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Abstract

We use a high-resolution numerical simulation to analyze the generation and evolution of semidiurnal internal tides in
the Weddell-Scotia Confluence. Our results indicate that two ridges near the Antarctic Peninsula, the South Scotia
Ridge (SSR) and the Philip Ridge (PR), are energetic sources of semidiurnal internal tides. The strongest semidiurnal
barotropic to baroclinic energy conversion occurs around the crest of the SSR, reaching 0.3 W/m2. The depth-
integrated, tidally averaged semidiurnal internal tide energy fluxes that radiated from the SSR reach about 2 kW/m. The
northward semidiurnal internal tide energy fluxes entering the Scotia Sea are stronger than the southward energy fluxes
entering the Powell Basin. For the SSR region between the South Orkney Plateau and Elephant Island, the area-
integrated barotropic to baroclinic conversion rate is 0.71 GW, of which 0.56 GW (79%) dissipates locally. The
dissipation of internal tides occurs mainly in water depths of less than 1 000 m. The dissipation rate over the SSR is as
high as 1077 W/kg. The energy fluxes create an anticlockwise gyre between the SSR and PR. The horizontal kinetic
energy and available potential energy oscillate sinusoidally with peaks occurring at quarter-wavelength intervals. This
energy pattern suggests the formation of standing waves due to interference between the semidiurnal internal tides
originating from the SSR and PR. The results of this study show that internal tides and related mixing need to be
considered in the analysis of water mass transformation in the Southern Ocean.
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1 Introduction Alford et al., 2015; Zhao et al., 2016; Min et al., 2023).

These internal tides can propagate thousands of kilome-

Internal tides generated by barotropic tidal motions
over topography features (e.g., shelf breaks, ridges, moun-
tains, and canyons) are broadly distributed over the
world’s oceans (Kerry et al., 2013; Vlasenko et al., 2014;

ters before they dissipate (Zhao et al., 2016; Zaron, 2019).
Low-mode internal waves can propagate long distances
(Zhao et al., 2016), while high-mode waves tend to dissi-
pate near their generation site (St Laurent and Nash, 2004;
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Klymak et al., 2008). The breaking of internal tides con-
tributes considerably to diapycnal mixing in the world
ocean (Waterhouse et al., 2014; Wang et al., 2016; MacK-
innon et al., 2017). Quantifying where and how internal
tides dissipate is vital to understanding oceanic tidal ener-
gy transfer.

The South Scotia Ridge (SSR), northeast of the
Antarctic Peninsula, separates the Scotia Sea from the
Weddell Sea (Fig. 1). It has complex topography. The
SSR is an important gateway for dense water of the Wed-
dell Sea to enter the Scotia Sea and ultimately the global
ocean, playing a notable role in global meridional over-
turning circulation (Naveira Garabato et al., 2002; Mered-
ith et al., 2015).

The Weddell-Scotia Confluence lies poleward of the
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critical latitude at which the tidal constituent frequency
(w) matches the local inertial frequency (f) for diurnal
tides. Therefore, freely propagating diurnal internal tides
cannot be generated. However, semidiurnal internal tides
can occur, radiating out from the Weddell-Scotia Conflu-
ence. Semidiurnal barotropic tidal currents, which can
reach tens of centimeters per second (Robertson et al.,
1985), are an important component of the total velocity
field over the SSR region. Barotropic tidal currents affect
mass exchange (Zhou et al., 2020) and the Antarctic Ice
Sheet (Padman et al., 2018). Interaction of the barotropic
tidal currents with the SSR results in the formation of in-
ternal tides. These internal tides can affect large-scale
ocean circulation, transport of nutrients and momentum
(Bennetts et al., 2024). Besides, the internal tides can in-
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Fig. 1. Bathymetry of the model domain (a), and sea surface subtidal currents (black arrows) and sea surface tempera-
ture (colors) (b). The three red asterisks in a indicate the positions of the tide gauges. Bathymetry contours at —100 m,
=500 m, —1 000 m, =3 000 m, =5 000 m. AP: Antarctic Peninsula; SOP: South Orkney Plateau; HT: Hesperides
Trough; TR: Terror Rise; OR: Ona Rise; EI: Elephant Island; SFZ: Shackleton Fracture Zone; sbACC: southern bound-
ary of the Antarctic Circumpolar Current; ASF: Antarctic Slope Front.
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fluence the local turbulent mixing when they impinge on
steep topography (Guo et al., 2016).

Previous studies have shown that the Weddell-Scotia
Confluence is a hotspot of semidiurnal internal tides (Sim-
mons et al., 2004; Robertson, 2005; Padman et al., 2006;
Heywood et al., 2007; Buijsman et al., 2020). A global
simulation by Simmons et al. (2004) indicated that the
SSR is an important source of M, internal tides. The
depth-integrated, time-averaged energy fluxes can reach
as high as about 10 kW/m. However, Padman et al. (2006)
suggested that the SSR energy fluxes of Simmons et al.
(2004) may be overestimated, and the energy is sensitive
to grid resolution and stratification. Note that both studies
above were based on horizontal homogeneous stratifica-
tion, which cannot accurately characterize the complexity
of regional stratification. Therefore, the dynamics and en-
ergetics of internal tides in the Weddell-Scotia Conflu-
ence merit further investigation.

Internal tides from different source sites will interfere
with each other, creating complex interference patterns
(Kelly and Nash, 2010; Rainville et al., 2010; Nash et al.,
2012; Kerry et al., 2013; Buijsman et al., 2014; Wang
et al., 2018, 2021). Under the right conditions standing
waves may form (Buijsman et al., 2014). In the Luzon
Strait, internal tides generated from two parallel ridges
create a standing wave pattern with their interference
(Buijsman et al., 2014). The formation of standing waves
could lead to enhanced dissipation (Waterhouse et al.,
2014; Hamann et al., 2021). The area of the Weddell-
Scotia Confluence includes topographic features similar
to those in the Luzon Strait. Whether standing waves
are formed and how the dissipation of internal tides
distributes are intriguing problems that need to be investi-
gated.

The goals of this study are to (1) identify likely semi-
diurnal internal tide generation sites and pathways, (2) spe-
cify the dissipation characteristic of the semidiurnal inter-
nal tides, and (3) study the interference of internal tides
from two almost parallel ridges. The remainder of this pa-
per is arranged as follows: Section 2 presents the numeri-
cal model and model setups, analysis methods, and model
validation. Section 3 analyzes the spatial patterns of the
semidiurnal barotropic-to-baroclinic energy conversion
rate, energy fluxes, and dissipation. Semidiurnal standing
waves are discussed in Section 4. Section 5 presents our
conclusions.

2 Methods

2.1 Numerical model and model setup

The numerical modeling is conducted using the Mas-
sachusetts Institute of Technology general circulation
model (MITgem) (Marshall et al., 1997). The simulation
has a horizontal resolution of about 1.7 km x 1.7 km
Ax=(1/32)°,Ay = (1/64)°]. In the vertical, there are 100 lay-
ers with thickness increasing from 5 m in the upper 200 m
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to 240 m near the bottom. The bottom stress is parameter-
ized using a quadratic scheme with a bottom drag coeffi-
cient of 0.002 5. A sponge layer is imposed over 20 grid
cells at each lateral boundary to suppress the reflection of
baroclinic waves (Li, 2014; Zeng et al., 2021). We use hy-
drostatic approximation, which is suited for the simula-
tion of internal tides with horizontal scales notably larger
than vertical scales.

The initial and boundary conditions are extracted from
Hybrid Coordinate Ocean Model (HYCOM) data (http://
tds.hycom.org/thredds/catalog.html) (Chassignet et al.,
2007). The model is initialized with spatially interpolated
HYCOM time-averaged data from January to March
2020. It is forced with HYCOM time-averaged data from
January to March 2020 for the subtidal circulation forcing
at the open boundaries. Eight major tidal constituents (M,,
S,, N,, K,, K, Py, O, and Q,) are applied as tidal forcing
at the open boundaries. The amplitudes and phases of
these tides are derived from the TOPEX/Poseidon Global
Inverse Solution 7.2 (TPXO 7.2) (Egbert and Erofeeva,
2002).

The horizontal viscosity A, and diffusivity A, are both
set to 1072 m?%/s. The vertical viscosity 4, and diffusivity

A, are estimated according to the PP81 scheme
(Pacanowski and Philander, 1981) as follows:
Yo
1=+ Wb,
(1+a Ri) )
A= .t Kb,
1+aRi

where w,= 1075 m?%/s and «,= 1075 m?/s represent the back-
ground viscosity and diffusivity, respectively; vo = 1.5 x
102 m?/s, @ = 5, and n = 1 are the adjustable parameters;
Ri=N?(z) /(2 ++2) is the Richardson number, « and v are
zonal and meridional velocities; and N(z) is the buoyancy
frequency. These parameters have been verified in previ-
ous studies on internal tide dynamics (Vlasenko et al.,
2018; Min et al., 2023).

We use the polynomial equation of state (EOS),
known as the MDJWF equation (McDougall et al., 2003).
The model bathymetry is based on the General Bathymet-
ric Chart of the Oceans (GEBCO) dataset, which has a 15
arc-second resolution. The time step of the model is set to
10 s to satisfy the Courant—Friedrichs—Lewy (CFL) condi-
tion. The simulation is run for 30 d, and results from the
final 15 d are used for detailed analyses. The model out-
put is saved hourly. The simulated results are semidiurnal
band-pass-filtered (10-16 h) to focus on the semidiurnal
internal tides.

2.2 Theory

The depth-integrated, period-averaged baroclinic ener-
gy equation is (Buijsman et al., 2012a; Siyanbola et al.,
2024)

(C)=v-(F)+(D)+R @


http://tds.hycom.org/thredds/catalog.html
http://tds.hycom.org/thredds/catalog.html

120

where C is the barotropic-to-baroclinic energy conversion
rate, F denotes the baroclinic energy flux, D is the dissi-
pation term due to eddy viscosity, and R is a residual term
that includes the energy tendency term, wave-wave and
wave-mean flow interaction terms, and offline computa-
tion errors. The brackets () denote the integration from
the bottom to the surface, and the overbar represents time
averaging.
The perturbation density is

P (x6,y,2,0 = p(x,y,2,8) — pp (x,,2) — po, 3)

where p is the instantaneous density, p, is the background
density, and p, is the constant reference density. The hori-
zontal perturbation velocity due to wave motion is

' (z,t)=u(z,0)-u(2)-U(@), 4

where u = (u,v) is the instantaneous velocity, u is the time-
mean of that velocity, and U is the horizontal barotropic
velocity calculated according to the baroclinicity require-
ment as follows:

1
H+n

f:]Hu’ (z,t)dz =0. 5

where H is the depth and 7 is the sea surface elevation.
The perturbation pressure is

P @0 = par+ [0 G0 gdz, ©)

1 o, . .
Psurf (l) = _mj—HL P (Z, l‘)gdZdZ, (7)

where g is the gravitational acceleration. The horizontal
baroclinic energy flux is determined by

F=up. (8)

The depth-integrated barotropic-to-baroclinic energy
conversion rate is defined as

(C) = p'(=H, 1) Wi, &)
where wy =U-V(-H) is the vertical component of baro-

tropic velocity. The energy dissipation term D in Eq. (2) is
calculated as (Buijsman et al., 2012a; Siyanbola et al.,

2024)
(814’)2 (814’)2 (81}’)2 (81}’)2
0x oy 0x oy
( ou’ )2 ( oV )2
0z 9z ) |

where ¢ is the dissipation rate, and «’ and v are the baro-

D = poe = po An

po Az (10)
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clinic horizontal velocities along the x and y coordinates,
respectively. Baroclinic horizontal kinetic energy (HKE)
density is determined by

1 , ,
HKE:po(u2+v2). 11
Baroclinic available potential energy (APE) density is de-
termined by

APE= |7 ¢lon @+ -po(@) |2 (12)

where ¢ is the vertical displacement of a fluid particle due
to wave motion.
The criticality parameter is calculated as

¥ = VHI [ (@ = N2 - a2),

which is the ratio between the bottom topography slope
and the internal tide beam angle, where |VH|=
\/(BH/ax)2+(8H/ dy)*. The criticality parameter is used to
distinguish between supercritical topography (y>1) and
subcritical topography (y < 1). The topography is critical
when y =1 (Kang and Fringer, 2012).

2.3 Model validation

(13)

The simulated tidal velocity ellipses of the two major
semidiurnal tidal constituents (M, and S,) are consistent
with the TPXO results (Fig. 2). The minor differences
near the SSR are probably caused by differences in topog-
raphy between our model and the TPXO solution. The
magnitudes of the M, and S, constituents are very similar,
with maximum velocity reaching about 0.1 m/s in the SSR
region. The directions of the major axes of two con-
stituents’ tidal ellipses are generally consistent. The ma-
jor axes are perpendicular to the isobaths in the SSR re-
gion, which favors the generation of internal waves.

The modeled sea surface heights are then compared
with the tide gauge data provided by Howard et al. (2020)
at the stations labeled in Fig. 1a. The absolute root-mean-
square error (RMSE) is calculated following Cummins
and Oey (1997) as

1
E= \/E (A2+A%) - Ao Am cos (Go—G), (14)

where A is the tidal amplitude, G is the phase, and sub-
scripts o and m indicate observations and model, respec-
tively. For the tide gauge near the SOP (Table 1), the esti-
mated £ for the M, and S, tidal constituents is 0.014 m
and 0.035 m, respectively. The relative error E/A,, is 3.1%
and 13.8%, respectively (mean error 8.5%). For the tide
gauge near the Antarctic Peninsula (Fig. 1a), the relative
error is 8.3% and 15.0%, respectively (mean error 11.7%).
These data indicate that the model results are generally
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Fig. 2. Comparison between modeled and TPXO M, (a) and S, (b) tidal velocity ellipses. Blue tidal ellipses are the
barotropic M, and S, constituents from the model, and red ellipses are TPXO predictions for the M, and S, constituents.
Bathymetry contours are =100 m, =500 m, —1 000 m, —3 000 m, and —5 000 m.

Table 1. Comparisons of observed (Obs) and modeled (Mod) tidal components (M,, S,) amplitudes and phases at the

three stations shown in Fig. 1a

Station Constituent Amplitude(Obs/Mod)/cm Phase(Obs/Mod)/(°) E/cm (E/A )%
S1 (45.6°W, 60.7°S) M, 45.3/44.2 264.1/266.3 1.4 3.1
S1 (45.6°W, 60.7°S) S, 25.2/28.8 290.7/297.8 3.5 13.8
S2 (54.717°W, 60.85°S) M, 43.4/42.0 277.0/279.9 1.8 4.2
S2 (54.717°W, 60.85°S) S, 21.7/26.7 323.0/328.1 3.9 18.0
S3 (56.983°W, 63.383°S) M, 63.0/57.2 275.0/279.4 5.2 8.3
S3 (56.983°W, 63.383°S) S, 40.0/45.3 312.0/320.8 6.0 15.0

Note: E and 4 are defined in Eq. (14).

consistent with the tide gauge data. The above analysis
confirms the reliability of semidiurnal barotropic tide sim-
ulation.

3 Results

3.1 Sources and energetics of the semidiurnal
internal tides

In what follows we evaluate the depth-integrated,
tidally averaged values of Eq. (2). Time averaging is per-
formed over the last 15 d of the simulation. The depth-in-
tegrated, tidally averaged barotropic to baroclinic semidi-
urnal conversion rates are shown in Fig. 3. The spatial dis-
tribution of the conversion rates suggests multiple sources
of semidiurnal internal tides in the Weddell-Scotia Con-
fluence. The conversion rates are significant mainly along
the SSR. The barotropic to baroclinic energy conversion
rate over the SSR reaches 0.3 W/m2, which is comparable
with that of some semidiurnal internal tide hotspots in the
Pacific Ocean (e.g., I-Lan Ridge, Southern California
Bight, and Aleutian Archipelago, the Izu-Ogasawara
Ridge) (Buijsman et al., 2012b; Masunaga et al., 2018;
Chang et al., 2019; You et al., 2023).

The three primary semidiurnal internal tides sources
are indicated by three boxes in Fig. 3a. In the SFZ region
(Box 1) the area-integrated conversion rate is 0.13 GW.

Morozov (2018) used mooring observations and numeri-
cal modeling to show that internal tides can be generated
from Shackleton Ridge. The area-integrated conversion
rate in Box 1II is 0.71 GW, much larger than that of Box
I and Box III (0.07 GW). As shown in Figs 3b and c, the
barotropic to baroclinic energy conversion occurs mainly
in areas with critical and supercritical topography. Some
negative conversion occurs in the SSR region, due to the
interference of multiple semidiurnal internal tide sources
(Zilberman et al., 2009; Kelly and Nash, 2010; Kang and
Fringer, 2012). Since the main barotropic to baroclinic
semidiurnal energy conversion occurs in the area indicat-
ed by Box I (contributes about 70% of the total conver-
sion), the following sections will focus on this region.

3.2 Radiation paths of the semidiurnal internal
tides

Spatial maps of depth-integrated, tidally averaged
baroclinic energy fluxes illustrate the radiation paths of
the semidiurnal internal tides (Fig. 4). The semidiurnal in-
ternal tides energy fluxes are largest near the SSR (with a
magnitude of about 2 kW/m). The semidiurnal internal
tides generated over the SSR and PR propagate north-
ward to the Scotia Sea and southward to the Powell Basin.

The energy fluxes show south-north asymmetry in the
SSR region. The northward energy fluxes spread, and the
southward energy fluxes tended to focus due to the arc-
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Fig. 4. Depth-integrated, tidally averaged semidiurnal energy fluxes (Region II in Fig. 3a). The background color

shows the magnitude of the semidiurnal energy fluxes. The red dashed lines represent Transects A and B that shown in
Figs 5 and 7. TR: Terror Rise; OR: Ona Rise; PR: Philip Ridge; SSR: South Scotia Ridge.



Min Wenjia et al. Acta Oceanol. Sin.

like SSR. The northward energy fluxes entering the Sco-
tia Sea are stronger than the southward energy fluxes en-
tering the Powell Basin. The energy flux pathways are
significantly modified by the small topography features.
For example, the northward propagating energy fluxes,
indicated by Transect B, meander due to the Terror Rise.
The northward energy fluxes indicated by Transect A
are modified by the Ona Rise (Fig. 4). East of Transect B,
semidiurnal internal tides with energy fluxes of about
0.6 kW/m propagate southward to the Powell Basin and
almost all the way along the isobath.

Anticlockwise energy flux patterns form over the re-
gion between SSR and PR. The anticlockwise energy flux
patterns are generated by internal tide interference from
two sources, which will be discussed below. Away from
the SSR and PR, the semidiurnal internal tide’s south-
ward and northward energy fluxes decrease gradually due
to dissipation. The energy flux of the semidiurnal internal
tides in the Powell Basin is only about 0.2 kW/m, 10% of
the maximum energy flux over the SSR.

To visualize the vertical structure of the propagating
internal tides, we plot snapshots of meridional baroclinic
velocity (at ¢ = 28.625 d) along Transects A and B (indi-
cated in Fig. 4), as shown in Fig. 5. The baroclinic veloci-
ty reaches about 0.3 m/s over the SSR and PR (Fig. 5).
The baroclinic velocities form an internal beam near the
source region, reflecting between the sea surface and sea
bottom (Fig. 5).

The internal tide beam, formed by the superposition of
multiple internal wave modes, suggests that high-mode in-

, 2025, Vol. 44, No. 3, P. 117-129

123

ternal waves exist in the SSR region. The internal tide
beams emanate from the two ridges, which agrees with
the generation sites shown in Fig. 3. The model-predicted
internal tide beams are consistent with the theoretical ver-
tical internal tidal beams (dashed lines in Fig. 5) calculat-
ed as

)—OAS

where w, N, and f are the tidal, buoyancy, and inertial fre-
quencies, respectively.

dz _
dx ~

w2_f2

i(m (15)

3.3 Energy dissipation

The depth-integrated, tidally averaged energy dissipa-
tion of semidiurnal internal tides estimated by Eq. (10) is
shown in Fig. 6a. The two ridges (SSR and PR) feature
high levels of baroclinic energy dissipation. The areas
with high-level dissipation coincide with the semidiurnal
internal tide sources, as shown in Fig. 3. Areas in the SSR
region with high barotropic-to-baroclinic conversion
feature high energy dissipation. The energy dissipation of
the semidiurnal internal tides in the SSR can reach up to
107! W/m?2, comparable to other semidiurnal internal tide
hotspots [e.g., Aleutian Ridge in the Pacific (You et al.,
2023] and Monterey Bay (Kang and Fringer, 2012). The
area-integrated dissipation rate is 0.56 GW, 79% of the
area-integrated barotropic-to-baroclinic conversion. The
high fraction of the barotropic-to-baroclinic conversion
lost to local dissipation in the SSR region is also found in
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Fig. 5. A snapshot of the modeled vertical section of meridional baroclinic velocity along Transect A (a) and Transect
B (b) shown in Fig. 4 at t = 28.625 d. The dashed lines indicate theoretical vertical internal tidal beams.
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—2 000 m, =3 000 m, and —5 000 m. TR: Terror Rise; OR: Ona Rise; PR: Philip Ridge; SSR: South Scotia Ridge.

other semidiurnal internal tide hotspots. Nagai and Hibiya
(2015) reported that 50%—-100% of internal tide energy
was dissipated near their generation sites in the Indone-
sian seas. You et al. (2023) revealed that semidiurnal in-
ternal tides dissipated 50%—72% of their energy in the
Aleutian Archipelago.

Far from the SSR, the semidiurnal internal tide’s ener-
gy dissipation decreases. When the semidiurnal internal
tides propagate to the Powell Basin, the dissipation rate
decreases to 103-10~* W/m?. In the Scotia Sea, the dissi-
pation decreases to approximately 107 W/m2. The area-
integrated energy conversion and dissipation terms in
200-m depth bins and the cumulative fractions are shown
in Figs 6b and c for the area shown in Fig. 6a. The energy
dissipation of semidiurnal internal tides occurs mainly in
the shallow regions. Approximately 60% of the total dissi-
pation occurs in depths shallower than 1 000 m. The dissi-
pation of the semidiurnal internal tides is stronger than the
conversion in regions shallower than 1 000 m (Figs 6b
and c), suggesting the dissipation of remote internal tides
generated in the region deeper than 1 000 m.

The vertical structures of the dissipation rates along
Transects A and B are shown in Fig. 7. As Fig. 7 indi-
cates, the dissipation rates are nonuniform. High tidal dis-
sipation rates occur mainly in the upper 100 m near the
crest of the SSR and PR, due to strong velocity shear in-
duced by the semidiurnal internal tide. The dissipation
rate reaches 1077 W/kg over the SSR and PR crest, with
high dissipation above the bottom topography. For the up-
per 100 m, at which the pycnocline lies, the dissipation
rate is approximately 10~ W/kg. The magnitude of the

dissipation is similar to that obtained through field obser-
vation in the SSR region by Lin et al. (2022) and Guo
et al. (2016). This result indicates that internal tide dissipa-
tion near the surface can be a source of enhanced mixing.

As shown in Fig. 5, the internal tide beam impacts the
other ridge after one reflection from the sea surface. Ac-
cording to Buijsman et al. (2012a), this should create a
constructive interference pattern over the SSR region. The
constructive interference between the internal tides gener-
ated from the two crests will enhance the conversion and
dissipation over the SSR. As Fig. 7 shows, the two ridges
and Hesperides Trough have a high dissipation rate. The
dissipation distribution is similar to that in the Luzon
Strait, which also has double ridges, although has a lower
dissipation level (Buijsman et al., 2012a).

4 Discussion

Previous studies have shown that the superposition of
two equal (unequal) amplitude progressive internal tides
propagating in opposite directions could lead to the for-
mation of a purely (partly) standing wave (Martini et al.,
2007; Aslam et al., 2018). In partly standing waves, the
ratio of HKE over APE will oscillate sinusoidally, deviat-
ing from the theoretical value (Hall et al., 2014; Johnston
etal., 2015).

As shown in Fig. 4, an anticlockwise semidiurnal en-
ergy flux gyre formed between the SSR and PR, indicat-
ing a partly standing wave. Similar phenomena have been
found in Luzon Strait and the Bay of Bengal (Buijsman
et al., 2014; Jithin et al., 2019). Min et al. (2023) found
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Fig. 7.
Fig. 4 and the depth-integrated of a and b (c).

partly standing waves over a double-canyon region in the
southern East China Sea. To study the characteristics of
the standing waves more closely, we calculate the HKE
and APE of the semidiurnal internal tides. Figure 8 shows
the spatial distribution of the depth-integrated, tidally av-
eraged HKE and APE overlaid with energy fluxes. High
HKE appears over the Hesperides Trough while high APE
appears at the two ridges. High HKE appears at the center
of the anticlockwise energy flux gyre, and high APE ap-
pears at one-quarter wavelength away.

For a progressive internal wave, the ratio of HKE over
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APE is calculated as

HKE w’+ /2
APE ~ w2 f2

(16)

For semidiurnal M, internal tides at latitude 60.5°S,
the theoretical ratio of HKE over APE is 9.6. Since the
SSR lies in a high latitude area, the theoretical ratio of
HKE over APE is larger than it would be for a low lati-
tude area.

Figure 9 shows the HKE and APE vertical structures
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Fig. 8. Spatial distribution of depth-integrated, tidally averaged HKE (a) and APE (b) of the semidiurnal internal tides
with the depth-integrated, tidally averaged energy fluxes arrows. The red dashed line in b is the transect shown in
Fig. 9. HKE: horizontal kinetic energy; APE: available potential energy.
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along the transect indicated in Fig. 8b. High HKE occurs
at the upper 200 m at the Hesperides Trough while high
APE occurs over the two ridge slopes (Figs 9a and b). The
depth-integrated, tidally averaged HKE and APE along
the transect oscillate sinusoidally between the two ridges.
As the two arrows in Fig. 9c show, the distance between
the HKE and APE peaks is about 16 km, about one-quar-
ter of the mode-1 internal tide wavelength (70 km). This
energy pattern indicates the formation of partly standing
waves between the two ridges. Away from the Hes-
perides Trough, the ratio of the HKE over APE approxi-
mates the theoretical values of a progressive internal wave
(Fig. 9c). Partly standing waves also exist on the west and
east sides of the Hesperides Trough (results not shown).
According to previous studies, the interference of in-
ternal tides from the SSR and PR will enhance conver-
sion and dissipation. However, the detailed mechanisms
for this process in this region have not been addressed.
The detailed interference process and the role of each
crest need to be further investigated. Furthermore, we
consider only the semidiurnal internal tide generated in
austral summer. Stratification is a crucial factor influenc-
ing the generation and evolution of internal tides (Li et al.,
2023). Thus, the stratification in austral winter needs to be
incorporated into the model. Finally, the formation and
existence of sea ice in the winter can change stratification
and ocean surface stress, significantly affecting the inter-
nal tide generation and dissipation processes. Therefore, a

fully coupled ice-ocean simulation should be attempted.
5 Conclusions

We investigate the generation, propagation, and dissi-
pation of semidiurnal internal tides in the Weddell-Scotia
Confluence using a high-resolution numerical simulation.
The numerical model predicts the barotropic tides reason-
ably well, and the predicted semidiurnal tides are consis-
tent with TPXO results and tide gauge data.

We conclude that semidiurnal internal tides are gener-
ated due to the relatively strong tidal currents and steep
bottom topography in the Weddell-Scotia Confluence.
The model results show that the SSR and PR between
the AP and the SOP are generation sites of semidiurnal in-
ternal tides. The depth-integrated, tidally averaged
barotropic to baroclinic conversion rate reaches as high
as 0.3 W/m2. The area-integrated semidiurnal conversion
rate is 0.71 GW. The depth-integrated, tidally averaged
energy fluxes of the semidiurnal internal tide reach
2 kW/m over the SSR. The adjacent Shackleton Fracture
Zone region is also a generation site of internal tides with
low barotropic to baroclinic energy conversion.

Internal tide beams are visible near the ridges, indicat-
ing high-mode internal waves are generated during the
tide-topography interactions. The modeled internal tide
beams correlate well with the theoretical internal tide
beams. As the semidiurnal internal tides propagate away
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from the sources, the energy decreases gradually due to
dissipation. The strong dissipation of semidiurnal internal
tides occurs over the SSR and PR. The energy dissipation
over the SSR reaches up to 1071 W/m2. Away from the
ridge, the dissipation decreases to 107> W/m?2. The crests
of the ridges are hotspots of high energy dissipation up
to 1077 W/kg. The area-integrated dissipation rate is
0.56 GW, 79% of the barotropic-to-baroclinic conversion.

The semidiurnal internal tides generated from the two
parallel crests of the SSR and PR interfere, forming a part-
ly standing wave between the two ridges. The energy
fluxes of semidiurnal internal tides create an anticlock-
wise gyre between the two ridges. The HKE and APE os-
cillate sinusoidally with peaks at quarter-wavelength inter-
vals. The semidiurnal internal tides and related dissipa-
tion affect the circulation and mass transport in the Wed-
dell-Scotia Confluence and need to be considered in the
analysis of overturning circulation.
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