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ABSTRACT: A method to extract characteristics of the Gulf Stream (GS) surface flow field using high-frequency radar
(HFR)-derived currents is described. Radial velocity measurements, from radar installations near Cape Hatteras, North
Carolina, serve as input, chosen because of the greater spatial and temporal coverage provided compared to total velocity
fields. The landward GS edge, jet axis, orientation, and cyclonic shear zone (CSZ) width are identified along bearings
within the radar footprint. The method is applied to observations from two radar installations from November 2014 and
provides GS estimates with daily temporal resolution. Results along eight bearings provide a consistent representation of
GS variability dominated by the passage of meanders. Average distance to the GS edge along bearings varies from 50 to
100 km; distance estimate quality degrades with range from the radars. Monthly mean GS jet axis locations from satellite
sea surface height (SSH) and the algorithm are consistent. Cross correlations between estimates of GS characteristics in the
same region vary from 0.37 to 0.73 for the GS edge. Estimates of radar distance to the GS edge are negatively correlated with
current velocity measurements nearest the surface from a moored 150-kHz acoustic Doppler current profiler and vary
between —0.58 and —0.71. GS CSZ width metrics range from mean values of 29-31 km. Daily GS orientation estimates are
affected by the crossing angle of the radial bearing relative to the GS. Lags from the cross correlations of monthly mean prop-
erties suggest meander propagation speed estimates increase from 43.2 km day ™' south of the cape, to 136.8 km day* just
east of it.
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Measurements: Profilers; oceanic; Radars/Radar observations; Remote sensing; Surface observations: Time series

1. Introduction influenced by the GS in this area include cross-isobath trans-
port of shelf water at the convergence of Mid-Atlantic Bight
(MAB) and South Atlantic Bight (SAB) shelf water (Savidge
and Bane 2001), shape and position of the Hatteras Front
(Savidge and Austin 2007), warm water incursions onto the
MAB from warm core rings (WCR) (Zhang and Gawarkiewicz
2015), larval recruitment on the MAB related to WCRs (Myers
and Drinkwater 1989), biological productivity in the SAB (Lee
et al. 1991), and ocean—atmosphere interactions (Frankignoul
et al. 2001). Although essential to understanding oceanography
off the North Carolina coast, and to linkages beyond the region,
GS variability in this area has been difficult to quantify because

High-frequency radar (HFR) installations near Cape Hatteras,
North Carolina, that estimate surface currents provide consistent
and more frequent Gulf Stream (GS) location and orientation
estimates than previously available from other observations and
provide new insights into the oceanography off Cape Hatteras.
Here we present a method to determine variability in the GS’s
landward edge and jet axis location, orientation, and a metric for
the width of the cyclonic shear zone (CSZ) (Archer et al. 2017)
off North Carolina using radial velocity maps measured with
monostatic 5-MHz HFR from CODAR Ocean Sensors. The

method may also provide estimates of the GS separation point
from the continental margin, which is believed to influence GS
properties downstream of Cape Hatteras (Gangopadhyay et al.
1992; Silver et al. 2021).

a. Regional oceanography

The GS has a profound influence on the complex current
dynamics off Cape Hatteras that result from the convergence
of many different water masses in the region. Processes
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of the challenge involved in obtaining observations of consistent
spatial and temporal resolution over long time periods.

The GS flows over the upper continental slope, following
the southeastern U.S. shelf break from the Florida Straits to
Cape Hatteras, where it separates abruptly from the slope,
proceeding northeastward into deeper water over the abyssal
plain as a free jet. Off Cape Hatteras, the GS is ~100 km wide
and ~1000 m deep, with estimates highly dependent on cross-
stream latitude and definition (Halkin and Rossby 1985; Hall
and Bryden 1985; Hogg 1992; Watts et al. 1995; Meinen et al.
2009). The horizontal and vertical scales of the baroclinic
structure have been found to be quite consistent in this area
(Johns et al. 1995), notably maintaining structural consistency
despite regular variations in GS position (Halkin and Rossby
1985).
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FIG. 1. (a) HATY mean radial speeds for November 2014, where observations are present more than 70% of the
time, and bearings selected by the algorithm for GS analysis. “Mode bearings” are 72° and 182° and “proximal
bearings” are 87° and 167° for HATY. The pink dot on land is the radar location. The locations of the GS edge and jet
have been circled. (b) CORE mean radial speeds for November 2014, where observations are present more than 70%
of the time, and bearings selected by the algorithm for GS analysis. The pink dot on land is the radar location. The

locations of the edge and jet have been circled.

Meanders, wavelike mesoscale variability in the GS baroclinic
jet with periods and wavelengths that range from 2 to 14 days
and 100 to 250 km in this region (Glenn and Ebbesmeyer 1994),
are an intrinsic form of variability along the length of the GS.
The GS separation point from the shelf break in this area varies
(Miller 1994; Joyce et al. 2000). It is a transition region for mean-
ders, whose lateral amplitudes grow quickly to 50 km at the
Charleston Bump, and decay downstream to 10 km or less as
they reach Cape Hatteras (Miller 1994), then grow again further
downstream to up to 100 km or more. Meander variability time
scales range from 3 to 8 days near the bathymetric feature known
as the Point (see Fig. 1) to several months just downstream
(Savidge 2004).

GS position off North Carolina has been explored historically
with sea surface temperatures (SSTs) measured from satellites
(Brooks and Bane 1983), and more recently with Navy frontal
charts (https://polar.ncep.noaa.gov/global/monitor/) that utilize
satellite SSTs, information from ships of opportunity, buoy tem-
perature readings (Miller 1994), region-specific time-limited
expansive observing efforts (Churchill and Berger 1998; Muglia
et al. 2020), and satellite altimetry data (Zeng and He 2016;
Andres 2021). GS characteristics are often mapped using satel-
lite sensors that can detect the large gradients in surface tem-
peratures and surface height associated with the GS. Off Cape
Hatteras, the 25-cm sea surface height (SSH) contour from
satellite altimetry provides lower-frequency, ~10 days, estimates

Brought to you by EAST CAROLINA UNIVERSITY | Unauthenticated | Downloaded 02/07/23 04:34 PM UTC

of GS location (Andres 2016). Time and spatial scales of SST
measurements are satellite specific, and vary in frequency
from hours to several days, and in horizontal resolution from
one to tens of kilometers in this region. SST measurements are
degraded and obscured by cloud cover, often significantly,
making consistent estimates of GS position challenging.

Measurement of the GS edge off North Carolina is further
complicated by the frequent eddies and filaments on the GS lat-
eral boundaries (Glenn and Ebbesmeyer 1994; Brooks and
Bane 1983) and the diffuse nature of the GS eastern edge. The
GS position exhibits a strong dependence on edge definition
(Richardson 1985; Halkin and Rossby 1985). For example, the
GS edge has historically been defined by characterizing satellite
infrared imagery of SST gradients (Miller 1994; https://polar.
ncep.noaa.gov/global/monitor/), by a preestablished isotach
(Halkin and Rossby 1985), sea surface elevation (Kelly 1991;
Kelly and Watts 1994), by isotherms (Fuglister 1951), or isoha-
lines (Richardson 1985), and SSH (Gula et al. 2015).

Previous efforts to compare and evaluate the efficacy of
both direction-finding (DF) and beam-forming (BF) radars in
this region was undertaken by Shay et al. (2008). Archer et al.
(2017) used BF radars to study the surface velocity structure
of the GS in the Florida Straits and compared the kinematic
similarity with that of the East Australian Current (Archer
et al. 2018). This is the first study to measure the GS proper-
ties off Cape Hatteras with DF radars.


https://polar.ncep.noaa.gov/global/monitor/
https://polar.ncep.noaa.gov/global/monitor/
https://polar.ncep.noaa.gov/global/monitor/

MAY 2022

b. HF radars

Land based HFRs provide higher temporal resolution of
the GS than historical methods. A single, monostatic, 5-MHz
HFR measures the radial component of the ocean surface cur-
rent field at an array of locations relative to the receive
antenna in the water column’s top 2-3 m, herein called radi-
als. The “surface” depth depends on the wavelength of the
radar (Barrick et al. 1977). This depth is approximately A/8r,
where A is the radar wavelength, or about 2.7 m for the
5-MHz North Carolina radars being used herein (Paduan and
Graber 1997). Radial current measurements from the systems
used in this study are produced every hour. Typical processing
for CODAR Ocean Sensors 5-MHz HFRs produce radial
velocity maps every 30 min, which are then averaged over a
2 h 30 min window, with the azimuthal resolution decreasing
as a function of range from the radar, that form a repeating
tessellation of cells. Each vector is a spatial average over an
annulus bounded by a 5.85-km range difference, and 5° bear-
ing separation. The HFR range coverage varies from about
100 to 200 km due to environmental influences like variations
in the ocean surface wave field necessary for signal reflection,
nighttime ionospheric interference that tends to limit range
(Menelle et al. 2008), and interference from external noise
near the radar frequency band (Emery et al. 2004).

In this study we have chosen to work with radial current meas-
urements, rather than the full vector current field produced by
the combination of radial velocities from two or more sites. The
primary reasons for using radial rather than total velocities are
the more consistent and greater spatial coverage available from
the radial vectors (Bourg and Molcard 2021). Figure 2 demon-
strates the difference in spatial coverage, as percent coverage for
the month presented below, for the HFR sites along the North
Carolina coastline. Of particular note is the greater offshore
extent of the radial coverage compared to that of the totals.
Another advantage to using only radial velocities for this method
is the elimination of uncertainty introduced by the geometric
dilution of precision from combining radials into total velocities.
Our decision to pursue a method applied to the radials is prag-
matic, with the aim to maximize valid representations of the GS
over time and over the space it occupies.

2. Methods

A method to extract characteristics of the GS surface flow
field is applied to observations from two HFRs located on the
North Carolina coast that consistently measure surface currents
in the GS. HFRs in the Integrated Ocean Observing System
(IOO0S) are given four letter identifiers: HATY is located in
Buxton, North Carolina, on the north side of Cape Hatteras
(Fig. 1a), and CORE on the Core Banks of North Carolina
north of Cape Lookout at the National Park Service’s Great
Island Campground (Fig. 1b). The month of November 2014,
when both radars operated the majority of the month, was
selected for analysis and algorithm development. HATY has
been operating since 2003 (Shay et al. 2008), and CORE was
added in 2013.
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FIG. 2. The 70% coverage zones (red contours) for radials from
HATY and CORE and for radial-combined total surface currents
(yellow shading) during November 2014.

The radial components of the surface currents measured by
the radars have known quality control considerations that are
specific to each site (Liu et al. 2010). A recent effort to improve
the quality of the radial surface currents for the sites in this
study (Haines et al. 2017) implements the processing advocated
by Kirincich et al. (2012), with some modifications. The method
uses signal and solution quality nonvelocity metrics provided
for DF radar systems to eliminate low-quality radial velocity
solutions in hourly radial output files. The process reduces
uncertainty over the entire footprint and demonstrates that the
radar uncertainties increase with distance from the radar. In
comparisons between four months of ADCP and HFR radial
currents the method reduced the standard deviation of residuals
on the shelf from 9 to 8 cm s™* and from 16 to 13 cm s~ and
over the slope from 17 to 15 cm s~ ! and 57 to 46 cm s ! for
HATY and CORE radars, respectively. The large errors in the
CORE HFR comparisons on the slope are caused by the signifi-
cantly greater distance from the HFR to the ADCP. The quality
control method reduces a low velocity bias in radar currents in
the GS by 15%-20% (Haines et al. 2017). The method pre-
sented uses these quality-controlled radar radial currents.

The monthly mean radial speeds for this study from the
HATY and CORE HFRs are shown in Fig. 1. By convention,
radial speeds toward the radars are negative, and those away
are positive. The cooler colors south of HATY where averaged
radial speeds are most negative are those where the GS enters
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the radar coverage, and the hot colors with large positive mag-
nitudes are indicative of the GS exiting to the northeast. The
GS is not apparent in radial surface current measurements
when its surface current direction is perpendicular to the radar
radials. The location of the GS landward edge and jet axis are
apparent in the monthly averaged radial speeds as the largest
landward gradients and radial maxima/minima, respectively.
Further, a metric of the width of the GS CSZ, a distinct area in
the GS with positive relative vorticity (Archer et al. 2018), is
defined to be the distance between the maximum velocity gra-
dients and maximum radial velocities. The metric is approxi-
mately the half-width of the CSZ when the full width is defined
to be the distance from the GS 20 cm s~ ! inshore isotach to the
jet axis (Fig. 3).

The following method identifies the distance from the radar
site to the maximum (minimum) radial gradient and maximum
(minimum) radial velocity. These values are then used for
determining a measure of the CSZ width and the orientation
of the GS. The following data preparation and analysis steps
detail the method.

a. Step 1: Elimination of (i) poor coverage areas and
(it) hourly radial files with insufficient data

Consistent spatial coverage throughout the study period is
necessary to establish GS position; hence, a first step is to identify
the minimum coverage required. While thresholds for data cov-
erage defined by the number of radial solutions are site specific
and reliant on local environmental factors that affect site perfor-
mance, generalized application of this method is possible for any
monostatic HF radar. Radar measurement cells where radials
were not observed with at least 30% consistency over the month
were eliminated from further analysis (Fig. 1). Imposing a thresh-
old greater than 30% on the consistency removed measurements
to the detriment of the algorithm.

Additionally, a site-specific number of cells with radial velocity
measurements was required for each hourly radial file to be
included in analysis: 47% of the average number of hourly solu-
tions for HATY and 60% for CORE. The number of required
cells with radials for each radar was chosen by visually examining
each radar’s hourly radial coverage for the month, and requiring
each radial file to have enough solutions to provide radials from
near the installation to offshore of the maximum values indica-
tive of the GS jet axis. The average number of cells is ~1500 for
HATY and ~750 for CORE, and the maximum number of cells
is 2500 for either radar. The greater distance to the GS from
CORE means a higher percentage of solutions is required for
the algorithm to be effective. Bearings without radial velocities at
more than half of the ranges over the monthly time series were
eliminated from analysis.

b. Step 2: Radar bearing selection for analysis

Four bearings from each radar where GS currents were con-
sistently measured over the month were selected for analysis
(Fig. 1). Bearings were selected from within the region of most
negative (positive) radial velocities where the GS enters (exits)
the radar coverage to focus method application where GS
presence is most consistent. To choose bearings for analysis,
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FIG. 3. An examination of the CSZ along the HATY 72° bearing.
The month-averaged algorithm GS edge and jet selections (blue)
are compared to the month-averaged surface current speed derived
from the HFR total vector field along the HATY 72° bearing. Red
vertical lines mark the landward 20 cm s~ isotach and maximum
speed.

radial velocities were averaged along each azimuth over all
ranges every hour. The least (greatest) averaged radial velocity
magnitudes were selected each hour, and the bearing of the
mode hourly minimum (maximum) current magnitudes over
the time series were chosen for analysis. We refer to these as
“mode bearings.” Bearings at the shoreward edges of the
radars’ coverage were not considered because the majority of
the radials were on the shelf. Thus, some mode-bearing selec-
tions were nudged 5°-10° offshore to avoid selecting bearings
that were on the edge of coverage. Thereafter, two additional
bearings were added 15° seaward of the initial two bearings,
referred to as “proximal bearings” (Fig. 1). They provide addi-
tional edge and jet axis position information, and an estimate of
GS orientation between the mode bearing and the proximal
bearing 15° seaward. Thus, the method focuses inspection on
regions where the GS has the strongest current signal in the
radial coverage over the sampling period, without analyzing azi-
muths on the edge of radar coverage.

c. Step 3: Zero filling and radial smoothing

Radial velocities along the chosen azimuths are typically
noisy and can have numerous missing values (Figs. 4a,c). Simple
interpolation led to errant values for some missing values. As
an alternative approach zero filling was used to infill missing
radial values, prior to smoothing using a 4 X 4 convolution in
space and time —17.4 km and 3 h, respectively. The convolution
was chosen for mitigating noisy data; smaller convolution win-
dows were not as effective, larger windows did not capture
higher-frequency meander variability. Zero filling was found to
enhance GS edge selection at gradient maxima (Figs. 4b,d),
though it may lead to an underestimate of velocities seaward of
the jet axis. Hourly radials that did not meet the criterion for
sufficient number of solutions were eliminated from further
consideration (gaps in coverage Fig. 4).

d. Step 4: Gulf Stream edge and jet detection, and
cyclonic shear zone width

The GS jet axis along a selected bearing was assumed to be at
the smallest (largest) radial velocity where the GS enters (exits)
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FIG. 4. (a) Raw radial speeds along the HATY 72° bearing and (b) zero-filled and smoothed radial speeds. Also shown in (b) are edge (lesser
range) and jet axis (greater range) distances from the radars after cubic spline smoothing. (c) Raw radial speeds along the CORE 72° bearing,
and (d) zero-filled and smoothed radial speeds with the method selection for the edge (lesser range) and jet axis (greater range) distances after

cubic spline smoothing. Time periods where an insufficient number of radial solutions are available for analysis have been eliminated.

radar coverage. The GS’s landward edge along the bearing was
then assumed to be the location of the largest difference between
radial velocity estimates in the radial direction inshore of the jet.
Edge and jet axis selections were required to be at least 23.4 km
from HATY and 35.1 km for CORE, or offshore of the third
and fifth range cells for each radar (the first range cell is
blanked). This requirement eliminated the contamination of
edge selections that infrequently occurred on the shelf from
extreme shelf currents that were well onshore of the shelfbreak.

Angle between Gulf Stream flow direction and
radar bearing estimating GS edge and jet

Gulf Stream Jet Direction|

.
L]
g
g
3
=
5
g
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3
3

Gulf Stream Jet Direction

Radar Bearing Perpendicular to
Gulf Stream Flow

Radar Bearing Parallel
to Gulf Stream Flow

Radar bearing angle relative
to Gulf Stream flow

F1G. 5. Three different examples of HF radar bearing relative to
the GS flow. (a) The GS is perpendicular to the radar bearing, and no
GS estimates are possible. (b) The GS is nearly parallel to the radar
bearing, and accurate estimates of the jet are not available. (c) The
radar bearing is at an angle of about 45° with respect to the GS flow,
the optimal case for the method.
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The ranges from each radar to the position estimates occa-
sionally suffer from rapid shifts that are clearly unphysical. To
mitigate this, a filter was applied to remove estimates where
the edge and jet axis position changed by more than 13 km, or
more than two range cells, in an hour. The hourly GS edge
and jet axis time series were then smoothed using a cubic
spline that applies a 24-h low-pass filter.

The distances between GS edge and jet axis locations are
our metric of the cyclonic shear zone width and location. This
distance is approximately half the distance from the jet axis to
the shoreward GS edge (Fig. 3).

e. Step 5: Gulf Stream orientation

GS edge and jet axis detection locations along mode bearings
and those along the proximal bearings were connected to pro-
vide a GS orientation estimate (Fig. 6), assumed to be the angle
of the line that joins edge or jet axis selections. Thus, four orien-
tation estimates are made from each radar every hour, two
edge orientation and two jet axis orientation estimates.

Using these steps, smoothed hourly estimates of GS edge
and jet axis position and CSZ width metrics are produced for
each one of the four radial bearings at each site. Additionally,
for each mode- and proximal-bearing pair an edge and jet axis
orientation estimate is produced as well. The crossing angle of
radar bearing relative to the GS orientation influences the
quality of the estimates. The influence of the GS’s orientation
on the radar-derived estimates is represented schematically in
Fig. 5. In Fig. 5a, the GS is oriented perpendicular to the radar
bearing. In this case, GS flow is orthogonal to the radar radial
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FIG. 6. The average HFR-derived total velocity field, overlain on a map of the North Carolina
coastline and isobaths (m), ADCP mooring location (red), HATY and CORE radar locations
(pink), mode (solid line) and proximal (dashed line) bearings selected by the method for GS meas-
urements for the month of November 2014. Blue diamonds represent mean edge estimates along
the bearings, and the thin blue line connecting the edge estimates between the HATY 72° and

87° bearings is the associated GS orientation.

The black diamonds are mean jet axis esti-

mates; the thin black line drawn between them is the associated orientation estimate. The
red bearings are the most correlated mode bearings between the two HFR sites.

and there is zero contribution to the radial velocities along
that bearing from the GS. There is no detectable signal from
the GS. No estimates of GS edge, jet axis, or orientation are
possible for this instance. In Fig. 5b, the GS jet and radar
bearing are nearly parallel. The radar range to the jet axis
may be undetermined. Theoretically, as bearing and orienta-
tion become parallel, range is infinite. In reality, the esti-
mate will be made at the location of the highest radial
velocity within the radar range limits, not necessarily at the
GS jet axis. The radar may still choose the edge of the GS
accurately in this instance. The algorithm is optimal for Fig.
Sc, where the angle between bearing and GS orientation
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produces significant radial velocities and range from the
radar to the edge and the jet axis are located within the
radar coverage range. The algorithm is designed to maxi-
mize the instances of the latter case, Fig. 5c, by focusing
analysis on bearings most often oriented like this relative to
the radar.

3. Results

a. Measurements

Hourly estimates of the range from HATY and CORE to the
GS edge and jet axis were made for the eight bearings selected
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FIG. 7. Hourly values of the range from the radar to the edge (blue) and jet axis (black) for all four HATY bearings
overlaid with 24-h low-pass cubic spline (magenta).

by the algorithm: four from each radar. Mode bearings selected
were 72° and 182° from HATY, and 72° and 162° from CORE,
paired with proximal bearings 87° and 167° for HATY and 87°
and 147° for CORE, respectively. GS edge (blue) and jet axis
(black) selections along paired mode and proximal bearings are
connected, shown in Fig. 6 for the HATY 72° and 87° bearings,
to provide an estimate of the GS edge and jet orientations.

Examples of the raw and smoothed hourly radial data for
HATY and CORE 72° mode bearings are given in Fig. 4. The
figure also displays the cubic spline fits of the edge (inshore)
and jet axis (offshore) selections and visually demonstrates
how the algorithm method selects the GS edge and jet axis
ranges from the radars based on velocity gradients and
minima/maxima, respectively. A notable difference between
the observations from the two radars depicted in Fig. 4 is the
greater range from the radar to the GS along the CORE 72°
bearing, and the lower data quality that results from estimates
made farther offshore to be inshore of the edge. The lower sig-
nal to noise values at the greater ranges along this bearing do
not provide edge and jet axis estimates of high-enough quality
to provide confidence in the monthly mean locations of both.

In Figs. 7 and 8, the blue and black curves are the hourly
estimates of the distance from the HATY and CORE radars
to the GS edge and jet axis, respectively, along each of the
eight radar bearings. The magenta cubic spline fits reduce
noise and fill data gaps, providing reasonable estimates of the
edge and jet locations over the month most of the time.
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Time scales for variability in GS position are 2-14 days for all
of the bearings. The range from the radars to the GS varies by
about 50 km along HATY bearings, and by about 75 km for
CORE. The edge and jet axis estimates often track each other
for each bearing, with three to five exceptions during the month.
Some of the exceptions may be caused by physical differences in
the orientation of the GS edge and jet axis relative to a radar
bearing.

1) HATY

For brevity, detailed descriptions are presented only for the
northern bearing selections from each radar. Examining the
results of the 72° and 87° HATY bearings first provides a good
foundation for comparing the 72° and 87° CORE bearings later,
because the GS is closer to HATY and as a result the closer
edge and jet axis are better sampled.

Changes in HATY edge and jet axis ranges clearly covary
along the 72° and 87° bearings. The covariance is apparent over
the entire sampling period. The correlation coefficient for the
variability in edge ranges between the two bearings is 0.66, with
the 87° bearing leading the 72° bearing by five hours. Typical
ranges to the edge from 72° bearing are ~50 km and vary from
about 20-90 km, while jet ranges are ~100 km varying from 60
to 140 km (Fig. 7).

Simultaneously examining the relationships between radar
estimates of GS range and radial velocity at each edge and jet
axis selection provides insights about the method (Figs. 9a,b
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FIG. 8. Hourly values of the range from the radar to the edge (blue) and jet axis (black), for all four CORE bearings
overlaid 24-h low-pass cubic spline (magenta).

and 10a,b). Radial velocities are 1-2 m s~ ' in the jet axis and
less than 1 m s~ ! at the edge; it is not obvious how variations in
speed relate to variations in position, but one expects the radial
speeds to be indicative of the large GS speeds as the figures
demonstrate. If the radial speeds at edge and jet estimates
(Figs. 9b and 10b) are lower than those expected in the GS, the
confidence in the accuracy of those range estimates is reduced.
This is less of a concern for HATY than for CORE but is
most pronounced along the HATY 87° bearing (Fig. 10b) on
16 November and less so between 22-23 and 28-29 November.

In conjunction with the radial speeds and range estimates, it
is also important to consider the radar bearing relative to the
orientation of the GS (Figs. 9c and 10c). The relative orienta-
tion can affect the radial velocities, since only a component of
the GS velocity is measured by the radar. Red lines in Figs. 9¢c
and 10c identify the radar bearing along which GS estimates are
made, and the direction orthogonal to the bearing. When the
GS orientation approaches the radar bearing, distance estimates
to the jet theoretically approach infinity, and realistically
become inaccurate. If the orientation approaches a direction
that is orthogonal to the radar bearing, edge and jet ranges, as
well as orientation estimates, increase in uncertainty since GS
velocities approach zero. The HATY bearings presented do not
suffer from these occurrences. They are most pronounced on
the CORE radar and are discussed in the next section.

The difference between the distance to the edge and jet axis is
a measure of the CSZ width (Figs. 9d and 10d). Variability in the
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radar estimates of the CSZ width could be due to variability in
GS structure along a bearing over the time series or caused by
changes in GS orientation relative to the radar bearing. As a pos-
sible example of the latter, we note the difference in CSZ width
that occurs between 21 and 24 November along the HATY 72°
and HATY 87° bearings (Figs. 9d and 10d). During this time,
CSZ width is ~20 km along the 72° bearing and ~55 km along
the 87° bearing. The width along the HATY 72° bearing is fairly
steady for that time period, while the HATY 87° bearing width
changes by about 35 km. Both bearings exhibit pronounced
changes in distance estimates to the GS edge and jet axis during
those days (Figs. 9a and 10a) indicative of meander propagation.
Also, the edge and jet axis orientation estimates (Figs. 9c and
10c) from pairing both bearings are consistently offset more
than any other time during the month. Physically, this could
also be the result of making those estimates at different loca-
tions within a meander. The meander orientation relative to the
87° bearing is the probable cause of the wide range of CSZ
widths along that bearing.

2) CORE

Overlooking some of the obvious errors in the range esti-
mates (Fig. 8) caused by data omissions and periods of noisy
data at CORE, the temporal and spatial scales of variability
agree with expectations for this region. Ranges to GS edge
and jet axis are further offshore than those from HATY, in
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F1G. 9. (a) HATY 72° bearing estimates of edge and jet axis ranges, (b) radial velocities at the edge (blue) and jet
axis (black) selections, (c) GS edge (blue) and jet axis (black) orientation estimates between HATY 72° and HATY
87° with red horizontal lines showing the radar bearing and bearing orthogonal to it, and (d) the CSZ width defined as
the distance between the edge and jet estimates. All curves are cubic spline fits.

agreement with the mean GS path south of Cape Hatteras as
determined in prior studies (e.g., Miller 1994). CORE ranges
vary more than HATY, especially along the southern CORE
bearings. Edge and jet axis ranges vary by ~50 km with maxi-
mum shifts of ~100 km. Meander time scales evident in the
radar ranges are 2-14 days. Most of the variability seen in the
edge position is also seen in the jet axis estimates, with several
notable exceptions caused by radar noise or data omission:
14 November on bearing 72°, 18 November on bearing 87°,
and 12-17 and 23-27 November on bearing 147°.

The noisier estimates from CORE relative to those from
HATY are the result of lower radar signal to noise levels at
greater ranges, which manifests as occasional low radial speeds
along the CORE 72° bearing (Fig. 11), and in noisier range esti-
mates along all CORE bearings (e.g., compare Figs. 7 and 8).
The greater range estimates from CORE often approach the
limits of the radar coverage, increasing their uncertainty
(Haines et al. 2017). Because jet axis estimates are the most
distant from the radar, the estimates of jet axis location and jet
axis orientation can be expected to be of lower quality and
higher uncertainty than those for the edge.

As with HATY, it is informative to consider the method’s
performance for the chosen bearings by examining edge and
jet ranges with radial velocities at those picks, GS orientation
relative to the radar bearing, and CSZ width (Fig. 11).
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Examining the CORE 72° bearing, the best data quality is
from 1 to 4 November, while more noise and omissions occur
during 5-10 and 21-24 November. The variability in the
ranges to the edge and jet axis track each other well, and the
distance between them is quite consistent with a few excep-
tions. One notable exception occurs on 14 November when
the jet axis estimate is inshore of the edge. This is an outcome
of the cubic spline fit to the jet range estimates trending
toward lesser ranges before radial data become too poor to be
included, continuing the fit trend inshore until data become
available again (Fig. 4d). Similarly, the jet axis and edge ori-
entation estimates from the 72°/87° bearings (Fig. 11c) are
largely consistent up until the 14 November. Range variability
seen on the CORE 72° bearing from 22 through 25 November
appears to capture a GS meander also seen on the CORE 87°
bearing to a lesser extent (Fig. 8). The more prominent signa-
ture of the edge and jet axis ranges along the 72° bearing
could be caused by the difference in GS crossing angle with
respect to both bearings. The radial velocities at the jet axis
fluctuate around 100 cm s~ !, and at the edge about 50 cm s~
(Fig. 11b). Notable are the lesser CSZ width estimates
from the CORE 72°/87° bearings when the GS orientation is
nearly orthogonal to mode bearings on §, 10, 14, 19-21, and
24-26 November (Fig. 11d).
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F1G. 10. (a) HATY 87° bearing estimates of edge and jet axis ranges, (b) radial velocities at the edge (blue) and jet
axis (black) selections, (c) GS edge (blue) and jet axis (black) orientation estimates HATY 72° and HATY 87° with
red horizontal lines showing the radar bearing and bearing orthogonal to it, and (d) the CSZ width defined as the dis-
tance between the edge and jet axis estimates. All curves are cubic spline fits.

Near-zero edge radial velocities on 14-15 November do not
reflect what is expected where the maximum gradient is chosen
to be the GS edge. They correspond with an edge GS orientation
estimate that approached orthogonality with the 72° bearing, and
a range estimate to the jet that is less than that to the edge. The
cause is apparent in Fig. 4d, when there is a sustained absence of
radial velocities during 13-14 November.

3) MONTHLY AVERAGE GS PROPERTIES

In addition to evaluating radar performance for individual
bearing parameter time series, it is informative to examine
the means of the parameters over November 2014 to assess if
measurements being made are physically realistic. Despite
noisy periods in each parameter time series, if monthly means
are consistent with known GS parameters in this region it pro-
vides confidence in overall method performance. Monthly
mean estimates of edge and jet axis distance from the radars
and from the 100-m isobath, cyclonic shear zone width, maxi-
mum (minimum) radial speeds, and orientation are shown in
Table 1. Values in the table are derived from the continuous
cubic spline curves.

There are notable differences in distance estimates from
each radar. The mean ranges to the GS edge and jet axis pre-
sented in the table are displayed on each bearing in Fig. 6.
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The map provides perspective between relative radar locations,
estimates, and the underlying bathymetry. The edge and jet axis
mean locations are seaward of the 100-m isobath, with one
exception. Mean edge locations are farther offshore of the 100-m
isobath to the south and move progressively closer to the 100-m
isobath as the Point is approached; this is consistent with previous
depictions of the GS path along the North Carolina coast (e.g.,
Miller 1994). From Table 1, the GS is most distant from the radar
installation along the CORE 72° and 162° bearings, and as men-
tioned previously, the range of all CORE estimates are greater
than those from HATY. The mean edge estimate for CORE 72°
is notably landward of the 100-m isobath (Fig. 6), a likely cause
being the increase in uncertainty caused by the distance of these
estimates. The corresponding jet axis mean location along the
same bearing is also the most shoreward of the jet axis means.
The mean orientation estimates from the paired CORE 72°/87°
bearings are much different than the other paired bearing means
as well.

Despite large short-term variability in CSZ width estimates
along individual radar bearings discussed previously, the
mean widths seen in Table 1 for all eight radar bearings are
quite consistent. The range of mean CSZ width for all bear-
ings is only 3 km.

All means are valuable for method comparison with values
found in the literature and will be discussed further below.



MAY 2022

MUGLIA ET AL.

699

CORE range to GS edge and jet at 72 degree bearing

1 1 1 1 1

1 ] 1 1 1 1 1 il 1 1 L 1 1 L J

10 11 12 13

1 1 1 1 | | | | | 1 | 1

14 15 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 O1

CORE GS edge and jet radial values at 72 degree bearing

01 02 03 04 05 06 07 08 09 10 11 12 13

14 156 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 O1

GS edge and jet orientations from CORE 72 and 87 degree bearing

100~

50| Radar Bearing M
% i OA
il o Orthogonal to Radar Bearlng

01 02 03 04 05 06 07 08 09 10 11 12 13

14 156 16 17 18

19 20 21 22 23 24 25 26 27 01

GS CSZ metric width along CORE 72 degree bearing

1 | 1 1 | | 1 1 1 1 1 1 1 1 | J

1
01 02 03 04 05 06 07 08 09 10 11 12 13

14 16 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 O1

November 2014

FI1G. 11. (a) CORE 72° bearing estimates of edge and jet axis ranges, (b) radial velocities at the edge (blue) and jet
axis (black) selections, (c) GS edge (blue) and jet axis (black) orientation estimates CORE 72° and CORE 87° with red
horizontal lines showing the radar bearing and bearing orthogonal to it, and (d) the CSZ width defined as the distance
between the edge and jet axis estimates. All curves are cubic spline fits.

b. Method evaluation

Three different independent comparisons are presented to
establish the efficacy of the method. The first compares the
mean GS edge and jet axis locations from the algorithm with
the mean SSH and SSTs during November 2014. The second
compares independent measurements of the landward GS
edge location, orientation, and CSZ width between CORE
and HATY along crossing and parallel bearings. The third
examines the relationship between radar GS edge estimates
and the current velocities over the water column from a collo-
cated acoustic Doppler current profiler (ADCP) mooring in
the radar footprint during November 2014.

1) MONTHLY MEAN COMPARISONS WITH SSH AND SST

To assess consistency with fully independent measure-
ments, the monthly mean HFR estimates of the GS edge and
jet axis position are compared to the monthly averaged SST
and SSH (Fig. 12). The NOAA Coastwatch SST monthly
composite and monthly averaged absolute dynamic topogra-
phy, derived from the daily gridded 1/4° SSH product from
Copernicus Marine Environmental Monitoring Service are
used. The HFR jet axis estimates lie on or just offshore of the
0.4-m SSH contour, consistent with Zeng and He (2016), who
examined Gulf Stream position upstream of Cape Hatteras in
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21 years of SSH data. The edge estimates are near the 0.25-m
contour. The consistency of the HFR position estimates with
the SSH fields is encouraging. The shoreward-shifted CORE
72° bearing estimates are the exception, the higher uncer-
tainty likely caused by the greater distance from the radar to
these estimates. There is limited structure to the monthly aver-
aged SST image with which to make a quantitative comparison.

2) CORE AND HATY INDEPENDENT MEASUREMENT
COMPARISONS

Comparisons were made for several bearing combinations
between HATY and CORE. Each radar provides independent
estimates of range from the radars to the edge, jet axis, and GS
orientation. Comparisons between different radars begin to char-
acterize the accuracy and skill of the algorithm. This intercom-
parison is useful because it compares independent measurements
of the same parameters with the same temporal resolution and
similar spatial resolution.

Comparisons focus on either bearing estimates that overlap or
estimates from parallel bearings from each radar. Lagged correla-
tions between bearings were stronger at GS edge estimates than
jet axis estimates; thus, edge measurement comparisons are pre-
sented (Table 2). It is likely that the greater range of the jet axis
estimates, with lower signal to noise ratios, is responsible for the
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TABLE 1. Mean values for all CORE and HATY analysis bearings, including edge and jet axis distances from each radar/from the
100-m isobath (top two values in columns 2 and 3) and water depth (bottom value) at the estimates. CSZ metric width, radial speeds
at edge and jet axis selections, and paired orientation estimates from both the edge and jet ranges.

GS edge GS jet axis
distance (km) distance (km) Edge radial Jet radial GS GS
and depth and depth CSZ width speed speed orientation orientation jet
Bearing (m) (m) (km) (ems™1) (cms™) edge (°) ©)
HATY 72° 73/10 104/40 31 87 147 38 32
815 2441
HATY 87° 49/2 78/30 29 68 124
252 2414
HATY 167° 48/14 79/45 31 —47 -93 45 54
349 2566
HATY 182° 64/16 94/46 30 —63 —-120
325 2241
CORE 72° 101/—6 131/24 30 55 96 16 9
66 728
CORE 87° 86/8 117/39 31 47 84
258 2363
CORE 147° 79/13 109/44 30 —23 —44 44 44
362 1323
CORE 162° 87/13 118/44 31 =32 —67
339 690

lower correlations. All p values for correlations were less than
0.05, and thus have statistical significance at the 95% level or
higher (Taylor 1997). Correlation coefficients for daily averaged
values of the ranges were also evaluated to assure that correla-
tions had a statistical significance greater than 95% despite the
24-h low-pass filter applied to reduce noise.

The strongest correlations were between edge measure-
ments from the individual radars that are nearly collocated,
and from adjacent bearings. Correlation coefficients less than
~0.50 were found to produce physically unrealistic lags. Corre-
lations between orientation estimates were evaluated, but all
were 0.40 or less and are not included in the table.

Ranges from each radar to the GS edge estimates along the
HATY 182° and CORE 87° bearings (see Fig. 6) had the
strongest correlations at 0.73 with CORE 87° lagging HATY
182° by seven hours (Table 2). Ranges along the HATY 167°
and CORE 72° bearings were nearly as well correlated and
have the same lag. HATY edge selections are typically
upstream of CORE selections; thus, the lag between these
bearings appears physically sound. Range correlation along
the HATY 167° and CORE 87° bearings is 0.66 with zero lag.
The two bearing estimates are nearly collocated (Fig. 6). These
significant correlations between several collocated measure-
ments and radial velocities, with lags that are physically rea-
sonable, lend credence to the method accuracy.

Lags for less correlated parallel bearings from each radar
like HATY and CORE 72° and 87° bearings are reason-
able, with upstream estimates leading downstream as expected
for meander propagation in this region. The less well-
correlated radial velocities have similar lags. Only the
CORE 147° bearing estimate that lags the HATY 182°
bearing appear inconsistent, with a much more extreme
lag time of about 9 days.
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3) HATY/CORE 72° AND 87° COMPARISONS WITH
COLLOCATED ADCP

A Teledyne RDI 150-kHz Sentinel ADCP was moored just
south of the HATY 87° bearing and just north of the CORE 72°
bearing during November 2014. The mooring was maintained
on the upper slope east of Cape Hatteras at ~35.19°N, 75.06°W
in a water depth of 260 m (Fig. 6). The ADCP measured cur-
rents with 4-m vertical resolution over most of the water column
every 10 min—excluding only the bottom ~8 m and top ~28 m.
The 10-min measurements were hourly averaged. The ADCP
currents were rotated into a streamwise coordinate system with
the downstream direction defined to be the depth and time aver-
aged direction over the entire monthly record—northeast at 40°
in this case. The positive cross-stream direction is nearly cross
isobath offshore.

The frequent GS meander crests and troughs that propagate
through the region during the month appear in both the down-
stream ADCP current observations and GS edge estimates
from the method. Despite the differences in spatial and tempo-
ral resolution of both instruments and the differences in mea-
surement depth in the water column from each, a clear
relationship appears between the higher currents indicative of
the presence of GS meander crests over the ADCP and reduced
ranges to the GS edge along the radar bearings (Fig. 13, red rec-
tangles). Similarly, the greater distance to the GS edge along
the radar bearings occurs when downstream current velocities
at the ADCP decrease in the presence of GS meander troughs
(Fig. 13, blue rectangles).

Four specific examples of meander trough/crest propagation
through the region are highlighted in Fig. 13 and discussed
herein. On 5 November, the distance from the CORE radar to
the GS edge along the 87° bearing declines from ~90 to 60 km.
The event lasts 5 or 6 days on both the CORE 87° and 72°
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FIG. 12. November 2014 mean edge (blue diamonds) and jet (black diamonds) locations deter-
mined by the method overlaid on the month-averaged SST (shown as a heatmap) and month-aver-
aged SSH contours. Edge locations align with the 0.25-m SSH contour and jet axis locations with

the 0.4-m SSH contour.

bearings (Fig. 13, bottom two panels). The downstream currents
measured by the ADCP begin to increase and deepen from 5
through 11 November (Fig. 13, middle panel), characteristic of
GS meander crest structure (Bane et al. 1981). The passage of
the crest, marked as red rectangles, is seen at the mooring as
the deepest penetration of high currents, and as a decrease in

distance to the GS edge propagating past the HATY 87° and
72° bearings. Immediately following the passage of that crest,
on 10 and 11 November, a meander trough causes an increase
in distance to the GS edge along the CORE 87° and 72° bear-
ings and is accompanied soon after by a reduction in down-
stream velocities throughout the water column at the ADCP

TABLE 2. Correlations for hourly (daily) range values and lags for hourly range values at GS edge between pairs of HATY and

CORE select bearings.

Bearing pair-edge

Cross correlation coefficient edge ranges

Lag

HATY 72°-HATY 87° 0.66 (0.72)
HATY 72°-CORE 72° 045 (0.61)
HATY 87°-CORE 87° 037 (0.44)
HATY 87°-CORE 72° 0.49 (0.66)
HATY 167°-CORE 72° 0.70 (0.47)
HATY 182°-CORE 72° 0.57 (0.70)
HATY 167°-CORE 87° 0.66 (0.72)
HATY 182°-CORE 87° 0.73 (0.62)
HATY 182°~CORE 147° 0.65 (0.62)

5 h: HATY 72° lags HATY 87°
32 h: HATY 72° lags CORE 72°
46 h: HATY 87° lags CORE 87°
27 h: HATY 87° lags CORE 72°
7 h: CORE 72° lags HATY 167°
14 h: CORE 72° lags HATY 182°
0Oh
7 h: CORE 87° lags HATY 182°
220 h (9.17 days): CORE 147° lags HATY 182°
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HATY and CORE 72 and 87 Degree GS Edge Estlmates with ADCP Downstream Velocities
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FIG. 13. Edge range estimates from (top to bottom) HATY 72°, HATY 87°, CORE 72°, and CORE 87°, as compared to (middle) down-
stream velocity as a function of depth and time from the OE ADCP. The panels are arranged from (bottom) south to (top) north; see
Fig. 6 for map view. Raw range estimates (blue) are overlain with 24-h cubic spline curves. Pink shading denotes meander crests and blue
shading denotes meander troughs. Note the consistent downstream propagation rate of meander features.

(Fig. 13, blue rectangles). The same trough is measured down-
stream as an increase in distance on the HATY 72° and 87°
bearings on 12 and 13 November. Immediately following the
trough passage, another crest manifests itself in the observa-
tions. On 18 November, a 40-km reduction in distance to the
GS edge along the CORE 87° bearing (Fig. 13, red rectangles)
and a lesser reduction in range along the CORE 72° bearing,
perhaps because of the difference in GS orientation relative the
bearing, appear to accompany the largest increase in down-
stream velocities throughout the water column at the ADCP
between the 19 and 20 November. The entire crest passage is
well represented in the reduction of distance to the GS edge
along the HATY 87° and 72° bearings thereafter between the
24 and 27 November.

Anticorrelations of near-surface current speeds from the
ADCEP with range to the GS edge along CORE 87°, CORE 72°,
HATY 87°, and HATY 72°, are 0.58, 0.67, 0.71, and 0.63,
respectively. The highest correlations are from the two bearings,
CORE 72° and HATY 87°, nearest the ADCP. The correlations
lead by —27 and —14 h for the CORE 87° and 72° bearings
upstream of the ADCP and lag by 9 and 17 h for the HATY
87° and 72° bearings downstream of the ADCP. The coherence
between separate radar bearings and the changes in down-
stream velocities caused by several GS meander passages on
the ADCP provides further evidence to substantiate the meth-
od’s efficacy.

4. Discussion

The method presented herein provides new insights about GS
structure and dynamics off Cape Hatteras in a meander transi-
tion region. It is informative to compare method estimates of GS
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properties and spatial and temporal variability in the landward
edge, CSZ width, and orientation with previous studies in this
region for both method evaluation, and to consider new ques-
tions the technique offers to address.

The mean GS edge positions along all bearings are close to the
100-m isobath (Fig. 6), varying from —6 km shoreward to 16 km
seaward of the isobath (Table 2). The mean GS front estimated
using 4 years of satellite SSTs and Naval Oceanographic Office
GS frontal charts lies 19.2 km offshore of the 100-m isobath just
south of Cape Hatteras, with a standard deviation of 19.5 km
(Glenn and Ebbesmeyer 1994). As shown in Fig. 12, the mean
HFR jet axis positions lie along the 0.4-m contour of absolute
dynamic topography for the month, consistent with the finding in
Zeng and He (2016) that this contour well represented the Gulf
Stream core location as it flows along the SAB directly upstream
of Cape Hatteras. The one radar edge mean shoreward of the
100-m isobath is made along the CORE 72° bearing (Fig. 6).
This shoreward mean is likely caused by the more uncertain
radar estimates most distant from the CORE site where the
signal to noise ratio for these returns is lower than along the
less-distant estimates on the other bearings. It is possible but
less likely that it is caused by a shoreward shift in the GS path
during November 2014. Previous studies here indicate this is
not unphysical but a less likely GS edge location (Andres
2016; Glenn and Ebbesmeyer 1994).

Variability in range estimates from the radars and 100-m iso-
bath to the edge and jet axis are consistent with previous obser-
vations. Using SST imagery, Glenn and Ebbesmeyer (1994)
found the shoreward edge of the GS to vary by 30-50 km just
south of Cape Hatteras; Miller (1994) finds maximum shifts of
~100 km approaching Cape Hatteras from the south. The aver-
age standard deviation for all CORE bearings is 13.7 km, while



MAY 2022

HATY is 12.4 km. Miller (1994), in an analysis of 12 years of
Naval Oceanographic Office GS frontal charts, demonstrated
that GS frontal position variability decreases downstream of the
Charleston Bump as the GS approaches Cape Hatteras.

Observed meander time scales range from an average of
about 7 days just south of the radar focus region (Luther and
Bane 1985) to 4.6 days within it, with fluctuations ranging from 2
to 14 days (Glenn and Ebbesmeyer 1994). It is informative to
consider the meander propagation speed of 50.8 km day '
reported by Glenn and Ebbesmeyer (1994) and by Andres
(2021) of 4070 km day ™! in this region with respect to the dis-
tances and phase lags between some of the well correlated radar
edge estimates. The best correlated edge ranges of the HATY
182° and CORE 87° bearings, Table 2, have propagation speeds
of 432 and 55.2 km day ™! for the edge range—derived by divid-
ing the distance between the mean edge locations by the lag. Sim-
ilarly, HATY 167° and CORE 72° bearings, with the same lag in
edge ranges, have propagation speeds of 69.6 km day ™ !. Notably,
propagation speed estimates between HATY 72°/87° edge esti-
mates increase to 136.8 km day ™. This is a known meander tran-
sition region. Meanders propagating downstream from the
Charleston Bump diminish nearly completely in amplitude as
they approach the GS separation point from the continental mar-
gin at Cape Hatteras, and lower-frequency meanders grow and
increase in amplitude downstream to the northeast (Savidge
2004). The doubling of radar meander propagation speed here
relative to those estimates made upstream warrants further
investigation.

Meander propagation coherence observed in the independent
measurements from both radars and the ADCP (Fig. 13) pro-
vides confidence in the method and hints at further insights that
can be gleaned from applying this method to a longer HFR time
series. The phasing of meander crests (troughs) seen as reduced
(increased) distances to the GS edge along HFR bearings and
increased (decreased) near-surface downstream velocities on the
ADCEP as they propagate through the measurement region pro-
vides a new method to frequently and consistently measure the
variability in this important meander transition region—suggest-
ing this method could provide insights about potential linkages
between upstream and downstream GS meander regimes. The
saw-toothed meander pattern seen by Bane et al. (1981) south of
Cape Hatteras is also apparent in the HFR and ADCP observa-
tions here. Specifically, the time from crest to trough is much
greater than that from trough to crest, resulting in asymmetries
in the downstream velocity structure. Strong downstream cur-
rents occupy an increasing portion of the water column as a crest
approaches, and a decreasing fraction as a trough approaches.

The method’s mean CSZ width metric estimates vary from
29 to 32 km along all eight bearings, where the width is defined
as the distance from the greatest radial gradient to the greatest
radial velocity. The CSZ width along the eastern seaboard has
been shown to range from ~20 km (~10 km in a jet coordinate
frame) (Archer et al. 2017) and 33 km (Schmitz 1996) in the
Florida Straits to 60 km northeast of Cape Hatteras near 73°W
(Halkin and Rossby 1985), where the width was determined to
be the distance from 20 cm s~ velocities at the western GS
edge to the maximum GS velocity (J. Bane 2012, personal
communication). The difference in definition may account for
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the algorithm estimate being about half the historical one,
although the historical estimate is north of Cape Hatteras
where the GS has separated from the continental margin.

The most uncertain estimates made by the method are those
of GS orientation because they are quite sensitive to the radar
bearing relative to the GS orientation, and require combining
estimates from two radar bearings that differ by 15°. Intercom-
parison between estimates separated by a significant along-
stream distance are challenging in a region where meanders
decrease in amplitude as they approach Cape Hatteras, then
reform as the GS separates from the continental margin. Com-
parisons between estimates at closer proximity to each other
reduce this uncertainty, but are complicated by the nearly collo-
cated range estimates being made along bearings that are nearly
perpendicular to each other, and the estimate sensitivity to GS
orientation. Cross correlations between orientation estimates
were less than 0.40, and were not included in Table 2. However,
there is much variability in GS orientation in this region, which
likely contributes to the low correlations seen at different radar
bearing pairs that are spaced ~50-100 km apart.

5. Conclusions and future work

A method has been developed that uses an individual radar’s
radial velocity field to make consistent and frequent estimates of
GS edge location, jet axis location, and orientation. The method
has been applied to two radar installations, located on the Core
Banks and at Buxton, to yield GS characteristics along eight
radial bearings using measurements from November 2014.
Although the radars make hourly measurements, they are chal-
lenged by noise, and higher uncertainties and lower resolution at
greater ranges—thus, HATY tended to have higher quality esti-
mates than CORE. Hourly radial measurements were smoothed
with a 24-h low-pass filter to eliminate much of the noise in range
estimates; hence, the estimates have temporal resolution of about
a day. Comparisons of independent estimates of mean GS posi-
tion from SSH and those made by individual radars demonstrate
a high correlation between measurements that are nearly collo-
cated, and substantiate the accuracy of this method. The method
provides a new technique to study GS variability.

Comparisons between the results of the method presented,
previous studies in the literature, and other measurements
made as part of this study suggest that despite periods of high
noise and greater uncertainty in radar radial surface currents,
this method provides a valuable new tool for understanding GS
variability on daily and longer time scales, offering to contribute
to ongoing GS forecasting efforts (Silver et al. 2021). Bearings
chosen for analysis are sensitive to the time over which the
method is applied; for example, analyzing a week or a day dur-
ing the same month causes selected analysis bearings for each
radar to change slightly. Attention will be given in the future to
choosing the time period and duration over which to run the
algorithm, consistent with data quality over the study period.

This method is being applied to quality-controlled HFR data
(Haines et al. 2017) to measurements from CORE and HATY
radials from 2017 to 2018, a period when a large observing array
was deployed in the region. The longer time series provides for
more robust comparisons with independent observations and
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further evaluation of the efficacy of the algorithm, and its ability
to accurately determine long-term-mean GS position, CSZ width,
and orientation.
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