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Mo@va@on	  
•  Marine	  biogeochemistry	  and	  ecosystems	  are	  
closely	  connected	  with	  the	  physical	  processes	  in	  
the	  upper	  ocean	  	  

•  Changes	  to	  the	  physical	  environment	  of	  the	  
ocean	  can	  have	  impact	  on	  ocean	  biology	  

•  Among	  such	  dynamics,	  ocean	  mixing	  is	  one	  of	  the	  
most	  important	  

•  Un@l	  recently,	  turbulence	  produced	  by	  the	  orbital	  
mo@on	  of	  surface	  waves	  was	  not	  accounted	  for,	  
and	  this	  fact	  limits	  performance	  of	  the	  models	  for	  
the	  upper-‐ocean	  mixing	  and	  air-‐sea	  interac@ons	  	  



Mo@va@on	  
•  Wave-‐induced	  mixing	  
-‐  dissolved	  gases	  
-‐  nutrients	  
-‐  water	  temperature	  and	  stra@fica@on	  
•  Direct	  influence	  in	  finite-‐depths:	  
-‐  sediment	  suspension	  
-‐  impact	  on	  corals,	  sea	  grass	  



	  5	  	  

Mo@va@on	  

>  Atmospheric	  boundary	  layer	  
–  winds	  generate	  waves	  
–  waves	  provide	  surface	  

roughness	  and	  change	  the	  
winds	  

–  waves	  evolve,	  fluxes	  change	  
>  Upper	  ocean	  mixed	  layer	  

–  waves	  generate	  turbulence,	  
moderate	  and	  facilitate	  mixing	  

–  change	  the	  circula@on,	  SST	  

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

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

Small- and large-scale air-sea processes are  
essentially coupled in nature,  
but not in the models 

Tradition and future 

Chalikov	  and	  Belevich,	  BLM,	  1993	  



Winds	  and	  waves	  change	  
Observa;ons	  

Young	  et	  al.,	  Science,	  2011	  

Sea	  surface	  temperature	  changes	  due	  to	  
waves	  
Model	  

Mo@va@on	  
Waves	  influences	  the	  climate,	  climate	  affects	  
the	  waves	  

MLD	  ,	  Southern	  
Pacific	  in	  Feb.	  	  

MLD,	  Northern	  

Atlan@c	  in	  Aug	  	  

World	  Ocean	  
Atlas	  

With	  
waves	  	  

Without	  
waves	  

Qiao	  et	  al.,	  Ocean	  Dynamics,	  2010	  





Introduc@on	  
•  in	  air-‐sea	  interac@on	  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	  

•  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	  poten@al	  problems	  in	  such	  approach	  



Waves	  and	  ocean	  turbulence	  
•  there	  are,	  however,	  two	  poten@al	  problems	  in	  such	  approach	  
•  first	  of	  all,	  @me	  scales	  of	  the	  turbulence	  life@me	  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	  mo@on	  	  

•  such	  mo@on	  can	  directly	  affect	  or	  influence	  the	  upper-‐ocean	  
mixing	  and	  other	  processes,	  and	  thus	  ignoring	  the	  wave	  
phase	  of	  momentum	  transforma@on	  may	  undermine	  
accuracy	  and	  perhaps	  even	  validity	  of	  such	  parameterisa@ons	  	  

•  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	  cirucla@on	  
•  2-‐3m	  of	  the	  ocean	  water	  have	  the	  same	  heat	  capacity	  as	  the	  

en@re	  atmosphere	  



Linear Wave Theory.  
Governing equations 

• 	  Laplace	  Equa@on	  (Con@nuity	  Equa@on)	  -‐	  conserva@on	  of	  mass	  (two-‐dimensional	  
case):	  
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• 	  Unsteady	  Bernoulli	  Equa@on	  –	  conserva@on	  of	  momentum:	  
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• Most	  fluid	  mechanics	  problems	  can	  be	  solved	  by	  considering	  the	  
governing	  Equa@ons	  of	  conserva@on	  of	  mass,	  momentum	  and	  energy	  
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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 



	  Hypothesis	  of	  the	  Wave	  
Reynolds	  Number	  

η(x,t)	  =	  a0cos(ωt+kx) 	  	  
	  
a(z)	  =	  a0exp(-‐kz)	  

It	  is	  the	  hypothesis	  that	  the	  a-‐based	  Reynolds	  number	  
	  
	  
where	  V=ωa	  is	  orbital	  velocity,	  and	  ν	  is	  kinema;c	  viscosity	  of	  the	  ocean	  water,	  
indicates	  transi;on	  from	  laminar	  orbital	  mo;on	  to	  turbulent	  	  	  
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Laboratory	  Experiment,	  First	  Inst.	  
of	  Oceanography,	  China	  

Dai	  et	  al.,	  JPO,	  2010	  

Mixing	  the	  stra@fied	  fluid	  
experiment	  (le[),	  model	  (right)	  

no	  waves	  
;me	  scale:	  hours	  

non-‐breaking	  waves	  
;me	  scale:	  minutes	  



Laboratory	  Experiment,	  ASIST,	  
RSMAS,	  University	  of	  Miami	  

0.10.3300 ±⋅= aε

This	  is	  close	  to	  the	  
expecta@on:	  since	  the	  
force	  due	  to	  the	  
turbulent	  stresses	  is	  
propor@onal	  to	  a2,	  the	  
energy	  dissipa@on	  rate	  
should	  be	  ~a3.	  

Babanin	  &	  Haus,	  JPO,	  2009	  



Model	  of	  genera5on	  of	  turbulence	  in	  
poten5al	  waves	  

•  Regardless of the turbulence source, 3D turbulence is 
unstable to 2D wave orbital motion (Benilov, JGR, 
2012) 

•  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 

•  Both systems of equations are written in conformal 
cylindrical surface-following coordinates 

•  The one-way coupling of models occurs through 
components of potential orbital velocity and vorticity 
components  Babanin	  &	  Chalikov,	  JGR,	  2012	  



Model	  of	  genera@on	  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	  vor@cal	  mo@on	  based	  on	  Reynolds	  
equa@on	  with	  parameterised	  subgrid	  turbulence	  

Babanin	  &	  Chalikov,	  JGR,	  2012	  



Swell	  abenua@on	  
0.10.3300 ±⋅= aε b1=0.004	   Dissipa@on	  

• 	  volumetric	  

	  

• 	  per	  unit	  of	  
surface	  

• 	  per	  unit	  of	  
propaga@on	  
distance	  

Babanin,	  2011,	  CUP	  



Swell	  abenua@on	  
Young,	  Babanin,	  Zieger,	  JPO,	  2013	  
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Modelling	  SST	  and	  MLD	  at	  the	  scale	  
of	  tropical	  	  cyclone	  

Ghantous	  and	  Babanin,	  Nonlin.	  Proc.	  in	  Geophysics,	  2014	  



Field	  observa@ons,	  North	  Rankin	  
mixed	  layer	  deepening	  

Toffoli	  et	  al.,	  JGR,	  2012	  

Wave	  height	  

MLD:	  
dark	  –	  wave	  induced	  
grey	  -‐	  measured	  
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Field	  observa@ons,	  North	  Sea,	  
sediment	  suspension	  

Pleskachevski	  et	  al.,	  JPO,	  2011	  



Implemen@ng	  wave-‐induced	  mixing	  in	  CLIMBER	  

• 	  Seasonal	  trend	  of	  the	  global	  
zonally	  averaged	  SST.	  Panels	  shown:	  
25,	  35,	  45	  and	  55	  degrees	  North	  
(from	  top	  to	  bobom).	  Lines	  	  shown:	  
default	  version	  of	  CLIMBER	  (blue),	  
variable	  MLD	  (red)	  and	  observa@ons	  
based	  on	  Levitus	  data	  (black).	  

• 	  effect	  is	  essen@al	  outside	  the	  
tropical	  areas	  

• 	  both	  magnitudes	  and	  phases	  of	  
SST	  are	  imporved	  

Babanin,	  Ganopolski	  &	  Phillips,	  2009,	  Ocean	  
Modelling	  



Implemen@ng	  wave-‐induced	  mixing	  in	  CLIMBER	  
Global	  distribu@on	  (	  Northern	  
summer)	  

• 	  temperature	  (degrees)	  

	  

	  

• 	  pressure	  (mbar)	  

	  

	  

• 	  precipita@on	  (mm	  per	  day)	  
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Conclusions	  
>  marine	  biogeochemistry	  and	  ecosystems	  are	  
connected	  with	  the	  physics	  and	  dynamics	  of	  the	  
ocean	  

>  coupling	  of	  small-‐scale	  models	  (waves,	  turbulence)	  
with	  large-‐scale	  models	  (weather,	  climate)	  is	  
necessary	  
–  physics	  is	  con@nuous	  
–  compu@ng	  capabili@es	  allow	  the	  coupling	  

>  waves	  provide	  feedback	  
–  to	  the	  atmospheric	  boundary	  layer	  
–  to	  the	  upper	  ocean	  (usually	  overlooked)	  
–  to	  the	  large-‐scale	  air-‐sea	  interac@ons	  

>  wave	  climate	  also	  changes	  
	  


