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Abstract 24 

A high-resolution (~1.5 km) regional ocean model was developed for the southern Florida 25 

Shelf and Florida Straits. A two-year (2011-12) simulation was conducted and the model results 26 

were generally in good agreement with available satellite and in situ data. Model results show 27 

that the meandering of the Gulf of Mexico Loop Current (LC) exerts strong impacts on the 28 

dynamics over Pulley Ridge on the southwest Florida shelf, where the LC turns into the Florida 29 

Straits to become the Florida Current (FC). In particular, the northward migration of the LC/FC 30 

front often drives strong on-shelf (eastward) transport of the slope water onto the shelf of 31 

southern Pulley Ridge, an important mesophotic coral reef at depths between 60 and 90 m. 32 

Frequent remotely or locally generated eddies over the western slope of Pulley Ridge may be 33 

blocked by the northern LC/FC front when it is closely in contact with the shelf break, a 34 

phenomenon documented in previous studies. These eddies drive strong upwelling of slope water 35 

toward the shelf break, which sometimes can extend 20-30km onto the shelf, strongly affecting 36 

the Pulley Ridge region. A narrow return flow, largely along the shelf edge from Florida Keys to 37 

Pulley Ridge, may be produced when the FC impinges upon the continental slope during late fall 38 

to early spring. The results from an experiment without the surface winds suggest that wind 39 

forcing contributes to the westward flow but is not the determining factor for its generation.  40 

Keywords: Gulf of Mexico, Pulley Ridge, Loop Current, Florida Current, meso-scale eddy, 41 

upwelling, cross-shelf transport 42 

 43 
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1. Introduction 46 

Pulley Ridge is a carbonate ridge that extends north-south at depths of 60-90 m for nearly 47 

300 km along the southwestern Florida platform in the northern Gulf of Mexico and lies about 48 

250 km west of the Florida coastline (Fig. 1; Hine et al., 2008). Southern Pulley Ridge is the 49 

southern terminus of this geological feature which supports a mesophotic coral ecosystem (MCE) 50 

at depths of 60-90 m (Cross et al., 2005; Reed, 2016). It has been described as the deepest, light-51 

dependent coral reef on the U.S. continental shelf (Halley et al. 2004; Culter et al., 2006).  52 

Southern Pulley Ridge has been designated as Pulley Ridge Habitat Area of Particular Concern 53 

(PR HAPC, Fig. 1), which is a 346 km
2
 marine reserve that is considered essential habitat for 54 

both coral and fish. Another coral reef habitat, Tortugas Ecological Reserve (TER, Fig. 1), 55 

located about 50 km east of PR HAPC, also breeds rare corals and fishes. Such productive 56 

benthic communities are sustained by several key environmental factors, including local 57 

dynamics, light availability, nutrients, water clarity and temperature, all of which are likely 58 

strongly impacted by the impingement of the Loop Current on the shelf margin (Jarrett et al., 59 

2005).  60 

The circulation on the West Florida Shelf (WFS) is mainly driven by local freshwater runoff, 61 

meteorological forcing, and the deep-ocean momentum and buoyancy fluxes transmitted across 62 

the shelf break (Weisberg and He, 2003; Weisberg et al., 2005). The circulation on the inner 63 

shelf is mainly driven by surface winds with additional nearshore freshwater plume due to local 64 

run-off, particularly during wet seasons (Weisberg et al., 1996; Weisberg et al., 2005; Liu and 65 

Weisberg, 2012). The circulation on the outer shelf, by contrast, is strongly affected by the Gulf 66 

of Mexico Loop Current (LC), a western boundary current that may interact with the shelf (e.g., 67 

Huh et al., 1981; Hetland et al., 1999; He and Weisberg, 2003a, b; Weisberg and He, 2003; 68 



  

3 

 

Weisberg et al., 2005; Weisberg et al. 2014a-c). The LC enters the Gulf of Mexico through the 69 

Yucatan Channel, and typically overshoots to the northern Gulf and then turns clockwise along 70 

the western Florida shelf slope, forming a wide loop in the eastern Gulf before it enters the 71 

Florida Straits to become the Florida Current (FC). Further downstream, the FC in turn becomes 72 

the origin of the Gulf Stream off the southeastern U.S. Depending on the extent of the intrusion 73 

into the Gulf, the LC interacts with the Gulf waters in different ways. For example, the LC could 74 

overshoot to the south of the Mississippi River Delta and entrain freshwater from the Mississippi 75 

river into the open ocean, which can subsequently be transported to the Dry Tortugas or even 76 

through the Florida Straits (e.g., Gilbert et al., 1996; Hu et al., 2005; Le Henaff et al., 2016). 77 

Much of the waters in the deep basin are transported from Caribbean to the Gulf of Mexico by 78 

the Loop Current (Rivas et al., 2005). The waters between 50 and 600m, are mainly from tropics 79 

and central north Atlantic but also from Sargasso Sea with a temperature range of 8-23
o
C and 80 

salinity range of 35-35.7 psu (Rivas et al., 2005). Sometimes, the Loop Current turns directly 81 

into the Florida Straits without much overture into the Gulf. Over the southern slope near Dry 82 

Tortugas, a prominent near stationary meso-scale eddy may be formed due to the meandering 83 

and instability of the FC (e.g., Lee et al. 1994; Fratantoni et al., 1998; Lee and Williams, 1999). 84 

A countercurrent, ~ 5 cm sec
-1

 on annual average, may be present over the southern slope of the 85 

Dry Tortugas (e.g., Lee and Williams, 1999; Lee et al., 2001; Kourafalou et al., 2006).  86 

A number of studies have been carried out to understand the interactions between the LC and 87 

the WFS waters (e.g., Hetland et al., 1999; He and Weisberg, 2003a, b; Weisberg and He, 2003; 88 

Weisberg et al., 2014a). Hetland et al. (1999) proposed that the pressure gradient between the 89 

deep ocean and the shelf set up by the LC near Dry Tortugas drives a narrow southward jet along 90 

the western shelf edge. Subsequent studies indicated that this pressure gradient may set the entire 91 
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shelf water in motion and drive an on-shore intrusion (He and Weisberg, 2003a, b; Weisberg and 92 

He, 2003; Weisberg et al., 2005). This intrusion can potentially affect the water properties of the 93 

entire WFS, mainly through the onshore bottom Ekman transport when the shelf-edge jet moves 94 

toward the south (Weisberg et al., 2014a). The cold upwelled water associated with the jet from 95 

the northern WFS can even make its way to as far south as Dry Tortugas (Weisberg et al., 2014a).  96 

Direct cross-shelf transport can also occur at certain segments of the shelf, but such events 97 

are rare. Using satellite and in situ observations, Huh et al. (1981) reported a LC intrusion event 98 

at De Soto Canyon off the northwest Florida shelf as the LC penetrated deeply into the northern 99 

Gulf. He and Weisberg (2003a) also investigated a LC intrusion case at the shelf break at the 100 

Tampa Bay and Sarasota segment using satellite data and the Princeton Ocean Model (POM).   101 

This manuscript examines the potential local interactions between the LC and the shelf/slope 102 

over the Pulley Ridge region because of recent strong interest in the biogeochemical and 103 

ecological processes on these fragile mesophotic coral reefs. In this area, the shallow and deep 104 

isobaths converge and the shelf break (about 80 m isobath) makes a 90
o
 turn from north-south to 105 

almost west-east (Fig. 1). This is also the transition zone where the LC turns into the Florida 106 

Straits to become the FC. As a result, this is one of the most dynamic regions on the WFS 107 

(Weisberg et al., 2005). Most previous studies on the interactions between the LC and the shelf 108 

water mainly focused on the broad shelf break from Mississippi to Pulley Ridge. Recently, 109 

Kourafalou and Kang (2012) examined in details the evolution of cyclonic eddies in the Florida 110 

Keys and eddy propagation from western Florida shelf slope toward the Florida Straits. Yet it 111 

remains unclear how exactly the LC/FC and associated eddies may impact the Pulley Ridge 112 

region and how the unique geometrical features may affect the interactions between the LC/FC 113 

and the shelf/slope. To address these questions, a three-dimensional, high-resolution numerical 114 
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model was developed for the southwest Florida shelf and Florida Straits. The model results were 115 

validated by comparing with autonomous underwater glider observations, satellite images, and 116 

other in situ data. In this manuscript, we specifically examine the impacts of the LC/FC on the 117 

meso-scale dynamics and water properties near Pulley Ridge by analyzing cross-shelf transport, 118 

eddy activities and associated upwelling events, and their relationships with the LC/FC. 119 

The paper is organized as follows. The numerical model and the available observations are 120 

described in Section 2. In section 3, we present and verify the model results by comparing them 121 

with observations. In section 4, we present an analysis of the model results, and discuss the 122 

underlying physical phenomena and associated processes relevant to the Pulley Ridge region. 123 

Conclusions and summary are provided in section 5. 124 

 125 

2. Numerical model and data 126 

2.1. Numerical model 127 

The numerical model is based on the Regional Ocean Modeling System (ROMS), which is a 128 

three-dimensional, prognostic, primitive equation ocean model with a vertical terrain-following 129 

sigma coordinate system (Shchepetkin and McWilliams, 2005). The model domain covers the 130 

southern Florida shelf, the Florida Straits, the northern part of the Cuba Island and the western 131 

part of the Great Bahamas Bank (Fig. 1). Horizontally, a uniform grid is used with a resolution of 132 

~1.5 km. Vertically, the model has 35 sigma layers that are concentrated at the top layers. The 133 

numerical schemes for the model include the third-order upstream scheme for horizontal 134 

advection, fourth-order centered difference scheme for vertical advection in both the momentum 135 

and tracer equations, and the Generic Length Scale (GLS) closure (Umlauf and Burchard, 2003) 136 

for vertical turbulent mixing. A uniform horizontal viscosity of 5 m
2
 sec

-1
 for currents and a 137 
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uniform mixing coefficient of 5 m
2 

sec
-1

 for tracers have been applied on the geopotential 138 

surfaces (Haidvogel and Beckmann, 1999). The model is driven by surface meteorological 139 

forcing, open boundary forcing, and the local run-offs (detailed below). Tidal forcing is not 140 

included. 141 

The initial model state, including temperature, salinity, velocities and sea surface height, is 142 

extracted from the 1/25
o
 Gulf of Mexico (GOMex) Hybrid Coordinate Ocean Model (HYCOM, 143 

Chassignet et al., 2009, http://tds.hycom.org/thredds/catalog.html) output and linearly 144 

interpolated into the model domain. At the surface, the model is driven by the 3-hourly North 145 

American Regional Reanalysis (NARR, Mesinger et al., 2006, 146 

http://nomads.ncdc.noaa.gov/thredds/catalog/narr-a/) meteorological forcing, including wind 147 

stresses, longwave and shortwave (solar) radiations, latent and sensible heat fluxes, evaporation 148 

and precipitation. All the forcing variables have been linearly interpolated from the NARR grid 149 

into the model grid. In order to reduce sea surface temperature (SST) error, we relaxed the model 150 

SST to the observed daily SST from the Physical Oceanography Distributed Active Archive 151 

Center (PO. DAAC, http://podaac-opendap.jpl.nasa.gov/opendap/hyrax/allData/ghrsst/data/L4/). 152 

The model has three open boundaries (north, west and east) and a closed southern boundary (Fig. 153 

1). Lateral boundary forcing is derived from the GOMex HYCOM (Prasad and Hogan, 2007). 154 

Along the boundaries, a radiation-nudging scheme has been applied to all model variables with a 155 

sponge layer of increased diffusion and viscosity within a buffer zone (20 grid points) in order to 156 

reduce boundary singularity. The modeling period is chosen as 2011-2012, but the simulation is 157 

repeated for several cycles to allow the model fields fully adjusting to the boundary forcing.  158 

Local freshwater run-offs are an important part of the dynamical system, especially over the 159 

inner shelf of the WFS (Weisberg et al., 2005). There are a number of small to medium rivers in 160 

http://tds.hycom.org/thredds/catalog.html
http://nomads.ncdc.noaa.gov/thredds/catalog/narr-a/
http://podaac-opendap.jpl.nasa.gov/opendap/hyrax/allData/ghrsst/data/L4/
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the western Florida coast, such as Caloosahatchee River, Peace River, Manatee River and Shark 161 

River. Currently, the model includes all the major rivers (total 32) with daily discharges derived 162 

from the U. S. Geological Survey (USGS) gauge data (http://waterdata.usgs.gov/nwis). If a river 163 

station is close to the river mouth, the river discharge might contain negative values (when flow 164 

is into the river) that are not compatible with ROMS. Therefore we extracted river discharge data 165 

from upstream stations and adjust the river flows based on the actual drainage area. 166 

2.2. Data 167 

In order to evaluate the model performance, we compared model results with observations 168 

collected from various sources, including underwater glider profiles, traditional CTD casts and 169 

satellite images. Detailed descriptions of available data used here are provided below. 170 

Over the last decade, underwater gliders have been widely used for collecting high resolution 171 

data from surface down to the seafloor with high efficiency (e.g., Davis et al., 2002; Rudnick et 172 

al., 2004; Schofield et al., 2010). In September 11-November 10, 2011, a research cruise on the 173 

NOAA ship Nancy Foster (hereafter cruise I) was conducted in the Pulley Ridge region to 174 

survey the shelf-edge coral reef ecosystem using a Bluefin Spray glider, Remotely Operated 175 

Vehicle (ROV), as well as traditional CTD casts (Reed et al., 2012a, b). The glider was outfitted 176 

with a CTD, an elastic scattering sensor and a fluorescence sensor to collect temperature, salinity, 177 

turbidity and chlorophyll-a profiles respectively. The ship survey ended on September 30, 2011, 178 

but the glider remained in the water collecting data until November 10, 2011. A second cruise, 179 

aiming at Florida shelf edge exploration, organized by Cooperative Institute for Ocean 180 

Exploration, Research & Technology (CIOERT), took place in February 3-24, 2012 (hereafter 181 

cruise II), in which only the Spray glider with similar setup was used. Over 3200 dives were 182 

completed during cruise I and over 1000 dives were completed during the cruise II. The glider 183 

http://waterdata.usgs.gov/nwis
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tracks are presented in both Fig. 1 (blue and red tracks) and Fig. 2 (focusing on Pulley Ridge). In 184 

cruise I, in addition to glider observations, vertical profiles of temperature and salinity were also 185 

collected using standard CTD casts at 19 stations (orange diamonds, Fig. 1) during the ship 186 

survey period. The stations can be separated into two groups: stations 01-13 were concentrated 187 

over southern Pulley Ridge region, close to the initial locations of the glider, while stations 14-19 188 

were over the Pourtalès Terrace in the southern Florida Straits. 189 

Two Gulf of Mexico and East Coast Carbon Cruises (GOMECC and GOMECC2) were 190 

conducted in 2007 and 2012, respectively, to measure hydrological and carbonate chemistry 191 

parameters in the Gulf of Mexico and along the east coast of U.S. (Wang et al., 2013; 192 

Wanninkhof et al., 2015). Here we use data from bottled samples during the second cruise, 193 

which covered the period of July 22 – August 13, 2012. Two transects of the cruise with a total 194 

of 19 stations are located within our model domain (Fig. 1).  195 

As part of the a integrated global observation platform, the Argo Float program 196 

(http://www.argo.ucsd.edu/) utilizes free-drifting profiling floats to measure temperature and 197 

salinity down to 2000 m deep (e.g., Davis et al., 1992). During August 27 to December 13, an 198 

Argo float entered the Florida Straits from Gulf of Mexico, providing a total of 24 profiles of 199 

temperature and salinity in the Florida Straits (Fig. 1). These Argo data are used to verify the 200 

model results. 201 

Remote sensing data are important because of their good spatial-temporal coverage. Here we 202 

compare model results with the daily sea surface height (SSH) from the Archiving, Validation 203 

and Interpretation of the Satellite Oceanographic (AVISO, http://www.aviso.altimetry.fr/) near 204 

real-time product with a resolution of 0.25
o
. 205 

http://www.aviso.altimetry.fr/


  

9 

 

From 1984 to 2003, in-situ observations were made at a series of stations with variable 206 

durations in Florida Bay and Florida Reef Tract (FRT) along the Florida Key islands, with the 207 

purpose of studying the circulation and water exchange between the Florida Bay and surrounding 208 

areas (Lee et al., 2002). The measured parameters include currents, temperature, conductivity, 209 

salinity, pressure, water levels and density, but only a subset of these parameters was measured 210 

at some stations. One of these stations was located on the southern edge of the FRT at a water 211 

depth of 32m. The data collected at this site is used in this study to compare with the modeled 212 

currents. 213 

 214 

3. Model – data comparison 215 

3.1. Glider profiles 216 

A comparison between the Bluefin Spray glider observations and ROMS results is presented 217 

in Figs. 3 and 4. Model output was extracted at the grid points and times that were closest to the 218 

glider locations and surface times. During cruise I, the Spray glider was deployed near southern 219 

Pulley Ridge in early fall of 2011, when the water column was still strongly stratified. The glider 220 

was initially piloted northward along the shelf edge, then directed northeastward across the shelf 221 

around October 15. A few days later, it was piloted back toward the shelf edge, and after 222 

crossing the 70m isobath, it moved southward along the shelf edge before returning toward the 223 

north on around October 23. This time the glider was entrained into a meso-scale eddy circling 224 

the shelf edge for 5-6 days until the end of October, when it successfully moved northeastward 225 

about 60 km into the mid-shelf. 226 

Both temperature and salinity profiles recorded along the glider path showed a slow trend of 227 

deepening thermocline and halocline, but the halocline trend was more pronounced (Fig. 3a, c). 228 
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By the end of glider survey, when the glider was in the mid-shelf (Fig. 2), the entire water 229 

column was well mixed (Fig. 3). A strong mixing event was observed during October 16-19, 230 

2011, when both temperature and salinity values showed little vertical variation. Over this period, 231 

the wind direction took a sharp turn from southeasterly to northwesterly, with wind speed of 232 

approximately 14 m s
-1

, according to the wind records from National Data Buoy Center (NDBC) 233 

station 42003 (26.00
o
N, 85.65

o
W). 234 

Overall, the model was able to reproduce the general vertical structure of the water column 235 

along the glider path, including the deepening of the thermocline and halocline, and the strong 236 

mixing event, although modeled vertical mixing appeared to be weaker during the event (Fig. 3b, 237 

d). Modeled depth of the halocline was relatively deeper than the observed, especially during the 238 

first half of the track (September 26-October 15). During the strong mixing event, the model 239 

underestimated bottom temperature by about 2
o
C and underestimated bottom salinity by about 1 240 

psu. The reason for such discrepancies is unclear.  241 

In Cruise II, the glider was deployed at mid-shelf, about 100 km northeast of Pulley Ridge in 242 

late winter of 2012 (blue track in Fig. 1). The glider was directed along the opposite course to 243 

Cruise I as it traveled from the mid-shelf westward toward the shelf edge. Once crossing the 70 244 

m isobath, it turned south and took a steady path toward Pulley Ridge following the 70-75 m 245 

isobaths before circling Pulley Ridge for a couple of weeks at the end of the deployment. Overall, 246 

modeled temperature and salinity values showed similar ranges and vertical structures as those 247 

measured by the CTD on the glider (not shown). 248 

3.2. CTD profiles 249 

We also compared the model results against CTD profiles collected during Cruise I (Fig. 4). 250 

For illustration purpose, we selected two stations (stations 2 and 9) as a representation of water 251 
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properties in the Pulley Ridge region, and two stations (stations 14 and 18) over Pourtalès 252 

Terrace in the southern Florida Straits. Generally, the modeled temperature agreed very well 253 

with the data (Fig. 4a-d).  The model slightly underestimated the salinity but modeled salinity 254 

profiles were generally in agreement with observations. In particular, both the model and 255 

observed salinities showed a subsurface maximum between 40-120 m, which was likely from the 256 

LC subsurface water (Paluszkiewicz et al., 1983; He and Weisberg, 2003).  257 

3.3. Sea surface height 258 

In order to examine the impacts of the LC/FC on the shelf and the shelf break, it is critical to 259 

verify the frontal location of the LC/FC during the model period. Here we use SSH data derived 260 

from the AVISO delayed real-time products (http://aviso.com/). We have compared daily SSH 261 

and gradients of SSH from both the model and AVISO satellite data. An example of the 262 

comparison is shown here. Fig. 5 compares the modeled and observed SSH along a north-south 263 

transect (83.7
o
W, purple line in Fig. 1), which crosses the Florida Straits and the Pulley Ridge 264 

region. Because there was an offset of about 0.5 m between the modeled and AVISO SSH due to 265 

a difference in reference plane, we have removed the mean SSH for the comparison. Both the 266 

modeled and the satellite SSH showed a strong biweekly to seasonal north-south migration in the 267 

FC front, likely due to the propagation of baroclinic Rossby waves (e.g., Hurlburt and Thompson, 268 

1982). In order to further quantify the correlation between modeled and observed FC frontal 269 

meandering, we defined the front of the FC as the location of maximum SSH gradient (northern 270 

flank) and computed the correlation coefficient between the modeled and the observed FC front. 271 

The resulting coefficient was 0.72 (p<0.001) for the model period, indicating a strong correlation. 272 

Both modeled and AVISO SSH also indicated that there was a strong and prolonged northward 273 
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migration in the FC front during July-November, 2012, which had significant impacts on the 274 

Pulley Ridge circulation (see discussion in section 4).  275 

3.4. Quantitative model skills 276 

In order to further assess the model performance, we quantified the degree of model-data 277 

agreement through various quantitative metrics. A point-to-point scatter plot between model 278 

results and data including the glider, Argo float, CTD casts and GOMECC2 bottle data is 279 

presented in Fig. 6 with associated metrics (defined below). The standard correlation coefficient 280 

(CORR) measures the linear correlation between the observed values and corresponding model 281 

results at the measurement time and locations (e.g. Edwards, 1976): 282 

                            
1

1
( ) ( )

N

model model obs obsi

model obs

i i
NCORR

   

 


       




                           (1) 283 

where ξobs is the observed value, ξmodel is the modeled value at the sampling location, N is the 284 

number of samples. σobs and σmodel are the standard deviations of the observations and 285 

corresponding model results, respectively.  286 

The root-mean-squared deviation (RMSD) measures the standard deviation between the 287 

observations and corresponding model results, defined as (e.g., Pan, 2012; Pan et al., 2014; 288 

Criales et al., 2015): 289 

                                       
 

2

mod1
(i) (i)

N

el obsiRMSD
N

 






                                            (2) 290 
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Another metric is the so-called mean bias (BIAS), which measures the mean difference 291 

between the observed and corresponding modeled values (e.g., Pan et al., 2011): 292 

                                          
 mod1

(i) (i)
N

el obsiBIAS
N

 






                                             (3) 293 

The computed results of these metrics are shown along with the point-to-point scatter plot 294 

(Fig. 6). Consistent with the qualitative comparisons above, model temperature agreed with data 295 

throughout the water column very well (CORR=0.94, RMSD=1.04 
o
C, BIAS=0.05 

o
C) (Fig. 6a). 296 

Modeled salinity was also generally in agreement with data (CORR=0.91, RMSD=0.28 psu) (Fig. 297 

6b). A significant deviation, however, existed (BIAS=-0.19 psu), which can also be seen in the 298 

comparison of salinity profiles (Fig. 4). This highlights the difficulty in pinpointing the exact 299 

locations of the various water masses both horizontally and vertically. These discrepancies 300 

between model results and data may be attributed to various factors, such as the inaccurate 301 

boundary conditions, surface freshwater fluxes, and numerical deficiencies (e.g. shallower mixed 302 

layer predicted).  303 

 304 

4. Results and Discussion 305 

4.1. Impacts of the LC/FC frontal position on the cross-shelf transport 306 

As seen from the AVISO and modeled SSH (Fig. 5), the position of the core FC in the 307 

southern Florida Straits migrates strongly in the north-south direction, which is consistent with 308 

previous studies (e.g., Mooers and Fiechter, 2005; Kourafalou et al., 2012). Here we will show 309 

how this migration might impact the Pulley Ridge region. For this purpose, we examined several 310 

representative examples of modeled currents superimposed on the temperature field at 50 m 311 

depth (Fig. 7). On April 03, 2011, the LC flowed from north to south before transiting to the FC, 312 
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and made an almost 90
o
 turn toward the northeast at the entrance of the Florida Straits (Fig. 7a). 313 

The northern front of the LC/FC impinged upon the shelf slope south of Pulley Ridge. 314 

Widespread relatively cold Gulf slope water (temperature ~ 19-20
o
C) can be seen in the vicinity 315 

of the Pulley Ridge region. In the second example, about two months later on May 27, the LC 316 

flowed southeast into the Florida Straits with its northern front flushing the southern Pulley 317 

Ridge area. This kind of water intrusion from the Gulf is likely due to the closeness of the LC/FC 318 

to the shelf break, which leads to the spillover of the Gulf waters at the southwest corner of the 319 

shelf.  320 

Another example of on-shelf intrusion associated with the migration of the LC/FC front is 321 

shown in Fig. 7c. On July 1, 2011, the northern front of LC/FC moved on top of the continental 322 

slope south of Pulley Ridge, closely hugging the shelf and completely blocking the northern Gulf 323 

water from entering the Florida Straits. A meso-scale eddy was formed over the western slope 324 

between the LC/FC front and the shelf edge, which drove a cross-shelf transport along the 325 

southern edge of the eddy. In this case, some of the intruded water appeared to make a southward 326 

turn on the shelf and continued across the shelf break to rejoin the LC/FC. We will further 327 

discuss the formation of the eddy at this location and the associated impacts on the Pulley Ridge 328 

region in section 4.2. As a contrasting example, we show a case in which the LC/FC front 329 

retreated southward on September 1, 2011, such that its northern front was not in contact with 330 

the shelf slope (Fig. 7d). In this case, there was no on-shelf transport of the Gulf waters. 331 

The intrusions of Gulf water in the first three cases covered the entire southern Pulley Ridge 332 

area where the mesophotic coral reefs are located. Therefore such intrusions might have a 333 

significant impact on the local water properties in this area. Based on these examples, we 334 

hypothesized that on-shelf transport of Gulf water on Pulley Ridge is closely related to the 335 
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frontal position of the LC/FC system. To quantify the cross-shelf transport associated with these 336 

intrusion, we calculated the depth-averaged on-shelf volume transport along the 83.7
o
W transect 337 

(purple line in Fig. 1), only for the shelf portion (Fig. 8a). The transport was defined for every 338 

grid surface (y-z plane) as depth-integrated water flux multiplying the grid size in y-direction 339 

(unit: Sv=10
6
 m

3
/sec). By definition, the local maxima of the frontal position in the resulting 340 

time series indicated the northernmost position of the FC northern front. Over the two-year 341 

model period, there were five events when the FC front approached the shelf edge (Fig. 8b): 1) 342 

June 05 – July 12, 2011; 2) November 18 – December 6, 2011; 3) January 20-31, 2012; 4) June 4 343 

- October 08, 2012; 5) October 27 – November 29, 2012. During each of these events, there was 344 

significant corresponding on-shelf transport near southern Pulley Ridge (Fig. 8a) with the 345 

exception of the second event, when there was strong off-shelf transport between 25.6-26.0
o
N. 346 

During the rest of the events, the on-shelf transport was broad and strong with the flux at the 347 

southern shelf edge being greater than 0.01 Sv (depth average speed ~ 10 cm sec
-1

). The on-shelf 348 

transport also extended far north, reaching 26
o
N. During the second event (November 18 – 349 

December 6, 2011), model results showed an anti-cyclonic eddy on top of the shelf break 350 

between 25.0-26.0
o
N, causing on-shelf transport in the north (~between 25.6-26.0

o
N), yet off-351 

shelf transport in the south (25.0-25.6
o
N). There were some other relatively weaker events when 352 

the FC front also migrated northward approaching the slope (e.g. April 12-19, 2011 or August 353 

10-20, 2011), during which significant, but generally weaker, eastward cross-shelf transport was 354 

also evident. Between these events, the cross-shelf transport was generally weak except during 355 

October 15, 2011 - January 25, 2012, when there was strong off-shelf transport that covered 356 

much of the southern Pulley Ridge area with the volume reaching 0.01 Sv. 357 
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Quantitatively, there was a strong correlation between the FC frontal position and the on-358 

shelf transport (Fig. 9), which was positive in the south between 24.7-25.3
o
N and negative in the 359 

north (>25.4
o
N). In particular, the correlation coefficient had a maximum of 0.70 at shelf edge ~ 360 

24.7
o
N, and gradually decreased northward. In general, because the eastward transport often 361 

starts in the north and propagates to the south (e.g., Fig. 8a), there is a time-lag between the 362 

transport at the north and at the south, causing the negative correlation in this region (not shown). 363 

The exact mechanism driving the on-shelf transport over the southern Pulley Ridge is not 364 

entirely clear, but one possible mechanism is the geostrophic adjustment. When the northern 365 

front of the LC approaches the southern Pulley Ridge, a pressure gradient is formed pointing to 366 

the north due to the higher SSH of the LC. To balance this pressure gradient, an on-shelf current 367 

is then developed with a companion Coriolis force pointing to the south, balancing the pressure 368 

gradient. When the LC front retreats to the south, the sea level gradient at the shelf edge becomes 369 

small, and the on-shelf current thus diminishes or ceases to exist.  370 

4.2. Meso-scale eddy and deep water upwelling 371 

The instability of the LC/FC produces numerous filaments and frontal eddies in the Gulf of 372 

Mexico. Abundant literature can be found regarding the mechanisms of LC/FC frontal eddy 373 

generation (e.g., Vukovich and Maul, 1985; Biggs et al., 1996; Oey et al., 2005; Cherubin et al., 374 

2006; Rudnick et al., 2015). One prominent example is the so-called Tortugas Eddy, a nearly 375 

stationary meso-scale eddy occupying a large area at the entrance of the Florida Straits with its 376 

northern flank overlaying over the slope south of Pulley Ridge (e.g., Fratantoni et al. 1998; Lee 377 

et al., 1995). Here we focus on the eddy activities over the western slope off the southern Pulley 378 

Ridge area with the purpose of understanding the potential upwelling of cold deep waters onto 379 

the shelf.  380 
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There are two scenarios in which we may find an eddy in this area: 1) an eddy passing 381 

through the area, and 2) an eddy is locally generated. The first scenario has been discussed by 382 

many literatures, in which frontal eddies regularly form at the vicinity of the LC in the gulf and 383 

gradually move downstream with the LC into the Florida Straits (e.g., Oey et al., 2005; Liu et al., 384 

2011; Le Hénaff et al., 2012). We are therefore not discussing this scenario further, although it is 385 

worth mentioning that when the frontal eddies approaches Pulley Ridge, they can be blocked by 386 

the LC/FC front from moving in the Florida Straits. Kourafalou and Kang (2012) discussed the 387 

mechanism of LC/FC blocking eddies from entering the Florida Straits, using a HYCOM model. 388 

As an example of the second scenario, Fig. 10a-e presents another case of eddy evolution in 389 

this area (July 9-August 03, 2012). During this period, the LC/FC front at the entrance of the 390 

Florida Straits was in contact with the shelf break south of Pulley Ridge, whereas its upstream 391 

(LC) arm was largely in parallel with but about 40 km away from the western shelf break. 392 

Therefore the slope water was nearly completely blocked by the LC/FC. A small portion of the 393 

LC came in contact with the slope and turned north becoming a northward flow along the 394 

continental slope (Fig. 10a). This flow and the southward LC formed an elongated low shear 395 

zone with low temperature at the center. A few days later (July 16), an eddy was formed locally 396 

west of the southern Pulley Ridge area, centering at around (25.0
o
N, 84.2

o
W) (Fig. 10b). There 397 

seemed to be a second eddy further north centering at (26.5
o
N, 84.3

o
W). By July 21, the northern 398 

eddy became elongated and moved southward in contact with the Pulley Ridge eddy (Fig. 10c). 399 

On July 25, the two eddies merged together, forming a new eddy with the center at (25.1
o
N, 400 

84.4
o
W). The temperature at the center of the Pulley Ridge eddy had been decreasing slowly 401 

during this period before the merge with the other eddy. In addition, the Pulley Ridge eddy also 402 

seemed to have entrained some cold water onto the shelf (Fig. 10b-d). The new eddy stayed at 403 
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the same location for another two week. Cold water remained visible on the northeastern side of 404 

the eddy (Fig. 10e). 405 

The low temperature at the center and eastern flank of the Pulley Ridge eddy indicated strong 406 

upwelling. To further understand this, we plotted the temperature and currents along a cross-407 

shelf transect at 25.0
o
N where the eddy center was located most of the time (Fig. 11). On July 9, 408 

the eddy started to form and the associated vertical velocity field along the transect showed no 409 

sign of upwelling (Fig. 11a). On July 16, the eddy had fully formed and the vertical velocity field 410 

showed strong divergence at the eddy center (Fig. 11b). In the meantime, the 22
o
C isotherm near 411 

the center of the eddy was lifted to 40 m. By July 21, the eddy center moved closer to the shelf 412 

break at about 84.2
o
W and an enclosed cell was formed over the upper slope between 50-150 m 413 

(Fig. 11c). Strong divergence can be found along the western edge of the eddy that brings cold 414 

deep water to the base of thermocline. On July 25, when the two eddies merged, the center of the 415 

merged eddy was somewhat twisted westward to 84.4
o
W, but the eastern wing of the eddy 416 

remained in contact with the slope (Fig. 10d). Significant upwelling at 84.2
o
W remained, 417 

suggesting that the upwelling does not necessarily occur at the center of the eddy. Note that 418 

during this period, the 22
o
C isotherm extended onto the shelf to the 50 m isobaths, passing 419 

through the Pulley Ridge region. The upwelling on the eastern side of the new eddy continued 420 

(Fig. 11e) until the eddy dissipated on August 16. 421 

To quantify the relationship between eddy activities and upwelling, we computed the mean 422 

vertical velocity within a “control volume” as defined horizontally by the purple box in Fig. 10b 423 

with a vertical depth range of 50-300 m. The resulting vertical velocity was further low-pass 424 

filtered with a 52-hour filter. In this way, the impacts of potential high frequency oscillations of 425 

the flow field (e.g., inertial oscillations) were effectively removed. We also calculated the mean 426 



  

19 

 

Okubo-Weiss (OW) parameter (Okubo, 1970; Weiss, 1991) in the control volume, which 427 

essentially represents the balance between the magnitude of the relative vorticity and 428 

deformation rate (e.g., Veneziani et al., 2005; Poje et al., 2010): 429 

                                                          2 2OW d                                                        (4) 430 

where ζ is the relative vorticity: 431 
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                                                       (5) 432 

d is the deformation rate: 433 
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The OW parameter is typically negative at the center of an eddy due to the high relative 435 

vorticity and positive around the eddy edge due to the high deformation rate. This property 436 

makes it very helpful in tracking eddies in the ocean (e.g., Isern-Fontanet et al., 2003; Cruz 437 

Gómez and Bulgakov, 2007; Kourafalou and Kang, 2012). As an example, the OW maps 438 

corresponding to the eddy evolution case above (July 09-August 03, 2012) are presented in Fig. 439 

12a-e. The eddy formation and evolution near 25
o
N as well as merger with the northern eddy are 440 

all represented in the OW evolution maps, consistent with the flow field in Fig. 10.  441 

A comparison of the mean vertical velocity and mean OW within the same control volume 442 

indicates a close correlation between the upwelling and the eddy activity (Fig. 12f). For example, 443 

during mid-July to mid-August, 2012, strong upwelling persisted in this area with an average 444 

vertical velocity ~ 4 m day
-1

, which was closely correlated with the presence of the Pulley Ridge 445 

eddy noted above, as also indicated by the negative OW value. After mid-August, weak 446 

downwelling and upwelling rotated until mid-October. For the period of June-August 2012, the 447 
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correlation coefficient between the mean vertical velocity and mean OW parameter within the 448 

control volume was -0.71 (p<0.001).  449 

As noted above, the FC front tended to migrate strongly northward during the summer and 450 

fall period for both 2011 and 2012 (Figs. 7 and 10b). The northward migration in 2012, however, 451 

was much longer and further north than that in 2011. During this period, the FC northern front 452 

generally remained on top of the continental slope close to the Pulley Ridge-Tortugas shelf edge, 453 

blocking LC/FC frontal eddies from moving into the Florida Straits. At the same time, many 454 

eddies were born and disappeared locally at the southwestern corner of the shelf, similar to the 455 

evolution of the Pulley Ridge eddy shown in Fig. 10a-e. All of these could also have strong 456 

impacts on the deep water upwelling over the western slope of southern Pulley Ridge area.  457 

However, both frontal movements (Figure 8) and eddy activities (Figures 10 and 11) can also 458 

affect shelf bottom temperature through other processes. Therefore the relationship between shelf 459 

bottom temperature with eddy activities or frontal movement is complex. To illustrate the 460 

influence of upwelling over the slope area on the shelf bottom waters, we compared the near-461 

bottom temperature (referred as T-shelf hereafter) at a location (25
o
N, 83.5

o
W) over Pulley 462 

Ridge with the average temperature at 60m of the control box above (referred as T-slope 463 

hereafter) (Fig. 12g) along with the mean vertical upwelling velocity (W) and OW within the 464 

same control volume (Fig. 12f). Here we chose the period June-August 2012, which covered the 465 

eddies and upwelling events shown in Fig. 12a-e. The T-slope showed a clear and persistent 466 

decline for the period shown until August 3
rd

, 2012, likely responding to the persistent upwelling 467 

reflected in the generally positive W and negative OW. We note that negative OW can be 468 

derived from both cyclones and anti-cyclones. Most eddies in the area, however, are anti-469 

cyclones during these periods. The T-slope, however, increased in early August when the 470 
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upwelling was decreasing (W was still generally positive) for unclear reasons. Overall, there 471 

were strong correlations between T-slope, OW and W with r=0.64 (p < 0.001) for T-slope and 472 

OW and r=-0.61 (p < 0.001) for T-slope and W, respectively.  473 

Consistent with the variability of T-slope, T-shelf also decreased in June-July 2012 and then 474 

increased in late July and August. The correlation coefficient between T-shelf and T-slope, 475 

however, was significant but low (r=0.26, p<0.01), suggesting weak influence of the slope 476 

waters through upwelling. Several factors may have contributed to the variability of T-shelf, 477 

including horizontal advection of the warm gulf waters onto the shelf in response to LC/FC 478 

frontal migration (e.g., Fig. 7b), and the cross-over onto the shelf of deep cold slope waters due 479 

to eddy-driven upwelling (e.g., Fig. 11). One of the consequences of the combining effect is the 480 

clear oscillatory behavior of T-shelf.  481 

Other than the mechanism of upwelling triggered by eddy activities, we also considered a 482 

possible mechanism described by Roughan and Middleton (2004) and Marchesiello et al. (2000), 483 

in which upwelling could also happen within the bottom boundary layer (BBL) through Ekman 484 

transport in response to encroachment of strong along-shore currents. We compared the modeled 485 

near-bottom vertical velocities on the continental slope and the shelf break near Pulley Ridge 486 

against the estimated vertical bottom velocity due to along-shore current encroachment (equation 487 

1 from Roughan and Middleton, 2004). We found that the modeled vertical velocities and 488 

estimated vertical velocities, however, were too small to account for the mean upwelling velocity 489 

of the control volume in Fig. 10b. In addition, no correlation was found between the estimated 490 

vertical velocities due to current encroachment and the mean vertical velocities of the control 491 

volume. Given the negative relationship between the upwelling and the OW number in Fig. 12f, 492 



  

22 

 

we conclude that the upwelling over the slope in the above case was closely related to eddy 493 

activities rather than along-shore current encroachment.  494 

These upwelling events triggered by eddies or LC/FC frontal movement may have significant 495 

impact on southern Pulley Ridge habitats. In recent ROV benthic surveys of Pulley Ridge HAPC, 496 

Reed et al. (2016) found an extreme loss of coral cover over the last decade or so. The average 497 

hard coral cover decreased by 92.8% between 2003-2013 (Reed et al., 2014; Reed, 2016). 498 

However, in 2014, additional surveys to the west of the Pulley Ridge HAPC discovered high 499 

densities of relatively young coral recruits. On a possible positive note, a large number of these 500 

corals are relatively new recruits. So it appears that the coral is growing back from whatever die-501 

off occurred between 2003 and 2013. Whether these upwelling events are cold enough to 502 

negatively impact the coral is unknown at this time. The cooling events simulated by this model 503 

(about 22
o
C) were not low enough to kill or bleach the coral, which is about 18

o
C. However, we 504 

are not ruling out the possibility of upwelling water with lower temperature in other years 505 

without further examination.  506 

4.3. A shelf-edge return flow between the Pulley Ridge and Florida Keys  507 

Model results indicate frequent presence of a westward jet along the shelf break from Florida 508 

Keys to Pulley Ridge with a magnitude of more than 40 cm sec
-1

 during late fall and early winter 509 

period of both 2011 and 2012. Here first we briefly describe the time evolution of the jet using 510 

the results in 2011. The jet appeared to start on October 18, 2011, when the FC impinged on 511 

western Florida Keys. Between the front of the FC and the shelf break, a small cyclonic eddy 512 

formed near the Dry Tortugas with a diameter of about 70 km (Fig. 13a). As the eddy moved 513 

downstream and, at the same time, getting closer to the shelf break, a clear westward flow can be 514 

seen along the northern edge (shelf break) of the eddy with a velocity of about 15 cm sec
-1

 (Fig. 515 
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13b). The eddy began to dissipate on October 22, while the westward flow remained along the 516 

shelf edge, only becoming stronger with the western end turning north, largely following the 60 517 

m isobath to intrude the southern Pulley Ridge (Fig. 13c). Once on the shelf, the jet became a 518 

more broad current. This jet persisted in the next several weeks and its northern leg extended 519 

further northward into Pulley Ridge (Fig. 13d).  520 

It appears that the origin of the return jet is closely tied to the impinging point of the FC with 521 

the shelf, so it also moves east or west when the FC meanders. Lee et al. (1995) also documented 522 

the along-shore westward flow and the eastward movement of its origin point. They suggested, 523 

however, that the westward flow was closely tied to the eastward translation of the Tortugas 524 

Eddy.  525 

The relationship between eddies near Dry Tortugas with the jet can be better illustrated with 526 

the OW parameter, which indicated that the initiation of the jet appeared to be closely associated 527 

with eddies (Fig. 13e-f). Further, the demise of these eddies might have strengthened the jet (Fig. 528 

13g-h). When the jet became stronger, it was represented by a narrow band with high but patchy 529 

OW value along the path of the jet. The exact role and mechanism of these eddies in the 530 

formation and evolution of this jet, however, remain unclear.  531 

To further verify the existence of this return flow, here we present a comparison of the model 532 

results with historical observations from a current meter deployed on the outer edge of Looe Key 533 

(24.54
o
N, 81.40

o
W) in 1986-1988 (Fig. 14). The water depth of the mooring station was 32 m, 534 

and the current meter was fixed at 14 m below the surface. Only two segments (October 09, 1986 535 

- January 07, 1987 and September 04, 1987 - March 29, 1988) of data are available, both of 536 

which were during fall-winter periods when the modeled return flow was most prominent. 537 

Therefore the comparison was indirect. The model results at the same location and depth as the 538 
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current meter were extracted for the comparison. Both data and model results were filtered with a 539 

72-hour low-pass filter, and only the E-W component was shown. The N-S component is quite 540 

weak (<5 cm sec
-1

) at this location because the topography is aligned largely in the west-east 541 

direction.  542 

Overall, both the model results and observations showed oscillatory currents but also 543 

prolonged periods of persistent westward flow (Fig. 14). Both model and observed east-west 544 

velocities were <0.5 m s
-1

. The observed E-W velocity had an average value of -0.04±0.14 m s
-1

 545 

and -0.01±0.19 m s
-1

 for 1986-87 and 1987-88 segments, respectively. Modeled E-W velocity 546 

had a mean -0.05±0.14 m s
-1

, similar to the observed values. On a closer examination of the 547 

spectra for the model results and observations, both model and observed currents showed 548 

persistent westward flow that lasted from a few days to about two weeks. These included 549 

mooring periods in October 30 – November 16, 1986 and September 20 – December 12, 1987, as 550 

well as model periods in November 02 – 17, 2011 and December 05 – 16, 2011. Furthermore, 551 

this station is on the northern edge of the return flow (see below), and hence it is reasonable that 552 

the average current is quite weak.  553 

The similarities between modeled and observed currents at this location support the modeled 554 

return flow along the Florida Keys. In fact, the presence of this jet is a well-documented 555 

phenomenon, although its dynamic mechanism is not yet fully understood (e.g., Lee et al., 2002; 556 

Kourafalou et al., 2006; Kourafalou et al., 2009). Previous studies largely attributed the cause of 557 

the return flow near the Florida Keys to the prevailing northeasterly winds during this time of the 558 

year (Lee et al., 2001; Kourafalou et al., 2006). Such a mechanism, however, did not explain the 559 

bottom trapped-wave feature of this jet (see below). Oey and Zhang (2004) described another 560 

scenario that along-slope return jet, at much deeper water, can be generated when the LC eddies 561 
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interact with the continental slope of the West Florida Shelf. No previous studies, however, had 562 

reported a (northward) continuation of the jet through the southern Pulley Ridge. 563 

To test the effect of the surface winds on the return flow, we turned off the winds (setting 564 

wind stresses to zero) in the model between October 13 and November 25, starting about one 565 

week before the appearance of the jet on October 20, 2011. During this period, the surface winds 566 

were predominantly northeasterly, and may contribute to westward flow near the surface. This 567 

was confirmed by the comparison between the two simulations, which indicated a similar but 568 

weaker westward jet in the case of without surface winds (Fig. 15). At 50m depth, the velocity 569 

reduction was about 15%. The geographic extent covered by the jet seemed to be smaller as well. 570 

The origin location of the jet, however, seemed to be the same, also tying to the contact point of 571 

the FC with the shelf (Fig. 15 a, d).  These results indicate that the main driver of the jet is likely 572 

the shelf impingement of the FC owing to its meandering. Lee et al. (2002) suggested that the 573 

southward movement of the FC can lead to the strengthening of the westward flow due to more 574 

persistent eddies near Dry Tortugas.  575 

Further evidence of the impacts of surface winds is from the vertical structure of the jet along 576 

a cross-transect through the Dry Tortugas along 83
o
W (Fig. 16). In both cases, it is clear that this 577 

jet is a narrow jet, which exists largely at the shelf edge with a width around 10 km on initiation 578 

and extends much deeper to about 150m over the slope with a width about 30km as it becomes 579 

stronger (> 50 cm sec
-1

). Without surface winds, however, the jet became much weaker, 580 

suggesting that wind-driven transport indeed enhances the jet near the surface. The westward 581 

transport through the cross-transect was about 16% less when there is no surface wind forcing, 582 

which is consistent with the aforementioned velocity reduction. 583 
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The return flow may bring slope water onto Pulley Ridge which could be important for the 584 

connectivity of benthic and fish species between Pulley Ridge and the Florida Keys/Tortugas 585 

(e.g., Cowen and Sponaugle, 2009).  It is thought that the gene flow would be from Pulley Ridge 586 

towards Keys (Vaz et al., 2016), but the westward return flow shows how genes from the Keys 587 

could also move westward and back to Pulley Ridge. These results are thus critical for better 588 

understanding of the connectivity between mesophotic and shallow reefs (Vaz et al., 2016).  589 

 590 

5. Conclusions 591 

A high-resolution regional ocean model based on ROMS was developed for the southern 592 

Florida Shelf and Florida Straits region. A two-year (2011-12) simulation was conducted and the 593 

model results were generally in good agreement with available satellite and in situ data. The 594 

model was also capable of reproducing the major known physical features in this area. We have 595 

used this model to investigate the potential impacts of the LC/FC on the shelf circulation and 596 

water properties over the Pulley Ridge.  597 

Our analysis suggests that the meandering of the LC may exert strong impacts on the 598 

circulation dynamics over Pulley Ridge. In particular, the north-south migration of the LC/FC 599 

front is usually accompanied with a west-east cross shelf transport along the western shelf edge 600 

of Pulley Ridge. Strong on-shelf transport may take place, when the FC northern front is close to 601 

the shelf edge at the southern end of Pulley Ridge. Moreover, cross-shelf transport typically 602 

starts from the north with an increasing time-lag to the south.  603 

Our model results also reveal frequent generation and propagation of meso-scale cyclonic 604 

eddies along the western Florida slope throughout the modeling period, consistent with previous 605 

studies (e.g. Kourafalou and Kang, 2012). These eddies can be generated upstream in the Gulf, 606 
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then propagating southward alongside with the LC, or locally over the western slope of the 607 

southern Pulley Ridge. In both cases, these eddies could be trapped around the southwestern 608 

corner of the shelf slope by the LC/FC front when it is in close contact with the shelf break, in 609 

some cases without being able to enter the Straits during their entire life cycle (days to weeks) 610 

(Kourafalou and Kang, 2012). Our analysis further suggests that these cyclonic eddies may drive 611 

strong upwelling of cold and nutrient-rich slope waters at the eddy center or along northeastern 612 

edge. The upwelled waters sometimes cross the shelf break and intrude about 20-30 km into the 613 

shelf. The temperature of upwelled waters during the model period was higher than 21
o
C, higher 614 

than the criterion for coral bleaching (Reed et al. 2016). However, we can’t rule out the 615 

possibilities of lower temperature water being upwelled and hence significantly impacting the 616 

Pulley Ridge habitat and fauna during other times.  617 

Our results also indicate that an intermittent westward narrow jet with a width of 10-30 km 618 

exists along the shelf edge between the Florida Keys and Pulley Ridge during late fall and early 619 

winter. A comparison with historical current measurements (1986-87) from a mooring station off 620 

Looe Key in the Florida Keys yielded similar statistics of the current, although no direct 621 

comparison was possible without measurements for the model period. This result is consistent 622 

with results from previous studies (Lee et al., 2002; Kourafalou et al., 2006; Kourafalou et al., 623 

2009). A close examination of the evolution of the jet and the results of a numerical experiment 624 

suggest that this jet is likely a result of the FC impinging upon the shelf and hence blocking the 625 

slope water from further going downstream. Consistent with previous studies, the typical 626 

northeasterly winds during this time of the year generally enhance the jet. Our results, however, 627 

show that surface winds are not the determining factor for the generation of this return flow. 628 

Although the formation mechanism of this jet is yet to be determined, it is certainly of 629 
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importance for further understanding the connectivity between the mesophotic reefs in Pulley 630 

Ridge and shallow reefs in the Tortugas area. 631 
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List of Figure Captions 856 

 857 

Fig. 1. Map of study area in the northeastern Gulf of Mexico, southwest Florida Shelf, and 858 

Florida Straits. The red rectangle = Pulley Ridge region on southwest Florida Shelf. Purple 859 

line indicates the N-S transect at 83.7
o
W (approximate location of Pulley Ridge) for model 860 

verification and analysis. Light green polygons = Pulley Ridge Habitat Area of Particular 861 

Concern (PR HAPC). Purple polygons = Tortugas Ecological Reserves (TER). Black 862 

rectangle indicates model domain. Blue and red lines indicate Spray glider data from Cruise I 863 

and Cruise II, respectively. Cyan rectangles indicate CTD data from cruise GOMECC2 in 864 

2012. Orange diamonds indicate CTD data from Cruise I. Orange number 2, 9, 14 and 18 865 

indicate NOAA ship Nancy Foster CTD stations in Fig. 4. Green triangles indicate Argo 866 

Float data. Blue diamond indicates location of Florida Looe Key (LK) current mooring from 867 

HBOI-FAU. The black contour lines indicate bathymetry in meters. 868 

Fig. 2. Glider track during Cruise I. Color indicates date. Black contours are isobaths in meters. 869 

Red polygons = PR HAPC. Purple polygons = TER. 870 

Fig. 3. (a) Temperature profile observed from the glider versus (b) model temperature in 2011; (c) 871 

Salinity profile observed from the glider versus (d) model salinity in 2011. 872 
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Fig. 4: Temperature and salinity data obtained during Cruise I CTD casts versus model results at 873 

the same location and time. (a) – (d): temperature profiles at station 2, 9, 14 and 18; (e) – (h): 874 

salinity profiles at station 2, 9, 14 and 18. 875 

Fig. 5. Time series of sea surface height along 83.7
o
W (Fig. 1, purple line) from (a) AVISO 876 

satellite and (b) model. 877 

Fig. 6. Point-to-point correlations between observed and modeled temperature (a) and salinity (b) 878 

below surface mixed layer (>50 m). Color indicates the sample depths. 879 

Fig. 7. Model temperature (color) currents at 50 m depth on a) April 03, 2011; b) May 27, 2011; 880 

c) July 1, 2011; d) September 1, 2011. White contour lines are 70 m, 90 m, 100 m, 150 m, 881 

200 m, 500 m, 1000 m, and 1500 m isobaths. Red polygons = PR HAPC. Purple polygons = 882 

TER. 883 

Fig. 8. (a) Depth-integrated E-W volume transport through the cross-section along 83.7
o
W 884 

(purple line in Fig. 1) and (b) corresponding FC northern frontal position (52 hour low-pass 885 

filtered). Blue shadows in (b) mark the five events when the LC approaches Pulley Ridge. 886 

Fig. 9. Correlation coefficients and corresponding p-alues between the FC northern frontal 887 

position and the E-W volume transport along the western shelf edge from 24.6
o
N to 26

o
N. 888 

Purple dash lines are ±0.05 significant lines. 889 

Fig. 10. An example of eddy trapped around the Pulley Ridge region on (a) July 09, 2012, (b) 890 

July 15, 2012, (c) July 21, 2012, (d) July 25, 2012 and (e) August 03, 2012. Color in (a) – (e) 891 

indicates temperature and vectors indicate currents at 50 m depth. White contour lines are 70 892 

m, 90 m, 100 m, 150 m, 200 m, 500 m, 1000 m, and 1500 m isobaths. Red polygon denotes 893 

the location of PR HAPC. Purple box in (b) is the “control volume” area used for mean 894 

vertical velocity calculation. To reduce the strong contrast between the LC and shelf current, 895 
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all velocity vectors that is larger than 0.3 m/s are rescaled (the portion >0.3 m/s is multiplied 896 

by a factor 0.1), so that all the velocity vectors are brought to the velocity level near Pulley 897 

Ridge. 898 

Fig. 11. Modeled temperature (color) and velocity (vectors) transect along 25
o
N for the same 899 

dates in Fig. 10a-e. The vectors represent the combined currents in cross-slope and vertical 900 

directions. The vertical velocity is magnified 400 times to approximately represent the aspect 901 

ratio of the continental slope (depth increase 200 m corresponding to a horizontal distance of 902 

80 km). Red arrows show the direction of current velocity. The red circle in (c) indicate the 903 

enclosed cell on the upper slope. 904 

Fig. 12. Upper panel: Okubo-Weiss parameter for the respective velocity fields of the same dates 905 

in Fig. 10: (a) July 09, 2012, (b) July 15, 2012, (c) July 21, 2012, (d) July 25, 2012 and (e) 906 

August 03, 2012. Middle panel (f): mean vertical velocity (blue) and negative OW parameter 907 

(red) time series within the control volume (for 50-300m in depth) filtered by a 52 hour FFT 908 

low-pass filter. Lower panel (g): near-bottom temperature time series of the point at 56m 909 

depth on the shelf at 25
o
N, 83.5

o
W (blue line) and average temperature of the control box on 910 

the slope at 60m depth (red line) from June to August, 2012. The light blue areas in (f) and (g) 911 

highlight the period of the upwelling. 912 

Fig. 13. Left: Temperature superimposed by velocity fields at 50 m depth on a) October 18, 2011; 913 

b) October 20, 2011; c) October 22, 2011; d) October 28, 2011. Right: Okubo-Weiss 914 

parameter for the respective velocity fields on the left panels: (e), (f), (g) and (h). Red arrows 915 

indicate wind direction and magnitude. White and gray contours are 70 m, 90 m, 100 m, 150 916 

m, 200 m, 500 m, 1000 m, and 1500 m isobaths. Red and black polygons denote the location 917 

of PR HAPC. Green polygons denote the location of TER. 918 
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Fig. 14. (a) Blue dot indicates the location of the mooring station off Looe Key (LK) in the 919 

Florida Keys. (b) East-west velocity component of station data during October 9, 1986 – 920 

January 7, 1987. Positive numbers indicate eastward velocity and negative numbers indicate 921 

westward velocity. (c) East-west velocity of station data during September 4, 1987 – March 922 

29, 1988. (d) Modeled east-west velocity at the same location during September 4, 2011 – 923 

March 29, 2012.  924 

Fig. 15. Left: Temperature superimposed by velocity fields at 50 m depth on (a) 10/22/2011; (b) 925 

11/10/2011; (c) 11/16/2011. Right: Same as left panel but from model run without wind 926 

stress: (d), (e) and (f). Red arrows indicate wind direction and magnitude. Purple arrows 927 

indicate the contact points of the FC with the shelf. White contours are 70 m, 90 m, 100 m, 928 

150 m, 200 m, 500 m, 1000 m, and 1500 m isobaths. Red polygons denote the location of PR 929 

HAPC. Green polygons denote the location of TER. Blue current arrows indicate current 930 

speed larger than 0.3 m/s, while black current arrows indicate current speed smaller than 0.3 931 

m/s. 932 

Fig. 16. Zonal velocity field for the 83.7
o
W transect on (a) 10/22/2011; (b) 11/10/2011; (c) 933 

11/16/2011. Right: Same as left panel but from model run without wind stress: (d), (e) and (f). 934 
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