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What are internal waves? 

Gravity waves between two fluids of different density. 

Weak restoring force

Long periods and wavelength

https://www.youtube.com/watch?v=fLUI0MiBI3c

https://www.youtube.com/watch?v=fLUI0MiBI3c


Internal waves 
seen from the 
surface

➢Satellite photo of internal waves 
outside coast of southwest Africa

➢Visible through the effects of 
internal wave currents on surface 
roughness. 

➢Source at the lower left corner

Apel et al. (1975)



Internal wave 
“displacing” the 
isotherm

➢Yo-yoing drifter sampling the 
4.665 degrees isotherm. 

➢Note the large displacement! 



Internal Wave 
Driven Mixing

➢Tides interact with topography
➢ Low and high mode waves

➢Currents over topography can 
generate lee waves

➢Storms cause inertial oscillations in 
in the mixed layer
➢ Low and high mode waves 

➢Near-field tidal mixing

➢Far-field internal tides

➢Internal-lee waves

➢Wind-driven near-inertial motionsMacKinnon et al. (2017)



Why are internal waves so important? 
➢Cold, dense waters are formed at the poles. 
➢part of the thermohaline circulation

➢What brings the dense water back to the 
surface? 

➢Diapycnal mixing through vertical Fickian
diffusion (Adolf Fick in 1855)

➢The average diapycnal diffusivity needed to 
bring the dese water to the surface is on the 
order of 10−4

➢Molecular diffusion of temperature ~ 10−7

➢Internal waves are a major source of 
dissipation of turbulent kinetic energy (𝜀)



Far-field internal tides

➢M2 internal tides from satellite altimetry (mm)

➢Between 20 – 80 % of the internal tide energy is 
not dissipated near sources, but propagates away. 

➢Note, these are low-mode internal waves. 

Zhao et al. (2016)



Critical latitude 

Momentum balance equation,
V is velocity.

From a linear approximation and 
assuming weak tidal activity when 
only small-amplitude waves are 
generated, we get a single wave 
equation. 

𝜎 is the tidal frequency
f is the Coriolis parameter
N is the buoyancy frequency 

In systems with weak rotation
(f < 𝝈 < N) => freely 
propagating waves

When f > 𝝈 waves decay 
exponentially away from 
source. 

For the semidiurnal M2 tide, 
the critical latitude is 74.5°



Critical latitude 
➢Atlantic water (AW) enters the Arctic ocean at depths of 50 to 200 m. 
➢Major heat and salt source to the Arctic Ocean

➢The AW is rapidly cooled, yet, vertical mixing is generally weak. 
➢Freely propagating waves that is believed to drive mixing across the major 

oceans cannot occur. 

➢What happens to the heat? How is it diffused? 



Internal-lee 
waves
Rippeth et al. (2017)

➢Numerically modelled tidal flow 
over topography. 

➢a) Isotherms are elevated on the 
upstream side and depressed of 
the lee side. (After 3 hours)

➢The waves are initially trapped, 
but propagates away as the tide 
slacks. 

➢b) A second set of features are 
set up (trapped as long as the flow 
is supercritical).  



Internal-lee 
waves
Rippeth et al. (2017)

➢Temperature time series at two 
different locations away from the 
topography. 

➢Contours are isotherms

➢Note the high-frequency internal 
waves that occur at the same 
location every cycle. (3-5 hours 
duration) 10-m amplitude. 

➢These are nonlinear internal 
waves and account for 71% of the 
tidal conversion. 



Internal-lee waves
Rippeth et al. (2017)

➢a) Arctic region. Red dashed line 
is the critical latitude. 

➢b) Rate of conversion of tidal 
energy. 

➢c) Froude number distribution 



Internal-lee 
waves
Rippeth et al. (2017)

➢a) Observed (dotted) and M2 tidal 
currents predicted through tidal analysis 
(solid). 
➢Blue is east (on-bank), Red is North. 

➢b) Vertical velocity shear averaged over 
10m bins. 

➢c) Measured dissipation rate of TKE. 
➢Red lines are the 4.5 and 6℃ isotherms

➢Blue lines indicate the surface and 
bottom boundary layers. 

➢Total dissipation is dominated by the 
bottom boundary layer dissipation

➢Observed dissipation in the thermocline 
accounted for 37% (note 15:00)



Rippeth et al. (2017) - conclude

➢In the region of interest, there are found internal waves consistent with those predicted by the 
model.

➢Suggest that tidally generated lee waves are a key mechanism for the transfer of energy from 
the tide to turbulence poleward of the critical latitude.



Near-field 
tidal mixing
➢Direct wave breaking close to 
topography

➢Interaction with other internal 
waves near the source. 

➢Upper panel: Time series of 
barotropic tidal currents over the 
Kaena Ridge, Hawaii. 

➢Lower panel: Dissipation rate of 
TKE
➢Note the twice daily oscillation of 

turbulent dissipation. 



Atlantic heat fluxes 
over rough topography
Rippeth et al. (2015)

➢Atlantic water enters the arctic 
between 50-200m separated from 
the surface by a cold, fresh layer. 

➢Comparison of dissipation rates 
under varying ice-condition. 
➢Triangles: Ice cover

➢Circles : Little ice/open water

➢In the interior Arctic ocean 
basins, vertical heat fluxes are 
small. (0.05 to 0.3 W m−2) 
➢Molecular diffusion. 



➢ Dissipation rates 
of TKE are 
enhanced 
between 200 and 
2000 m depth 

➢ Enhancement of 
dissipation rates 
over steeper 
slopes 

➢ Note: All the red 
profiles are just 
north of Svalbard

➢ Transect mean measured dissipation correlates 
(r=0.67) with the tidal energy dissipation rate
➢ Transect mean account for 12% of the total 

tidal energy dissipation rate. 



Rippeth et al. (2015) – conclude 

➢The enhanced continental slope dissipation rate varies significantly with longitude and 
topographic steepness. 

➢Dissipation rate is insensitive to sea-ice conditions. 
➢This is quite surprising.  



Wind-driven mixing 
in the Arctic Ocean 
➢The ice cover works as a lid, dampening 
oscillations and storm-induced internal waves. 

➢The sea ice extent is decreasing

➢One would expect the reduced ice to allow for 
higher amplitude internal waves and a higher 
momentum transfer from the atmosphere to the 
ocean. 

Rainville et al. (2011)



Final conclusion

➢Even though freely propagating M2 tidal waves do not occur in the Arctic, near source tidal 
waves and propagating Lee waves are significant for the observed mixing and heat loss of the 
Atlantic water (AW) in the Arctic. 

➢Reduced sea ice is expected to increase the momentum transfer from the atmosphere to the 
ocean, yet, dissipation rates in the Atlantic water layer is insensitive to the sea ice condition. 

➢Tidal generated dissipation is a major contributor to the observed AW heat loss in the Arctic, 
O(10) W m2, however other processes must contribute to account for the observed heat loss, 
O(100) W m2
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