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Internal waves are widespread in oceans and play an important role in mixing. In this study, we observed some
oscillations of pycnoclines that are thought to be caused by internal waves by analyzing the vertical and temporal
variations of current speed and density during ebbs of the neap tides in the south channel of the Yangtze River

gfflfgerafl?:xber (Changjiang) Estuary. These oscillations have an amplitude of 1-2 m and a duration of 2-3 h. To explore the
Mixing mechanism of this phenomenon, topographic features of the seabed were recorded, and a huge sandbar was

observed at the place where the oscillations occurred. Therefore, we infer the oscillations in the south channel
were caused by the process that the stratified water flowed over the sandbar which induced internal hydraulics
and led to the excitation of internal waves. Froude number was calculated according to the internal-hydraulics
equations and the results verified our hypothesis that it was the interactions between the stratified water and
rapidly changing topography that triggered internal hydraulics. Internal waves caused upward-directed water
movement, which influenced the vertical transport of sediment and the vertical distribution of the suspended
sediment. Internal waves also increased the mass diffusivity coefficient (Kz) at the interface of internal waves.

Vertical transport

1. Introduction

Estuaries are transition zones between rivers and oceans (Savenije,
2006). The interactions between river flow and tides are highly dynamic
in estuaries due to the complex hydrologic drivers and geomorphic
constraints (Du et al., 2018; Hoitink and Jay, 2016; Hoitink et al., 2017).
One of the most important characteristics of estuaries is stratification.
Stratification occurs when freshwater flows into saline embayment. The
stratification varies temporally and spatially in different estuarine en-
vironments because of the interactions of river discharge, exchange
flow, and mixing (Geyer and MacCready, 2014; MacCready et al., 2018;
Wang et al., 2017). The highly stratified condition may occur due to
abundant freshwater inflow and weak tidal mixing. Stratification in-
fluences the vertical mixing of the estuaries (Wang and Geyer, 2018),
which greatly affects the physics and the vertical distributions of
chemicals and biota. Therefore, the study of dynamic processes within
stratified estuaries is crucial for understanding the estuarine dynamics
and sediment transport.

Internal waves are one kind of gravity wave in stratified fluids that
have attracted attention for many reasons. In the oceans, internal waves
are considered to be an important driving force for mixing (Armi, 1979;
Munk and Wunsch, 1998; Munk, 1966). Internal waves can cause sedi-
ment resuspension and transport in shoaling processes (Ribbe and Hol-
loway, 2001; Southard et al., 1971; Tian et al., 2019; Wright et al.,
1986), and large-scale resuspension can erode seafloor sediment and
form marine nepheloid layers (Masunaga et al., 2015; Reeder et al.,
2011). Internal waves can also shape the slope morphology and impact
the sedimentary landscape of the seabed (Cacchione et al., 2002; Puig
et al., 2004). Disturbances caused by the interactions between tidal flow
and topographic features on the seabed, density stratification, and at-
mospheric forcing are some of the causes to excite internal waves in the
oceans (Lighthill, 1978; Thorpe, 1992).

In this study, we focus our research on the south channel of the
Yangtze River (Changjiang) Estuary. Yangtze River is one of the largest
rivers all over the world which transports a huge amount of sediment to
the ocean every year (3.68 x 108 t/yr recorded from 1951 to 2015 at the
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Fig. 1. Maps showing the location of the study area (a) and the southern channel of the Yangtze River Estuary (b). The black dots show the observation sites. Station
N2 is the location where the sandbar was observed. Fig. 1c is the longitudinal topographic profile of the seabed from N1 to N3 and Fig. 1d is the latitudinal

topographic profile of the seabed from N4 to N5.
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Table 1

Detailed information about the observations, including the instruments and
their deployment locations, the observed variables, and the time intervals for
each instrument. One set of ADV and OBS were deployed on a bottom tripod and
the others were shipboard.

Instruments Observed Location Time Intervals
variables
Bottom tripod
ADV, 6 MHZ Velocity N2 (0.25 m and 10 min intervals
Nortek 0.75 m above the
Vector seabed)
OBS-3A, D&A Turbidity N2 (0.25 m and 10 min intervals
Instrument Temperature 0.75 m above the
Co. Salinity seabed)
Nortek AD2CP Turbulence N2 (bottom to 20 min intervals
surface)
Shipboard
TDRI ADCP, Velocity N2 (surface to 2s intervals
1200 kHz bottom;
Resolution: 0.2
m)
Seabird-25 Temperature N2 (surface to Hourly (6 a.m.-0 a.m.
CTD Salinity bottom) the next day); Two
OBS Turbidity hours intervals (0 a.
m.-6 a.m.)
Multibeam Topographic N1 to N3 N4 to N5
data

v

hb

Fig. 2. Schematic of a bilayer estuary. In our study area, the longitudinal slope
of 1) is much smaller than the slope of the bottom (hy), so -dh/dx mainly reflects
the longitudinal changes of the bottom (modified from Wang et al. (2015)).

Datong Station). The south channel is one of the major channel of the
estuary and a large number of ships travel cross the channel every day
for fishery or transportation, so understanding the hydrodynamics in the
channel is critical for the implementation of effective management. The
internal waves in the Yangtze River Estuary may significantly influence
the mixing and sediment transport, therefore, plays a great role in
controlling the hydrodynamics and sediment transport in the estuary.
We investigated the vertical structures of velocity, density, and oscilla-
tions in the south channel of the Yangtze River Estuary from December
16, 2018, to January 16, 2019, aiming at investigating whether internal
waves exist in the estuary and the possible mechanisms of them. Based
on the data analysis, we confirmed the existence of internal hydraulics,
and the features and possible mechanisms for their excitation, as well as
the impacts they brought to sediment transport in the estuary, were
further discussed.

2. Study area

The Yangtze River Estuary, located near the coastal area of the East
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China Sea, is one of the largest estuaries all over the world (as shown in
Fig. 1). The interactions between river flow and tides dominate the
hydrodynamics of the Yangtze River Estuary (Cai et al., 2016). The tidal
range is up to 4.6 m with its mean value of 2.7 m in the estuary. The
duration of averaged ebb tides is 7.5 h, 2.5 h longer than that of aver-
aged flood tides, indicating an irregular semidiurnal characteristic
(Zhang et al., 2012). The Yangtze River discharges fluctuate following a
wet-dry cycle due to the seasonal variations of precipitation in the up-
stream, with the maximum river discharges occurring in July and the
minimum discharges occurring in January. The maximum difference in
annual discharge is around 38,000 m3/s (Cai et al., 2016). The Yangtze
River bifurcates into four channels at the river mouth, among which the
south channel carries most of the water and sediment discharges (56% of
the total water discharge and 65% of the total sediment discharges) (Xie
et al., 2015). The total length of the south channel is around 86 km and
several sandbars were detected in the channel.

3. Methods
3.1. Data collection

We deployed bottom-mounted tripods at the station N2 (Fig. 1b)
during the periods from December 16, 2018, to January 16, 2019, and
thus, the hydrographic data were collected during both neap and spring
tides were collected. One tripod was equipped with two acoustic
Doppler velocimeters (ADV, 6 MHZ Nortek Vector) measuring 3-dimen-
sional (3D) current velocities at 0.25 m and 0.75 m above the seabed.
The ADV collected data in burst mode at 10 min intervals and the
sampling frequency within each burst was 16 Hz, recording 8192 sam-
ples in total. Additionally, time series of turbidity, temperature, and
salinity were obtained at two depths (0.25 m, 0.75 m) above the seabed
using two nephelometers (OBS-3A, D&A Instrument Co.).

Apart from the near-bed tripod measurements, a boat was anchored
to collect the vertical hydrodynamic and sediment data throughout the
water column. Vertical velocity profiles and acoustic images from 0.8 m
below the surface to depth near the seabed were obtained using a
downward-looking acoustic Doppler current profiler (TDRI ADCP, 1200
kHz) every 2s with a vertical resolution of 0.2 m (each bin size). The data
of vertical temperature and salinity profiles were collected for the whole
water column using a Seabird-25 CTD hourly from 6 a.m. to 0 a.m. of the
next day and every two hours from 0 a.m. to 6 a.m. The vertical profiles
of suspended sediment concentration (SSC) were collected simulta-
neously with in-situ water-sample calibrated OBS turbidities. Turbulence
dissipation rates in the water column, the rates at which turbulence
kinetic energy is converted into thermal internal energy, were calculated
using the data of Nortek AD2CP (16 Hz) every 20 min. We also collected
topographic data by multibeam from the stations N1 to N3 and N4 to N5
(Fig. 1b), respectively. More details on the instruments we used, the
observed variables, the location, and the time intervals are shown in
Table 1 and Fig. 1.

3.2. Richardson number calculation

The parameterization of the condition that determines estuarine
stratification is one of the most crucial aspects of estuarine dynamics.
Brunt-Vaisala frequency (N2) and Richardson number (Ri) are
commonly used parameters to reflect the status of stratification and
stability (Geyer and Ralston, 2011). They are expressed as:

p)
n=-_82 [
p dz
2
- [2]
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in which u(z) is the velocity (m/s) at the depth of z (m). g is the gravi-
tational acceleration (m/sz) and p is the density of the water (kg/m3). N2
is an intrinsic frequency related to static stability. The frequency of the
oscillation relies on the static stability: the more stratified the water
column, the higher the static stability and the higher the N2 Ri is a non-
dimensional parameter used to express the trade-off between stratifi-
cation and mixing. If Ri > 0.25, the stratification is strong and the ve-
locity shear is small. If Ri < 0.25, the stratification is weak and the
velocity shear is large, which is favorable to vertical mixing.

3.3. The internal-hydraulics equations

Internal hydraulic in highly stratified estuaries is typically studied by
dividing the estuary into upper and lower layers separated by the pyc-
nocline. This approach is based on the assumption that exchanges be-
tween the upper and the lower layer are slow compared to advective
processes within each layer (Schijf and Schonfled, 1953; Stommel and
Farmer, 1952).

Following Wang et al. (2015), a schematic of the bilayer structure is
shown in Fig. 2 and the baroclinic momentum equation for the neap tide
could be written as:

2019/1/16 -0.6=log,,0.25

Time (h)

where dh;/0x indicates the slope of the interface, G? is defined as
composite Froude number (G®> = F3+F3) and z = -hy represents the
vertical position of the interface (as shown in Fig. 2). The terms on the
right-hand side (rhs) of Eq. (3) are abbreviated as a time-dependent term
(TDT), a volume-dependent term (VDT), a depth-dependent term (DDT),
a friction-dependent term (FDT) and a width-dependent term (WDT).
TDT is correlated to the time variations of vertical velocity shear. VDT
corresponds to the longitudinal variations of the volume flux of the
lower layer. DDT is correlated to the bottom slope. FDT is associated
with the bottom friction and WDT is caused by the longitudinal varia-
tions of the estuary.

Flow over sills in fjords is one of the practical applications of two-
layer hydraulics (Geyer and Ralston, 2011). Because the slope of the
seabed, dhy/0x, is much larger than Cp at the station N2 (0.0045 vs.
0.0025), the bottom topography plays a more important role than fric-
tion, thus FDT is ignored in our analysis. Considering a steady flow with
increasing width (like the Yangtze River Estuary), the rhs of Eq. (3) can
be reduced to DDT and WDT (Geyer and Ralston, 2011). Due to the lack
of data to calculate term B, we estimated the values of WDT and DDT to

ah] a(ul - Mz) 1 Uup Uy an 6h (M2 - uz) ()B

1)L ", - (22 IX2 ot g2 S S Vi

( G ) Ox got gB\h hy) ox 2ox FHG + gB  ox
DT VDT DDT FDT wDT [3]
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Fig. 4. Vertical distributions of current speed (cm/s), density (kg/m3), Brunt-
Vaiisila frequency (N2, s~2), and Richardson number (log;o(Ri)) from December
23 to 24, 2018 when no internal waves were detected. Positive velocities are
seaward-directed.

obtain the signal of the left side of the Eq. (3) in this study. Although we
have no direct evidence, it is reasonable to assume that 0B/0dx is positive
as B increases downstream along the channel.

4. Result

4.1. Topography

Topographic features on the seabed are considered to be one of the
main reasons for the excitation of internal waves and huge sandbars
were observed in the middle of the southern channel (as shown in
Fig. 1b, ¢, and 1d). The steepest slope is at N2 station where the river
mouth sandbar is located. The water depth above the sand bar varies
from —2 m to —8 m in a longitudinal distance of ~1.3 km, so the slope
ohyp/0x at the station N2 is around 0.0045 (hy is the elevation of the
seabed), which is much higher compared to the averaged value of
0.0003 in the south channel. As a result, the sandbar behaves as a nat-
ural barrier for water flowing over it. The area from N1 to N2 is within
the southern channel and the area from N2 to N3 is located outside of the
river mouth. The water depth (h) decreases from N1 to N2 and increases
from N2 to N3.

4.2. Vertical profiles of hydrodynamic properties

Two events of pycnocline oscillations occurred at N2 station during
the observation (one month). The first event was on December 30 and
the second was on January 15, both of which occurred during neap tides.
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During each event, the oscillations occurred more than one time and the
correlated data were analyzed for three tidal cycles (as shown in Fig. 3).
The data on December 23 and 24 when there were no oscillations were
used for comparison (Fig. 4).

As shown in Fig. 3, the maximum current speeds were around 1.3 m/
s and 1.4 m/s for flood tides and ebb tides, respectively, during the first
period of oscillation from December 30 to 31, 2018 (Fig. 3a); and around
1.2 m/s and 1.1 m/s for flood tides and ebb tides, respectively, during
the second period of oscillation from January 15 to 16, 2019 (Fig. 3b).
The maximum current speeds were around 1.6 m/s and 1.4 m/s for flood
tides and ebb tides from December 23 to 24, 2018 when no oscillation
occurred (Fig. 4a).

The vertical density profiles, as shown in Fig. 3c, d, and 4b, were
calculated based upon temperature and salinity. The vertical distribu-
tions of density varied within tidal cycles. During high water of the first
period of oscillations, the density reached up to 1015.5 kg/m® at the
bottom and was around 1006.0 kg/m® at the surface (as shown in
Fig. 3c). For low water, the density was low throughout the entire water
column (1003.0 kg/m? at the bottom and 1000.5 kg/m? at the surface)
(as shown in Fig. 3c). Similarly, in the second period of oscillations, the
density reached up to 1013.0 kg/m? at the bottom and was 1009.0 kg/
m?® at the surface for the high-water period (as shown in Fig. 3d), and the
density changed to be more uniform during the low-water period
(around 1006.5 kg/m?® at the bottom and around 1005.0 kg/m® at the
surface). From December 23 to 24, 2018, the density was vertically
uniform both during the flood and the ebb. The maximum density was
around 1013.0 kg/m® during the ebb and around 1005.0 kg/m® during
the flood (as shown in Fig. 4b). The high-density gradient in Fig. 3c and
d clearly showed the stratified condition with two different density
layers divided by the pycnocline. On the other hand, the vertical uni-
form density profile in Fig. 4b showed a low stratified condition.

The time series of pycnoclines in Fig. 3c and d showed oscillations of
the interface between the upper and the lower layers (as shown in black
rectangles). No oscillations were detected in Fig. 4b. In Fig. 3c, oscilla-
tions were found during the following periods: 15:00 to 22:00 on
December 30, 2018, and 6:00 to 15:00 on December 31, 2018. In Fig. 3d,
oscillations were found during the following periods: 6:00 to 9:00, 19:00
to 23:00 on January 15, and 8:00 to 13:00 on January 16, 2019. These
oscillations had amplitudes of 1-2 m and a duration of 2-3 h, most of
which occurred during ebb tides at the intervals between the high water
and the low water. As these oscillations happened close to the huge
sandbar, we proposed a hypothesis that these oscillations were caused
by internal hydraulics when stratified water flowed over the abruptly
changing seabed (Farmer and Armi, 1999). To test this hypothesis, the
Froude number was calculated using the internal-hydraulics equation
(See section 4.3).

Brunt-Vaisala frequency (N2) was calculated to show the stratifica-
tion status of the water column. As shown in Fig. 3e and f, high values of
N2 (>0.02 s72) were found at the interface during the ebb tides (as
shown in black rectangles). The high values of N? indicated highly
stratified conditions at the interface. In Fig. 4c, the values of N? were less
than 0.001 throughout the profile during the whole time period, indi-
cating low stratification of the water column.

The impacts of the internal waves on the velocity shear (du/dz)?
were shown in Figs. 7b, 9b and 11b. As shown in the black rectangles in
Figs. 7b and 9b, the values of (du/dz)? increased at the interface when
internal waves happened (> 0.2 s~ in Fig. 7b and > 0.04 s2in Fig. 9b).
On the other hand, during the time period when no internal waves were
detected, Fig. 11b showed the values of (du/dz)® were low in the middle
of the water and high at the surface and the bottom (about 0 s~2in the
middle of the water and > 0.05 s~ at the surface and bottom). There-
fore, when internal waves occurred, the significant differences in cur-
rents between the upper and lower layer caused high-velocity shear at
the interface.

Richardson number (Ri) was calculated to show the stability of the
water column. The log;o(Ri) was used instead of Ri because the values of
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Ri reached very high at the interface. As shown in Fig. 3g and h, high
values of log;o(Ri) (exceeding —0.6, which means the values of Ri to be
larger than 0.25) were found at the interface, indicating the stable

condition of the interface (as shown in black rectangles). However,
during the time periods when internal waves happened, the values of
logio(Ri) dropped to around —0.6 at the interface (as shown in red
rectangles in Fig. 3g and h). It indicates that internal waves weakened
the stability of the water at the interface. In Fig. 4d when no internal
waves were detected, the values of log;o(Ri) were low throughout the
profile.

4.3. Mechanism of pycnocline oscillations

According to Eq. (3), the right side can be simplified to DDT and
WDT. In the south channel of the Yangtze River Estuary, the width of the
estuary (B) increases downstream. Water depth reduces downstream
due to the sandbar. Thus, oh/dx is negative and DDT is positive. Further,
0B/0x is positive and the average velocity of the upper layer (u;) is either
higher than the lower layer (uy) or the same, so WDT is either positive or
close to 0. Therefore, the right side WDT + DDT is always positive,
indicating that the left side of the equation is positive. The left side of the
equation is determined by oh; /dx and (1-G?). G? is defined as composite
Froude number and the term oh; /dx reflects the trend of pycnocline at
the interface. When G2 > 1, (1- G?) is negative, dh;/dx should be
negative. On the other hand, when G%<1,0h /0x is positive. When oh; /
ox is negative, the pycnocline goes upwards, and vice versa. When the
horizontal gradient oh; /dx varies between positive and negative values,
the pycnocline fluctuates in the water column, triggering the internal
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hydraulics and exciting internal waves.

By examining the variations of G2, we can predict the occurrence of
internal hydraulics. The loglo(GZ) is used instead of G® for a better
presentation. From 19:00 to 20:00 on December 30, 2018, and 8:00 to
9:00 on December 31, 2018 (as shown in Fig. 5a), the values of loglo(GZ)
were below 0, which means the values of G*> were smaller than 1.
Similarly, during the periods 7:00, 19:00 on January 15, and 8:00 to
9:00 on January 16, the calculated low values of G? (<1, as shown in
Fig. 5b) were found. The fluctuation of the values of G? confirms our
hypothesis that it was the stratified water flowing over the sandbar that
triggered internal hydraulics and exciting internal waves. As the two
events of internal hydraulics were observed within one month, it is
inferred that internal waves occur occasionally in the south channel of
the Yangtze River Estuary due to water stratification and the huge
sandbar.

5. Discussion

Internal waves are considered to be an important driving force for
mixing in oceans (Armi, 1979; Munk and Wunsch, 1998; Munk, 1966).
In estuaries, internal waves are important as they also affect suspended
sediment concentration (SSC) and sediment transport by influencing
mixing. Besides, as sediment particles carry organic and inorganic
matters, interval waves also influence the transport of organic and
inorganic matters in estuaries.

The vertical SSC profiles are shown in Fig. 6a (from December 30 to
31, 2018), Fig. 6b (from January 15 to 16, 2019), and Fig. 6¢ (from
December 23 to 24, 2018). The SSC changed within tidal cycles. In the
first period of oscillations, the values of SSC reached up to 1.8 g/L at the
bottom and were close to 0 g/L at the surface. During periods of high

water or low water, the values of SSC were low for the entire water
column (0.6 g/L at the bottom and close to 0 g/L at the surface, Fig. 6a).
Similarly, in the second period of oscillation, the values of SSC reached
up to 0.34 g/L at the bottom and were around 0.02 g/L at the surface
(Fig. 6b), respectively. In Fig. 6¢, the values of SSC reached up to 1.3 g/L
at the bottom and were around 0.1 g/L at the surface. Fig. 6a and b show
the highly stratified condition of the SSC and Fig. 6¢ indicates low
stratification of the SSC.

As shown in Fig. 6¢, during the period without internal waves, the
variations of SSC were controlled by tidal currents and no oscillation of
SSC was observed. In contrast, during the period with internal waves,
the vertical SSC profiles show oscillations simultaneously (as shown in
red rectangles in Fig. 6a, b, and Fig. 3c, d). The similar oscillations of SSC
to that of the pycnocline indicates that the internal waves influenced the
vertical distributions of the suspended sediment. When internal waves
were at their crests, the oscillations of the SSC were at their crests too,
and vice versa.

Mass diffusivity coefficient (Kz) is an important parameter in the
dynamics of suspended sediment which shows the status of sediment
diffusion. In estuarine environments, where the water is stratified, the
Kz could be calculated as (Mehta, 1989; Ross, 1988):

Kz

Kn= (14 axRi)” [4]

where Kn is the neutral diffusivity. In order to account for the influences
of tidal current, we use the Von Karman expression (x=0.408) for Kn
which applies to turbulent open-channel flows (Mehta, 1989). a and p
are empirical coefficients and according to Mehta (1989), a = 10 and §
= 1. Ri is the Richardson number shown in Eq. (2) but here p in Eq. (1) is
considered the density of the water and sediment (py). pm could be
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(c), 23:00 (d) and January 16 8:00 (e). Kz and (du/dz)? increased at the same heights in all time points.

calculated as (Guan et al., 2005):

pu=C+2%(p,—C)

s

[5]

where C is the SSC (kg/m®), Py is the density of seawater (kg/m>), ps is
the density of the dry sediment (=2650 kg/m®).

We calculated the values of Kz during three time periods: December
30, 2018, January 15, 2019, and December 23, 2018. The results are
shown in Figs. 7, 9 and 11. In Fig. 7, when internal waves happened on
December 31 8:00, 11:00, and 14:00, the values of (du/dz)? increased at
the interface, causing the values of Kz increasing at the same time (as
shown in the black rectangles in Fig. 7a and b). Fig. 8 showed the ver-
tical distributions of the Kz and (du/dz)2 at these three points of time.
The values of Kz and (du/dz)? increased at the same heights. Similarly,
in Fig. 9, when internal waves occurred at the time points January 15
8:00, 19:00, 21:00, 23:00 and January 16 8:00, both the values of (du/
dz)?, and Kz increased at the interface simultaneously (as shown in black
rectangles in Fig. 9a and b). Fig. 10 showed the vertical distributions of
Kz and (du/dz)? at the five points of time with the same increasing trend
at the interface as the other period. On the other hand, when no internal
waves were detected, both the values of the (du/dz)? and Kz were low at
the middle of the water (Fig. 11). In conclusion, the internal waves
increased (du/dz)? at the interface, which then leads to a high mass
diffusivity coefficient (Kz) simultaneously at the same location.

Vertical distributions of vertical velocity (w) during December 31
6:00 to 15:00, January 15 17:00 to January 16 3:00, December 23 23:00
to December 24 9:00, were analyzed and shown in Fig. 12a, b, c,
respectively, to evaluate the impacts of internal waves on w and the
vertical transport of suspended sediment. The vertical profile covered
the water column from 1 m above the seabed to the water surface. The
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upward-directed flow was observed simultaneously with the appearance
of internal waves. The upward-directed flow occurred below the inter-
face of internal waves or throughout the whole water column (as shown
in black rectangles in Fig. 12a and b), carrying sediments up. Calcula-
tions of vertical sediment transport showed that around 17.3 t and 28.8 t
sediment moved upwards at 1 m height during the first period
(December 31 12:00 to 14:00), and the second period (January 15 20:00
to 24:00), respectively.

The turbulence dissipation rate (¢) is the rate at which turbulence
kinetic energy is converted into thermal internal energy, which is rele-
vant to turbulence energy. The values of turbulence dissipation rate
increase when internal waves break. We calculated € with the method of
Pwelch (Monin et al., 1985; Vassilicos, 2015) and the results are pre-
sented in Fig. 13. Similar trends of the turbulence dissipation rate were
found during the periods with and without internal waves (Fig. 13a vs.
Fig. 13b), demonstrating that the turbulence dissipation rate had no
correlations with the occurrence of internal waves. It means we didn’t
observe the breaking of internal waves at this place. These internal
waves might spread and break elsewhere.

Internal waves are widely investigated in stratified coastal oceans
and have been tested to play an important role in enhancing turbulent
mixing and transport of sediments and biochemically important mate-
rials (Hosegood and van Haren, 2004; Omand et al., 2011). Most in-
ternal waves are triggered by stratified water flowing over topography
such as banks and sills. The observations in the south channel of the
Yangtze River Estuary demonstrated that because of the sandbars at the
channel, topography can be a cause of internal waves. The internal
waves in the Yangtze River Estuary occurred during ebb tides between
the interval of high water and low water, which was temporally
consistent with former studies in estuaries (Farmer and Armi, 1999;
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Geyer and Farmer, 1989; Held et al., 2019). In some other estuaries, the
breaking of internal waves can weaken stratification and induce vertical
mixing of sediment (Birch and Sundermeyer, 2011; Held et al., 2019;
Leichter et al., 2005), leading to the diffusion of sediment into the upper
water layer and significantly increased sediment transport. In this study,
we didn’t observe the breaking of the internal waves because the
observed data were limited to one-station. Therefore, the impacts of the
breaking of internal waves in the Yangtze River Estuary on the stratifi-
cation and vertical mixing were not analyzed. Moreover, the important
characteristics of internal waves, propagation, and the spread of these
oscillations, was not observed due to the limitation of one-station data.
Therefore, further researches with spatial varied dataset are needed to a
deep understanding of internal waves dynamics in the Yangtze River
Estuary.

6. Conclusion

Based on the analyses of the one-month observed data from
December 18, 2018, to January 17, 2019, it is confirmed that internal
waves existed during the ebb of neap tides at the south channel of the
Yangtze River Estuary. During neap tides, the water flow became
stratified and suitable for the excitation of internal waves. These internal
waves were triggered by stratified water flowing over the sandbars,
which created internal hydraulics. Vertical distributions of suspended
sediment concentration (SSC) showed similar oscillation patterns as the
internal waves, which indicates that the internal waves influenced the
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vertical distribution of the sediment. The results of the mass diffusivity
coefficient (Kz) analysis showed that the internal waves increased Kz at
the interface. Internal waves caused upward-directed flow (w), leading
to the vertical transport of sediment.

Further researches on internal waves are needed as they would be
affected by climate changes and human activities. Floods can intensify
the stratification of water in estuaries and increase the occurrence of
internal waves. Human activities such as sand-excavating in estuaries
may cause internal waves to move upstream. Enclosing tideland for
cultivation may also affect internal waves.
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