide (a) and the distance between the turning points and the
seafloor (b). The red dots indicate the stations where lower turning depths are not detected. The background gray contours indicate
the 3 000 m isobath.
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Fig. 7.   Spatial distribution of the upper turning depths of the M2 internal tide with the bin value of 5 m (a) and standard deviations of
the calculated upper turning depths with different bin values of 2–8 m (b). The background gray contours indicate the 3 000 m isobath.
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fc = Ω cos φ
d

N
crit = ω

 are the sine and cosine terms of the Coriolis para-
meter, respectively. For zonally propagating internal tides, 
equals zero (or 180°), and , which is the same as the tra-
ditional approximation.

N
crit/ω

N (z)

N
crit

N
crit

The latitudinal dependence of the critical value of ,
considering the full Coriolis force and a given internal tide
propagation direction, is shown in Fig. 8. For a fixed propagation
direction, the discrepancy of the critical  value between the
traditional approximation and the full definition increases pole-
ward. The biggest difference occurs in the vicinity of the critical
latitude (where the inertial frequency equals the tidal frequency,
i.e., 74.5° for the M2 constituent and 30° for the K1 constituent).
The SCS deep basin extends at relatively low latitudes from ap-
proximately 10°N to 20°N (the light gray areas in Figs 8a and b),
but  can still be significantly affected by the propagation dir-
ection. When internal tides propagate at a small angle relative to
the zonal direction (less than the critical latitude), the discrep-
ancy between the traditional approximation and the full defini-
tion increases with the angle (Figs 8a and b). By contrast, when
the angle between the propagation direction and the zonal direc-
tion is greater than the critical latitude (the dark gray areas in Figs
8c and d), the  term in Eq. (4) is always negative when it is
equatorward of the critical latitude, and internal tides can

N
crit

N
crit

propagate freely without any turning depth limitation. M2 intern-
al tides radiate from the Luzon Strait to the SCS along a stronger
north-westward beam and a weaker south-westward beam
(Zhao, 2014); the southwestward beam directs to the deep basin
with an approximately fixed propagation direction of approxim-
ately 225° (a 45° angle relative to the zonal direction). The critical
value of  for M2 internal tides under the full definition is ap-
proximately half of that under the traditional approximation, in-
dicating a greater turning depth. K1 internal tides radiate from
the Luzon Strait to the SCS deep basin along one main beam with
a propagation direction varying between approximately 190° and
240° (a 10°–60° angle relative to the zonal direction) under the ef-
fect of the Earth’s rotation (Zhao, 2014). The situation becomes
slightly more complicated for the K1 internal tide. During the first
half of propagation (with a propagation direction from 190° to
210°), the discrepancy of the critical value of  between the
traditional approximation and the full definition increases signi-
ficantly. Moreover, during the second half of propagation (with a
propagation direction from 210° to 240°), K1 internal tides are in-
dependent of the turning depths. These results are remarkably
different from those under the traditional approximation. In ad-
dition, the critical latitudes can be shifted by several degrees un-
der the impact of the background relative vorticity (Yang et al.,
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Fig. 8.   Latitudinal dependence of the critical value of  with full consideration of the Coriolis force and a given internal tide
propagation direction (angles in the zonal direction that are labeled on the isolines) for M2 and K1 tidal frequencies, respectively (a, b),
and schematic diagram of the range of propagation directions when the propagation of internal tides is independent of the turning
depth (dark gray patches) (c, d). The black dashed lines in a and b indicate the critical values under the traditional approximation, the
light gray patches indicate the latitude range of the South China Sea deep basin.  and  are the critical latitudes for M2 and K1

internal tides, respectively.
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2018), which suggests that an accurate prediction of the propaga-
tion of internal tides in the SCS is still very challenging.

4  Conclusions

N (z)

This study introduced the concept of the upper turning depth
in the context of internal tides and provide the first observational
evidence for the existence of internal tide turning depths in the
SCS based on both NSFS and WOD18 observations. The avail-
able data yielded a synoptic view of the spatial distribution of
both ITLTDs and ITUTDs for M2 and K1 frequencies. The results
suggest that ITLTDs exist at several abyssal stations in the SCS
deep basin and can occur at depths greater than 1 000 m above
the ocean bottom, indicating the possible existence of a broad
abyssal internal wave evanescent region. ITLTDs were distrib-
uted mainly in the southern part of the basin, likely due to the
greater water depths. ITUTDs are ubiquitous in the SCS and are
generally tens of meters from the surface. ITUTDs are located
mainly in the northeastern SCS, which is consistent with the in-
tensive sampling there. However, the estimation of ITUTDs in
this study has large uncertainties that are sensitive to the selec-
ted bin values. When the buoyancy frequencies are low enough
to reach the tidal frequencies, ocean waters are very weakly
stable. In contrast to the quiet abyssal ocean, the upper layer is
stirred by winds and surface buoyancy fluxes, and the assump-
tion that  profiles exhibit a monotonous decreasing trend
from the pycnocline to the sea surface is not always valid.

The presence of turning depths can insulate propagating in-
ternal tidal beams from colliding with the air-sea interface and
rough seafloor and thus may play important roles in the propaga-
tion and dissipation of internal tides in the SCS. In addition, in-
ternal tides generated beneath ITLTDs may be bottom trapped,
as the wave energy decays exponentially from generation sites.
That is, turning depths may affect the vertical energy dissipation
profile of internal tides and thus impact the ocean state. It is ne-
cessary but challenging to quantitatively estimate the influence
of turning depths on internal tide generation, propagation, and
dissipation processes; this may require future modeling efforts.
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