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Introduction
Frontal eddies are typical mesoscale features associated with the onshore-offshore meandering of the Florida Current (FC) along the East Florida Shelf (EFS). Most of the energy is concentrated in meanders with periods of 5 and 12 days, with wavelengths of 170 and 340km and translation speeds of 36 and 28km/day, respectively. The meanders are northward traveling waves with upwelling occurring in the troughs between the offshore meander and the shelf break. The cool upwelled water moves northward with the parent wave as a cyclonic frontal eddy which in turn interacts with the FC by dragging (i.e., detraining) a warm filament around its onshore side, creating a “shingle” pattern. The EFS just north of the Straits of Florida (SOF) (ca. 27.5N) is an amplification region for the frontal eddies where their dimensions can increase to 100 to 200km in the alongshore direction and 30 to 50km in the cross-shore direction. Frontal eddies typically have durations of 1 to 3 wk, recurrence periods of about one week, and vertical extensions to depths of ca. 400m. FC frontal eddies have major implications for cross-shelf transport of biological and chemical materials; hence, understanding better their origin and space-time evolution is critical. Due to the associated upwelling, they also serve as mesocosms for enhanced biological productivity and fish forage grounds. Furthermore, their existence constitutes a challenge for unaliased, quasi-synoptic sampling of the regime.

Non-linear primitive equation models have reproduced the formation of frontal eddies for idealized cross-sections of the South Atlantic Bight (SAB). However, while producing the characteristic meanders, previous simulations of the FC in the SOF with either idealized or complex bottom topography, have not spontaneously generated the frontal eddies. The present study demonstrates that a high-resolution, curvilinear coastal ocean circulation model can simulate (1) the spontaneous formation of frontal eddies with realistic bottom topography over an extended domain and (2) their subsequent evolution as they interact with coastal boundaries and varying shelf width. Hence, these model results represent a significant new advance toward forecasting realistic frontal eddies on the EFS, as well as studying changes in their horizontal and vertical structures with spatially-varying alongshelf bottom topography.
Simulation Strategy
The EFS coastal ocean model (EFS-POM) is an implementation of the Princeton Ocean Model (POM) and is being developed as part of the East Florida Shelf Information System (EFSIS) within the Southeast Atlantic Coastal Ocean Observing System (SEACOOS) Program. POM is a hydrostatic, primitive equation model that uses terrain-following sigma levels for the vertical coordinate. EFS-POM runs on a curvilinear grid with 251x101 nodes and 25 non-uniform sigma levels (including refinement in both the surface and bottom boundary layers). The horizontal resolution ranges from ca. 2km in the Upper Florida Keys to Miami region to ca. 10km near the inflow and outflow boundaries. The average grid spacing along the EFS is approximately 4 to 6km. The minimum depth is set to 5m and extends to the physical location of the coastline.
The model is driven on the inflow from the Gulf of Mexico by monthly climatological temperature and salinity profiles and a constant transport of 30Sv (Sverdrup = 106m3/s), with the internal mode geostrophic velocity distribution computed from the thermal wind equation. The outflow is handled through a combination of radiation boundary conditions for both internal and external modes, with relaxation of the external mode to an “average” position and sea surface height of the FC at that location. The value of 30Sv matches well the mean observed transport through the SOF at 27N, but does not, of course, account for the seasonal or interannual variability. The surface heat flux is based on monthly climatology and the wind stress is based on 6-hourly, 2.5deg x 2.5deg surface winds from archived NCEP/ETA model output
Results
EFS-POM was run in a hindcast mode from January 1998 to December 1999, with 1998 used as the spin-up year; the spin-up time for kinetic energy is a few months. Simulation results for 1999 demonstrate the presence of FC frontal eddies along the entire EFS throughout the year. Several events occur during the month of February when the frontal eddies are most easily identifiable (due to seasonal maximum SST horizontal gradients) through their characteristic sea surface temperature (SST) “shingle” patterns. That month was therefore chosen as a specific example to illustrate the process kinematics.
Over the entire EFS, the alongshore scales range from 60 to 120km, depending on the intensity of the frontal eddies. A similar analysis in the cross-stream direction reveals cross-shelf scales of about 20 to 30km at 26.5N and 50 to 80km at 28.5N. Because most of the anomalies are traceable upstream to 26N, the frontal eddies probably originate from the Southeast Florida Shelf as small frontal perturbations, which grow further when the shelf widens north of 27N, favoring flow separation. Analysis of the SSH, temperature, and velocity fields from EFS-POM for the month of February 1999 demonstrate the ability of the model to simulate the formation and evolution of cyclonic frontal eddies along the EFS. The translation speed (40km/day) and recurrence period (4 to 7 days) of the simulated frontal eddies are in good agreement with observed values. The recurrence period also compares well with previous numerical results which concluded that, for an idealized bottom topography representative of the SAB, an imposed 6-day perturbation produced the most realistic eddy features. Furthermore, characteristic alongshelf and cross-shelf scales and vertical eddy structure near 28.5N are similar to those described in the idealized SAB simulations and in observed data. SST and SSH anomaly fields also indicate regions of intensification and dissipation of the frontal eddies as they translate along the EFS and interact with the broadening shelf. The presence of an amplification region for the frontal eddies just north of 27N where the coastline constraint relaxes is consistent with observations. The velocity fields associated with frontal eddies include strong onshore-offshore flows and, thus, provide an important mechanism for cross-shelf exchange of heat, momentum, and other properties. Because of their important dynamical and ecological implications, these processes need to be quantified for the EFS overall and for specific subregions; such as, the Florida Keys reef tract, the narrow shelf of Southeast Florida, and the wide shelf of Northeast Florida.
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Figure 1. Left panel: EFS-POM horizontal grid resolution (grayshade (km)) and bottom topography (contours (m)). Right panel: synoptic surface maps of frontal eddies in the EFS, 19 FEB 1999 (top left: SST (ºC); top right: SSH (m) and SSC (m/s); bottom left: SST anomaly (ºC); bottom right: SSH (m) and SSC (m/s) anomalies; current vectors are decimated by a factor of six in the alongshelf direction and a factor of four in the cross-shelf direction from model grid; the 200m isobath (shelf break) and cross-shelf transect analyzed in Fig.2 are shown as black lines).
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Figure 2. Left panel: synoptic cross-shelf vertical eddy structure near 28.5N, 19 FEB 1999 (top left: temperature (ºC); top right: alongshelf velocity (m/s); bottom left: temperature anomaly (ºC); bottom right: alongshelf velocity anomaly (m/s)). Right panel: Hovmuller diagrams showing eddy translation along the EFS shelf break (200m isobath) from Miami to Jacksonville, FEB 1999 (top: SSH anomaly (m); bottom: SST anomaly (ºC)).
