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LONG-TERM GOALS 

To determine whether lateral mixing at O(1-10 km) scales is due to a balanced or unbalanced 
downscale cascade from the mesoscale, or due to local vertical mixing by internal waves and surface 
forcing. 

OBJECTIVES 

Our work will test hypothesis 3 of the white paper “Scalable Lateral Mixing and Coherent 
Turbulence”: Non-QG, submesoscale instabilities feed a forward cascade of energy, scalar and Ertel 
PV variance, which enhances both isopycnal and diapycnal mixing. Related hypotheses are that 
submesoscale variability is associated with coherent structures and anisotropic mixing. Further, 
submesoscale processes are inherently vertical, as well as horizontal, and that submesoscale processes 
facilitate cross-front exchange. 

APPROACH 

Our approach is to run a number of process studies using a three-dimensional non-hydrostatic model 
written by Amala Mahadevan (PI from Boston University e.g. Mahadevan and Tandon 2006). The 
typical model resolution for resolving submesoscales is about 1 km in the horizontal. We examined 
processes in a domain approximately 100 km x 200 km, but recently, we have improved the model to 
run on much larger domains (approximately 500 km x 1000 km) at the same horizontal resolution. 

WORK COMPLETED  

Masters student, Eric Holmes (UMass Dartmouth) and postdoctoral research associate, Gulatiero 
Badin (Boston University) have also contributed to this work. 
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The optimization and scaling done in Year 1 for use on modern multi-core computer architecture, 
allowed us to model larger domains with meso- and submeso-scale interaction at high resolution. In 
Year 2 this allowed a series of frontal simulations in a domain 432 km by 768 km, almost 4 times the 
previous size of 100km by 200km, with a 1km horizontal resolution, and 32 non-uniform levels in the 
vertical as before, while retaining the free-surface and non-hydrostatic capabilities. Our initial 
simulations are of a baroclinically unstable front in a periodic channel, in the presence and absence of 
intial meanders (to trigger mesoscale instability and associated frontogenesis), for both forced and 
unforced fronts. 

We analyzed the spreading of tracer on isopycnal surfaces beneath a mixed layer front. Model 
simulations of a baroclinically unstable mixed layer front (Mahadevan et al., 2010) were performed in 
a zonal channel with a north-south density gradient confined only to the mixed layer. Tracer streaks 
were laid out on isopycnal surfaces (initially flat) beneath the mixed layer. Along-isopycnal mixing of 
the tracer was analyzed using different measures – variance in the cross-frontal direction, and an 
effective eddy diffusivity (Nakamura, 1996). 

We examined the cross-frontal flux of tracers by means of surface density filaments. The formation of 
filaments as a function of various parameters is studied with our  numerical ocean model.  

RESULTS 

Coupling to Density Gradients Beneath the Surface Mixed Layer 

In simulations without wind stress, the vertical fluxes follow the scaling, as expected from previous 
work (Fox-Kemper et al. 2008). However, the scaling is sensitive to the coupling to the dynamics 
below the mixed layer, as shown in Fig. 1. 

When the density structure below the mixed layer has significant horizontal gradients, the vertical 
fluxes are larger as can be seen by comparing the left and right panels in Fig. 1. The top left panel in 
Fig. 1 follows the Fox-Kemper et al. (2009) scaling. In presence of an initial meander which provides a 
trigger for baroclinic eddies to develop, the fluxes are higher. In addition, the competition between 
wind stress trying to destratify and mixed layer trying to stratify (Mahadevan et al. 2010) leads to 
higher vertical buoyancy fluxes in presence of wind. 
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Figure 1 (LLeft Panel) HHovmuller pplot of horizzontally averraged verticaal buoyancyy flux w’b’ for four 
simulalations WITHHOUT any bbaroclinicityy below the mmixed layer.r. The top paanel shows thhe 

developmment due to mmixed layer eddies in thee top 100m, the second panel showss the influennce of 
wind (no mesoscale meeanders), thee third showws the effect oof an initiall mesoscale mmeander (noo wind), 

and the ffinal panel sshows fluxess in presencee of both meeander and wwind. The ppanel on the right 
shows thhe averaged vertically buuoyancy fluxx for simulaations WITHH the baroclinicity beloww the 

miixed layer. 

 
The right paanels in Fig.11 show the rresults in preesence of barroclinicity beelow the mixxed layer. Inn case 
with meand er, in presennce of wind aand baroclinnicity below tthe mixed laayer, the highh vertical fluuxes are 
triggered quuickly compaared to the abbsence of thhese influencces. These simmulations sttrongly sugggest that 
the sub-messoscale charaacteristics inn the LATMIIX observatiional programm would differ based onn the 
horizontal ddensity structture below thhe mixed layyer (i.e, the mmesoscale ennvironment around the 
observationss). In the mooderate gradiients experimmental obserrvations of 22011 with weeaker baroclinic 
gradients unnderneath, thhe vertical fluuxes will be low and vicce-versa. 
 
In preparatioon for the 20012 fieldworrk in areas of more intennse density ggradients, wee are now in the 
process of innitializing thhe model witth a section ffrom the Kuuroshio front (Nagai et all. 2009).  Thhis leads 
to intense mmesoscale andd sub-mesosscale structurres to co-devvelop, as shoown in a figuure from a 
preliminary run in Figurre 2. Early reesults indicaate that the annticyclonic sside of the frront also beggins to 
radiate near-inertial (andd internal) wwaves, althouugh this needds further annalysis. 
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Mixing on Isopycnal SSurface 

Figure 2 A snapshott of vertical vorticity froom a frontal simulation initiated witth a section taken 
across thee Kuroshio  from Nagaii, et al. (20099). Both messoscale and sub-mesosccale structurres are 
seen to ddevelop with intense vertical vorticitty values. Thhe 200km byy 400km soluution is repeeated 

zonnally to showw the mesosccale and subb-mesoscale structure inn a square aaspect ratio. 

In our numeerical experimments of mixxed layer baaroclinic insttability, the ssubmesoscalle eddies thaat are 
formed in thhe mixed layyer begin to ppenetrate intto the pycnocline as is seeen in the aloong-isopycnnal 
vorticity (Fiig 3). The edddy kinetic eenergy decayys with depthh beneath thee base of thee mixed layeer. 
Tracer streaaks on the isoopycnal surface begin too fold and strretch, until thhey break innto blobs thatt are 
advecting wwith the flow (Fig. 3). Thhe spreading of tracers shhows three ddistict phasess. The first reegime is 
diffusive; thhe tracer streeak is contiguuous, and the variance ggrows linearl y in time. Thhe second reegime is 
highly superr-diffusive. IIn this phasee, the tracer ggets advecteed in cross-frront filamentts of high strrain. 
Cross-frontaal spreading occurs at ann exponentiaal rate. Finallly, a third re gime is reacched, where tthe 
tracer streakk is dismembbered into diistinct blobs that are advvected by thee flow. 
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Fig. 3. Mixxing by submmesoscale mmixed layer eeddies is exaamined on issopycnal surrfaces beneaath the 

mixed layyer. (a)-(c) shhow the isoppycnal sigmaa=25.44, and (e)-(g) siggma=26.76. PPanels (a) aand (e) 

show the vertical commponent of vvorticity (norrmalized by f) on the isoopycnal.. A sstreak of traacer, 1 


grid ccell wide is llaid down accross the enttire east-wesst extent of tthe domain at the time oof 
initializatioon on each oof the isopyccnal surfacees. (b),(c) annd (f),(g) shoow the tracerr concentrattion on 

the isopycnnals 10 dayss and 20 dayys after initiaalization, reespectively. ((d),(h) Crosss-front variaance of 

the tracer cconcentratioon on the isopopycnal surfafaces is plotteted as a funcction of timee in log-log sspace to 

determin e the power law relationnship. (d) 3 regimes aree seen on difffferent isopyycnal surfacees (h) 


Curves reppresent varyying strengthhs of the crooss-frontal bbuoyancy graadient. 
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OTHER ACTIVITIES 

Holmes, Tandon and Mahadevan gave presentations at the AGU Ocean Sciences meeting 2010 in 
Portland. 

Mahadevan, Tandon and Badin participated in the Eur-Oceans and Europole Mer 2010 workshop on 
the Influence of meso- and submesoscale ocean dynamics on the global carbon cycle and marine 
ecosystems.  

Mahadevan, Tandon and Badin individually made presentations at the GFD summer school at Woods 
Hole in summer 2010.  

A modeling workshop on Lateral Mixing was organized for the DRI in Boston in July 2010 with 
Mahadevan and Badin as local hosts. 

Other seminars and presentations include Stanford, URI, UCAR, U.Waterloo, MIT.  

Tandon conducted an ocean circulation workshop for high school teachers in summer 2010, and also 
presented ocean circulation related experiments at the Working Waterfront Festival in New Bedford 
Harbor in September 2009 and September 2010.  
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