
1. Introduction
Enhanced rates of turbulent kinetic energy (KE) dissipation and mixing are consistently found over regions with 
rough bottom topography in the ocean (e.g., Naveira Garabato et  al., 2004; Waterhouse et  al., 2014). Micro-
structure and finestructure measurements in the Southern Ocean (Brearley et al., 2013; Sheen et al., 2013; St. 
Laurent et al., 2012; Waterman et al., 2012) and corresponding idealized numerical simulations (Nikurashin & 
Ferrari, 2010b; Nikurashin et al., 2014) indicate that the enhanced turbulence and mixing extend a kilometer 
above the seafloor, and suggest they are sustained primarily by breaking of internal lee waves. Global estimates 
of the lee wave generation highlight the importance of the Southern Ocean for lee waves as it hosts the Antarctic 
Circumpolar Current (ACC) with strong and bottom-reaching fronts and eddies; interacting with rough bottom 
topography, the ACC fronts and eddies efficiently generate lee waves which then can break and sustain enhanced 
turbulence and mixing (Nikurashin & Ferrari, 2011; Scott et al., 2011; Shakespeare, 2020; Wright et al., 2014; 
L. Yang et al., 2018).

Abstract Breaking of internal lee waves has been shown to drive enhanced turbulence and mixing in 
regions where strong bottom flows interact with rough topography. However, theoretical predictions for 
the energy conversion from the bottom flows into lee waves differ from the corresponding turbulent energy 
dissipation rates observed locally at the wave generation sites. Recent idealized numerical simulations suggest 
that the discrepancy may be attributed to non-local wave breaking and dissipation effects: when a mean flow 
impinges on rough topography and generates lee waves and turbulence, a significant fraction of the generated 
energy gets advected downstream of the generation site and dissipates remotely. Here, we present a case study 
for the non-local lee wave energy dissipation in the South China Sea by using a combination of in situ mooring 
observations of the bottom flow interacting with two topographic features and corresponding numerical 
simulations. The results show that most of the near-inertial and high-frequency response observed at the 
mooring site is not locally generated, but rather is produced by the interaction of the subinertial flow with the 
topographic feature upstream. The wave and turbulent energy detected at the mooring site can be enhanced by 
an order of magnitude compared to the energy of the locally generated motions. The simulations confirm that 
up to 70% of the enhanced energy is advected into the region by the subinertial flow, while the rest is radiated 
into the region as waves. Implication of our results for mixing observations and ocean model parameterizations 
are discussed.

Plain Language Summary Stratified ocean flows interacting with rough bottom topography 
generate internal waves that propagate away from topography into the ocean interior, where their subsequent 
breaking can lead to turbulence and enhanced mixing. In this study, we explore the non-local generation and 
dissipation of the internal waves and turbulence in the South China Sea using in situ observations and numerical 
simulations. The results show that the flow response observed at the mooring site is not locally generated but is 
determined by how the large-scale flow interacts with the topographic feature upstream. Most of the remotely 
generated motions are carried tens of kilometers downstream by the large-scale flow until they dissipate. The 
modeling results also show the topographic features near the mooring site are nonlinearly coupled, meaning 
that the total observed flow response is not a linear combination of the individual contribution from each 
topographic feature.

ZHENG ET AL.

© 2022 The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial License, 
which permits use, distribution and 
reproduction in any medium, provided the 
original work is properly cited and is not 
used for commercial purposes.

Non-Local Energy Dissipation of Lee Waves and Turbulence in 
the South China Sea
Kaiwen Zheng1 , Maxim Nikurashin2 , and Jiwei Tian1 

1Frontier Science Center for Deep Ocean Multispheres and Earth System (FDOMES) and Physical Oceanography Laboratory, 
Ocean University of China, and Qingdao National Laboratory for Marine Science and Technology, Qingdao, China, 
2Australian Antarctic Program Partnership, Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, TAS, 
Australia

Key Points:
•  The near-inertial and high-frequency 

response observed at the mooring site 
is not locally generated

•  The bulk of the remotely generated 
near-inertial and high-frequency 
energy is advected downstream by 
subinertial flow

•  Topographic scales couple: 
simulations containing two bumps 
have stronger response than just 
adding the response from individual 
bumps

Correspondence to:
K. Zheng,
zhengkaiwen@ouc.edu.cn

Citation:
Zheng, K., Nikurashin, M., & Tian, J. 
(2022). Non-local energy dissipation of 
lee waves and turbulence in the South 
China Sea. Journal of Geophysical 
Research: Oceans, 127, e2021JC017877. 
https://doi.org/10.1029/2021JC017877

Received 6 AUG 2021
Accepted 19 JAN 2022

10.1029/2021JC017877
RESEARCH ARTICLE

1 of 15

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-6219-8954
https://orcid.org/0000-0002-5714-8343
https://orcid.org/0000-0002-3634-8688
https://doi.org/10.1029/2021JC017877
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JC017877&domain=pdf&date_stamp=2022-02-12


Journal of Geophysical Research: Oceans

ZHENG ET AL.

10.1029/2021JC017877

2 of 15

Following the Southern Ocean research, more observations and numerical simulations focusing on the lee wave 
generation and energy dissipation in other parts of the ocean have recently emerged. Using towed shipboard and 
moored observations north of Palau in the tropical Western Pacific, Voet et al. (2020) showed that large-ampli-
tude lee waves are generated when a superposition of tidal and subinertial flows go over tall submarine ridges. 
These large-amplitude waves are unstable and have been shown to break easily, driving turbulence and signifi-
cantly enhancing mixing near the seafloor. In the South China Sea, a region rich in energetic mesoscale eddies, 
evidence accumulates that eddies are key players in the generation of lee waves and hence corresponding ener-
gy dissipation and mixing (Alford et al., 2015; Hu et al., 2020; Li et al., 2016; Q. X. Yang et al., 2019; Zhang 
et al., 2017). As in the Southern Ocean, interacting with rough bottom topography, eddies in the South China Sea 
generate lee waves and hence transfer their energy to smaller-scale motions and ultimately to turbulence and mix-
ing. Similar lee wave generation processes have also been reported from observations and numerical simulations 
in the Gulf Stream region of the North Atlantic (de Marez et al., 2020; Q. Zheng et al., 2012) and shallow coastal 
areas (Groeskamp et al., 2011; Xie, Li, & Boicourt, 2017; Xie, Li, Scully, & Boicourt, 2017).

While previous studies tend to agree on the governing mechanism for the mean flow-topography interaction 
leading to the observed enhanced energy dissipation—the generation of lee waves at rough topography—some 
studies in the Southern Ocean report a discrepancy between the predicted energy conversion into lee waves and 
observed local energy dissipation (Sheen et al., 2013; St. Laurent et al., 2012; Trossman et al., 2015; Waterhouse 
et al., 2014; Waterman et al., 2014). In the Drake Passage region, the observed vertically integrated energy dissi-
pation rate is 1.4–5 mW m−2, which is 30% or less of the predicted lee wave energy flux (Sheen et al., 2013; St. 
Laurent et al., 2012). In the region of the northern Kerguelen Plateau, the estimates of the internal wave gener-
ation from the lee wave radiation theory are O(10) mW m−2, while only a minor fraction (less than 20%) of that 
was estimated from direct measurements (Waterman et al., 2014). Finally, fixed-point observations in a lee wave 
tracing experiment recently carried out over the Shackleton Fracture Zone ridge observed an upward energy flux 
of 1.3 ± 0.2 mW m−2, two orders of magnitude smaller than the corresponding lee wave energy flux prediction 
(Cusack et al., 2017).

Kunze and Lien (2019) have recently summarized a range of proposed mechanisms that may contribute to the 
discrepancy, including poorly constrained abyssal hill characteristics (Trossman et  al.,  2015), lee wave-mean 
flow interaction (Waterman et al., 2014), low-level flow splitting by topography (Nikurashin et al., 2014), and 
remote dissipation of lee waves (K. Zheng & Nikurashin, 2019). Tides have also been shown to suppress lee 
wave generation (Shakespeare, 2020). Among these mechanisms, idealized numerical simulations and theory 
(Baker & Mashayek, 2021; Shakespeare et al., 2021; K. Zheng & Nikurashin, 2019) show that lee wave energy 
generated at rough topography may not only propagate upward and dissipate locally within the water column 
above topography, but also get swept downstream by the background flow, reflect from the upper boundary, 
and dissipate remotely. K. Zheng and Nikurashin (2019) estimate that more than 50% of the generated energy is 
advected downstream and dissipates 20–30 km away from the wave generation site. Consistently, the results from 
Waterman et  al.  (2014) based on depth-integrated turbulent energy dissipation estimates around the northern 
Kerguelen Plateau suggest underprediction as well as overprediction by the lee wave theory estimates. Likewise, 
lee wave tracing calculations from drifting floats deployed in the Southern Ocean (Cusack et al., 2017; Meyer 
et al., 2016) indicate that only a small fraction of the identified lee waves from different sources dissipated their 
energy locally within their source regions. Finally, recent analysis of in situ measurements in the Southern Ocean 
(Waterman et al., 2020) highlights the importance of the ACC jets for the life cycle of internal waves, including 
the advection of waves by the ACC jets.

In this study, we explore the flow-topography interaction leading to non-local energy dissipation of lee waves 
and turbulence in the South China Sea by combining recent mooring observations and high-resolution numerical 
simulations of the region. We analyze in situ mooring observations of the deep flows interacting with two bumps 
of different characteristics in the South China Sea. These observations suggest the non-local energy dissipation of 
lee waves and turbulence, and the impact of remote topography. We complement the mooring observations with a 
series of numerical simulations with parameters typical of the mooring site to identify the governing mechanisms 
and quantify their impact.

The article is structured as follows. Section 2 discusses the observed flow response to topography, including 
mooring data, topography, subinertial, near-inertial, and high-frequency flow characteristics. Section 3 focuses 
on the modeled flow response. We discuss the flow-topography interaction regimes, our model configuration, 
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and the results from realistic simulations and model perturbation experiments 
in Section 3. This section also presents the KE budget for the mooring site 
estimated from the model simulations. Finally, summary, discussion, and im-
plications of the results are presented in Section 4.

2. Flow Response to Topography in Observations
This study is based on observations collected by a mooring array located in 
the region of the Zhongsha Island Chain in the South China Sea (Figure 1) 
for the period June 30, 2015–June 2, 2016. In this section, we focus on the 
observed response of the flow to topography and first describe the mooring 
location, instrumentation, and velocity data used in this study. Then, we pres-
ent characteristics of the subinertial flow as well as near-inertial and high-fre-
quency flow response that results from the subinertial flow interacting with 
topography as obtained from the mooring data.

2.1. Bottom Topography

In the South China Sea, the bottom topography is generally rough and char-
acterized by seamounts and rough abyssal hills (Yu et  al.,  2017). East of 
Zhongsha Islands, there is a range of seamounts and specifically in the re-
gion of the mooring site (Figure 1), there are two adjacent topographic fea-
tures—“bumps” thereafter. The “small” bump located at 15°16′N, 118°01′ 
E is approximately 1 km wide and 100 m tall, and the “big” bump located 
south-west of the small bump is approximately 10 km wide and 1,000 m tall. 
The small bump has characteristics typical of abyssal hills that dominate lee 
wave generation in the Southern Ocean, while the big bump has scales that 

are typically outside of the linear lee wave radiation range (Nikurashin & Ferrari, 2011; Nikurashin et al., 2014; 
Scott et al., 2011). The two bumps are roughly 20 km apart. In the vicinity of the two bumps, the seafloor is fairly 
flat with an average depth of about 4,000 m.

2.2. Mooring Data

The mooring is comprised of a series of instruments at different depths. In this study, we use three instruments 
that span the bottom kilometer (located at 2,790, 3,290, and 3,790 m depths) to investigate how the abyssal flow 
interacts with the two bumps. Recording current meters (RCMs) were mounted at each depth and the sampling 
interval was set to 1 hr. Below each RCM, Sea-Bird Electronics 37SM conductivity-temperature-depth recorders 
was attached to estimate stratification at the mooring site with the sampling interval set to 30 min. In this study, 
we follow the analysis of the mooring data presented in Hu et al. (2020) and extend it to focus on the interaction of 
the subinertial flow with the two bumps and remote wave and turbulent energy propagation and dissipation. The 
reader is referred to Hu et al. (2020) for a more detailed presentation of the mooring deployment, instrumentation, 
and the analysis of the mooring data in terms of nonlinear interactions and energy cascades within the flow.

We extract the low-frequency, subinertial flow from the current meter velocity data by applying a low-pass filter 
(periods >10 days) with a fourth-order Butterworth filter. We also used 5 and 20 days cut-off periods and found 
similar results. To extract signals in the near-inertial and high-frequency bands, we apply a band-pass (0.85f, 
1.15f) and high-pass (>1.3f) filtering to the velocity time series, respectively. Frequency ranges used here to de-
fine each of the flow components are similar to those used in previous studies in the South China Sea (Buijsman 
et al., 2010; Hu et al., 2020). The time series of the total and subinertial velocities as well as near-inertial and 
high-frequency KE are shown in Figure 2.

2.3. Subinertial Flow

The mooring site is away from large-scale ocean currents in the South China Sea and hence the time-averaged 
flow is weak, about 0.03 m s−1, in this region. However, there is a strong subinertial flow variability, driven by 

Figure 1. A map of the study region showing (top) bathymetry in (m) near 
the Zhongsha Island Chain, with the mooring location shown with the red dot; 
(bottom) the north-south bottom topography profile at the mooring site used 
in the two-dimensional numerical simulations. Current meters are shown with 
the red dots.
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eddies and bottom-trapped Rossby waves, which have been the focus of recent observations carried out in this 
region (e.g., Shu et al., 2016; Q. X. Yang et al., 2016). In particular, Figure 2 shows that there are several strong 
intra-seasonal subinertial velocity fluctuations with a time scale of 30–40  days present in this region. These 
fluctuations significantly increase the magnitude of the total bottom flow with a peak speed values up to 10 cm 
s−1 and hence they dominate the direction and magnitude of the total flow at the mooring site. In this region, the 
subinertial velocity fluctuations are mainly characterized by flows in the north-south direction and are bottom 
intensified. The subinertial flow is expected to interact with the bottom topography in this region and generate 
lee waves and turbulence (Zhou et al., 2017, 2018).

2.4. Near-Inertial and High-Frequency Flow Response

The results in Figure 2 show that there is a significant variability in the observed near-inertial and high-frequency 
KE. Both near-inertial and high-frequency KE are correlated with the subinertial flow. In addition to the magni-
tude of the subinertial flow, the results also show that the near-inertial and high-frequency signals are dependent 
on the direction of the subinertial flow. Both near-inertial and high-frequency responses are enhanced during pe-
riods when the subinertial flow is from south to north. During those periods, the near-inertial and high-frequency 
KE show more variability and their time-averaged values are 2–5 times greater than those during periods of the 

Figure 2. Time series of (a) daily mean total flow in (m s−1) from the bottom mooring; (b) zonal velocity of the subinertial 
flow in (m s−1); (c) meridional velocity of the subinertial flow in (m s−1); (d) near-inertial kinetic energy (KE) in (J m−3); (e) 
high-frequency KE in (J m−3). Top, middle, and bottom moorings are shown in light-gray dashed, gray dashed, and black 
solid colors, respectively. Time-averaged values of the near-inertial and high-frequency KE for the periods of northward 
and southward subinertial flow are shown in red and blue colors, respectively. Periods of the northward subinertial flow are 
shaded in red.
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reverse flow. On the contrary, during periods of the southward flow, the high-frequency KE is more stationary 
and has similar values for all corresponding periods, suggesting that it returns to its background value following 
the enhancements during the northward flow periods.

The dependence of the near-inertial and high-frequency flow components on the direction and magnitude of the 
subinertial flow is shown more quantitatively with scatter plots in Figure 3. The results indicate that the high-fre-
quency KE is low and uncorrelated with the magnitude of the subinertial flow for all values of the southward 
subinertial flow. On the other hand, it shows an enhancement and positive correlation with the northward subin-
ertial flow. This relationship holds well for all three current meters, with correlation coefficients of 0.81, 0.72, 
and 0.65 for the bottom, middle, and top current meters, respectively. The relationship between the near-inertial 
KE and the subinertial flow is weaker than it is for the high-frequency KE with correlation coefficients of 0.6, 
0.55, and 0.51 for the bottom, middle and top current meters, respectively. Overall, there is a fairly strong cor-
relation between the bottom northward subinertial flow and the corresponding near-inertial and high-frequency 
KE response. The power dependence of the two quantities on the bottom subinertial flow V is between V1 and V2, 
which is generally consistent with the flow-topography interaction theories and parameterizations (e.g., Klymak 
et al., 2020; Nikurashin & Ferrari, 2010b).

The asymmetry between the flow response to the southward and northward subinertial flow above bottom topog-
raphy seen in the mooring results suggests the non-local lee wave and turbulence generation and potential contri-
bution of remote topography. Similar observations carried out in other parts of the ocean (Brearley et al., 2013; 
Fernandez-Castro et al., 2020; Liang & Thurnherr, 2012) show that the near-inertial and high-frequency respons-
es are highly correlated with the magnitude of the subinertial flow, indicating direct energy transfers from large-
scale subinertial flows to near-inertial and high-frequency motions at topography. However, the dependence of 
the high-frequency flow response on the direction of the subinertial flow has not been reported before.

Subinertial flows interacting with topography might not be the only mechanism to sustain the observed enhanced 
near-inertial and high-frequency flow response. Hu et al. (2020) also discussed the role of wind and tides for the 
wave and turbulent energy generation in this region. They estimated the energy input into near-inertial waves 
by wind and found no correlation with the near-inertial and high-frequency response observed in this region. In 
the barotropic tide case, although relatively strong tidal flows are found near the mooring site with amplitudes 
of 2–4  cm s−1, tidal currents change little over the year and hence are also unlikely to explain the observed 
30–40 days variability of the near-inertial and high-frequency response. On the other hand, barotropic tides can 
generate internal tides and tidally driven turbulence that can add to the mean flow-driven waves and turbulence 
locally at the big bump and get advected to the small bump region by subinertial flows. Tides have also been 
shown to suppress the energy conversion into lee waves by 10%–20% based on a global calculation (Shake-
speare, 2020). Next, we explore the mechanism governing the high-frequency flow response observed in this 

Figure 3. Scatter plots of the observed (left) near-inertial kinetic energy (KE) in (J m−3) and (right) high-frequency KE in 
(J m−3) against the meridional velocity of the subinertial flow for the three moorings. Linear and quadratic scalings with the 
northward flow are indicated with gray, dashed lines.
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region using numerical simulations. While tides are significant in this region, tidal amplitudes are smaller than 
those of subinertial flows and hence tides are expected to lead to mainly quantitative changes in the mechanism 
presented here. In the simulations, we choose to focus on subinertial flows interacting with topography.

3. Flow Response to Topography in Simulations
The observations discussed above indicate that the high-frequency flow response above the small bump depends 
on the direction of the subinertial flow. It is enhanced during the northward flow periods, suggesting that it 
may be driven by the subinertial flow interacting with the big bump to the south. In this section, we discuss the 
flow-topography interaction regimes and present high-resolution two-dimensional (2D) numerical simulations to 
complement the observations and investigate the flow response to the two bumps. Our reference simulations are 
based on the flow, stratification, and topography characteristics typical of the mooring site (Figure 1).

3.1. Flow-Topography Interaction Regimes

During the mooring time period, there are several subinertial velocity fluctuations with the total bottom velocity 
reaching 10 cm s−1. These flows pass predominantly in the north-south direction and thus they can interact with 
the two bumps and generate lee waves and turbulence. According to the linear lee wave theory (e.g., Gill, 1982), 
lee waves radiate from the topographic wavelengths λT in the range:

2𝜋𝜋
|𝑈𝑈 |

𝑁𝑁
< 𝜆𝜆𝑇𝑇 < 2𝜋𝜋

|𝑈𝑈 |

|𝑓𝑓 |
, (1)

where |U| is the magnitude of the bottom flow, f is the Coriolis frequency, N is the bottom stratification. Using the 
bottom velocity of 10 cm s−1 and the bottom stratification of 5 × 10−4 s−1 (Q. X. Yang et al., 2016), we find that 
the horizontal scales of topography radiating lee waves are approximately from 1 to 17 km. Hence, each of the 
two bumps can potentially generate lee waves and contribute to the observed flow response. It should be noted 
that the topographic scales outside of the linear lee wave radiation range can generate low-level, non-propagating 
motions (Klymak, 2018), which can also contribute to the observed high-frequency flow response.

The linearity of the mean flow-topography interaction is characterized by the steepness parameter:

𝜀𝜀 =
𝑁𝑁𝑁

|𝑈𝑈 |
, (2)

where h is the amplitude of topography. In the limit of small steepness parameter (ɛ ≪ 1), or subcritical topogra-
phy, the flow-topography interaction is linear and generated lee waves are described by the linear lee wave theory. 
On the other hand, in the limit of large steepness parameter (ɛ ≫ 1), or supercritical topography, the interaction is 
strongly nonlinear. In this limit, the flow response is characterized by low-level lee wave breaking, flow blocking, 
hydraulic jumps, and wakes (e.g., Klymak, 2018; Klymak et al., 2020). Flows over supercritical topography tend 
to produce a separating layer and significant turbulence in the lee side of the topography (Mayer & Fringer, 2020; 
Winters, 2016). The steepness parameter estimated for the big bump is ɛ = 5, which corresponds to a strongly 
nonlinear flow-topography interaction regime. Hence, low-level wakes, turbulence, and lee wave breaking are 
expected. The steepness parameter estimated for the small bump is ɛ = 0.5, corresponding to a weakly nonlinear 
lee wave generation regime.

Finally, periods of strong subinertial flow last on average for about 30 days (Figure 2). This time period is long 
enough to establish a quasi-stationary lee wavefield above the two bumps. Also, given the distance between the 
bumps of 20 km and therefore the advective time scale of

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 =
20 km

0.1 m/s
∼ 2 days, (3)

this period is long enough for the non-stationary flow response generated at one bump to get advected to the 
other bump.
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3.2. Model Configuration

To simulate the flow-topography interaction observed at the mooring site, we employ the nonhydrostatic config-
uration of the Massachusetts Institute of Technology general circulation model (MITgcm; Marshall et al., 1997). 
This model has been widely used for studies of topographic internal wave generation in the ocean before (e.g., 
Klymak, 2018; Legg & Klymak, 2008; Nikurashin & Ferrari, 2010b; Nikurashin et al., 2014; Richet et al., 2017). 
Similar model configurations have also been used to simulate the wind-topography interaction in the atmosphere 
(e.g., Eckermann et al., 2010; Epifanio & Durran, 2001; Welch et al., 2001).

All simulations used in this study are 2D (north-south distance and depth) with a resolution of 10 m both in the 
vertical and horizontal (Figure 4). The model domain is 62 km long and 4.4 km deep. There are two 6-km-thick 
sponge layers on each side of the domain, in which velocities and stratification are restored back to their initial 
values with a restoring time scale of 4 hr to absorb the generated waves and turbulence. A no-slip bottom bound-
ary condition is used. There is a free surface at the top boundary which allows waves to reflect. The Laplacian 
horizontal and vertical viscosity and diffusivity are set to Ah = Av = 5 × 10−3 m2 s−1 and kh = kv = 5 × 10−3 m2 s−1, 
respectively. Although the dissipation of internal waves in the simulations can be directly influenced by the model 
viscosity (Shakespeare & Hogg, 2017), at the resolution and with the viscosity values we use here, the effect is 
rather small: using a similar model configuration, K. Zheng and Nikurashin (2019) showed that changing the 
explicit numerical viscosity value by a factor of 2 leads to only 10%–20% change in the total energy dissipation. 
In our reference Northward Flow simulation, we prescribe a constant mean flow of V = 0.1 m s−1 to represent 
the total northward current flowing from the big to small bump. The flow is uniform at all depths and forced by 
adding a body force to the zonal momentum equation. We use a uniform Coriolis frequency of f = 3.8 × 10−5 s−1 
and stratification N = 5 × 10−4 s−1, values typical of the study region. All simulations are initialized from the state 
of rest and run for 20 days. The simulated flow reaches a steady state after about 7 days. The last 10 days of the 
simulation are used for the analysis.

A three-dimensional (3D) flow over 2D topography has been shown to drive quantitatively different flow re-
sponse from that over one-dimensional (1D) topography (Nikurashin et al., 2014). The difference is due to the 
flow splitting effect—that is, flows going around topography rather than over it—absent in flows at 1D topogra-
phy. 1D topography can only block the flow below the topography level. Nikurashin et al. (2014) show that the 
splitting effect can lead to up to a factor of 5 lower energy conversion into lee waves above topography for the 
steepness parameter of O(1), but it can also potentially generate more turbulence at the topography level. 3D non-
hydrostatic simulations are significantly more computationally expensive than the 2D ones and, with the domain 
extent of this study region, cannot be run at the resolution to resolve the wave breaking and turbulence scales. In 
order to explicitly resolve lee waves, their breaking and turbulence as well as their propagation and remote dissi-
pation, we choose to use 2D nonhydrostatic simulations in this study. The results may be quantitatively different 
from the corresponding 3D flow-topography interaction results. We acknowledge the limitation of our modeling 
approach in the Discussion section below.

In addition to the reference simulation, we also run three additional experiments. In the Southward Flow exper-
iment, we simulate the mean flow over the two bumps representing the southward flow phase of the observe 
subinertial flow characterized by low levels of the near-inertial and high-frequency response. We choose the 
magnitude of the southward flow of V = −0.04 m s−1 consistent with the observed total southward flow in this 

Figure 4. Schematic of the model setup. The depth-independent mean flow V interacts with realistic bottom topography in 
a stratified (N constant) and rotating (f constant) fluid. The gray, shaded regions on each side of the domain indicate sponge 
layers. There is a free surface at the top of the model so that waves can reflect at the upper boundary. Dashed box indicates a 
region used for energy budget calculation in Section 3.5.
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region. Finally, to investigate the contribution of each of the two bumps to the near-inertial and high-frequency 
KE observed at the mooring site during the northward subinertial flow period, we run two topography perturba-
tion experiments, Big Bump and Small Bump, having only the big and small bump in topography, respectively.

3.3. Reference Simulations

We first analyze the Northward Flow and Southward Flow experiments designed to simulate the realistic con-
ditions near the mooring site. Then, we compare the results with the two additional topography perturbation 
experiments. Snapshots of the velocity and vorticity from the Northward Flow experiment are shown in Figure 5. 
We choose to show velocity as it is a quantity that is comparable for both small- and large-scale motions and 
hence illustrates well the multi-scale lee wave and turbulence fields generated by topography. In turn, vorticity is 
a quantity that emphasizes the small-scale motions and hence illustrates well the turbulence that results from the 
wave breaking and flow-topography interaction.

The simulation results show that when the flow goes over the big bump characterized by the steepness parameter 
of 5 the flow response consists of a range of motions. There are large-amplitude (10–20 cm s−1) lee waves radiat-
ing above topography, low-level lee wave breaking, small-scale turbulence, and a train of coherent vortices of var-
ious scales on the lee side of the bump. The large-scale lee waves radiate away from topography with their phase 
lines tilting against the mean flow. There is an apparent wave reflection back into the interior at the upper bound-
ary. The vertical wavelength of the lee waves in the simulation is consistent with its linear theory prediction of:

𝜆𝜆𝑧𝑧 ≈
2𝜋𝜋|𝑈𝑈 |

𝑁𝑁
≈ 1200 m. (4)

The low-level turbulence and vortices are enhanced in the bottom kilometer downstream of the big bump. The 
vertical enhancement scale appears to be set by the height of the big bump. Most of the turbulence and vortices 
decay within few tens of kilometers downstream of the big bump, while some coherent vortices extend as far 

Figure 5. The Northward Flow experiment: (a) a snapshot of the meridional velocity of perturbations in (m s−1) at 10 days 
of the simulation; (b) a snapshot of vorticity in (s−1) at 10 days of the simulation; (c) time-mean turbulent kinetic energy in 
(log10[J m−3]).
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as the northern boundary of the model domain. In the interior, above the 
bottom enhanced turbulence and vortices, the flow response is dominated by 
the multi-scale internal wavefield. The contribution of the small bump to the 
flow response is not evident in the simulation, as the flow response seems 
to be dominated by motions generated by the big bump. Overall, the flow 
response is qualitatively consistent with that from similar numerical simula-
tions for the Southern Ocean (K. Zheng & Nikurashin, 2019).

To characterize the time-averaged flow response, we show the distribution of 
the time-averaged KE of perturbations in Figure 5. Consistent with the ve-
locity and vorticity snapshots, high KE values are concentrated in the bottom 
kilometer. The average KE of the bottom layer is up to two orders of magni-
tude larger than that in the interior. Horizontally, the highest KE values are 
within the 5–10 km distance downstream of the big bump, while enhanced 
KE values extend tens of kilometers downstream past the small bump until 
the values drop to nearly background values at the northern boundary of the 
domain.

To compare the simulated flow response and levels of the near-inertial and 
high-frequency KE to observations, we show the KE spectra from the model 
and observations in Figure 6. The observed spectrum is computed for the 
northward and southward subinertial flow periods separately using all three 
current meters. The spectrum in the simulation is computed and averaged 
within a depth range from 200 m to 1 km above the small bump correspond-
ing to the region represented by the observed spectrum. The results show 

that the two spectra are quite close for the near-inertial and higher frequencies. In the high-frequency range, the 
simulated spectrum is slightly, 10%–20%, smaller than the observed spectrum. A major difference between the 
two spectra is at the diurnal and semi-diurnal tidal frequencies. The observations show strong peaks at both tidal 
frequencies, while those peaks are absent in the simulations having no tidal forcing. The absence of tides in the 
model may also explain the lower spectral level at higher frequencies, which could partly be sustained by internal 
tides in the ocean. The simulated spectra at low frequencies (subinertial) are an order of magnitude smaller than 
in observations because the simulations have no large-scale quasi-geostrophic dynamics (currents, eddies, plane-
tary waves) dominating oceanic flows at these frequencies.

In Figure 7, we show the results of the Southward Flow simulation corresponding to the southward subinertial 
flow periods characterized by low levels of the near-inertial and high-frequency flow response in observations. 
The velocity and vorticity snapshots show weak amplitude, 2–3 cm s−1, but regular lee waves generated over the 
big bump. Lee waves are characterized by the vertical wavelength of 500 m and phase lines tilted against the 
southward mean flow, consistent with the linear theory of lee waves. There is a significant amount of low-level 
turbulence generated on the lee side of the big bump, which propagates downstream until it is absorbed near the 
boundary. As opposed to the Northward Flow simulation, the contribution of the small bump is clearly visible, 
given that the flow response generated by the big bump is advected in the direction away from the small bump. 
The flow response to the small bump is qualitatively similar to that of the big bump, but is smaller in magnitude. 
Corresponding spectra at the mooring location above the small bump (Figure 6) show a factor of 3–5 lower levels 
of energy at most frequencies. The difference between the two simulations is larger at higher frequencies. The 
energy levels at higher frequencies are likely sustained by nonlinear interactions within the internal wave and tur-
bulence fields. The amplitude of those fields and hence the efficiency of the nonlinear interactions are reduced in 
the Southward Flow simulation. The observed spectrum for the southward subinertial flow periods shows energy 
levels higher than those in the Southward Flow simulation, but still up to a factor 5 lower than in the Northward 
Flow. The discrepancy between the Southward Flow simulation spectrum and the corresponding observed spec-
trum at higher frequencies may indicate the contribution of the background ocean turbulence and other energy 
sources for turbulence in the ocean, such as winds and tides, which are not included in the simulation.

In summary, our model results are generally consistent with the observations in terms of the spectral levels of the 
near-inertial and high-frequency flow response. The simulations are also in agreement with the observed flow 
response showing strong near-inertial and high-frequency KE levels for the northward subinertial flow and weak 

Figure 6. Kinetic energy spectrum in (cm2 s−2 cpd−1) for the northward 
and southward flow periods from observations and the Northward Flow and 
Southward Flow simulations. Spectral slopes are shown with gray, dashed 
lines.
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levels for the southward subinertial flow. The asymmetry with respect to the direction of the subinertial flow also 
seen in the simulations further suggests that the flow response at the small bump is driven remotely by the flow 
interaction with the big bump. We explore this further with a set of topography perturbation experiments in the 
following section.

3.4. Topography Perturbation Experiments

The time evolution of the internal wavefield and turbulence in the experiments with different topography are 
illustrated in Figure 8. All three experiments, Northward Flow, Big Bump, and Small Bump, show that lee waves 

Figure 7. The Southward Flow experiment: (a) a snapshot of the meridional velocity of perturbations in (m s−1) at 10 days 
of the simulation; (b) a snapshot of vorticity in (s−1) at 10 days of the simulation; (c) time-mean turbulent kinetic energy in 
(log10[J m−3)].

Figure 8. Time evolution of the meridional velocity of perturbations in (m s−1) from (top) the Northward Flow experiment, (middle) the Big Bump experiment, and 
(bottom) the Small Bump.
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and turbulence generated by topography extend downstream. The Northward 
Flow experiment with the two bumps and the Big Bump experiment with 
only the big bump show very similar response: the flow goes over the big 
bump generating low-level turbulence and large-amplitude lee waves, which 
become unstable and break. Then, waves and turbulence extend downstream 
until they reach the northern boundary. In both simulations, the bottom kilo-
meter is characterized by vigorous turbulence and a series of coherent vor-
tices, while the interior above is characterized by the multi-scale internal 
wavefield. As there is no small bump in the Big Bump experiment, no locally 
generated internal waves and turbulence are present at the mooring site. Nev-
ertheless, there is no significant difference in the flow response between the 
two experiments, suggesting that the small bump makes minor contribution to 
the local flow response. Consistently, the Small Bump experiment, in which 
there is only the small bump, shows weak-amplitude, vertically propagating 
lee waves, which then get reflected from the upper boundary. Non-stationary 
flow response gets advected by the subinertial flow northward to form the 
wavefield downstream. While the advected internal waves interact, become 
unstable and break, the overall internal wave amplitudes and the amount of 
turbulence are significantly reduced compared to the other two experiments 
having the big bump.

To quantify the contribution of each of the topographic bumps to the sim-
ulated flow response, we estimate the KE spectra at the mooring location 
in all three experiments with topography (Figure 9). The KE spectra of the 

Northward Flow and the Big Bump experiments are similar, with their peak values enhanced in the near-inertial 
frequency band. The results show that significant energy levels comparable to observations can be present at the 
mooring site even without the contribution from the small bump. Consistently, the Small Bump experiment shows 
lower energy levels at all frequencies. This set of experiments demonstrates that the flow response observed at 
the mooring site above the small bump is remotely generated by the northward subinertial flow interacting with 

the big bump. Finally, the sum of the spectra from the Big Bump and Small 
Bump experiments is lower by up to a factor of 2 than the Northward Flow 
spectrum. The result suggests that the flow response is not a linear combina-
tion of the contribution from the two bumps, due to potential interaction, or 
coupling, between the two bumps. The flow response advected from the big 
bump can superimpose on the locally generated waves at the small bump and 
promote more wave breaking.

Consistent with the KE frequency spectra, the time-averaged vertical profiles 
of the energy dissipation from the two additional experiments (Figure 10) 
also show that the small bump makes minor contribution to the energy dissi-
pation at the mooring site. The energy dissipation from the Northward Flow 
experiment and the Big Bump experiment are similar in magnitude and ver-
tical distribution. The energy dissipation in the two experiments is enhanced 
up to 2 × 10−8 W kg−1 near the bottom and stays high in the bottom 1–2 km, 
depth scale set by the height of the big bump. Above that, there is a decrease 
of the energy dissipation to 2 × 10−9 W kg−1 in the interior. This value is still 
an order of magnitude larger than the background ocean energy dissipation 
of 10−10 W kg−1 (e.g., Naveira Garabato et al., 2004). This result further illus-
trates that the energy dissipation, and hence turbulent mixing, at the moor-
ing location is enhanced and bottom intensified, but it is not sustained by 
the waves and turbulence generated locally at the mooring site. In the Small 
Bump experiment, the mean flow interacting with the small bump generates 
only a small amount of turbulent energy dissipation, which rapidly decays 
with depth away from the bottom. It is enhanced above the background value 
near the bottom, but drops to 2 × 10−10 W kg−1 away from topography. In 

Figure 9. Kinetic energy spectrum in (cm2 s−2 cpd−1) for (pink) the 
Northward Flow experiment, (green) the Big Bump experiment, and (blue) 
the Small Bump. The combined spectrum from the Big Bump and Small Bump 
experiments is shown in dashed line.

Figure 10. Vertical profiles of the horizontally averaged energy dissipation 
rate in (W kg−1) over the small bump region of (pink) the Northward Flow 
experiment, (green) the Big Bump experiment, and (blue) the Small Bump. The 
combined spectrum from the Big Bump and Small Bump experiments is shown 
in dashed line.
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summary, these topography perturbation experiments confirm that the bulk of the flow response observed at 
the mooring site above the small bump is generated by the big bump and then advected toward the small bump.

3.5. Kinetic Energy Budget at the Mooring Site

To identify and quantify the mechanisms of the wave and turbulent energy propagation from the big bump toward 
the small bump, we diagnose the volume-integrated KE budget in the region of the small bump. Following pre-
vious derivations of the KE equation (e.g., Nikurashin & Ferrari, 2010a; Perfect et al., 2020), the KE budget for 
the flow perturbation, 𝐴𝐴 TKE =

1

2
𝑢𝑢′
𝑖𝑖
𝑢𝑢′
𝑖𝑖
 , used in this study is:

𝜕𝜕

𝜕𝜕𝜕𝜕
TKE = −𝑢𝑢𝑗𝑗
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,
 (5)

where ν is viscosity, that is, Ah and Av used in the simulations. The over-bar denotes the time average. Terms on 
the right hand side of the equation from left to right are the advection of TKE by the mean flow, the interaction 
between the mean flow and perturbations, triple correlation term, the divergence of the radiative energy fluxes 
due to pressure work, the energy exchange with the potential energy, and energy dissipation.

We apply this KE budget to the region of the small bump in the Northward Flow experiment (Figure 11). The 
results show that the tendency term is small, meaning that the KE budget is equilibrated, and the residual is also 
small, implying that the estimated budget is well closed. The dominant terms of the budget are the advection of 
TKE, the divergence of radiative energy fluxes due to pressure work, and the energy dissipation. Thus, the largest 
energy source for the region is the horizontal advection contributing 29.5 mW m−2 of energy into the region. 
Separating this into the advection across the southern and northern boundary of the region, we find that 44.7 mW 
m−2 is advected into the region from the south, that is, from the big bump, while 15.2 mW m−2 is advected out of 
the region to the north. The convergence of the advected energy accounts for 70% of the total energy source in the 
region with the rest of the energy supplied by the divergence of the radiative energy fluxes.

The divergence of the radiative energy fluxes due to pressure work contributes 12.2 mW m−2 of energy into the 
region. It includes the contribution from the horizontal radiation of energy from the big bump and the vertical ra-
diation of energy generated locally at the small bump. Separating the horizontal and vertical flux contributions, we 

find that the locally generated energy flux accounts for 3.9 mW m−2, or 32%, 
while the rest of the energy flux is radiated into the region from the big bump.

The interaction between the perturbations and the mean flow shear contrib-
utes about 3.1 mW m−2 of energy into perturbations, implying that there is a 
local energy transfer from the mean flow to perturbations. However, this ener-
gy source is small compared to the advection and radiation of energy into the 
region. The contributions from fluxes due to triple correlations and the energy 
conversion from potential energy are also small. Overall, the major energy 
sources are nearly balanced by the energy dissipation within the region—they 
account for up to 93% of the total energy dissipation within the region.

In summary, the KE budget diagnostics confirm that the horizontal advection 
of the wave and turbulent energy by the subinertial flow contributes most 
of the energy to the region of the mooring. The divergence of the radiative 
energy fluxes is the second largest energy source for the mooring region also 
dominated by the remotely generated waves.

4. Summary and Discussion
We analyze a combination of in situ mooring observations of the deep ocean 
flows interacting with two topographic bumps in the South China Sea and a 
series of corresponding high-resolution numerical simulations to explore the 
non-local energy dissipation of lee waves and turbulence, and to quantify the 
governing mechanisms.

Figure 11. Kinetic energy budget terms in (mW m−2) computed for the small 
bump region indicated by the box in Figure 4.
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Our results show that the observed near-inertial and high-frequency flow response at the mooring site is not 
locally generated, but rather is dictated by the interaction of the subinertial flow with the big bump to the south. 
The direction of the subinertial flow modulates the observed flow response leading to strong near-inertial and 
high-frequency KE levels for the northward and weak energy levels for the southward subinertial flow, respec-
tively. During the northward subinertial flow, time-averaged values of the near-inertial and high-frequency KE 
are 2–5 times greater than those during periods of the southward flow. As the subinertial flow goes over the big 
bump, it generates large-amplitude lee waves and low-level turbulence above the bump. The generated lee waves 
and turbulence not only dissipate their energy locally in the region of the big bump, but also extend downstream 
toward the small bump, thus significantly enhancing the flow response observed at the mooring site above the 
small bump. The KE budget estimated from the simulations for the mooring site region shows that up to 70% 
of the remotely generated energy is advected into the region of the small bump by the subinertial flow. The rest 
of the remotely generated energy is radiated into the region as waves. The locally generated energy accounts for 
only 5%–10% of the energy budget. Our results confirm that the wave generation and turbulent energy dissipation 
processes may be non-local and that the horizontal advection by the subinertial flow contributes to the spatial 
distribution of lee waves and turbulent energy dissipation.

We also find that the impacts of the two bumps are not independent. The topography perturbation experiments 
show that the total flow response observed above the small bump is not a linear combination of the separate con-
tribution from each of the two bumps. The high-frequency spectral level in the simulations with the two bumps 
is up to a factor of 2 greater than the sum of the spectra in the simulations with either big or small bump. This 
result points to a potential interaction, or coupling, between the two bumps: the flow response generated by one 
bump can promote more wave generation or wave breaking associated with the other bump. This is similar to the 
coupling between the small- and large-scale bathymetry, corresponding to radiating and evanescent linear wave 
generation regimes respectively, reported in idealized numerical simulations in Klymak (2018). However, in the 
case presented here, both the big and small bumps are in the wave radiation horizontal scale range.

Our results demonstrate the non-local wave and turbulence energy dissipation effects that can play a role in the 
interpretation of turbulent energy dissipation observations and their comparison to linear lee wave generation 
estimates. Locally generated waves and turbulence may only contribute a small part to the locally observed tur-
bulence and mixing and hence potential contribution of the remote topography and the direction of subinertial 
flows with respect to topography should be taken into account. To demonstrate these effects we used a combi-
nation of observations and high-resolution 2D numerical simulations that can explicitly resolve internal wave 
breaking, turbulence, and their evolution downstream of topography. This study has a few limitations. First, the 
mooring observations allow us to quantify the subinertial flow characteristics in the region of the small bump 
and hence we have to assume that the subinertial flow characteristics are the same in the region of the big bump, 
where most of the flow response is generated. While it is a limitation of this study, a good agreement between 
the observed and modeled flow KE spectra suggest that this is a reasonable assumption. Second, and probably 
the major limitation of this study, is that our numerical simulations are 2D. Given the extent of the study domain 
and computational cost of 3D simulations, we chose to use high-resolution 2D rather than low-resolution 3D 
simulations. While low-resolution 3D simulations could represent the flow-topography interaction and resulting 
flow blocking and splitting effects more accurately, they would need to rely on parameterizations for unresolved 
wave breaking and turbulence. This would introduce a different, and potentially more significant, uncertainty 
to our results. Third, we choose a barotropic mean flow in the simulations mainly to isolate the leading order 
dynamics and demonstrate the mechanism. Mean flows in this region are unlikely to be barotropic as some deep 
flows are believed to be driven by bottom trapped Rossby waves. Mean flows shear in the deep ocean can have 
an impact on the wave radiation and dissipation (Baker & Mashayek, 2021; Kunze & Lien, 2019), and hence 
potentially influence the horizontal extent of the advected internal waves and turbulence. Finally, as discussed 
above, our numerical simulations have no barotropic tides and hence no internal tide generation that can lead to 
additional wave energy and hence stronger high-frequency flow response in this region. The presence of tides can 
also lead to interactions between tidally and mean flow-driven waves both at the generation stage near topography 
(Shakespeare, 2020) and during wave radiation in the interior. Two additional simulations (not shown) with a 
tidal body forcing corresponding to the dominant K1 tidal constituent in this region suggest that the tidal impact 
is minor, and the mechanism presented here is robust. The interactions between tide- and mean flow-driven flow 
response and their quantitative impacts in this region can be assessed in future studies.
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Data Availability Statement
Bathymetry data of the SCS are obtained from SRTM15_PLUS (https://topex.ucsd.edu/WWW_html/mar_topo.
html). The data analyzed in this study can be obtained online (at the following website: https://doi.org/10.7910/
DVN/UIF1AE).
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