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Very High-Frequency Radar Mapping of
Surface Currents
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Abstract—An ocean surface current radar (OSCR) in the
very high frequency (VHF) mode was deployed in South Florida
Ocean Measurement Center (SFOMC) during the summer of
1999. During this period, a 29-d continuous time series of vector
surface currents was acquired starting on 9 July 1999 and ending
7 August 1999. Over a 20-min sample interval, the VHF radar
mapped coastal ocean currents over a 7.5 km 8 km domain
with a horizontal resolution of 250 m at 700 grid points. A total
of 2078 snapshots of the two-dimensional current vectors were
acquired during this time series and of these samples, only 69
samples (3.3%) were missing from the time series. During this
period, complex surface circulation patterns were observed that
included coherent, submesoscale vortices with diameters of 2 to
3 km inshore of the Florida Current. Comparisons to subsurface
measurements from moored and ship-board acoustic Doppler
current profiles revealed regression slopes of close to unity with
biases ranging from 4 to 8 cm s 1 between surface and subsurface
measurements at 3 to 4 m beneath the surface. Correlation coef-
ficients were 0.8 or above with phases of 10 to 20 suggestive
of an anticylconic veering of current with depth relative to the
surface current. The radar-derived surface current field provided
spatial context for an observational network using mooring-, ship-
and autonomous underwater vehicle-sensor packages that were
deployed at the SFOMC.

Index Terms—ADCP, coastal ocean circulation, current profiles,
surface currents, VHF radar, vortices.

I. INTRODUCTION

A CCURATE measurement of ocean surface currents has
been one of the more elusive phenomena to confront

ocean scientists. Given increased national attention to the
coastal ocean and in the planned networking of coastal ocean
observatories, the acquisition of the highest quality surface
current data is required to provide spatial context for the
emerging suites ofin situ instrumentation. Furthermore,
long-term monitoring of the surface circulation would provide
important data to study its impact on societally relevant issues
such as search and rescue operations, coastal pollution from
sewage plants, transport of harmful algae blooms, oil spills and
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its mitigation, beach erosion and renourishment, and air–sea
interaction studies.

One of the more promising techniques that has evolved over
the past four decades is the Doppler radar technique [1]. Radar
signals are backscattered from the moving ocean surface by res-
onant surface waves of one-half the incident radar wavelength.
This Bragg scattering effect results in two discrete peaks in the
Doppler spectrum [2]. In the absence of a surface current, spec-
tral peaks are symmetric about the Bragg frequency () offset
from the origin by an amount proportional to 2 , where
represents the linear phase speed of the surface wave andis
the radar wavelength. If there is an underlying surface current,
Bragg peaks in the Doppler spectra are displaced by an amount
of , where is the radial component of cur-
rent along the direction of the radar. Thus, to resolve the two-di-
mensional (2-D) current fields, two radar stations are required
where their separation determines the domain of the mapped re-
gion. While the accuracy of the measurement is a maximum for
an angle of intersection of 90between the two radar beams, the
error in resolving the current vectors increases as the intersec-
tion angle departs from this optimal value.

The concept of using high frequency (HF) and very high
frequency (VHF) radar pulses to probe ocean surface currents
has received considerable attention in coastal oceanographic ex-
periments in Europe and the United States [3], [4]. The two
systems that have been used are the Coastal Ocean Dynamics
Applications Radar (CODAR) [5] and the Ocean Surface Cur-
rent Radar (OSCR) [6], [7]. More recently, a WEllen RAdar
(WERA) system has been developed that also utilizes phased-
array technology [8]. While all these systems are based on res-
onant Bragg backscatter, there is a fundamental difference in
the methodology used to isolate the ocean area where scattering
occurs. The OSCR system utilizes an 85-m-long 16- (HF) or
32- (VHF) element phased-array antennae to achieve a narrow
beam, electronically steered over the illuminated ocean area
(Table I). The beamwidth is a function of the radar wavelength
divided by the length of the phased array, which is 7for the HF
mode and 3.5 for VHF mode. By contrast, CODAR utilizes
a three-element crossed-loop/monopole antennae system and
direction-finding techniques that are easily deployed in small,
confined areas compared to the beach real estate required for
the length of the phased array. The azimuthal resolution of the
current field is based on a least-squares fit of the Fourier series
to the data [9]. Thus, the current resolution tends to be more sen-
sitive to beam patterns in direction-finding algorithms.

In a comprehensive review of the HF radar issues [3], theoret-
ical and observed beam patterns were compared for a 16-element
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phasedarray.Forabeamsteeredat22relativetothephasedarray,
observed side lobes in the beam pattern were typically 20–25 dB
less than theoretical side lobes in the beam pattern. Observed and
theoretical peaks were equal at 22, suggesting that the surface
current measurements were well resolved. As all HF-radar an-
tennaesystemshaveacharacteristicbeampattern,environmental
factors such as salinity and moisture and path length from the
antennae to the sea influence the beam pattern. In addition, for
larger phased arrays, the beach terrain may under some condi-
tions constrain the angle of the boresite, which directly impacts
the beam intersectionangles and the resolutionof the surface cur-
rent vector. Within this framework, phased array systems (i.e.,
OSCR,WERA) tomeasuresurfacecurrents tend tobemorehard-
ware intensive whereas crossed-looped monopole antennae sys-
tems (i.e., CODAR) requires more software manipulations to de-
termine current speed and direction.

While HF-radar techniques to measure surface currents
have existed for several years, little attention has focused on
the comparisons to conventional oceanographic measurement
techniques, except for tidal bands [6], [10]. Recently, surface
currents have been compared to subsurface currents from both
fixed and moving platforms during a series of experiments
using phased-array technology [7], [11]–[14]. Point-by-point
comparisons have revealed both similarities and differences
between surface and subsurface current signals. For example,
rms differences have ranged between 7 to 15 cms depending
on the depth of the subsurface measurement. In the NSF and
ONR sponsoredDuck94experiment, comparisons to a vector
measuring current meter (VMCM) at 4 m beneath the surface
indicated an rms difference of 7 cms over a range of 1
m s current from a 29-d time series. Given the VMCM’s
measurement accuracy of about 2 cms [15], the accuracy for
the surface currents was about 5 cms , consistent with the
manufacturer’s cited values (see Table I). Although differences
still remain, radar-derived surface current measurements
represent the integral of currents in the top meter (or less) of
the water column ( ) [2] where winds and waves impact
surface currents and near-surface shears. An important issue
emerging from recent radar studies is that mooring data repre-
sents a point measurement whereas radar-derived estimates are
averaged over areas with dimensions of 0.6 to 4 kmfor the
VHF and HF radars, respectively.

In the VHF mode ( 49.95 MHz), comparisons to subsur-
face measurements have been generally lacking due in part to its
under utilization in coastal experimentation. In the VHF mode
of OSCR, the radar wavelength is 5.9 m corresponding to a
Bragg wavelength of 2.95 m. The highest spatial resolution for
this mode is 250 m, which makes the use of VHF radar partic-
ularly attractive for bays and ports as well as monitoring sur-
face circulation around sewage effluent regions [16]. Measure-
ments from a 3-month deployment of a VHF profiler in the equa-
torial Pacific Ocean revealed complex surface current patterns
that contained both short- and long-time scale variability [17].
Recent surface current observations using VHF radar revealed
complex surface current patterns in the South Florida Ocean
Measurement Center (SFOMC) where coherent, submesoscale
vortices had diameters of 2 to 3 km just inshore of the Florida
Current (FC) [18]. These high-resolution surface current obser-

TABLE I
RSMAS OSCR SYSTEM CAPABILITIES AND

SPECIFICATIONSFOR THEVHF MODE

vations provided spatial context for autonomous underwater ve-
hicles (AUVs), a series of upward-looking acoustic Doppler cur-
rent profiler (ADCP) from moorings and ship-based ADCP and
conductivity-temperature-depth (CTD) measurements (Fig. 1).
This experimental approach provided a multiple-scale nesting
of relevant submesoscale variability in a coastal ocean subject
to large relative vorticity changes across the shelf break asso-
ciated with FC intrusions [19]. The longer-term significance of
this approach provides a strategy for coastal ocean studies for
the planned networking of observatories using emerging mea-
surement technologies.

In the following manuscript, these surface current observa-
tions from VHF radar are described and used to characterize
the coastal ocean environment at the SFOMC. Measurements
from both moored and ship-board ADCPs are directly compared
to these surface velocity measurements to establish the level
of consistency between observing platforms. During quiescent
atmospheric conditions, this approach provided data to examine
the temporally evolving spatial current patterns at unprecedented
resolution just inshore of the FC. Accordingly, the experimental
design using the VHF radar is described in Section II. Prevailing
coastal conditions are given in Section III. In Section IV, a
detailed comparison is given between surface observations and
moored and ship-based ADCP’s from July 1999 experiment.
Results are discussed in Section V with concluding remarks.

II. VHF RADAR MEASUREMENTS

An experiment was conducted in the summer of 1999 in the
SFOMC. In this section, the VHF radar approach is described
within the context of experimental design and spectral data
quality of the observed surface current signals.
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Fig. 1. VHF radar domain (circles) relative to USF/NOVA ADCP moorings (triangles: 50-m mooring at cell 244 is depicted as a red triangle), US navy ADCPs
(boxes), and ship track (heavy black line). Inset provides the sampling positions of the ship from five cruises during the month-long experiment. Bottom topography
is contoured at 10-m intervals to 50 m, then contoured at 50 m thereafter. Master and slave sites (heavy solid circles) were located at John U. Lloyd State Park and
Hollywood Beach, respectively.

A. Experimental Design

The OSCR radar system was deployed in the SFOMC for a
four-dimensional ocean current experiment starting on 25 June
and ending 10 August 1999. During this period, a 29-d contin-
uous time series of vector surface currents was acquired starting
on 9 July and ending 7 August 1999 at 20-min intervals. The
system consisted of two VHF radar transmit/receive stations op-
erating at 49.945 MHz that sensed the electromagnetic signals
scattered from surface gravity waves with wavelengths of 2.95
m. The VHF radar system mapped coastal ocean currents over
a 7.5 km 8 km domain with a horizontal resolution of 250
m at 700 grid points (Fig. 1). Radar sites were located in John
U. Lloyd State Park (adjacent to the US Navy Surface Weapons
Center Facility) (master: N, W) and an ocean-
front site in Hollywood Beach, FL (slave: N, W),
equating to a baseline distance of 6.7 km. Each site consisted
of a four-element transmit and thirty-element receiving array
(spaced 2.95 m apart) oriented at an angle of 37(SW-NE at
master) and 160(SE-NW at slave).

Effective ranges of the HF and VHF modes of this pulsed
radar differ significantly. As shown in Table I, the pulse repe-
tition rates ( ) is 80 s and pulse duration for pulses ( )
in VHF mode is 1.667 s. Accordingly, the estimated effective
range is

(1)

where is the speed of light (2.999810 m s ) [20]. For ex-
ample, the VHF mode range is approximately 11 km while the
effective range for the HF mode (25.4 MHz) is 44 km for the
present OSCR configuration. These effective values are also im-
portant to the baseline separation distances. In the VHF mode,
the baseline distances must be between 3–7 km to optimize the
acquisition of the 2-D vector currents. By contrast, separation
distances for an HF mode deployment are typically 20 to 35 km
depending upon the configuration. In the 1994 Florida Keys ex-
periment, for example, the baseline distance was about 38 km
between two radar sites [12].
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Fig. 2. Doppler spectrum from the 4-D current experiment at cell 300
showing the spectral peaks in power (dB) relative to the frequency (Hz). Bragg
frequencies are depicted as�� at 0.72 Hz as well as the frequency offset (��).
The spectrum was smoothed using a nine point running average corresponding
to 0.024 Hz. Frequency offsets of the spectral peaks for the advancing and
receding wave field correspond to the radial current. Second-order returns
contains information about the waves.

B. Bragg Backscatter

The corresponding Bragg frequency is

(2)

where is the acceleration of gravity (9.81 ms ) and if
the frequency of the radar (49.945 MHz). The resultant Bragg
frequency is 0.721 Hz as shown in Fig. 2. Frequency offsets
from the first-order Bragg peak ( ) are propor-
tional to the radial current for a wave advancing (positive) or
receding (negative) from the radar station (i.e., ,
where is the radial component of current along the direc-
tion of the radar). Given the range in the Doppler spectrum of

1.5 Hz, the maximum resolvable radial current is4.4ms .
In the present context, the maximum current for the FC is ex-
pected to be 2 to 2.5 ms , well below this threshold in the
Doppler spectrum. Notice that the first-order returns are above
the noise floor of the Doppler spectra (140 dB) for both ad-
vancing and receding waves. To obtain a 2-D vector current at
the 700 cells, two transmit and receive stations are required to re-
solve the Doppler spectra as described elsewhere [20] and hence
radial current measurements.

C. Radial and Vector Currents

Central to constructing reliable vector current fields from ra-
dial measurements is the intersection angle between the radials
emanating from the master and slave stations (Fig. 3). Intersec-
tion angles crucially depend on the beach topography, which

Fig. 3. Intersection angles () between the master and slave radial beams at
each of the 700 OSCR cells. The contour interval is at 10intervals labeled at
20 increments.

sets the geometrical constraints of the phased array. In this VHF
domain, optimal intersections angles, defined here as

, encompassed nearly the entire domain except for
the grid points closest to the shore and those just beyond the
40 limits in the northeast and southeast corners of the domain.
These outer limits were at the maximum range of the master and
slave radar stations of 11 km noted above. Thus, physical sig-
nificance of the measurements in these areas will be avoided.

The Geometric Dilution Of Precision (GDOP) is used to
quanitatively examine the spatial dependence of the observed
current differences based on geometrical contraints. Using
the radar’s mean look direction () and the half-angle ()
between intersecting beams [14], expressions for the error in
the along-shelf () and cross-shelf () current components are

(3)

(4)

where represent rms current differences. The GDOP value
is thus defined as the ratios of and for the along-
shelf and cross-shelf currents, respectively. Over the VHF radar
domain as shown in Fig. 4, the GDOP value ranged from 0.75
to 2. In the core of the domain where a large fraction of the
subsurface measurements were acquired, the GDOP for both
the along-shelf () and cross-shelf () currents was unity. Close
to the coast, however, there was a large gradient in the GDOP
increasing from 1 to 2 over a 1.5-2-km (6 to 8 cells) distance
as intersection angles approached the limits (as suggested by
Fig. 3).

An example of the two radial current plots (master and slave)
and the corresponding vector current is shown in Fig. 5. The
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Fig. 4. GDOP for the along-shelf (red) and cross-shelf (blue) currents relative
to the cells in the VHF radar domain.

master radial current map indicated a current toward the south-
east. On the periphery of this structure, radial currents were di-
rected toward the radar site, indicating advancing peaks in the
Doppler spectra. Radial currents from the slave station also in-
dicated a southwest current in the same regime where master
radial currents were toward the southeast [Fig. 5(b)]. In the cen-
tral and southern portions of the VHF radar domain, the radial
current field indicated flows in opposite directions with flows
toward and away from the radar over the inner and outer parts
of the radar domain, respectively. However, unless radial cur-
rents are in the same general directions of the prevailing current
field, it is difficult to intrepret radial current patterns within the
context of physical processes. It is more appropriate to convert
radial currents to a 2-D current vector consisting of two carte-
sian current components.

As each OSCR cell (250 m 250 m) has its own unique
bearing and distance from each site (i.e., Fig. 3), the cross-shelf
current at any given cell is

(5)

and the along-shelf current is

(6)

where represent radial currents and represent bearing
angles relative to the boresites from the master(m) and slave(s)
stations, respectively [21]. As shown in Fig. 5(c), the vector cur-
rent field ( ) is constructed from (5) and (6) based
on observed radial currents (5a,b) and bearing angles. For this
particular snapshot, these data indicated a submesoscale vortex
(radius of 1.25 km) rotating cyclonically. Offshore of the vortex
was the inshore edge of the FC where surface currents exceeded

Fig. 5. Maps of a) master radial current, b) slave radial current, and c) vector
current (cm s ) from 0400 GMT 26 June 1999. The scale of the current is
given in a).

50 cms . Inshore of the vortex, a predominant southward cur-
rent of 20 to 30 cms was observed, suggesting fairly compli-
cated physical processes over the inner to middle shelf.

D. Spectral Data Quality and Return

Over the course of the experiment, a total of 2078 samples
was acquired from 0320 GMT 9 July (YearDay 191) until 2340
GMT 6 August (YD 220) yielding a 29-d time series. Of the
2078 samples, only 69 samples were missing from the vector
time series, equating to a 3.3% loss of the 20 minute snapshots.
Previous HF radar experiments have typically yielded data re-
turns of 93% to 97% [7], [11], [12]. Thus, these experimental re-
sults using the VHF mode were on the higher end of the limits
with respect to overall data return relative to previous experi-
mental results.

As shown in [22], the spectral quality index takes into consid-
eration: the size of the largest peak (in decibels); the number of
Bragg peaks in the spectrum (either 2,1,0); the Bragg ratio (dif-
ference between positive Bragg peak and negative Bragg peak
in decibels where the smaller the Bragg ratio, the higher the
quality number); the width of the largest Bragg peak (the top
quality numbers (7,8,9) require that least one Bragg peak spans
0.022 Hz in frequency space); and the error in the Bragg peak
separation. This index is an integer in the range of 0 to 9, where
9 being the highest quality index. During the course of this ex-
periment, this spectral quality index from both the master and
slave radar stations ranged between 3 to 7 (Fig. 6). Notice that
higher spectral quality from each site was closest to the coast
as signal strength of ground wave signals is a function of both
transmit frequency and sea water conductivity. As frequency
increases, transmitted signals attenuate quicker than those of
lower frequencies [3]. Of equal importance, the conductivity of
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Fig. 6. Spectral quality numbers from a) master and b) slave stations based
upon the spectral data in the Doppler spectra and c) the signal strength (dB)
along a radial emanating from the master site (solid line in panel a). High
spectral data quality number corresponds to good separation between the
first-order peaks and the noise floor and well-defined Bragg ratios. Notice that
in the far-field relative to the master and slave stations (10–11 km) the spectral
quality numbers and signal strength decrease to 3 and�120 dB.

the sea surface plays an important role in ground wave propa-
gation. As conductivity increases, signal attenuation decreases
exponentially with distance offshore. This is precisely why HF
radar techniques attenuate by 40 dB after just a few kilometers
over fresh water. Based on CTD measurements from the moor-
ings and theR/V Stephan[23], the corresponding conductivities
exceeded 5.5 m , providing a good conducting plane for
ground wave propagation. Even in the far-field, typically 10 km
from the radar sites, spectral data quality decreased only to 3,
which was sufficient to resolve the currents. Along one of the
radial legs, the signal-to-noise ratio (SNR), defined as the differ-
ence between the strength of the Bragg peak and the noise floor,
decreased by about 30 dB from the coast to the far-field [see
Fig. 6(c)]. As spectral quality indicies decrease toward unity,
current signals cannot be resolved from the Bragg peaks in the
spectra and are eliminated from further analysis. Here, as the
spectral quality index remained at 3 or above, radar-derived cur-
rents were of sufficient quality to warrant a detailed compar-
ison to subsurface current observations from the mooring and
ship-based measurements.

III. OBSERVATIONS

A. Atmospheric Conditions

Prevailing atmospheric conditions during the experiment
were relatively calm as indicated by near-surface wind and
pressure records from a Coastal Marine Automated Network
(CMAN) station at Fowey Rocks ( N, W), which
was located approximately 70 km south of the domain. As
shown in Fig. 7, 40-h low-pass filtered surface winds were
onshore ranging between 3 to 7 ms . On YD 202, surface
winds reversed to a southerly then to an offshore wind as the

Fig. 7. Forty-hour low-pass filtered a) surface wind (m s) and b) surface
pressure (mb) from hourly observations at the CMAN station at Fowey Rocks
located south of the VHF radar domain in July–August 1999. Surface wind
was placed into an oceanographic context and then rotated 90cyclonically. A
positive value for the wind represents offshore flows whereas a negative value
represents onshore surface winds.

pressure decreased from 1023 to 1012 mb over a 10-d period
[Fig. 7(b)]. During this weak pressure change, surface winds
were 4 to 6 ms . Averaged over the month time series,
the mean wind speed was 4.5 ms directed toward 210T.
Meteorological conditions at the Lake Worth CMAN station
( N, W, not shown) were similar to these obser-
vations from Fowey Rocks. Based upon these data, the mean
wind-induced surface current was estimated to be 6 cm s
for an Ekman depth of 30 m. Theoretically, the steady-state,
wind-induced surface flows should be directed 45to the right
the wind; however, in this case, the mean coastal currents were
directed toward the north opposing the mean wind direction.

Surface wave measurements at the NOVA/USF mooring in
11 m of water revealed significant wave heights of 1 m or less
during the first half of July where the surface gravity waves had
periods between 4–6 s. Based on the deep-water dispersion re-
lation, these waves had horizontal wavelengths of about 40 m
for a 5-s wave. The estimated Stokes drift at the surface was
5–6 cms for a mean wind speed of 4.5 ms [21]. Given a
vertical dependence of where is the wavenumber of the
dominant wave ( m), the estimated current difference
for this Stokes wave component was less than 1 cms m
between the surface and 4-m depth. Thus, during the observa-
tional period, surface winds and waves did not appear to sig-
nificantly impact the surface velocity field compared to oceanic
forcing induced by the FC intrusions across the shelf break.

B. Surface Current Observations

An example of the observed surface current variability is
shown in Fig. 8 over a 3-d period, including FC intrusions.
On 18 July (YD 200), surface velocities exceeded 1.4 ms
between 5 to 7 km offshore with a large surface current gradient
near the shelf break. Closer to the coast, surface currents were
weaker with velocities of 20 to 30 cms . Over the next 8
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Fig. 8. Surface current imagery from 18–21 July 2000 during the SFOMC 4-D current experiment off Ft. Lauderdale for: (a) 1440 GMT 18 July, (b) 2240 18
July, (c) 0020 GMT 19 July, (d) 1140 GMT 20 July, (e) 0600 GMT 21 July, and (f) 1500 GMT 21 July. The color of the current vectors depicts magnitude of the
current as per the color bar.

h [see Fig. 8(b)], coastal currents flowed south at about 60
cm s and a region of weak currents was observed along
the shelf break. Surface velocities also indicated along-shelf
curvature in this surface current gradient regime. Two hours
later [Fig. 8(c)], surface velocities rotated cyclonically along
the shelf break where a surface current convergence developed
in the southern part of the domain. Surface velocities greater
than 1 ms were located approximately 5 to 7 km offshore
during an intrusion by the FC. Approximately 11 h later, a
cyclonic vortex was observed with a radius of 1.5 km. During
this time, near-shore currents were 40 to 50 cms whereas
offshore currents ranged between 80 to 90 cms in the FC.
This velocity difference was associated with an asymmetric
vortex, but with larger currents and radii than that observed on

26 June [18]. At 0600 GMT 21 July (YD 203), surface currents
indicated cyclonic curvature about 5 km offshore with a weak
surface convergence zone in the domain’s center. Coastal
currents at this time were weaker (20 cms ) compared
to currents of 70 cm s along the inshore edge of the FC.
Subsequently, surface currents indicated a larger-scale vortex
with weaker currents or perhaps a frontal lobe-like structure
9 h later [Fig. 8(f)]. These images over a 3-d time period
exemplified a dynamic coastal regime with FC intrusions,
lobe-like structures and multiple-scale vortices. In fact, these
energetic vorticity regimes scaled as 3 to 4(where is the
local Coriolis parameter) due primarily to gradients in the
cross-shelf direction ( ) [19]. Similar surface
current variability was also found in the vorticity fields along
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Fig. 9. a) Time-averaged mean current (arrows) superposed on covariance of the observed surface flows and standard deviations of b) cross-shelf and c) along-shelf
surface currents estimated from the 29-day mean current in a). Color bar depicts the covariance estimates (cm� s ) and standard deviations (cm�s ). Notice
that the along-shelf standard deviation (panel c) is 2 to 5 times larger than in the cross-shelf direction (panel b).

the Florida Keys during an HF radar experiment in May 1994
[12].

To further illustrate this spatial surface current variability, the
time-averaged mean, covariance, and standard deviations were
estimated from the 29-d time series (Fig. 9). Time-averaged
mean flows were aligned in the along-shelf direction and op-
posed the mean surface winds as noted above. Beyond the shelf
break, northward currents exceeded 50 cms , consistent with
the close proximity of the FC to the coast. Inside the shelf break,
mean flows were considerably weaker with currents of 10 to 20
cm s , generally directed toward the north. In the central por-
tion of the mapped domain, the covariance between the cross-
shelf and along-shelf flows revealed an elongated regime where
covariance estimates were less than100 cm s due in part to
the observed cyclonically rotating vortices and lobe-like struc-
tures (i.e., Fig. 8). The covariance between the cross-shelf and
along-shelf currents was positive surrounding this covariance
minima where values exceeded 100 cms along the eastern
edge of the vortex region. Standard deviations for the cross-shelf
[Fig. 9(b)] and the along-shelf [Fig. 9(c)] currents differed by a
factor of 2 to 5 depending on their location. For example, along
the inner and outer edge of this covariance minima, cross-shelf
standard deviations were a maximum of 12 to 14 cms com-
pared to 40 and 70 cms in the along-shelf current’s standard
deviation. These time-averaged estimates of the surface current
statistical properties suggests substantial cross-shelf variability
in the along-shelf surface current structure, particularly in the
vortex-dominated regime. One possibility is that this regime was
dominated by wave-like features [19].

C. Ship-Based Measurements

Ship-based ADCP measurements of horizontal current pro-
files with an RDI 5-beam, 600-kHz broad-band ADCP and of
the stratification with an Ocean Sensors (OS500) CTD were

acquired from theR/V Stephanduring AUV operations. The
ADCP was deployed over the starboard side of theR/V Stephan.
Shipborne CTD and ADCP measurements were acquired over
a rectangular box pattern (see Fig. 1). The eastern, north–south
leg of the ship track was positioned beyond the shelf break (co-
incident with thethird reef) because high horizontal and vertical
shear tended to occur beyond or just east of the shelf break. The
typical ship speed along the transects was 1.5 ms such that
the ship track boxes required 1.5 to 3 h to complete.

As shown in Fig. 10, the ADCP was set to 1-m bins, pro-
ducing a vertical range of about 35 m depth. Bottom tracking
was possible at depths up to 85 m. Note that all observations
(15-s ensemble averages) had valid bottom tracking and dif-
ferential GPS (DGPS) navigation data were logged along with
the ADCP output. Two cross-shelf sections of the along-shelf
flow indicated the extreme oceanic conditions that frequently
occurred in this regime. Relatively weak southward flow was
observed over the shelf and shelf break at 0400 GMT 16 July
with weak vertical current shear of 10s . Fifteen hours later
(1900 GMT), the FC intruded over the shelf as upper ocean cur-
rents increased to 80 cms [upper right edge of Fig. 10b)]
although there was still southward flow of 20 cms over the
inner-shelf [Fig. 10(b)]. With the FC so close to the shelf, strong
vertical shears were also evident in the ADCP measurements.
Such flow reversals occurred both on relatively long-time scales
of days and relatively short-time scales of 3, 10, and 27 h. These
ship-board measurements revealed complicated and highly in-
termittent FC forcing events across the shelf break that affected
the coastal circulation.

D. Moored Measurements

The University of South Florida (USF) and NOVA South-
eastern University deployed three moored ADCP arrays in the
SFOMC as shown in Fig. 1. These profilers sampled the current
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Fig. 10. Cross-shelf sections of the along-shelf currents from the shipboard 600 kHz ADCP on theR/V Stephan: (a) 16 July 1999, 0403 GMT and (b) 16 July
1999, 1849 GMT. The latitude of the data is 26.053N. Velocity is contoured at 10 cm�s intervals. The zero velocity contour is a heavy, dark line.

structure at 15-min intervals from an upward-looking 300-kHz
ADCP at the 11-m mooring and two downward-looking
600-kHz ADCPs at 20- and 50-m depths. The bin size at the
11- and 20-m moorings was set to 0.5 m while a bin size of
1 m was used at the 50-m mooring. In addition, microcats
were deployed at both the NE and SW moorings to measure
temperature, conductivity, salinity, and density fields at 5-min
intervals at several vertical levels. Data acquisition started on
25 June at the 11-m mooring and on 15 July (YD 197) at the NE
and SW mooring sites. For the purposes of this manuscript, the
50-m mooring ADCP measurements acquired near the center of
the radar domain will be used in the comparisons below where
the GDOP was unity in both current directions (see Fig. 4).

As shown in Fig. 11, coherent structure was observed
throughout the water column in July and early August where
the current ranged from 50 to 100 cms . Initially, a
near-daily oscillatory current of 20 to 30 cms was observed
with larger currents near the surface. Near YD 201, currents
throughout the column indicated an along-shelf flow of 30
cm s toward the south. The current structure then reversed
to a predominate, northward along-shelf current until about
YD 206 when the current became oscillatory with amplitudes
exceeding 50 cms . Subsequently, an FC intrusion was
observed between YD 210 to 213 over the 50-m isobath. The
current during this time was in the along-shelf direction with
weak cross-shelf flows. Upper ocean currents approached 100
cm s , that decreased to about 40 cms near the bottom.
Strong oscillatory currents were also evident after this FC
intrusion. Over the 23 days of coincident measurements, the
currents seemed to bepredominantlybarotropic with relatively
weak cross-shelf flows.

RMS differences between adjacent ADCP bins were exam-
ined from 3 to 40 m (not shown) to understand subsurface cur-

rent variability. For the cross-shelf current, bin-to-bin variability
was 2 to 3 cms in the upper 10 m, decreasing to 2 cms
at depth. By contrast, bin-to-bin variability was 5 to 7 cms
in the upper 10 m for the along-shelf current, decreasing to 3
cm s below 10 m. As suggested by ship-board measurements,
this variability is relevant to the comparisons to the surface cur-
rents discussed below.

IV. COMPARISONS

Observations described in Section III indicated sufficient ve-
racity to warrant a comparison between the radar-derived sur-
face signals and subsurface measurements from the ADCP on
the mooring (fixed frame) and theR/V Stephan(moving frame).
To place these comparisons into context of other radar derived
data sets, published analysis techniques will be used to examine
the differences. The difference here is that the spatial resolu-
tion of the surface current is now 250 m vice 1.2 km, yielding
a significantly higher resolution surface velocity field that re-
solved submesoscale processes. One statistical measure of the
correlation between two differing measurements is the complex
correlation coefficient

(7)

and the complex phase angle

(8)

where represents an average (based uponpoints) [23]
for the surface () and subsurface () currents. This phase angle
represents the average cyclonic angle of the subsurface current
vector with respect to the surface current vector.
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Fig. 11. Vector plot of the time series at the USF/NOVA 50-m mooring at selected depths through the column starting on 15 July and ending on 8 August 1999.
A northward current (T) is a vector pointing upward toward the top of the page.

A. Fixed Frame

To facilitate direct comparisons between the surface and sub-
surface velocities, the current profiler data from the downward-
looking ADCP were smoothed using a 3-point Hanning window
and subsampled at 20-min intervals, yielding 23 d of coinci-
dent measurements. As shown in Fig. 12, surface currents in
the upper 0.2 m are compared to subsurface currents at 3.2 m
from the 50-m mooring. Since the currents from the 3.2- and
4.2-m bins indicated similar fluctuations, we chose the 3.2-m
bins for the time series comparisons. In the along-shelf direction
( ), subsurface currents were at times larger than surface cur-
rents particularly when the FC moved toward the coast. Notice
that the cross-shelf currents () were weaker than those in the
along-shelf direction by at least a factor of two. Over this 23-d
time series, surface and subsurface currents were correlated at
levels exceeding 0.8. From YD 208 to 209, complex phases were

16 , suggestive of an anticyclonic or clockwise veering of
subsurface currents relative to the surface values. Moreover, the

corresponding density time series (not shown) acquired at the 50
m mooring location indicated isopycnal displacements of 5 to
10 m during this period. This significant baroclinicity explains
a fraction of the observed differences between a fresher surface
layer and more dense subsurface layers where the bulk current
shear between 0.2 m (surface) and 3.2 m depth ranged from
0.2 to 5 10 s . These levels of bulk current shears have
been documented in other coastal regimes directly influenced
by the Gulf Stream [7] and the FC [12] as more dense, sub-
tropical water may have been subducted underneath the fresher,
coastal waters as observed off Cape Hatteras [24].

Multilevel current data from 3.2 and 4.2 m beneath the surface
were then regressed to the surface current (Fig. 13). At the 3.2-m
level, the scatter for the cross-shelf current revealed a slope of
1.37 between the subsurface and surface currents [Fig. 13(a)]
with a bias of 4.8 cms . The peak in the current differences
was located at zero difference and these differences were nor-
mally distributed. As the along-shelf current was more energetic
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Fig. 12. Comparison of OSCR-derived surface and subsurface (3.2 m) current time series from a downward-looking ADCP attached to a surface mooring along
the 50 m isobath deployed by USF/NOVA for: (a) along-shelf component (cm s), (b) cross-shelf component (cm�s ), (c) bulk current vector shear (�10 s )
defined as the current differences within panels a and b divided by a depth difference of 3 m and (d) daily complex correlation coefficients () and phase angles
(�( ): located at the top of the bars) relative to the surface velocity. A negative phase implies an anticyclonic current veering with depth.

than the cross-shelf current, the bias was 8.9 cms with a slope
of unity [Fig. 13(b)]. The frequency distribution in this case sug-
gested a slight positive shift of 5 cms in the current differ-
ences. Similar results were also apparent in the comparisons at
4.2 m where the cross-shelf current bias was 3.8 cms with a
slope of 1.31 [Fig. 13(c)]. By contrast, along-shelf current dif-
ferences indicated a bias of 8.4 cms again with a slope of 1
[Fig. 13(d)]. These results suggest that the measurements in the
upper few meters of the water column at the 50-m mooring were
quanitatively consistent with surface currents.

Surface velocities at the 50-m mooring (i.e., cell 244 depicted
as a red triangle in Fig. 1) were used to estimate the complex
correlation and phase as per (7) and (8) averaged over the 29-d
time series at each of the radar cells. As shown in Fig. 14, cor-
relation coefficients were elongated in the along-shelf direc-
tion with a maximum of 1 at the 50 m mooring. Notice the
marked spatial change in the correlation coefficient in the cross-
shelf direction. Correlation indices decreased by 0.2 kmin
the onshore direction, whereas in the offshore direction, the
correlation coefficient decreased by only 0.1 km. Given the
presence of the FC and its influence on the coastal ocean, the
larger correlation gradient was in the onshore direction. Com-

Fig. 13. Scatter diagrams (left) histograms (right) for the comparisons of
surface and subsurface currents at the 50-m mooring at 3.2 m (panels a,b) and
4.2 m (panels c,d).

plex phase angles ranged from25 in the southwestern portion
of the domain compared to 10in the northwestern part of the
domain. The phase angles revealed an anticyclonic veering of
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Fig. 14. a) Complex correlation and b) phase () relative to the OSCR cell 244 (red tirangle in Fig. 1) corresponding to the 50 m USF mooring for the 29-d time
series. The correlation coefficient is contoured at 0.1 intervals and the complex phase is contoured at 2.5increments.

TABLE II
AVERAGED DIFFERENCEBETWEEN THESURFACE AND SUBSURFACECURRENTS

(3 M, 4 M, AND DEPTH-AVERAGED) FOR SPEED(V ), DIRECTION (� ),
EAST–WEST (u ) COMPONENT, NORTH–SOUTH (v ) COMPONENT,

COMPLEX CORRELATION COEFFICIENT (), PHASE (�) AND THE RMS

DIFFERENCES IN THEEAST–WEST(u ) AND NORTH–SOUTH (v )
VELOCITY COMPONENTSBASED ON MOORING AND SHIP TRANSECTDATA

DURING THE JULY 1999 EXPERIMENT AT SFOMC

the current vector except in the northwest quadrant where the
phase angle veered in the cyclonic direction relative to the sur-
face velocity at 50 m. While the mooring comparisons showed
reasonably good correlation indices, the surface velocity struc-
ture was highly variable and required cross-shelf measurements
from ship, mooring or AUV platforms to resolve submesoscale
current structure [18], [19].

Averaged current differences from 23 d of coincident mea-
surements are listed in Table II. In terms of current speeds, there
was a 11.7-cms difference between the surface and 3.2-m
value. This difference decreased to about 8.7 cms at 4.2-m
depth. The difference between the depth-averaged and the sur-
face currents was slightly less, suggesting the relative impor-
tance of the depth-averaged flows [19]. Similarly, the differ-
ences in the current direction were 13 to 14at both 3 and
4 m beneath the surface. Regardless of the 3.2-m, 4.2-m, or
depth-averaged comparisons to the surface flow, correlation co-
efficients exceeded 0.8 with complex phases of1 to 2 . Of
particular importance here, rms differences ranged between 13
to 22 cms for the velocity components. Given the bin-to-bin

current variability in the ADCP measurements of 3 to 7 cms
in the upper 10 m, these rms differences actually ranged be-
tween 10 to 15 cm s , consistent with previous findings. More-
over, these rms current differences may not necessarily repre-
sent just measurement error. Measurement error for the radar-
derived currents has been cited to be between 4–5 cms while
measurement error for ADCP-derived currents is 1 to 2 cms .
Thus, a large fraction of these differences may be associated
with the geophysical variability as observed in previous sets of
radar-derived surface current measurements. These VHF radar-
derived surface velocities were reliable and reflective of a highly
energetic coastal regime influenced by the FC at the SFOMC.

B. Moving Frame

Downward-looking ADCP profiles and CTD measurements
from the R/V Stephanwere also acquired during the experi-
ment from several days of measurements. Of particular interest
is to examine the 3-m bin data and the depth-averaged flows in
terms of correlating the signals to the radar-derived signals. The
closest radar measurement in time and space to each ship pro-
file was used in these comparisons following [14]. As shown
in Fig. 15, comparisons at the 3-m bin revealed similar regres-
sion slopes in both the cross-shelf and along-shelf directions.
In the cross-shelf direction, for example, the slope was about
1.4 with a bias of 8.1 cm s . However, the scatter was much
greater than that observed at the mooring site as reflected by the
10 cms current differences in the histograms. The scatter in
the along-shelf current direction was also much less and more
consistent with mooring results. For these data, the slope ap-
proached unity with a bias of 4.3 cms . In both cases, current
differences were normally distributed falling within a 95% con-
fidence band as in the mooring data.

Given the relatively shallow depths along the ship transects,
the ADCP current profiles were vertically averaged and com-
pared to the surface current as shown in Fig. 16. There was less
scatter ( 20 cms ) in the cross-shelf direction than in the 3-m
comparison and the slope of the regression curve was 1.18 with



SHAY et al.: VHF RADAR MAPPING OF SURFACE CURRENTS 167

Fig. 15. Scatter diagrams (left panel) histograms (right panel) for the
comparisons of a) cross-shelf and b) along-shelf surface () and the 3-m
subsurface currents () from the ship transects in the VHF radar domain.

a bias of 8.9 cms . Similarly, the regression analysis for the
along-shelf currents revealed a slope of 1.19 and a bias of 7.9
cm s , or about twice that in the 3-m bin comparisons. In both
directions, current differences were again normally distributed
falling within the 95% confidence limits.

V. DISCUSSION

Progress in coastal oceanography has been generally slower
to evolve than deep-water oceanography owing to its greater
complexity both observationally and theoretically. Here, fronts,
boundary layers, high-frequency internal waves, and turbulent
processes occur together over short time and space scales. The
VHF radar deployed in SFOMC demonstrated this high degree
of current variability in the coastal ocean subjected to strong
oceanic forcing mechanisms such as the Florida Current. The
VHF mode of OSCR functioned well in July 1999, providing
two-dimensional snapshots of a complex surface velocity struc-
ture at 250-m resolution over a continuous 29-d time/space se-
ries. This particular mode of OSCR is directly relevant to a broad
spectrum of coastal marine activites, not the least of which is
safe navigation into and out of ports and harbors and monitoring
sewage effluent dispersion.

The results described here has provided a data set capable of
resolving submesoscale surface processes and demonstrating
linkages to subsurface ocean structure. Embedded within this
surface current regime are unresolved subgrid scale processes
that are usually parameterized in coastal ocean models. In
this context, these data are potentially useful in exploiting the
physics of these parameterizations for their eventual use in
high-resolution ocean modeling. We believe that this tech-
nology has matured to a point where a coordinated engineering
and scientific approach can be used to resolve complex coastal
ocean processes from multiple platforms within the framework
of networking coastal ocean observatories.

Central to this theme in South Florida is the intrusion of the
FloridaCurrentoccuringovervarious timeandspacescales.That
is, surface velocities changed by up to 2 ms over just a few
hours, including submesoscale vortices and lobe-like structures
with spatial scales of O(2 km). These fields suggest vorticites and

Fig. 16. Scatter diagrams (left panel) histograms (right panel) for the
comparisons of a) cross-shelf and b) along-shelf surface () and the
depth-averaged subsurface currents () from the ship transects in the radar
domain.

divergences that scale as 3 to 4[19]. Coincident high-resolution
mooringandshipdatawereinfactwellcorrelatedtoobservedsur-
face processes. The level of agreement (correlations exceeding
0.8) between these platforms also provides ground truth to ex-
amine subsurface structure from five snapshots of AUV-based
data [20], [25], [26]. This research effort is now in progress to un-
derstand aerial averaging of the radar signals relative to gridded
AUV-measurements acquired over a few radar cells.

Noninvasive, surface radar observations offer a unique op-
portunity to assimilate data into linear and nonlinear numerical
models. Such an approach offers a challenge over short time and
space scales evident in the observed surface current fields [13].
This integrated level of data acquisition, analysis and modeling
will provide background observations with an unprecedented
level of detail for coastal ocean observing networks [23], [24]
to examine physical characteristics over small scales. As these
data are synthesized and analyzed, new insights will unfold into
how a coastal ocean (narrow shelf) responds to FC forcing over
an abrupt shelf break, including the surface current response to
atmospheric forcing events (i.e., cold front passage) as observed
in the April 2000 experiment and more recently in the May–June
2001 experiment.
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