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ENERGY FLOW IN THE OCEANIC GENERAL CIRCULATION 

McWilliams, 2016: Submesoscale currents in the ocean 



LANDSAT8 Image of cyanobacteria bloom in the Baltic Sea, Aug. 11, 2015 



Wave-current interaction and ocean fronts 

HI-RES Experiment June 2010, Courtesy Ken Melville, Scripps Institution of Oceanography 



SUBMESOSCALE FRONT AND LANGMUIR TURBULENCE(?) 
NEAR VENICE, LOUISANA courtesy Arthur Mariano, RSMAS 







2D density filament 
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Wave effects 
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VERTICAL VELOCITY IN LES OF CFF WITH COOLING 

FRONTOGENETIC TURBULENCE, t = 2.4 Hrs, z = -3 m 

FULLY DEVELOPED TURBULENCE, z = -3 m 



TIME HISTORY OF FRONTOGENESIS AND FRONTOLYSIS 
AVERAGE VERTICAL VORTICITY 

GROWTH 

ARREST 
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BOUNDARY-LAYER INDUCED FRONTOGENESIS 



IDEALIZED FRONT AND FILAMENT FRONTOGENESIS   

One-sided surface 
frontogenesis, 
Hoskins, 1982 

Cold filament frontogenesis,  
McWilliams etal,  2009 
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CROSS-FRONT FIELDS WITH SURFACE COOLING 

cold 





CROSS-FRONT STREAMFUNCTION WITH COOLING 
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CROSS-FRONT FIELDS WITH NORTH WIND 



CROSS-FRONT STREAMFUNCTION FOR NORTH WINDS 
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LIFE CYCLE OF COLD FILAMENT 
 
FRONTOGENESIS 



Winds + waves               z = -3 m            



Winds            z = -3 m            





WHAT DOES THE ARREST? 

``The real breakdown of our models is that when 
gradients become large, … Kelvin-Helmholtz instability 
must be expected, and neglected mixing effects must be 
important.” (Hoskins & Bretherton, 1972) 





TIME EVOLUTION OF FRONTAL INSTABILITY NORTH WIND 

t = 0 2.7 5.0 7.0 9.0 



HORIZONTAL FLUXES AND TKE FOR EAST WINDS + WAVES 
t = 5.5 hr  
z ~ -1.26 m 



TKE PRODUCTION FOR NORTH WINDS 



WHAT’S THE SCALE OF THE ARREST? 



ARRESTING TURBULENCE FOR EAST WINDS + WAVES 
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POWER SPECTRA OF (U, V, W) FOR EAST WINDS + WAVES 

t = 5.4 hr 



VORTEX FRAGMENTATION OF A DENSITY FILAMENT IN ROMS  

GULA  etal  (2014, JPO) 
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SCHEMATIC OF ENERGY CASCADE IN THE UPPER OCEAN 
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CROSS-FRONT FIELDS WITH NORTH WIND 

t = 4 hr t = 0 hr 







LAGRANGIAN EDDY VISCOSITY 
EAST WINDS + WAVES 

Non-equilibrium turbulence! 





Observational Targets: Need atmospheric surface layer observations 
(winds, heat fluxes, turbulence) and wave fields … Transient wind-
wave regimes are interesting. In the OBL, profiles of variances, 
current and temperature … spatial measurements, correlation 
functions to determine cell properties … Regime with varying winds 
and waves … Temperature fronts are especially interesting … 
frontogenesis and arrest are functions of winds and waves and their 
orientation … really need spatial measurements … coupling over 
multiple scales  … for example the variances, co-variance u’v’ are 
interesting and LES suggests that arrest is determined by the latter  
 



Objectives: Understand the interactions between surface BL 
turbulence, submesoscale currents and density gradients in the 
presence of surface gravity waves.  
 
Regimes: Variable large-scale forcing, transient winds, remote swell, 
density fronts – regimes where LT is active 
 
Approach: Large domain Large-Eddy Simulations with fine spatial 
meshes to resolve turbulence and include surface wave effects … 
transient BL evolution for disequilibrium wind-wave conditions … since 
we are interested in time varying winds and waves we will drive the 
LES  mostly with wave fields computed from WaveWatch III with 
guidance from Leonel Romero (UCSB). 
 
DRI goals: Use LES to guide the planning phase of the observational 
strategy aide the interpretation of the observations. Understand the 
adequacy of a single column model to represent LT in complex 
regimes. 
 



LAGRANGIAN EDDY VISCOSITY 
EAST WINDS AND WAVES 



Winds + waves               

z = -3 m            

Cell strength changes across the front               









Winds + Waves             z = -2.3 m            







FRONT LOCATION DEPENDS ON EKMAN TRANSPORT, 
STOKES-CORIOLIS, VORTEX FORCE 

FRONT LOCATION AT t = 0 





Stokes-Coriolis Vortex force Imposed pressure gradient  





CROSS FILAMENT SURFACE TEMPERATURE AND SPANWISE 
CURRENT UNDER FRONTOGENESIS  0 < t < 12 hrs 

WINDS + WAVES 



FRONTOGENESIS AND ARREST FLUX DIVERGENCE 



z ~ -10 m 

VERTICAL VELOCITY FOR NORTH WINDS AND WAVES 





TTW, CROSS FILAMENT FIELDS, Y-AVERAGE, AT T = 0 hrs 
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CROSS FILAMENT SURFACE TEMPERATURE AND SPANWISE 
CURRENT UNDER FRONTOGENESIS  0 < t < 12 hrs 

WINDS + WAVES 



POWER SPECTRA OF (U, V, W) FOR EAST WINDS + WAVES 

T = 5.4 hr 
z ~ -34 m 





Resolved flow computations stop! 

Courtesy Jim McWilliams (UCLA) 



LOW LEVEL FLIGHT IN HURRICANE ISABEL SAR Image of the Santa Barbara Channel 

110 km 


