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The dynamics of the ocean
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The dynamics of the ocean
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Why mixing matters: the buoyancy budget of the ocean

Marshall & Speer (2012)

Diapycnal mixing in the deep ocean is key to the thermohaline (overturning) circulation, which 
controls the ventilation of heat and carbon between the abyssal and surface ocean 
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Internal waves in the atmosphere
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Internal waves in the ocean

Polzin 1997



Representing internal waves in climate models

 Most internal waves are not resolved in global ocean models, and certainly not in coupled 
climate models
 Representing their effect on the energy and buoyancy budgets of the ocean through mixing 

and dissipation is key to getting climate models right
 To do this, we use physics-informed parameterisations of internal waves derived from theory 

or wave-resolving numerical models

Fig: Sciencebuffs.org, Kris Karnauskas

Numerical models

Theoretical models

Baker & Mashayek (2022)

Baker & Mashayek (2021)
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1. Estimate generation rates using linear theory

2. Typically assume that lee wave energy decays exponentially from the bottom, with 
some empirical decay scale ~ 300 - 900m and dissipates locally

z

E

3. Convert energy flux to energy dissipation rate, infer corresponding diffusivity 
(Osborn, 1980), and plug into numerical model 

Example: Lee wave parameterisation
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Challenges (and how we might address them)
 Observations are sparse 

 Very difficult to simulate scales of both internal waves and turbulent mixing

 Availability and representation of bathymetry 

 Wave interactions with other dynamics

 How and where do waves break?

 Mixing feedbacks in a changing climate



Challenges (and how we might address them)
 Observations are sparse 

 Very difficult to simulate scales of both internal waves and turbulent mixing

 Availability and representation of bathymetry 

 Wave interactions with other dynamics

 How and where do waves break?

 Mixing feedbacks in a changing climate

Data limited regime - unclear if there 
is a role for machine learning



 Observations are sparse 

 Very difficult to simulate scales of both internal waves and turbulent mixing

 Availability and representation of topography 

 Wave interactions with other dynamics

 How and where do waves break?

 Mixing feedbacks in a changing climate

Challenges (and how we might address them)



Challenge: availability of topographic data
 Ocean bathymetry isn’t mapped at sufficient resolution for wave generation (~1km). High-

resolution data only available where a ship has surveyed. 

 Current workaround - assume a spectral form for abyssal hill topography at unresolved scales 
(Goff & Jordan 1988) 



Challenge: availability of topographic data
 Ocean bathymetry isn’t mapped at sufficient resolution for wave generation (~1km). High-

resolution data only available where a ship has surveyed. 

 Current workaround - assume a spectral form for abyssal hill topography at unresolved scales 
(Goff & Jordan 1988) 

 Seabed 2030 mapping initiative to collate and collect new data

https://seabed2030.org/



Challenge: nonlinearities at steep topography
 How does linear theory do on steep, nonlinear, topography?

 Case study: Drake Passage in the Southern Ocean - hot-spot for lee wave generation

Realistically forced, nested ~600 m 
resolution nonlinear numerical simulation

Nikurashin & Ferrari (2011)

Baker & Mashayek (2022)



Challenge: nonlinearities at steep topography
 Idea: compare linear theory with nonlinear simulation

 For linear theory, need . Here,  at high ridges

 Develop parameterisation to represent ‘effective topography’

Fr = NH/U ≪ 1 Fr ∼ 100

Blocked 
flow

Effective 
topography
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Challenge: nonlinearities at steep topography

 Flux calculated from simulated wave field matches new parameterisation well

 Current estimates could be over-predicting lee wave energy flux (as seen in observations)

Baker & Mashayek (2022)
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 Very difficult to simulate scales of both internal waves and turbulent mixing

 Availability and representation of topography 

 Wave interactions with other dynamics

 How and where do waves break?

 Mixing feedbacks in a changing climate
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Challenge: identifying waves in numerical simulations

 Generally identify waves as high-frequency motions 

 Internal waves are Doppler-shifted by background flows - only frequency in frame of flow 
(intrinsic frequency) satisfies frequency criterion 

 Need to filter in Lagrangian (flow-following) frame rather than Eulerian (stationary) frame

 Numerical methods: particle tracking (Shakespeare et al. 2021), and new PDE-based methods 
(Kafiabad & Vanneste 2023, Baker et al. 2025, Minz et al. 2025)
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 Generally identify waves as high-frequency motions 
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Challenge: Wave interactions with background flow

Baker & Mashayek 2021

 Linear theory assumes that internal waves propagate in an inviscid, infinite-depth, uniform 
background flow
What happens when background flow and stratification vary with height above bottom, and 

ocean has finite depth and viscosity?



Challenge: Wave interactions with background flow

Baker & Mashayek 2021

Classical model (Bell 1975) Modified model

U0, N0
<latexit sha1_base64="NwRZOnyrzPbX1SFe6BGJ83PRnEk=">AAAB8XicdVBNSwMxEJ2tX7V+VT3qISiCB1myW7X1JnrxJBZsLbalZNOsDc1mlyQrlMV/4cWDIl79A/4Ob978Kaatgoo+GHi8N8PMvCARXBuM35zcxOTU9Ex+tjA3v7C4VFxeqes4VZTVaCxi1QiIZoJLVjPcCNZIFCNRINhF0D8e+hfXTGkey3MzSFg7IleSh5wSY6XLWgfvtHbQaQd3ipvYPSiX/IMSwm7J8/fKviW7XmW/Ukaei0fYPFx/qb4DwFmn+NrqxjSNmDRUEK2bHk5MOyPKcCrYTaGVapYQ2idXrGmpJBHT7Wx08Q3askoXhbGyJQ0aqd8nMhJpPYgC2xkR09O/vaH4l9dMTVhpZ1wmqWGSjheFqUAmRsP3UZcrRo0YWEKo4vZWRHtEEWpsSAUbwten6H9S910Pu17VpnEEY+RhDTZgGzwowyGcwBnUgIKEW7iHB0c7d86j8zRuzTmfM6vwA87zB/92kgs=</latexit><latexit sha1_base64="6axz88HgGTB43CPMx0AtIZ2RFNA=">AAACFnicjVDLSgMxFM3UV62vqktFgkVwUYbMVG27K7pxJRbsA9tSMmnahmYyQ5IRSunSP3Dhxv/oyo2IW3HnN/gTpq2CioIHAodzzuXmHi/kTGmEXq3YzOzc/EJ8MbG0vLK6llzfKKsgkoSWSMADWfWwopwJWtJMc1oNJcW+x2nF652M/coVlYoF4kL3Q9rwcUewNiNYG+my1ETpehqeNVEzmUJ2Pptx8xmI7IzjHmZdQw6c3FEuCx0bTZAqbI+Kb9c7o//Fm8mXeisgkU+FJhwrVXNQqBsDLDUjnA4T9UjREJMe7tCaoQL7VDUGk7OGcM8oLdgOpHlCw4n6dWKAfaX6vmeSPtZd9dMbi795tUi3c40BE2GkqSDTRe2IQx3AcUewxSQlmvcNwUQy81dIulhiok2TCXP6533wb1J2bQfZTtFUdgymiIMtsAv2gQOyoABOwTkoAQIEuAF34MG6te6tR+tpGo1ZHzOb4Bus53eizJtB</latexit><latexit sha1_base64="6axz88HgGTB43CPMx0AtIZ2RFNA=">AAACFnicjVDLSgMxFM3UV62vqktFgkVwUYbMVG27K7pxJRbsA9tSMmnahmYyQ5IRSunSP3Dhxv/oyo2IW3HnN/gTpq2CioIHAodzzuXmHi/kTGmEXq3YzOzc/EJ8MbG0vLK6llzfKKsgkoSWSMADWfWwopwJWtJMc1oNJcW+x2nF652M/coVlYoF4kL3Q9rwcUewNiNYG+my1ETpehqeNVEzmUJ2Pptx8xmI7IzjHmZdQw6c3FEuCx0bTZAqbI+Kb9c7o//Fm8mXeisgkU+FJhwrVXNQqBsDLDUjnA4T9UjREJMe7tCaoQL7VDUGk7OGcM8oLdgOpHlCw4n6dWKAfaX6vmeSPtZd9dMbi795tUi3c40BE2GkqSDTRe2IQx3AcUewxSQlmvcNwUQy81dIulhiok2TCXP6533wb1J2bQfZTtFUdgymiIMtsAv2gQOyoABOwTkoAQIEuAF34MG6te6tR+tpGo1ZHzOb4Bus53eizJtB</latexit><latexit sha1_base64="7ZVx/61f0U4vDa/IaGZUN2lW7o8=">AAACFnicjVDLSgMxFM3UV62vqks3wSK4KEOmVafdFd24EgX7wHYomTTThmYyQ5IRytC/cOHGX3Ej4lbc+TemD0FFwQOBwznncnOPH3OmNELvVmZhcWl5JbuaW1vf2NzKb+80VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOkPzyZ+85ZKxSJxrUcx9ULcFyxgBGsj3dS7qNgpwosu6uYLyK665VK1DJFddkrHbsmQI6dyUnGhY6MpCmCO/8W7+bdOLyJJSIUmHCvVdlCsvRRLzQin41wnUTTGZIj7tG2owCFVXjo9awwPjNKDQSTNExpO1a8TKQ6VGoW+SYZYD9RPbyL+5rUTHVS8lIk40VSQ2aIg4VBHcNIR7DFJieYjQzCRzPwVkgGWmGjTZM6c/nkf/Js0SraDbOcKFWqn886yYA/sg0PgABfUwDm4BHVAgAB34AE8WffWo/VsvcyiGWs+swu+wXr9ACzWl5Y=</latexit>

U(z), N(z)
<latexit sha1_base64="1rc4jZRkJVUOivMClC4ilnU21v0=">AAAB83icdVDLSgMxFL3js9ZX1aWb0CJULMNMq7bdFd24kgr2AZ1SMmmmDc08SDJCHfobblxYxK0/486/MW0VVPTA5R7OuZfcHDfiTCrLejeWlldW19ZTG+nNre2d3czeflOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyqcUS7Ph4EzGMEKy05jfz9ccEpoGvde5mcZVbLpWK1hCyzZBfPykVNTu3KeaWMbNOaI1fLOidTAKj3Mm9OPySxTwNFOJayY1uR6iZYKEY4naSdWNIIkxEe0I6mAfap7CbzmyfoSCt95IVCV6DQXP2+kWBfyrHv6kkfq6H87c3Ev7xOrLxKN2FBFCsakMVDXsyRCtEsANRnghLFx5pgIpi+FZEhFpgoHVNah/D1U/Q/aRZN2zLtG53GBSyQgkPIQh5sKEMNrqAODSAQwQM8wdSIjUfj2XhZjC4ZnzsH8APG6wcG+JHb</latexit><latexit sha1_base64="1e4QKM/nDK4LE51v10rA83wngCs=">AAACGHicjVBLSwMxGMz6rPVV9egltAgVy7K7Vbe9Fb14EgW3LXRLyabZNjT7IMkKa+m/EA9e/CteRLz21n9j2iqoKPhByDAzH8mMFzMqpGFMtIXFpeWV1cxadn1jc2s7t7NbF1HCMXFwxCLe9JAgjIbEkVQy0ow5QYHHSMMbnE/1xi3hgkbhjUxj0g5QL6Q+xUgqynWKd4cltwQv1d3JFQy9apetahkaetm0TmxLgWOzclqxoakbsynU8u7R/aSW/s/eyY3dboSTgIQSMyREyzRi2R4iLilmZJR1E0FihAeoR1oKhiggoj2cBRvBA8V0oR9xdUIJZ+zXjSEKhEgDTzkDJPvipzYlf9NaifQr7SEN40SSEM8f8hMGZQSnLcEu5QRLliqAMKfqrxD3EUdYqi6zKvpnPvg3qFu6aejmtarsDMwnA/ZBHhSBCWxQAxfgCjgAgxg8gCfwoj1qz9qr9ja3LmgfO3vg22jjd9B6mzE=</latexit><latexit sha1_base64="1e4QKM/nDK4LE51v10rA83wngCs=">AAACGHicjVBLSwMxGMz6rPVV9egltAgVy7K7Vbe9Fb14EgW3LXRLyabZNjT7IMkKa+m/EA9e/CteRLz21n9j2iqoKPhByDAzH8mMFzMqpGFMtIXFpeWV1cxadn1jc2s7t7NbF1HCMXFwxCLe9JAgjIbEkVQy0ow5QYHHSMMbnE/1xi3hgkbhjUxj0g5QL6Q+xUgqynWKd4cltwQv1d3JFQy9apetahkaetm0TmxLgWOzclqxoakbsynU8u7R/aSW/s/eyY3dboSTgIQSMyREyzRi2R4iLilmZJR1E0FihAeoR1oKhiggoj2cBRvBA8V0oR9xdUIJZ+zXjSEKhEgDTzkDJPvipzYlf9NaifQr7SEN40SSEM8f8hMGZQSnLcEu5QRLliqAMKfqrxD3EUdYqi6zKvpnPvg3qFu6aejmtarsDMwnA/ZBHhSBCWxQAxfgCjgAgxg8gCfwoj1qz9qr9ja3LmgfO3vg22jjd9B6mzE=</latexit><latexit sha1_base64="hEsmqV68YiikeA0twlYelLWQgE8=">AAACGHicjVBLSwMxGMzWV62vqkcvwSJUKMvuVt32VvTiSRTcttBdSjbNtqHZB0lWqEv/hgcv/hUvIl5789+YPgQVBT8IGWbmI5nxE0aFNIx3Lbe0vLK6ll8vbGxube8Ud/eaIk45Jg6OWczbPhKE0Yg4kkpG2gknKPQZafnDi6neuiNc0Di6laOEeCHqRzSgGElFuU75/rjiVuCVurvFkqHX7apVr0JDr5rWqW0pcGLWzmo2NHVjNiWwmP/Zu8WJ24txGpJIYoaE6JhGIr0McUkxI+OCmwqSIDxEfdJRMEIhEV42CzaGR4rpwSDm6kQSztivGxkKhRiFvnKGSA7ET21K/qZ1UhnUvIxGSSpJhOcPBSmDMobTlmCPcoIlGymAMKfqrxAPEEdYqi4LKvpnPvg3aFq6aejmjVFqnC86y4MDcAjKwAQ2aIBLcA0cgEECHsATeNEetWftVXubW3PaYmcffBtt8gFDZpgi</latexit>

 Linear theory assumes that internal waves propagate in an inviscid, infinite-depth, uniform 
background flow
What happens when background flow and stratification vary with height above bottom, and 

ocean has finite depth and viscosity?



 Linear theory assumes that internal waves propagate in an inviscid, infinite-depth, uniform 
background flow
What happens when background flow and stratification vary with height above bottom, and 

ocean has finite depth and viscosity?
 Energy flux modified by interferences with reflected waves, and interaction with mean flow 

(including critical levels - need Green’s function solutions (Maitland-Davies & Buhler 2025)). 

Baker & Mashayek (2021)

Challenge: Wave interactions with background flow



 Linear theory assumes that internal waves propagate in an inviscid, infinite-depth, uniform 
background flow
What happens when background flow and stratification vary with height above bottom, and 

ocean has finite depth and viscosity?
 Energy flux modified by interferences with reflected waves, and interaction with mean flow 

(including critical levels - need Green’s function solutions (Maitland-Davies & Buhler 2025)). 
 Still an important role for simple, linear physics in improving ocean parameterisations

Baker & Mashayek (2021)

Challenge: Wave interactions with background flow



 Observations are sparse 

 Very difficult to simulate scales of both internal waves and turbulent mixing

 Availability and representation of topography 

 Wave interactions with other dynamics

 Mixing feedbacks in a changing climate

Challenges (and how we might address them)



Internal waves and mixing in a changing Arctic Ocean

A quiet Arctic Ocean A turbulent Arctic Ocean

 The Arctic is generally considered very ‘quiet’ with low turbulent mixing - no primary 
frequency internal tides since , and weak mean flows.

 As sea ice cover reduces, more ocean-atmosphere coupling and Arctic expected to spin-up (Li 
et al 2024) - more internal waves and turbulent mixing.

 In the Arctic, warm subsurface waters sit underneath a cold surface layer. Could turbulence 
mix the warm waters into the surface layer and melt sea ice, causing a positive feedback?

ω < f

Rippeth & Fine 2022



Internal waves and mixing in a changing Arctic Ocean

 We don’t currently have wave generation estimates in the Arctic - mixing is poorly 
constrained

 Extended linear theory with interdependent internal tides and lee waves (Shakespeare 2020) 
can be used to investigate wave generation pathways in the Arctic

Liu, Baker, Mashayek et al., in prep

Lee waves
Doppler-shifted 

internal tides
Higher harmonic 

internal tides



 Observations are sparse 

 Very difficult to simulate scales of both internal waves and turbulent mixing

 Availability and representation of topography 

 Wave interactions with other dynamics

 Mixing feedbacks in a changing climate

 And many more…

Thank you!

Challenges (and how we might address them)


