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Waves as Atmosphere/Ocean Link
> Atmospheric boundary layer

– winds generate waves

– waves provide surface roughness 

and change the winds

– waves evolve, fluxes change

– waves generate spray

> Upper ocean mixed layer

– waves generate currents

– produce turbulence

– turbulence: facilitates mixing

– changes the circulation, heat 

content, SST, nutrient transport

– facilitate gas exchange

> Small scales and large scales are 
separated. Models reach saturation in 
their performance

> They need to be coupled, from 
turbulence to climate. Understanding 
exists, computer capacity exists

Small/large-scale air-sea processes are essentially 

coupled in nature, but not in the models

Tradition and future

Chalikov & Belevich, 1993, 
BLM



wave mixing in the upper ocean



Model of generation of turbulence by 

nonlinear waves

Model is based on exact 2-D (x-z) model of surface waves 
coupled with 3-D LES (x-y-z) model of vortical motion based on 

Reynolds equation with parameterised subgrid turbulence

Babanin & Chalikov, JGR, 201212

Lab experiment, 

Babanin & Haus, JPO, 2009
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Modelling SST and MLD at the 

scale of tropical  cyclone
Ghantous and Babanin, Nonlin. 
Proc. in Geophysics, 2014
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• Southern Hemisphere TC
• MOM5
• (top) no waves
• (bottom) warm anomalies 

on the side with the 
strongest winds and cool 
anomalies in other regions

• initial wave-induced 
deepening of the mixed 
layer, which can modify the 
subsequent shear-induced 
entrainment and upwelling

• could potentially influence 
tropical cyclone intensity 
and structure



MOM5 global 
modelling



Global distribution ( Northern 
summer)

• temperature (degrees)

• pressure (mbar)

• precipitation (mm per day)

Implementing wave-induced 

mixing in CLIMBER

Babanin, Ganopolski, Phillips, 2009, OM



Bigeochemistry



Effect of surface wave mixing on MLD and Chl-a concentration 

during DJF season in the Southern Ocean

|

Tensubam, Babanin, Dash, 2024, STE 

(b) Depth profile of Chl-a, POC, light and nitrate in the ocean 



CO2 transfer due to waves



Suggested Formula

෩𝐾 = ቐ
9.57 ∙ 10−11 ∙ 𝑅𝐻𝑀 ∙ 1 + ෩𝑈

0.876
, 𝜀 ≤ 0.055

2.82 ∙ 10−11 ∙ 𝑏𝑇 ∙ 𝑅𝐻𝑀
4 ∙ 1 + ෩𝑈

0.260
, 𝜀 ≥ 0.055

A combined formula is proposed for breaking/non-breaking wave conditions which can be 
determined by spectral wave steepness 𝜀 (Babanin et al (2001)).

෩𝐾 =
𝐾660

𝑈𝑤𝑚
, 𝑅𝐻𝑀 =

𝐻𝑠∙𝑈𝑤𝑚

ν
, 

 ෩𝑈 =
𝑈∗

𝑔∙𝐻𝑠
, ෪𝑉𝑏 =

𝑉𝑏

𝑈𝑤𝑚



Mixing: wave-induced mixing
2
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Breakup: wave-induced sea ice breakup

When sea ice is broken, we reduce albedo by 40% in summer 

and increase the rate of frazil ice growth by 10% in winter.

Wave-coupled effects in 

Marginal Ice Zone



Temperature difference between ocean models with and without the extra 
wave-mixing term (wave and control, respectively).

Results from MOM5 Ocean model with and without the 
inclusion of an extra wave mixing term (from WW3)

In the Southern Ocean an increase in wave mixing captures more heat and 
transports it into deeper waters over the (southern) summer. While producing a 
net increase in ocean temperature this results in the waters surface being colder 
during the summer.

Thomas, Babanin, Walsh, Stoney, Heil, 2019, OD



Difference in ice thickness between ocean models with and without the 
extra wave-mixing term (wave and control, respectively). 

The decrease in surface temperature despite the net increase in ocean heat 
content causes a reduction in the amount of ice melt during the summer.
This results in a thicker Antarctic sea sheet, particularly in December (summer).
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Conclusions

• wave-induced turbulence (not to be confused with wave-breaking 

turbulence) is produced at the vertical scale of wavelength

• important for ocean mixing, sediment suspension, tropical 

cyclones, weather, climate, polar oceans and ice, gas transfer, 

biogeochemistry

• laboratory experiments, numerical simulations, field observations 

– all give similar rates for wave turbulence production 

• wave models need to meet requirements of correct fluxes in 

order to be useful for coupling with atmospheric and ocean 

models







Regardless of the turbulence source, 3D turbulence 

is unstable to 2D wave orbital motion

Benilov, JGR, 2012



Swell attenuation

e = 300 ×a3.0±1.0, b1=0.004 Dissipation

• volumetric

• per unit of 
surface

• per unit of 
propagation 
distance

Babanin, 2011, CUP

Wave turbulence 
production profile 



Young, Babanin, Zieger, JPO, 2013

Swell attenuation





Waves and ocean turbulence

• in air-sea interaction and ocean-mixing models, the wind 
stress is usually parameterised to directly drive the dynamics 
of the upper ocean 

• wind provides momentum and energy fluxes to the ocean 
surface and thus mixes the upper ocean

• dominant part of the wind stress, however, is supported by 
the flux of momentum from wind to waves 

• these waves break, and the breaking is regarded as the main 
source of the turbulence across the interface

• it is often assumed that the turbulence is then diffused down 
and the mixing is achieved 

• if the wave breaking was the only role of the waves in the 
upper-ocean mixing, such a scheme would perhaps be 
feasible

• there are, however, two potential problems in such approach



Waves and ocean turbulence

• there are, however, two potential problems in such 
approach

• first of all, time scales of the turbulence lifetime and 
turbulence diffusion down to some 100m should agree

• secondly, before the momentum is received by the upper 
ocean in the form of turbulence and mean currents, it 
goes through a stage of surface wave motion 

• such motion can directly affect or influence the upper-
ocean mixing and other processes, and thus ignoring the 
wave phase of momentum transformation may 
undermine accuracy and perhaps even validity of such 
parameterisations 

• there are at least two processes in the upper ocean 
which can deliver turbulence straight to the depth of 
100m or so instead of diffusing it from the top 

• these are wave-induced turbulence and Langmuir 
circulation

• 2-3m of the ocean water have the same heat capacity as 
the entire atmosphere



Linear Wave Theory. 

Governing equations

• Laplace Equation (Continuity Equation) - conservation of mass (two-dimensional 
case):
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•Most fluid mechanics problems can be solved by considering the 
governing Equations of conservation of mass, momentum and energy
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Young, 1999, 
Elsevier



Kinsman, 1965: Wind Waves

based on Phillips (1961)
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Navier-Stokes equation

linearised boundary conditions, 

with surface tension T
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Solutions

vorticity

• exponential decay in z and t

• oscillations in x, z and t

• ‘length’ of vertical vorticity oscillation is much 

smaller than λ



Field observations, North 

Rankin mixed layer 

deepening

Toffoli et al., JGR, 2012, Aijaz et al., JGR, 2017

Wave height

MLD:
dark – wave induced
grey - measured



• mixed layer deepened and a substantial amount of heat was 

brought down into the ocean

• most notably between the depths of 25–100 m and the latitudes 

40S–20S 

• Upper Ocean Heat Content (OHC) increases by approximately 

~0.1%. This was three times the size of the expected climate 

change signal by the end of the 21st century under the RCP4.5 

scenario

• the modified projection, however, showed about 3% less ocean heat 

uptake than the standard

• although wave-induced mixing results in reduced global ocean heat 

uptake, there were regions in which OHC substantially increased, 

particularly the North Atlantic sub-tropics, the South Atlantic around 

the tip of South Africa, the Tasman Sea, and the Sea of Japan

• All effects for completeness: (1) momentum budget aloft (2) wave-

induced currents, (3) wave-induced mixing, (4) heat fluxes, (5) mass 

flux, (6) albedo, and (7) sea ice

Sensitivity test - wave induced mixing only



• Iwano et al., 2013, Tellus B

30

Mass transfer velocity across the breaking air-water 

interface at extremely high wind speeds

in the lab tests, at U10 ~ 34 m/s
- mass transfer kL increases drastically
- volume flux of droplets changes sharply
- growth rate of significant wave height 

drops suddenly (top right)
Authors conclude: This change indicates that 
intense wave breaking occurs at extremely 
high wind speeds and it has significant 
effects on CO2 transfer
We conclude: Wind input drops too (at least 
in relative terms)
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