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HF radar observations of small-scale surface current

variability in the Straits of Florida
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[1] A dual-station high-frequency Wellen radar (WERA), transmitting at 16.045 MHz,
was deployed along the eastern Florida Shelf and operated and maintained by the
University of Miami’s Rosenstiel School of Marine and Atmospheric Science. From
September 2004 to June 2005, a moored acoustic Doppler current profiler (ADCP)
acquired subsurface current measurements within the radar footprint along the shelf break
at 86-m depth. The shallowest ADCP bin located at 14-m depth was used as a comparison

for the WERA surface measurements. RMS differences ranged from 0.1 to 0.3 m s~

1

between the surface and 14-m depth, with good agreement over most of the period.
Regression analyses indicated slopes near unity in the north-south (v) component and
~0.5 for the east-west (1) component velocities. When utilized in tandem with the ADCP
subsurface measurements, WERA enables three-dimensional snapshots of coastal
oceanographic features to be resolved. For example, from December 2004 through
February 2005, three energetic circulation patterns were observed: (1) a subsurface
stratified countercurrent, (2) a submesoscale coherent vortex, and (3) a mesoscale
circulation feature, i.e., a propagating Tortugas gyre. These features represent the
significant current variability along the western flank of the Florida Current that impacts

the coastal ocean.
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1. Introduction

[2] While considerable research has been conducted in
furthering our knowledge of ocean currents over basin
scales, smaller-scale variability associated with coastal
currents and marginal seas are not well understood. Addi-
tional complexities occur where coastal oceans are influ-
enced by offshore western boundary currents and eddies
(including small-scale coherent vortices). The difficulty in
understanding the kinematical and dynamical ocean struc-
ture in coastal regions is due to the spectrum of forcing
mechanisms occurring with differing temporal and spatial
variability. In addition, the ocean response to these mech-
anisms is further complicated by the coastal geometry and
bottom topographical changes.

[3] HF radar has been gaining recognition as an efficient
and effective method of measuring surface currents of high
temporal and spatial resolution in coastal regions. The
technique of using HF radar echoes to estimate both surface
wave heights and surface currents has been evolving for the
past several decades on the basis of the pioneering work of
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Crombie [1955]. In the HF band, the radar operates on the
principle of Bragg scattering. The transmitted radar wave is
backscattered by resonant surface gravity waves or “Bragg”
waves that are one-half the incident radar wavelength. In the
absence of a surface current, the Doppler spectrum of the
returns has two peaks at the Bragg frequency (v) centered
around frequency zero offset by an amount proportional to
2¢,\"", where ¢, represents the linear phase speed of the
surface wave and A\ is the radar wavelength. In the presence
of an underlying current, first-order returns are Doppler
shifted from the Bragg frequency by an amount Av =
2V, \"', where V., is the radial component along the radar’s
“look™ direction. Transmissions from two separate radar
sites are necessary to calculate two-dimensional surface
current vectors with a prescribed Geometric Dilution of
Precision (GDOP) [Chapman et al., 1997]. The separation
distance between the two sites determine the domain of the
surface current vector images. These radar-based measure-
ments have compared well with proven current measuring
techniques such as Velocity Measuring Current Meters
(VMCMs) and acoustic Doppler current profilers (ADCPs)
with root-mean-square errors (RMS) of about 7 cm s~ over
arange of current of 1 ms™' [Chapman et al., 1997; Shay et
al., 1998].

[4] The Florida Current (FC) in the Straits of Florida
(SOF) is an oceanic regime characterized by large horizon-
tal current shears, relative vorticities that are up to five times
the local Coriolis parameter and strong topographical gra-
dients [Peters et al., 2002]. The SOF is a narrow channel
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between the southern Florida peninsula and Cuba. Given its
proximity to major population centers along the eastern
seaboard of the United States, the circulation in this region
has been extensively studied. Notwithstanding, a common
thread in all of these studies is the predominance of the FC,
which connects the Loop Current (LC) in the Gulf of
Mexico (GOM) to the Gulf Stream (GS) in the South
Atlantic Bight (SAB). In recent years, the focus has been
targeted at understanding the transient FC features such as
eddies and intrusions owing to the important role they play
in the biological realm and the health of coral reefs. Lee et
al. [1995] discussed cyclonic frontal eddies near Dry
Tortugas that periodically move into the Straits and translate
eastward along the Keys. Fratantoni et al. [1998] used
satellite imagery to conclude that these Tortugas gyres are
the downstream expression of LC frontal eddies. As these
“spin-off”” eddies propagate through the southern extent of
the SOF they can produce large southward displacements or
meanders of the eastward flowing FC axis [Lee ef al., 1995;
Fratantoni et al., 1998; Hamilton et al., 2005]. These
eddies are advected in the southern SOF at approximately
51t0 15 km d~' and the coincident meanders in the FC
continue to travel downstream in phase with the eddies
[Lee et al., 1992; Fratantoni et al., 1998].

[5] Shay et al. [1998] utilized land-based ocean surface
current radar (OSCR) to observe a submesoscale vortex
progressing eastward at 30 cm s~ '. Given its dipole-like
structure, this event had a horizontal scale of 40 km but was
unlike the spin-off eddies forced by frontal disturbances as
discussed by Lee and Mayer [1977] in that the signal was
absent in the subinertial band defined as 48-h low-pass
signals. The feature was embedded in the near-inertial
passband and may have been generated by an abrupt change
in wind direction and stress over the shelf consistent with
wind-forced near-inertial wave dynamics [Kundu, 1976a].
Shay et al. [2000] observed complex surface circulations
including submesoscale vortices over the shelf break at Ft.
Lauderdale, FL using OSCR in very high frequency (VHF)
mode. Measurements were acquired at 20-min intervals at a
spatial resolution of 250 m [Shay et al., 2002]. One coherent
vortex observed during this experiment had a similar
translation speed of approximately 30 cm s ', with a
horizontal extent of only 2 to 4 km. Interestingly, winds
were relatively calm throughout the experiment. In OSCR
field experiments deployed during the summer and winter
of 1998, numerous small-scale eddies were observed in the
velocity record, some of which were FC spin-off-type
eddies [Haus et al., 2000, 2004]. The eddy spatial scale
varied between the summer and winter months. However,
the study duration was insufficient to ascertain the role of
seasonal wind forcing, local topography and other factors
on these observations. In this context, more detailed current
observations with depth are needed to gain insight into the
structure of these features and their forcing mechanisms.
Advantages from combining WERA surface currents and
subsurface ADCP measurements have been shown by Liu et
al. [2007] along the West Florida Shelf. These data sets
exhibited three-dimensional, time-dependent current struc-
tures which are distinct for differing processes in this region
(i.e., tides, near-inertial motions, and weather-induced var-
iability). This result would not have been possible using one
measurement technique alone.
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[6] As part of the ONR-sponsored Southeast Atlantic
Coastal Ocean Observing System (SEA-COOS), a high-
frequency (HF) Wellen radar system (WERA) is currently
operated and maintained by the University of Miami’s
Rosenstiel School of Marine and Atmospheric Science
along the eastern Florida Shelf (EFS). The surface current
data observed using this technology contains a broad
spectrum of temporal and spatial variability due in part to
energetic and coherent small-scale coastal ocean processes
[Shay et al., 2008]. Concurrent ADCP measurements ac-
quired within the radar footprint provide a detailed view of
the kinematical structure of these features. A comparison
between the WERA and ADCP measurements was con-
ducted over the 9-month deployment period for the ADCP.
East-west (1) and north-south (v) component velocities from
hourly averaged WERA measurements are compared to
subsurface velocity components from the 14-m surface most
bin of the ADCP. This analysis includes estimation of root-
mean-square (RMS) differences, means and standard devia-
tions. Time series from WERA-derived surface current
measurements and concurrent measurements from the
ADCP were then analyzed to investigate energetic features.
Events were selected from the record to examine the
kinematical structure and variability of particular surface
circulation patterns. These patterns include submesoscale
circulation features, FC meander events and periods of
decorrelation between the WERA surface currents and
ADCP subsurface currents. In this framework, the experi-
mental design is described in section 2 with measurements
given in section 2. In section 3, vector surface and subsur-
face currents are compared from September 2004 to June
2005. Three interesting events occurring from December
2004 through February 2005 are documented in section 4. A
summary and concluding remarks are given in section 5.

2. Measurement and Experimental Design

[7] In June 2004, two WERA stations were deployed
along the EFS between Key Biscayne, FL and Key Largo,
FL. During this period of operation, an ADCP was deployed
within the radar footprint from September 2004 to June 2005
[Gurgel et al., 1999a; Shay et al., 2007]. In this section, the
experimental design including WERA system, ADCP moor-
ing specifications and a National Data Buoy Center (NDBC)
Coastal Marine Automated Network (C-MAN) station are
described.

2.1. WERA Characteristics

[8] WERA transmits a frequency modulated continuous
wave (FMCW) chirp at 0.26 sec intervals and avoids the
blind range of interrupted FMCW in front of the radar
[Gurgel et al., 1999b; Essen et al., 2000; Shay et al., 2007].
The range of frequencies used for WERA is from 3 to
30 MHz with more common transmission frequencies of
8 and 16 MHz corresponding to Bragg wavelengths of
18.8 and 9.4 m, respectively (Table 1). At a transmission
frequency of 16.045Hz, WERA system requires 126-m
baseline distance for a 16-clement phased array to achieve
a narrow beam electronically steered over the illuminated
ocean footprint. Beam width is a function of the radar
wavelength divided by the length of a phased array, which
is 7.5° for the 16-element phased array. The transmitter is
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Table 1. Capabilities of the 16 MHz WERA System

Value
Operation range (km from radar site) 80
Range cell resolution (km) 1
Measurement depth (m) 0.7
Measurement cycle (min) <10
Radial current accuracy (cm s~ ') 1.8
Vector current accuracy (cm s’l) GDOP x RCA
Beam width at 16 antennae (deg) +3
Bragg wavelength (m) 9.4
Transmit elements (phased array) 4
Receive elements (BF) 8-16
Receive elements (DF) 4
Transmit power (W) 30

arranged to encompass a 120° swath. WERA has the
flexibility to be configured in direction-finding (DF) mode
(such as Coastal Ocean Dynamics Application Radar
(CODAR)) where 4 receive antennae are set up in a square
array, or in beam-forming (BF) mode from a linear array
consisting of 4n (where n =2, 3, and 4) elements or channels.
As the number of receiver antennae elements increase,
current vector resolution improves [Teague et al., 2001]. A
medium-range, high—horizontal resolution version was
designed with a range of ~80 km with horizontal resolution
of 1.2 km depending on the available bandwidth approved by
the Federal Communication Commission. Higher spatial
resolution requires bandwidth of more than 200 kHz (i.e.,
+100 kHz). Temporal sampling can be as low as a few minutes
since the WERA system is FMCW. This sampling feature is
attractive for high-current regimes such as the FC where time
scales of variability associated with large horizontal shear
vorticities are less than an hour [Peters et al., 2002].

2.2. EFS Experimental Design

[9] The EFS radar network consists of two WERAs that
provide near—real time surface currents to SEA-COOS and
the Internet [Gurgel et al., 1999a; Shay et al., 2007, 2008]. In
its fifth continuous year of operation, the radars are located at
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Figure 1.
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Crandon Park on Key Biscayne (25° 42.84°N, 80° 9.06’W)
and Key Largo (25° 14.46°N, 80° 18.48°W) Florida. Each
site contains 4 transmitting antennae (Tx) and 16 receiving
antennae (Rx). Figure 1 shows approximate radar coverage
for this WERA system. Operating at a frequency of
16.045 MHz, the radar maps surface currents every 20 min
over approximately 5000 cells with a cell resolution of
~1.2 km (higher resolution is possible with more band-
width). Receiver and transmitter cables are calibrated to
monitor any variations in signal amplitudes and phases.

2.3. Radial Current

[10] As shown in previous studies, the frequency shift off
the Bragg frequency due to Bragg resonant waves traveling
along a nonmoving ocean surface is proportional to the
radial current [Crombie, 1955; Stewart and Joy, 1974]. Both
positive and negative Doppler shifts can be observed
because of advancing (positive) or receding (negative)
waves, and this frequency utilizes the Doppler spectral peak.
For the 16.045 MHz system used here, the corresponding
Bragg frequency is 0.409 Hz.

[11] Accuracy of the radial current is estimated from the
statistics of the velocities within a given grid cell (K.-W.
Gurgel, personal communication, 2006). Briefly, for each n
sample interval in time, radial current accuracy is estimated
by accounting for signal strength (SNR) as well as horizon-
tal shear within a grid cell. The magnitude of the radial
current accuracy is combined through the sum of the
squares from each snapshot then time averaged over the
grid point given by

racc:ra\’n717 (1)

YL POSNRG) = > r()SNR()
number of samples of (i) from the Bragg peak in the BF
mode. In this approach of accuracy, the SNR is used as a

where 12 , n is the
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(left) Map of WERA deployment along SE Florida with depth in color contours. The white

arcs represent the 120° swath which is covered by the WERA transmission. Backscatter is collected on a
1.2-km grid every 10 min from alternating sites. The yellow star refers to the location of Fowey Rocks
C-MAN station maintained by the National Data Buoy Center. The yellow square refers to the location of
the ADCP mooring (water depth is 86 m at the mooring site). (right) Mean radial accuracy within domain
receiving data with radial accuracies of 10 cm s~ or better more than 70% of the study duration.
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Figure 2. Doppler spectra shown for 3-h periods between 0600 and 2100 GMT on 20 January 2005.
Distinguishable Bragg peaks allow for computation of Av from which radial currents are derived.

weighting function that provides a better estimate of the
accuracy [Shay et al., 2007]. A similar approach can be used
for DF mode of HF radars. Generally, higher data accuracy
are obtained close to the coast as signal strength attenuates
seaward away from the radar sites. The range of ground
wave signals is a function of transmitter frequency, seawater

conductivity and atmospheric conditions [Broche et al.,
1987; Gurgel et al., 1999a, 1999b]. In the present
application, the magnitude of the radial current accuracy
is combined through the sum of the squares from each
sample (r2. + %)) from Crandon and Key Largo then time
averaged over the appropriate intervals. During the course
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