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Dynamics at the ocean submesoscales

Characteristic scales: 

 L ~ 100 m - 10 km (here ≥ 1 km)

 H ~ 10 - 100 m

 t ~ hours – few weeks (here ≥ 1 day)

◆ Rotation and stratification are still important but are not 

asymptotically overwhelming

◆ Ageostrophic motions cannot be neglected 



◼ Arise from mesoscale eddies and boundary currents (or interactions 
with bottom topography) in the form of surface-layer fronts, vorticity
filaments, small coherent vortices. 

◼ Associated with large APE->EKE transfers through mixed-layer 
instabilities and frontogenesis

◼ Dynamics are mostly advective and only partly “balanced” with Ro = V/fL
~ 1

◼ Strong surface convergences and vertical velocity, hence vertical fluxes

Dynamics at the ocean submesoscales



Ageostrophic (unbalanced) motions cannot be neglected

Klein and Lapyere,

Ann. Rev. Marine

Science, 2009

Vertical velocities 

at 90 m (red for 

upward and blue 

for downward )

around a front.



McWilliams, 
Proc. Royal Soc. A
2016 

The flow of energy in the Ocean

✓Below ~3 km rotation and stratification are still important but are not asymptotically overwhelming

✓Ageostrophic motions cannot be neglected near vertical boundaries (surface, bottom)



 Limited measurements

 Most progress in our understanding through modeling 

using nested techniques to investigate finer and finer 

scales

 Approaching the limits of hydrostatic models



Observations: Phytoplankton bloom around Antarctica 
January 15, 2015. Modis AQUA



Photos taken by a commercial 

airline pilot between

Canada and Greenland in 

early April, 2015

The large eddy has a 

diameter of ~ 200 km



Observations in the Gulf of Mexico

MERCI MCI (Max. Chl Intensity) 

images of Sargassum lines in 2005
(Gower et al., 2006)

	



✓ Ocean interior: when a mesoscale circulation induces locally 
convergence through density gradients           an overturning 
circulation develops to smooth the density gradients and restore 
the geostrophic balance

✓ Ocean vertical boundaries (surface and bottom):  at 
convergence regions where waters with different densities meet, 
the overturning circulation is purely horizontal            the 
convergence of density surfaces accelerates frontogenesis 
occurs, Ro grows, upwelling and downwelling velocities on the 
sides of the front grow, submesoscale instabilities can develop

See Levy et al., GRL 2012

Why Submesoscale dynamics are prominent 

near the ocean vertical boundaries?



Instabilities
Four classes of instabilities generally implicated, often developing at fronts:

1. Mixed-layer instability (MLI): ageostrophic baroclinic instability that acts to 
constantly re-stratify the mixed-layer and develops at the scale of the local 
deformation radius. APE is needed, strong seasonal cycling (parameterization 
available)

2. Gravitational instability: may occur whenever the buoyancy frequency N2 

changes sign

3. Symmetric instability (SI): a change in sign of Ertel potential vorticity (EPV) is 
needed

4. ageostrophic anticyclonic instability (AAI): a change in sign of (A-S) where A is 
absolute vorticity defined as A=f+ζ and S is strain rate is required



Mechanisms by which submesoscale circulation may 

impact the ecosystem

Levy et al., 2018

Nat. Comm.

(recommended

reading)



Observational Evidence (Levy et al., 2018)



The California Current System

Capet et al, JPO 2008a

12 km 6 km

1.5 km 0.75 km



Capet et al., JPO 2008b



Levy et al., 2018



1. PATTERN FORMATION AND SUBMESOSCALES

At the surface                          only. Immediately below  Ekman term (due to wind 

forcing), ageostrophic contributions, stretching and tilting terms reach their max 

values (Koszalka, Bracco et al., JGR 2009)

max lateral convergence: 

frontogenesis – but needs density gradients
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2. SUBMESOSCALES AND DISPERSION IMPACTS

Zhong and Bracco, 2013



HORIZONTAL TRANSPORT: Dispersion

Relative dispersion for

2d and 3d particles 

deployed at 5m depth

MAJOR DIFFERENCES

Absolute dispersion for

2d particles releases 

at 5m depth at the

two resolutions

NO DIFFERENCES



FSLE: scale-dependent pair separation rate 

as function of separation distance

GLAD observations, Northern Gulf, 

summer 2012 and NCOM 3km

model (Poje et al., PNAS 2014)

ROMS



Vertical transects of vertical velocity

w standard deviation

also shown after 

filtering frequencies

larger than f

VERTICAL TRANSPORT: Vertical velocities

m/day

m/day



Vertical distribution of 3D 

particles deployed a 5m 

(top) and 100m (bottom) 40 

days after deployment.

Color indicates depth

Bottom figure: PDF of

displacements for 

particles deployed at 5m

1 km

1 km

5 km

5 km

VERTICAL TRANSPORT: Displacement





Zhong, Bracco et al, Scientific Reports, 2017

PATTERN FORMATION AND SUBMESOSCALES:

Implications for vertical transport and carbon cycling



Modeling

◼ ROMS-Agrif at three different horizontal resolutions, 10 km, 5 km (all SCS) and 1 

km (nested over 113°E–122°E, 17°N–25°N) split third-order upwind scheme, 

harmonic viscosity, linear bottom drag and KPP

◼ 6-hourly realistic forcing 2000-2008 (QSCAT/NCEP blended satellite wind and NCEP heat 

and fresh water fluxes 2000-2008); 20 yrs spin-up

◼ We find an eddy similar to that observed in January 2001



1km run

Zhong, Bracco et al, Scientific Reports, 2017 

10km run

max for next high res. climate models



Standard deviation: modeled vs observed

Zhong, Bracco et al, Scientific Reports, 2017



Zhong, Bracco et al, Scientific Reports, 2017 

Relevant for nutrient, carbon, oxygen uptake



Omand, D’Asaro et al., Science 2015 for 

observational evidence at high latitudes of POC 

export at eddy periphery. Estimated to contribute as 

much as ½ POC export in spring.

Marine snow image 

from ECOGIG video 

by G. Finch 

Production



Time series of POC flux collected from 2 sediment traps 

(black, GC600; green, AT357); Pink boxes indicate modeling 

periods, i.e., April/May; Sept/October 2012

Bathymetry of the domain, black: GC600; green: AT357

Liu, Bracco, Passow, Elementa: Science of the Anthropocene, 2018

Implications for carbon cycling

Main point:

Large difference in POC flux between GC600 

and AT357



TOP: Sea surface height patterns 

from the Gulf of Mexico Coastal 

Ocean Observing System (GCOOS) 

MIDDLE: Modeled sea surface height 

patterns 

BOTTOM: modeled surface salinity 

field 

GC600 (black) and AT357 (green)



ζ/f, averaged over the time over 

which the particles with various 

sinking velocities were at the 

surface.

See also: Omand, D’Asaro et al., Science 

2015 for observational evidence at high 

latitudes of POC export at eddy’s periphery. 

Estimated to contribute as much as ½ POC 

export in spring.



Sinking time: Submesoscale convergence impacts

Sinking time

PDFs of the particles’ resident time in the water 

column. averaged on all ensemble members. Time 

required to reach traps along a straight line 

through sinking alone indicated by vertical lines.

PDF of flow vertical velocities at particles’ locations 

in upper 200 m for 30 md-1 case



Seasonality of submesoscale processes

• APE availability depends on mixed layer depth and lateral density 

gradients. In general, is higher in winter, when the MLD is deeper 
(Mensa et al., 2013; Callies et al., 2015)

• “However, frontogenetical processes increase horizontal buoyancy 

gradients when the mixed layer is shallow (i.e. in summer)

• and overturning instabilities weaken the horizontal buoyancy 

gradients as the mixed layer deepens (i.e. in winter)” Brannigam et al., 

2015



Seasonality of submesoscale processes



Is this true everywhere?



Sea of Marmara  Operational Land Imager on the Landsat 8 satellite image of a 
phytoplankton bloom on May 17, 2015 



vorticity/f                                           vertical velocity wFeb 2011 May

Aug Nov

SEASONALITY OF THE VORTICITY FIELD

• Stronger around the Loop Current and the Rings.
• Enhanced over the slope, weaker on the shelf (especially in winter and fall).
• Wintertime maxima associated with deeper mixed layer



PK =
1

MLD
w 'b ' dz

0

-MLD

ò kg2 m-8 s-1m s-3 kg m-4

Feb
Aug

10-14 kg2 m-8 s-1

Aug 2011

10-5 kg m-4

Other submesoscale variables



In the absence of river input

AUG 2010 with river input

AUG 2010 without river input

10-14 kg2 m-8 s-1

F



Another example from an upwelling system 

(the South China Sea)



Summary and relevance

◼ Submesoscale expressions (patterns) vary with season and basins. The 

energy required by submesoscale instabilities to grow is directly 

proportional to the mixed layer depth but can be supplied through 

externally driven density anomalies.

◼ Any oceanic regions where river inputs and/or precipitation or ice-

freezing and melting are submesoscale hot-spots             

Coastal/estuarine areas and of climatic interest the Amazon, Congo, 

Mekong plume regions, ocean areas affected by monsoonal rain, 

Antarctica shelves, Greenland shelves, Arctic



PATTERN FORMATION AND SUBMESOSCALES:
Transport near the ocean bottom (GoM again, but also CUC)

Bracco et al. Ocean Modelling 2016, 2018

Normalized near-bottom

relative vorticity, ζ/f.

Instantaneous field



GENERATION OF SUBMESOSCALE EDDIES 
ALONG CONTINENTAL SLOPES

• Vertical velocities have to go to zero at the bottom -> horizontal shear layer near the 

bottom

• Juxtaposition of along-slope frontal currents that are highly variable in speed and direction 
(very common in the Gulf of Mexico) -> lateral shear layers

• The width of the layer depends on bathymetric slope; mostly unresolved at >= 5km horizontal 
resolution and partially resolved at ~ 1 km

• Whenever high values of vorticity are achieved (ζ/f >> 0.1) small scales eddies and filaments are 
generated through partially unbalanced instabilities

Bracco et al. Ocean Modelling 2016, 2018



Juxtaposition of along-slope frontal currents that are highly 
variable in speed and direction -> lateral shear layers

Bracco et al. Ocean Modelling 2016

Vertical velocities have to be zero at 

the bottom -> horizontal shear layer 

near the bottom

mean u 
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instantaneou
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u (cm/s)
ζ/f



CUC case

Multiple nesting levels

down to 166 m

horizontal resolution in

the purple box

Molemaker et al. 2015 JPO



Molemaker et al., 2015 JPO











Is this all?
Operational Land Imager on Landsat 8 of large bloom of cyanobacteria in the Baltic Sea

11 August 2015



Potential connectivity of Callogorgia delta in the Northern Gulf of Mexico:

the depth differentiation hypothesis

Bracco et al., 2019 JMS



Vertical 
dispersal 

Callogorgia delta

PLD = 40 Days



Modeled connectivity



Genetic structuring 
with distance

61,179 loci

Fst 0.0115-0.0691

Callogorgia delta


