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Abstract 

Mixing caused by the solitary internal waves or solitons in stratified coastal waters is a primary 

cause of sediment resuspension and transport. Theoretical, experimental, and modeling studies of 

solitons have focused on nonlinear wave dynamics to explain their main features. However, the 

3D cascade of energy from breaking internal wave solitons to turbulence and mixing in the wave 

induced wake has received less attention. Previous numerical simulations have revealed that 

internal wave breaking involves the lobe–cleft instability typical of gravity currents, resulting in 

longitudinal rolls1-3. Recently, a group at the Scripps Institution of Oceanography measured the 

fine structure of internal wave solitons in the coastal waters off California using the utility of 

fiber optic distributed temperature sensing (DTS) to gather such observations and observed the 

longitudinal rolls4, 5. Here, we present the evidence that these structures are counter rotating 

helices. The concept of helicity6, 7
 as a topological invariant and a measure of the lack of mirror 

symmetry of the flow can explain the helical nature of these coherent structures. Both 

observational and modeling results are consistent with this theoretical conjecture. We assume the 

discovered helical structures are a significant component in the mixing, formation of nepheloid 

layers, and property exchanges caused by solitary internal waves breaking on continental slopes.  
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Introduction 

Internal wave solitons are a fascinating feature of ocean dynamics. An internal wave soliton is a 

train of nonlinear solitary internal waves with the highest amplitude wave in the lead. The 

wavelength of individual waves in the waveform ranges from tens of meters to tens of kilometers 

with amplitudes ranging from a few to tens of meters8-12. In stratified coastal waters, turbulence 

caused by internal wave solitons is a primary source of mixing13-15, affecting marine ecosystems, 

sediment resuspension and transport, and formation of nepheloid layers (Supplementary Video). 

Turbulence is a complex multi-scale phenomenon associated with chaotic motion and some 

degree of coherence and self-organization depending on the environmental conditions. The study 

of internal wave breakdown in shallow water has proceeded through a combination of theory, 

numerical modeling, laboratory experiments, and field observations 9-15. Turbulence and coherent 

structures developing in the wake of breaking internal waves have a substantial effect on the 

sediment transport in the bottom boundary layer, formation of nepheloid layers, and nutrient 

fluxes. Direct numerical simulations1-3 have revealed that internal wave breaking involves the 

lobe–cleft instability typical of gravity currents, resulting in longitudinal rolls.  Recently, a group 

at the Scripps Institution of Oceanography measured the fine structure of internal wave solitons 

in the coastal waters off California using the utility of fiber optic distributed temperature sensing 

(DTS) to gather such observations and observed the longitudinal streaks4,5. Physics of these 

longitudinal streaks, however, has never received explanation. Here, we present the evidence that 

these streaks are coherent counter rotating helices.  
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Oceanographic measurements on the California shelf have shown that after transitioning into 

nonlinear waves of elevation, the solitary internal waves begin to form a spatially coherent 

pattern extended behind the shoaling waves, which resembled the results of numerical 

modeling1-3. The cascade of energy from the internal wave field to turbulence evidently included 

spatially coherent organized structures. Our work seeks to provide a theoretical explanation of 

these coherent structures. To understand the origin of the structures, we have developed a 3D 

high-resolution model of an internal wave soliton breaking on the continental slope resembling 

the California Shelf using computational fluid dynamics ANSYS Fluent software. Subsequently, 

we interpreted the field and modeling results in the context of the Moffatt’s theory of helicity7, 8. 

We modeled the internal wave soliton breaking on the continental slope of California with a an 

ANSYS Fluent computational fluid dynamics model. The model settings are described in 

“Materials and Methods”. The continental slope angle and depth range are like those in the 

experimental area on the California Shelf 4, 5. The numerical model generated three internal 

solitary waves. To mimic the experimental results obtained on the California Shelf, we plotted 

the difference of temperature from two successive model time steps with a 5 s time difference. 

The result of this subtraction is shown in Figure 1b—the model pattern closely resembles 

observations4, 5. In particular, the top view reveals coherent streaks developing behind solitary 

wave fronts, which are similar those observed in the experiment on the California Shelf. The 

computational model shows that these coherent streaks appear to be counterrotating helices with 

the axis oriented in the direction of the internal wave propagation (Fig. 2a, b, and Fig. 3). 
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Figure 1. Side (a) and top (b) contour views of an internal soliton breaking on the continental 

slope like that in the California experiment4, 5. 

Both field data and the computational experiment show that the fronts of breaking solitary 

internal waves are somewhat meandrous and spatially inhomogeneous, in part due to coherent 

helical motions induced by the front. This factor may affect the interpretation of single-

instrument observations of propagating solitary waves. 

Field observations enhanced with adequate numerical modeling provided an important insight 

into the dynamics of solitary internal waves. To our best knowledge, the helical coherent 

structures in the turbulent wake associated with breaking solitary waves have not been 

previously reported. These helical structures result in intense near-bottom mixing (Fig. 2). 
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Theoretical Considerations 

In this section, we offer a theoretical explanation of the helical phenomenon. Our hypothesis is 

that the source of the generation of helices is the shear induced by solitary internal waves in the 

near-bottom layer of the ocean. Helical motions can be represented by helicity6, which is defined 

by H dV= u ω , where ( ),tu x  is the velocity field,  ( ),t =ω x u  is the localized vorticity 

distribution in a fluid of infinite extent; and, the integral is over all space. This integral is, like 

energy, an invariant of the Euler equations of ideal flow6. Helicity is a pseudoscalar, which has 

been linked to flow topology as a measure of the lack of mirror symmetry of the flow6, 7.  

In his fundamental work7, Moffatt considers a turbulent flow, governed by the unsteady Navier–

Stokes equation, in the following form, 

2 , 0
t

h  = − +  +   =u u ω u u ,       (1) 

and supposes that in some areas within the turbulent field the helicity density u ω is maximal or 

near maximal, so that u  is nearly parallel to ω  (the vortex lines are frozen in the flow). In 

these areas the nonlinear term u ω  in Eq. (1) is relatively small, and the nonlinear cascade of 

energy to smaller scales is also expected to decrease as a result. Correspondingly, the flow 

structure in regions where u ω  is near maximal tends to persist coherently in the form of 

helices. Turbulent flow near a wall is intrinsically chiral (i.e., lacks reflection symmetry) and 

thus is favorable for the development of helical coherent structures. In concert with the law of 

conservation of angular momentum, these helical structures are counterrotating, which is indeed 

observed in computational results (Fig. 2a, b, and Fig. 3). 
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Figure 2. Coherent structures behind the wave front of a soliton breaking on the continental 

slope: (a) top view of helicity on a plane parallel to and elevated above the bottom by 10 m (f1, 

f2, and f3 are three planes, which are positioned before, within, and after the leading solitary 

wave, respectively), (b) contour plots of helicity, and (c) eddy viscosity. 

This theoretical conjecture supports the idea that the shear induced by solitary internal waves in 

the near-bottom layer of the ocean is the source of the generation of helical coherent structures. 

The formation of helical coherent structures in the wall layer has been observed in laboratory 

experiments16 and reproduced in numerical models of oceanic overflows17 and spreading 

freshwater lenses interacting with wind stress18. 
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Figure 3. Contour plot of helicity from Figure 3b, plane f3, but in more detail. Helicity units are 

the same as in Figure 3b (m s-2). The intermittent sign of helicity features near the bottom is an 

indication of counterrotating spiraling structures with axes parallel to the direction of the soliton 

propagation.   

Conclusions 

Oceanographic measurements on the California shelf with the DTS system revealed coherent 

structures developing behind  the leading front of the solitary internal wave breaking on the 

continental slope5. We have demonstration with a computer model that these coherent structures 

are counterrotating helices. The theoretical conjecture based on the concept of helicity3 suggests 

that the shear induced by solitary internal waves in the near-bottom layer of the ocean is the 

source of the generation of the pattern of counterrotating helices. Turbulent flow near a wall is 

intrinsically chiral (i.e., lacks reflection symmetry), which explains the development of helical 

coherent structures. The law of conservation of the angular momentum necessitates that the 

helices are counterrotating, which is also supported by the modeling results. Both observational 
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and modeling results are consistent with this theoretical conjecture. We assume the discovered 

helical coherent structures are a significant component in the mixing, formation of nepheloid 

layers, and property exchanges caused by solitary internal waves breaking on continental slopes.  
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Materials and Methods 

ANSYS FLUENT 19.2 was used to model the internal wave breaking on the continental slope. 

For further consideration of the theory behind FLUENT models, please see the ANSYS Fluent 

Theory Guide 19.2. (2018). The model was run in parallel on 54 processors on a Dell 

workstation. The model domain, created in ANSYS Workbench, involved a 2500 m long, 180 m 

high, and 800 m wide domain with a 4.4o continental slope. The mesh resolution was set to 0.5 m 

in all directions, with a total of 18,884,491 cells. Boundary conditions were set to zero shear on 

the lateral sides and top of the domain, and no slip on the bottom and slope of the domain.  

We used a pressure-based, transient, 2nd 
order implicit solver and a Large Eddy 

Simulation (LES) turbulence model with Wall Adapting Local Eddy (WALE) as the sub-grid 

scale model. The LES model resolves momentum, mass, and energy in large eddies, which are 

significantly affected by the geometry and boundary conditions of the model. The governing 

equations of the LES model are derived from time-dependent Navier-Stokes equations that are 

filtered in either Fourier (wave-number) space or configuration (physical) space. Operating 

conditions were set to 293.15 K, 9.81 m/s gravity, and 101325 Pa atmospheric pressure. We 
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specified the material in our domain as water with thermal conductivity = 0.6 W/m K-1, viscosity 

μ = 0.001003 kg·m−1·s−1, and specific heat cp=4182 J kg
-1

K
-1

. The density and temperature of 

water was set according to a user defined function (UDF) written in C++, which was compiled 

and initialized within Fluent. The UDF was used to set the initial density anomaly, which created 

the internal wave using a defined temperature and salinity at the bottom left corner of the 

domain. The model was initialized with a temperature anomaly of 14.6°C and a salinity anomaly 

of 1.25 psu, which resulted in a density anomaly of 4.5 kg/m3. This anomaly then propagated 

into an internal wave soliton which broke on the continental slope.  

 



Figures

Figure 1

Side (a) and top (b) contour views of an internal soliton breaking on the continental slope like that in the
California experiment4, 5.



Figure 2

Coherent structures behind the wave front of a soliton breaking on the continental slope: (a) top view of
helicity on a plane parallel to and elevated above the bottom by 10 m (f1, f2, and f3 are three planes,
which are positioned before, within, and after the leading solitary wave, respectively), (b) contour plots of
helicity, and (c) eddy viscosity.



Figure 3

Contour plot of helicity from Figure 3b, plane f3, but in more detail. Helicity units are the same as in
Figure 3b (m s-2). The intermittent sign of helicity features near the bottom is an indication of
counterrotating spiraling structures with axes parallel to the direction of the soliton propagation.
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