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ONR Final Report 
Section A.  Summary. 

I. 
A. D. Kirwan, Jr. 
N00014-91-J-1560: Nonlinear secondary oceanic flows:  Their role in transport 

of mass, momentum and energy (CORE) 
Center for Coastal Physical Oceanography 
Old Dominion University 
768 52nd Street 
Crittenton Hall 
Norfolk, VA 23529 

adk@ccpo.odu.edu 
804/683-4945 (voice) 
804/683-5550 (fax) 

n. Progress Abstract 
The long range goal of this project was to quantify the dynamical mechanisms by which 

mass momentum and energy are exchanged between the coastal and open ocean. Emphasis 
was placed on nonlinear mechanisms operating on sub-grid scales, dynamically consistent and 
quantitative methods for interpreting quasi-Lagrangian data and nonlinear/nonquasigeostrophic 
flow processes.  It is hoped that this research contributes to improved parameterization of 
sub-grid processes and to efficient utilization of quasi-Lagrangian data in predictive models 
Two scientific questions were addressed: 

Scientific Question T: What is the role of secondary circulation on the exchange between 
the coastal and open ocean? 

Working in collaboration with scientists at Naval Research Lab (NRL) National 
Aeronautics and Space Administration Goddard Space Flight Center (NASA GSFC) and 
Rosenstiel School of Marine and Atmospheric Science (RSMAS), we analyzed historical 
advanced high resolution radar (AVHRR) data for the North Atlantic.  The analysis differed 
in two fundamental ways from all previous studies.  First, it used a new zebra palette false 
color scheme for resolving frontal structures.  Unlike empirical orthogonal functions (EOF's) 
or other analyse routines often used in remote sensing studies, the zebra palette does not alter 
the pixel data.  It merely provides a false color scheme that enhances the thermal boundaries 
This palette is a variant of one developed by National Center for Supercomputing 
Applications (NCSA) and is commercially available.  It is also easy to modify for use in 
different regions or seasons. 

The other difference is a separatrix algorithm for tracking the evolution of frontal features 
associated with eddies and filaments. This method evolved from experience of the GSFC and 
RSMAS collaborators with the zebra palette. Its principal advantage vis-a-vis other methods 
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is that it requires less areal coverage and thus is less affected by cloud cover.  In fact, 
preliminary results show a 100% increase in image utilization.  The paper in preparation by 
Hooker et al. (1995), "Detecting "dipole ring" separatrices with zebra palettes," provides the 
technical details. 

Application of these tools to the historical AVHRR data fundamentally altered our view 
of mesoscale and submesoscale processes at the coastal open ocean interface. These tools 
have shown that the warm core rings in the North Atlantic are not isolated monopole vortices 
as commonly thought. Instead, the zebra palette rendering of the images shows that the warm 
core anticyclonic rings are always accompanied by one or more daughter cyclones. They 
comprise a long-lived system of vortices that translate and rotate together. 

The cyclones range in scale from deep structures as reported in the Warm Core Rings 
Program to shallow edge vortices associated with either the Gulf Stream or the shelf/slope 
front. Individual cyclones have been tracked for more than six weeks using these tools. 

This finding has major ramifications for the coastal ocean interface. The rotation of the 
cyclone around the anticyclone and the consequent induced flow is the primary cause of the 
filaments and squirts so commonly seen in this zone.  Moreover, we have analyzed in some 
detail, using a feature model of this phenomena, the cross-shelf transport induced by this 
vortex system. This calculation shows that three rings a year can account for all the cross- 
shelf transport required to balance the salinity and fresh water budgets for the Mid-Atlantic 
Bight shelf. 

The new view of eddies as a system of translating and rotating vortices is not confined to 
the coastal open ocean region of the North Atlantic. Zebra palette and separatrix analysis of 
cold core cyclonic rings in the mid-Atlantic indicate daughter anticyclones.  Similar analysis 
of AVHRR data from the South Atlantic shows even more vigorous vortex systems. 

These findings impact both theoretical and observational studies. The dynamical 
balances required to maintain systems of vortices is strongly nonlinear and vastly different 
from the simple quasigeostrophic dynamics used to model isolated vortices. From the 
observational side it is now clear that hydrographic surveys need to extend well beyond the 
primary vortex. The findings also underscore the emerging importance of the quantitative use 
of remote sensing data. 

Scientific Question II: How can ocean eddies produce superinertial fluctuations in the 
hydrodynamic fields? 

We have addressed this issue with a nonlinear lens model.  The key result is that the 
deformation in both the lens and the environment can excite both sub-and superinertial 
fluctuations of the hydrodynamic fields through the nonlinear terms in the hydrodynamic 
equations. The pathways for the interactions are described in "Nonlinear ocean dynamics" 
(Kirwan, Lipphardt and Gregory, The Oceans: Physical-Chemical Dynamics and Human 
Impact, 1994). Implications for both mesoscale and small scale oceanographers are discussed 
in "Coherent flows with near zero potential vorticity" (Kirwan and Lipphardt, /. Mar. Sys , 
1993). 

This study indicates that super- and subinertial scale phenomena are more closely linked 
than heretofore believed.  We have started applying some of the ideas developed in this effort 
to the dynamics of filaments and to our ARI, N00014-93-10567. 
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