JGR Oceans

RESEARCH ARTICLE
10.1029/2022JC019274

Key Points:

e The time-mean depth-averaged shelf
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aligned with isobaths and oriented
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e On average, the open-ocean water
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Point while the shelf water exports to
the open ocean north of The Point

e Wind-driven along-shelf flow pattern
and Gulf Stream-driven convergent
flow pattern are predominant in the
shelf velocity field

Correspondence to:

L. Han,
luhan@unc.edu

Citation:

Han, L., Seim, H., Bane, J., Savidge,

D., Andres, M., Gawarkiewicz, G., &
Muglia, M. (2022). Ocean circulation
near Cape Hatteras: Observations of mean
and variability. Journal of Geophysical
Research: Oceans, 127, €2022JC019274.
https://doi.org/10.1029/2022JC019274

Received 9 SEP 2022
Accepted 16 NOV 2022

© 2022. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

'.) Check for updates

A G s

> SPACE SCIENCE

ok

Ocean Circulation Near Cape Hatteras: Observations of Mean
and Variability

Lu Han!
Glen Gawarkiewicz?

, Harvey Seim!, John Bane! (), Dana Savidge?, Magdalena Andres? (2,
, and Mike Muglia*

'University of North Carolina, Chapel Hill, NC, USA, 2Skidaway Institute of Oceanography, Savannah, GA, USA, *Woods
Hole Oceanographic Institution, Woods Hole, MA, USA, “Coastal Studies Institute, East Carolina University, Wanchese, NC,
USA

Abstract The convergence of different water masses on the shelf and along the shelfbreak, and
cross-isobath shelf-open ocean exchanges contribute to the complex circulation near Cape Hatteras. We
examine the mean and variability of these circulations using data from nine bottom-mounted acoustic Doppler
current profilers, deployed over the mid- to outer-continental shelf north and south of Cape Hatteras as part of
the Processes driving Exchange At Cape Hatteras program. The 18-month-mean depth-averaged shelf flows are
mostly aligned with isobaths and oriented toward Cape Hatteras. At two sites just north of Cape Hatteras, mean
flows have a strong cross-shelf component. Two dominant spatial patterns in the velocity field are obtained
from an empirical orthogonal function analysis. The two leading modes contain 61% of the total variance.

The spatial variation of Mode 1 exhibits an along-shelf flow pattern, while that of Mode 2 shows a convergent
flow pattern. The principal component (PC) series of Mode 1 is significantly correlated with the local wind
stress, confirming that the along-shelf flow is wind-driven as expected. The PC of Mode 2 is highly correlated
with the Gulf Stream lateral position as inferred from the current- and pressure-sensor-equipped inverted

echo sounders over the slope south of Cape Hatteras, which indicates that Gulf Stream movement drives
time-varying shelf flow convergence. Conditionally averaged sea-surface temperature and high-frequency
radar-measured surface currents based on PC1 and PC2 confirm these relationships and further illustrate how
the wind and Gulf Stream forcing work together to influence the flow regime in this region.

Plain Language Summary Several oceanographic processes occur within a small geographic
area east of Cape Hatteras. Cool and warm ocean currents meet and collide on the continental shelf, resulting
in complex exchange between the shelf and the adjacent open ocean. To better characterize the complicated
circulation and understand the processes driving exchanges in this region, we analyze 18-month current
velocity data from an observational array deployed near Cape Hatteras on the shelf and the neighboring
continental slope. The time-mean circulation is characterized as converging flows both on the shelf and along
the shelfbreak. We find two dominant spatial patterns in the current velocity: a wind-driven along-shelf flow
pattern and a Gulf Stream-driven convergent flow pattern. Additionally, the combined effect of the wind and
Gulf Stream forcings mainly drives the shelf and open ocean exchanges.

1. Introduction and Background

Many oceanographic processes occur in the vicinity of Cape Hatteras USA, and together contribute to the complex
flow regime there. Cape Hatteras and its sub-surface offshore extension, Diamond Shoals, mark the separation
of the continental shelf along the U.S east coast into two distinct regions: South Atlantic Bight (SAB) and Mid
Atlantic Bight (MAB). Like the coastline, the shelfbreak (~100-m isobath) changes its orientation from south
to north, turning from about SW-NE to almost S—N at the “The Point,” offshore of Cape Hatteras near 35.5°N
(Figure 1a). The Point is where the Gulf Stream typically separates from the continental margin, and it is also
usually the southernmost detachment location of the Shelfbreak Jet (Csanady & Hamilton, 1988; Gawarkiewicz
et al., 2008). On the adjacent continental shelf, both the MAB and SAB shelf waters generally flow toward Cape
Hatteras. To better understand the seawater exchange between the continental shelf and the adjacent open ocean
in this region, an integrated observational and modeling program, Processes driving Exchange At Cape Hatteras
(PEACH; Andres, 2021; Han et al., 2021; Seim et al., 2022) was conducted in 2017-2018.
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Figure 1. (a) Mean depth-averaged flow and standard deviation ellipses at the processes driving exchange at Cape Hatteras
(PEACH) moorings overlaid on the mean Sea Surface Temperature during PEACH period (April 2017-November 2018). The
brown squares mark the locations of the moorings and three current- and pressure-sensor-equipped inverted echo sounders.
The centers of the ellipses are marked as red dots and are located at the tip of each corresponding mean flow vector. The
dashed ellipses are computed from the unfiltered hourly data, and the solid ellipses are from 40-hr low-pass filtered data. The
mean flows computed from unfiltered and filtered data are nearly identical. The white contour shows the mean Gulf Stream
position during PEACH derived from the 25-cm Sea Surface Height contour. (b) Mean temperature and salinity measured by
three CTDs at each of B1 (blue) and B2 (red). Error bars are standard errors, dashed contours are potential density-1,000 in
kg/m?.

Prior to PEACH, results of three earlier studies formed the basic understanding of circulation near Cape Hatteras,
including the major features and their relation to relevant forcings. These field programs comprised a Minerals
Management Service-sponsored program in 1992-1994 (MMS study, Berger et al., 1995), the Department of
Energy-funded “Ocean Margins Program” in 1996 (OMP, Verity et al., 2002), and the NSF-funded “Frontal Inter-
actions Near Cape Hatteras” program in 2004-2005 (FINCH, Gawarkiewicz et al., 2008; Savidge & Austin, 2007).
Along the MAB shelfbreak, the Shelfbreak Front separates MAB shelf waters from slope waters and along with
the associated Shelfbreak Jet, is normally found near the ~100 m isobath at 39.5°N (Forsyth et al., 2020). The
Shelfbreak Jet carries ~0.3 Sv of cold and fresh water from as far north as the Labrador Sea (Chapman &
Beardsley, 1988; Fratantoni & Pickart, 2007; Gawarkiewicz et al., 2008; Linder & Gawarkiewicz, 1998) and
exports this water to the open ocean north of Cape Hatteras typically between ~35.5° and ~37°N (Gawarkiewicz
& Linder, 2006), as the front and jet are deflected offshore. Much of the MAB shelf water also has high latitude
origins, with a low temperature and salinity (Chapman & Beardsley, 1988). On the MAB shelf inshore of the
Shelfbreak Jet, the along-shelf transport is on the order of 0.1 Sv throughout the year (Churchill & Berger, 1998;
Churchill & Gawarkiewicz, 2012, 2014; Savidge & Bane, 2001; Savidge & Savidge, 2014), and it decreases from
north to south (Townsend et al., 2006) as the MAB water is diverted offshore en route to Cape Hatteras (Churchill
& Gawarkiewicz, 2012). Mean poleward transport of about 0.08 Sv along the northern SAB delivers warm and
salty SAB shelf water to Cape Hatteras, where it converges with MAB shelf water and forms the Hatteras Front
(Savidge & Savidge, 2014).

The Gulf Stream undergoes a striking change near Cape Hatteras where the current leaves the shelf edge and
upper continental slope and begins the transition from a topographically constrained western boundary current to
a vigorously meandering free jet (Andres, 2016). Downstream of its separation from the continental margin, the
Gulf Stream meanders with longer periods and larger amplitudes than typically observed upstream of the separa-
tion (Savidge, 2004). The Gulf Stream's variability has been recognized as an important forcing agent affecting
shelf-open ocean exchange near Cape Hatteras. The Gulf Stream actively exchanges water across the shelf edge
of the SAB (Atkinson et al., 1983; Lee et al., 1991), influences the location and character of the Shelfbreak Jet
detachment (Gawarkiewicz & Linder, 2006), and correlates with the alongshore transport convergence (Savidge
& Bane, 2001).
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The narrow band of ocean between the Gulf Stream and the continental shelf north of Cape Hatteras has been
named the Slope Sea. The upper Slope Sea is occupied by the slope water, the exported shelf water, and intruded
Gulf Stream water from rings and filaments (Csanady & Hamilton, 1988). The Gulf Stream can affect the shelf
and Slope Sea circulations, as its relatively steep sea surface slope can penetrate the pressure field to the adjacent
Slope Sea and the shelf (Xu & Oey, 2011). However, the processes and dynamics governing this complex circu-
lation near Cape Hatteras remain poorly understood.

In this paper, currents on the shelf and the upper continental slope off Cape Hatteras are documented based on
continuous 18-month time series of currents measured with moored instrumentation during PEACH. Building on
earlier studies, these observations further reveal the mean circulation near Cape Hatteras and the character and
predominant driving processes of its variability.

2. Data and Methods

In this study, we use observations from the PEACH field program, which employed a wide range of observing
platforms over 18 months (April 2017-November 2018; Seim et al., 2022). We examine current velocities from
bottom moored acoustic Doppler current profilers (ADCPs), temperature and salinity from CTDs, wind measure-
ments from meteorological buoys, surface current velocities from High Frequency Radars, acoustic travel time
from bottom-moored current and pressure-sensor equipped inverted echo sounders (CPIESs), and Sea Surface
Temperature (SST) and Sea Surface Height (SSH) measured from satellites.

2.1. ADCP Data

Time-series of velocity profiles from the bottom to near the surface were collected using upward-looking Tele-
dyne RDI ADCPs mounted on bottom moorings on the shelf and the upper continental slope, with vertical reso-
lutions of 1 and 4 m, respectively. Processing and quality control of these data are detailed in Haines, Muglia,
Bahr, et al. (2022). The moorings were placed along three isobaths: shelf moorings (600 kHz) along the 30-m
isobath (B1, A4, A7, and B2), shelfbreak moorings (300 kHz) along the 100-m isobath north of The Point (A1,
A2, and A3) and along the 250-m isobath south of The Point (A6 and A8) (Figure 1a). The along-shelf direction
is defined as the orientation of the major principal axis of the depth-averaged velocity, while the cross-shelf direc-
tion is orthogonal to that (described further below). As the major principal axis directions are roughly parallel
to the local isobaths, the term “along-isobath” is also used at the shelfbreak moorings. The positive along-shelf
(along-isobath) direction is poleward, and the positive cross-shelf (cross-isobath) direction is offshore. Each
ADCP was equipped with a temperature sensor, and in addition bottom temperature measurements from CTDs
are available at several of the moorings (see below).

2.2. CTD Data

Bottom temperature and salinity were collected by the CTDs mounted on 2 shelf moorings (B1 and B2) and 3
shelfbreak moorings (A1, A2, and A8) (Haines, Muglia, Bahr, et al., 2022). At B1 and B2, two additional CTDs
were placed near-surface (5 m) and mid-depth (15 m) to provide continuous observations of the water character-
istics on the MAB and SAB shelves. Bottom temperature and pressure were available from CTDs at A4 and A7
shelf moorings, but the Conductivity sensors were corrupted and did not return useable data.

2.3. Wind Stress

We use meteorological data from two National Data Buoy Center (NDBC) buoys (44014 and 41025) and two
PEACH buoys (B1 and B2). Wind speed and direction were directly measured by the buoys. The wind stress
was computed from Coupled Ocean-Atmosphere Response Experiment (COARE) bulk flux algorithm, version
3.6 (Edson et al., 2013; Fairall et al., 2003). Wind stress values at a height of 10 m above the sea surface from
European Center for Medium-Range Weather Forecasts Reanalysis v5 (ERAS; Hersbach et al., 2018) are also
used in this study.
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2.4. HF Radar Data

The surface current velocities are a combined product derived from eight high frequency (HF) radars (4 CODAR
and 4 WERA). Both types produced estimates of radial velocities on polar grids centered on each installation
site but at differing resolution, with the WERA systems (relative to the CODAR systems) on a finer spatial reso-
lution (1 vs. 6 km radially and 1° vs. 5° azimuthally) and temporal resolution (20 min vs. 1 hr). For this study, a
combined product was formed from the two systems. WERA data were first quality controlled using the method
of Mantovanni et al. (2012), then time-averaged to hourly intervals. The CODAR radial data were processed and
quality-controlled following Haines et al. (2017). These radial velocities were then combined where the coverage
grids overlap to produce estimates of the full current vector, on a pre-defined Cartesian spatial grid with a final
grid resolution of 6 km and for each 1 hr. Experimentation using the native spatial sampling of radial velocity for
both systems within an un-weighted least squares (UWLS) scheme (hfrprogs v2.1.2, downloaded from: https://
github.com/rowg/hfrprogs) led to a decision to vector average (range and direction) the higher-resolution WERA
radial data to the CODAR resolution (i.e., 6 km range and 5° radials) before combining to produce a product. A
minimum of three radials from two sites within a 10 km radius were required for each solution. Two additional
constraints were applied for each grid point. First, totals were removed when the root-mean square difference
between the actual radial currents and the predicted radial currents from UWLS fit exceeded 0.3 m s~!. Second,
uncertainty due to geometric dilution of precision was used to eliminate totals when a set of radials had limited
angle coverage. The norm of the 2 X 2 covariance matrix between radial uncertainties as a measure of total
uncertainty was computed using all angles and assuming each radial has an uncertainty of 1. Totals with this total
uncertainty more than 1.25 cm s~! were removed.

Then the total velocity was despiked at each grid point by removing the consecutive data points separated by
more than 0.5 m s~!. Outliers over three standard deviations (STD) from a running 7-day mean or more than 3.5
STD from the total mean were removed, following Archer et al. (2017). In addition, the grid points with data
coverage over the 18 months lower than 40% were also removed. The quality controlled total velocity was further
time-averaged to daily intervals.

2.5. Gulf Stream Position Proxy

Variability in the Gulf Stream was inferred by three CPIESs (P5, P6, and P7) along the continental slope offshore
of the SAB in water depth of about 1,300 m, roughly along the Gulf Stream average core position (25 cm
SSH contour; Andres, 2021; Figure 1a). We use the hourly acoustic travel times (z) measured at these sites
(Andres, 2021) as the Gulf Stream position proxies in this study. The CPIESs' hourly r measurements are further
40-hr low-pass filtered. For a fixed transport, when the Gulf Stream moves onshore, 7 decreases. When the Gulf
Stream moves offshore, 7 increases. This onshore/offshore motion of the Gulf Stream is associated with the
passage of wave-like Gulf Stream meanders that move downstream past Cape Hatteras at about 40-55 km day !
(e.g., Savidge, 2004). Details of processing 7 are described in a technical report (Andres, 2020) and the Gulf
Stream variability during PEACH is described in Andres (2021).

2.6. Complex Empirical Orthogonal Function Analysis

A complex empirical orthogonal function (complex EOF) analysis was used to decompose the ADCP (hourly)
velocity data into representative modes. Here it was applied to the complex time series y(x, 1) = u(x, 1) + iv(x, t),
where u and v represent the eastward and northward components of velocity, respectively. This method provides
a description of the spatial variability of the velocity field EOFs, as well as the temporal variability of each inde-
pendent EOF (principal component, or PC) by solving the eigenvalue problem for the complex covariance matrix
(Edwards & Seim, 2008; Kaihatu et al., 1998). The resulting EOFs and PCs are vectors with a magnitude and a
phase. To interpret the modes in a physical manner, each PC is rotated to the direction in which it has the most
variance, and then the EOF is rotated accordingly. We reconstruct each mode by multiplying the eigenvectors
with the PC, Uyecnst (k) = e(k) X PC(k), for the kth mode, where e denotes the eigenvectors.

The confidence intervals of the variances explained by the different modes are given by the rule of thumb of
North et al. (1982) as Ay ~ A \/W , where Ay is the explained variance of the kth mode and N * is the degrees
of freedom (DOF). Since the consecutive data values in a time series may not be independent, here we estimate
the effective number of DOF, based on the integral time scale of the autocovariance function following Thomson
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Table 1
Summary of Annual Harmonic Analysis of the Depth-Averaged Velocity, and Mean Velocities, at the Moorings

. . . . Mean velocity (cm s~!)
Water Major axis Minor axis

Moorings  depth (m) (cm s~ (cm s Orientation (°) Phase (°) Along-shelf Cross-shelf

B1 36 37 s 22 0.9+0.7 71.6 +14.9 191.5 + 34.5 —4.7 -0.8
A4 30 3.6 3.1 0.0+04 96.7£7.0 196.2 +47.2 2.8 43
A7 30 3.7+05 -0.4+£038 20.1 +12.4 163.0 = 8.0 6.0 -1.4
B2 30 41+0.8 0.1+12 334+ 154 1309 £ 11.5 9.0 -1.0
Al 99 20+£32 1.3+0.6 100.8 +100.3  246.6 + 150.2 =5.0 1.1
A2 95 35+25 0.5+09 69.5+17.2 222.5+40.4 —4.5 0.8
A3 98 30+29 -1.5+09 73.2+44.5 294.0 +£77.0 9.0 9.0
A6 236 53+35 -03+32 47.1 +£35.9 204.0 +36.9 552 =313
A8 230 51+£29 03+24 49.5 +27.9 207.7 = 30.9 38.6 -0.9

Note. Orientation is counterclockwise relative to true east and phase is zero on 1 January. Error bars are 95% confidence
intervals.

and Emery (2014). The hourly current velocities have an integral timescale of 1-2 days, resulting in an effective
DOF value for the time series ranging from 195 to 270 by station, with a mean of 250. The same effective DOF
is also used to compute the standard error and the correlation.

3. Results
3.1. Mean Flows

We first examine the deployment-long average conditions, considering both the mass field and circulation. The
continental shelf off Cape Hatteras is typically occupied by two distinct water masses: the relatively cold and
fresh MAB shelf water and the warm and salty SAB shelf water (Figures la and 1b). The average along-shelf
temperature difference between the B1 and B2 moorings, which are roughly 70 km north and southwest of
Diamond Shoals respectively, ranges from 5°C at the surface to 10°C at the bottom, while the salinity difference
is over 2 (Figure 1b). The MAB and SAB shelf waters each flow generally toward Cape Hatteras, which leads
to a prominent convergent feature (Figure 1a). On the shelf between B1 and B2, the mean along-shelf velocity
convergence is about 1.1 X 1076 s~!, with the strongest convergence between B1 and A4. From north to south, the
depth-averaged along-shelf mean flows are 4.7 cm s~! equatorward at B1, 2.8, 6.0, and 9.0 cm s~! poleward at A4,
A7, and B2, respectively, which are the same order reported in earlier studies (Table 1; Savidge & Bane, 2001;
Lentz, 2008a). The along-shelf mean velocity at B1 is relatively uniform in the vertical. The vertical shears of
the mean along-shelf velocities at A7 and B2 increase with depth, most likely due to bottom friction. However,
the vertical shear of the along-shelf velocity at A4 is large through the entire water column, with a magnitude of
3.5 x 1073 s~ roughly the same as that at the bottom layer (below 20 m) at B2. The surface along-shelf velocity at
A4 is equatorward like the MAB flow, but the bottom along-shelf velocity is poleward with the same magnitude
as at B2, suggesting that it is a continuation of poleward SAB flow (Figure 2a).

The cross-shelf components of the mean flow are near zero but slightly onshore at most of the shelf moorings,
except for A4 (Figures 1a and 2a). A 4.3 cm s~! offshore flow is observed at A4, suggesting that A4 is a favorable
location for shelf water export in this region. The vertical shear of the cross-shelf flow at A4 shows a three-layer
structure (Figure 2d). To assess whether the vertical shear reflects a thermal wind balance throughout the water
column, we evaluate the terms of the thermal wind balance, using the density difference between B1 and B2 to
estimate the along-shelf component of the density gradient (0p/dy). Since the water temperature measured at
A4 mostly resembles that at B1, while the temperature at A7 resembles that at B2, here 0y is estimated as the
along-shelf distance between A4 and A7. In the middle layer, between 10 and 20 m depth, the vertical shear and
the density gradient terms roughly balance each other, and both change from negative to positive at about 15 m
(Figure 2d). Friction from wind stress at the surface and bottom stress below likely explain the departure from the
thermal wind balance in the surface and bottom layers.
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Figure 2. The mean profiles of the along-shelf (positive poleward) and cross-shelf (positive offshore) velocity at the (a) shelf, (b) northern shelfbreak and (c) southern
shelfbreak (adjacent to the Gulf Stream) moorings. The solid curves are along-shelf velocity, and the dashed curves are cross-shelf velocity. The shadings are standard
errors. (d) Terms in the thermal wind balance: the blue line for the vertical shear of the cross-shelf velocity term at A4 and orange line for the along-shelf density

gradient term between B1 and B2.

Like the shelf flows, the flows at the upper slope are also convergent, with a mean along-shelf convergence of
2.5 x 107% s7! and a mean offshore flow at A3. At Al and A2, the depth-averaged current velocities are 5.1
and 4.6 cm s~! equatorward along the 100 m isobath, respectively, while at A3 it is 12.9 cm s~! toward 60°
clockwise from the true north (Figure 1), indicating the Gulf Stream's influence. A8 and A6 are each located
within the shoreward flank of the mean Gulf Stream (~10 km inshore of the 25-cm mean SSH contour), where
the depth-averaged velocity is 38.7 cm s~! at A8 and 55.2 cm s~! at A6. The along-isobath direction at these
two moorings is the same as the along-stream direction. The vertical shear of the mean along-stream flow at
A6 and A8 is 4 x 1073 s~1, but the flow is overall stronger at A6 (Figure 2¢). As the Gulf Stream approaches
Cape Hatteras, the bathymetry of the continental slope steepens and the lateral amplitude of Gulf Stream mean-
ders typically decays (Andres, 2021; Savidge, 2004). The smaller path variance envelope suggests that the Gulf
Stream would not wander laterally away from A6 as much as it would from A8, and the weaker reverse flow
caused by decaying frontal eddies at A6 may also explain the faster mean current speed there compared to AS.
Strong vertical shear of the along-shelf flow is also observed at A3 (Figure 2b). At A3, the mean along-shelf
velocity is only 1/4 of that at A6, but they have approximately the same vertical shear, which may be due to the
Gulf Stream often overlying A3.

The depth-averaged mean flows at the three northern shelfbreak moorings all have an offshore component:
0.8cms~'at Al, 1.5cm s~ at A2, and 11.3 cm s~! at A3. The cross-shelf velocities all have a similar vertical
structure, with the largest velocity near the surface, first decreasing with depth and then increasing (Figure 2b),
which is consistent with Lentz (2008b) although with an additional depth-independent offset that results in
offshore flow at all depths. At A6 and A8, the cross-shelf flow is on-shore at speeds of 3 and 1 ¢cm s~!, respec-
tively (Figures 1a and 2c). On average, along the shelfbreak off Cape Hatteras, the open-ocean (Gulf Stream)
water intrudes onto the shelf at and south of A6, while the shelf water exports to the open ocean north of the Point.

3.2. Variability of the Depth-Averaged Velocity

At all 9 moorings, most of the variance is along the local isobath (1 standard deviation ellipses in Figure 1a).
The 40-hr low-pass filter removes the tidal signal in the current velocities and decreases the total variance by
3%—22%, mostly in the cross-shelf/cross-isobath direction. With the exception of the two Gulf Stream moorings
(A6 and A8), A4 shows the highest standard deviation of depth-averaged velocity, consistent with a back-and-forth
passage of the Hatteras Front over A4. The center of each standard deviation ellipse is plotted at the tip of a mean
flow vector, which shows that about 66.7% of the time the entire velocity vector at each mooring is located within
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Figure 3. Correlation map between along-shelf and cross-shelf velocities at the moorings. * stands for along-shelf velocity and > for cross-shelf velocity. * marks
where the result is statistically significant (p value < 0.001).

the ellipse. At the four shelf moorings, the chance of having an equatorward flow decreases from north to south.
The occurrence of an equatorward flow at A6 is less likely than at AS8. Since A6 is closer to the Point and the
lateral amplitudes of Gulf Stream meanders typically become smaller as the meanders propagate northeastward
(Andres, 2021; Savidge, 2004), this results in smaller (and perhaps fewer) frontal eddies passing by to generate
reverse (southwestward) flow. Most of the time, the flows at A4 and A3 have an offshore component, which
further suggests that A4 and A3 are favorable locations for shelf water export.

Temporal correlations between elements of the mooring array are quite variable. At three pairs of moorings, the
along-shelf velocities are highly correlated, with a correlation higher than 0.7 (Figure 3). They are the two MAB
shelf moorings (B1 and A4), the two SAB shelf moorings (A7 and B2), and the two northern-most sheltbreak
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moorings (Al and A2). A3 is influenced by both the Shelfbreak Jet and the Gulf Stream. Furthermore, the
along-shelf velocities at the MAB shelf moorings are well correlated with those at the SAB shelf moorings
(correlation >0.5). Along-shelf transport on the continental shelf is typically correlated with along-shelf winds,
here at Cape Hatteras as elsewhere (shown below, and as in Savidge & Bane, (2001)). In addition, all the meas-
ured along-shelf velocities north of Cape Hatteras (B1, A4, Al, A2, A3) are well correlated. South of Cape
Hatteras, the correlations between the along-shelf velocities at the shelf moorings (A7 and B2) and the shelfbreak
moorings (A6 and A8) are much smaller. The low correlation between the two Gulf Stream measurements (at
A6 and AS8) is due to propagating Gulf Stream meanders. To address the time lag between these two time series,
lagged correlation analysis is applied to the depth-averaged along-shelf velocity at the two moorings. They reach
their maximum correlation of 0.83 at a time lag of 25 hr, with the velocity at A8 leading A6. In this region, Gulf
Stream meanders have been observed to propagate downstream (northeastward) at speeds of 40-55 km day~!
(Andres, 2021; Savidge, 2004). The distance between A6 and A8 is about 54 km. Thus, the time that it takes
for Gulf Stream meanders to propagate from A6 to A8 is roughly a day, which agrees with the time lag of the
maximum correlation.

In general, cross-shelf velocities are less correlated than along-shelf velocities. Some relatively high negative
correlations exist between the cross-shelf velocity at one mooring and the along-shelf velocity at the northern
adjacent mooring, suggesting that a stronger equatorward flow from the north coincides with a stronger offshore
flow. The positive correlation between the cross-shelf velocity at A2 and the along-shelf velocity at its south-
ern neighbor A3 suggests that a stronger offshore flow accompanies a stronger poleward flow from the south.
Together these highlight the converging nature of the flows in this region. The positive correlation between
the cross-shelf velocity at A7 and the along-shelf velocity at A8 indicates that the cross-shelf velocity at A7 is
offshore when the Gulf Stream moves onshore at A8. Another striking pattern in the correlation map is the posi-
tive correlation between the cross-shelf velocities at laterally adjacent moorings (e.g., B1 and A1, A4 and A3, A7
and A6, B2, and A8), possibly reflecting the shelf-open ocean water exchange. When open ocean water intrudes
on the shelf, an onshore flow would be observed both at the shelfbreak and on the shelf. Likewise, an offshore
flow would be observed when shelf water exports to the open ocean.

The depth-averaged current velocities at most sites are correlated with the wind except for those at A6 and A8
where the currents associated with the Gulf Stream dominate the flow. The along-shelf current velocities at all
four shelf moorings have a correlation higher than 0.53 with the southward component of wind stress at NDBC
buoy 44014 at time lags ranging from 7 to 10 hr. The high correlations resemble that between the along-shelf
transport and the wind in Savidge and Bane (2001), suggesting the along-shelf current variability is mostly
driven by the wind. The along-isobath velocities at the three northern shelfbreak moorings are also correlated (p
value < 0.001) with the wind stress, but the correlation is between 0.3 and 0.5, not as high as that on the shelf.

3.3. Annual Cycle

Annual variations of depth-average velocity, defined as a 12-month harmonic fit using UTide (Codiga, 2011), are
consistent at all the moorings, with major axis amplitudes of 2-5.5 cm s~! (Table 1). These results are very similar
to those from Lentz (2008b) for locations north of the PEACH moorings. The major axis amplitudes are signif-
icantly different from zero at the 95% confidence level at all the moorings except for Al. But at all the sites, the
variance of the reconstructed annual velocity accounts for less than 2% of the total variance. Similar to the prin-
cipal axes of the subtidal flow, the orientation of the annual variation is generally along isobath. At all the moor-
ings except A4, the amplitude of the major axis of the annual variation is smaller than the mean along-isobath
velocity, indicating the annual variation doesn't reverse the mean flow, but just modulates the magnitude at these
moorings. The along-isobath flows are primarily in phase and experience the strongest equatorward modulation
in the winter months (November—March), which corresponds with historical observations from the MAB and
northern SAB (Lentz, 2008b; Savidge & Savidge, 2014). For example, the maximum equatorward along-shelf
flow at B1 occurs in January, and the along-shelf flow is weakest, but still equatorward, in June. However, at
A4, since the annual variation exceeds the mean along-shelf velocity, the flow is equatorward in the winter but
poleward in the summer.
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3.4. Vertical Variability of Currents

To determine whether a layered ocean would accurately represent the vertical structure of the horizontal currents,
the complex EOF analysis was first applied to the 40-hr low passed current profiles through the full water column
at each of the 9 moorings individually. At each individual mooring, the first two modes explain more than 90%
of the total variance, a reasonable threshold for truncating an EOF expansion (Venegas, 2001). An along-shelf,
nearly depth-uniform vertical structure of the first EOF mode is evident at each mooring, with reductions in
amplitude toward the bottom and a counter-clockwise veering of the currents with depth. The second EOF mode
is characterized by opposite flowing currents at the surface and bottom layers, with a zero crossing at mid depth.
Therefore, a two-layer current structure should be sufficient to address these vertical variations. In this study, the
upper and lower 1/3 of the water column are used to represent the upper and lower layers representatively.

3.5. Array-Wide Spatial Variability

To characterize the array-wide spatial variability of the flows off Cape Hatteras, a complex EOF analysis was
applied to the velocity averaged over the upper and lower 1/3 of the water column at all 9 moorings. Since the
velocity at A6 is highly correlated with that at A8 with a correlation of 0.83 at 25-hr lag and the complex EOF
method (used with vector inputs) is limited in its ability to resolve propagating features, we lagged the velocities
at A8 by 25 hr to account for the effect of the downstream propagating Gulf Stream wave-like meanders that move
from A8 to A6. All the input current time series were 40 hr low-pass filtered with the temporal mean removed.
The modes are found to be well separated (Figure 4a). In this study, we will focus on the first two leading complex
EOF modes, which together can explain 61% of the total variance. A sensitivity analysis suggests that the basic
spatial structure of these two leading modes is robust regardless of different combinations of lags applied to the
velocities at A6 and A8, discussed fully below.

The first mode, designated EOF-1, explains 40.8% of the total variance. EOF-1 shows an along-shelf flow pattern
with codirectional eigenvectors at each mooring roughly aligned with the local isobath (Figure 4b). In this region,
the along-shelf transport has been related to wind forcing (Savidge & Bane, 2001), and EOF-1 is likely the
expression of the wind-driven flow during PEACH. At each mooring in water depth <100 m, the eigenvector in
the lower layer is to the left of that in the upper layer, with reduced magnitude, possibly due to the effect of the
bottom boundary layer. At A6 and A8, the eigenvector in the lower layer (deeper than 150 m) is nearly aligned
with that in the upper layer but has larger magnitude reduction than is observed at the shallower sites. The phase
of PC1 is mostly near 0 and +180° (Figure 4d), suggesting the first mode is more rectilinear than rotary, which
is also consistent with a wind-driven effect. To examine if Mode 1 is wind-driven, the lagged complex correla-
tions between PC1 and the wind stress at NDCB buoy 44014, B1, NDCB buoy 41025, and B2 were calculated.
The results are summarized in Table 2. The maximum correlations were mostly found at a lag of —9 to —7 hr.
The negative lag indicates that the wind stress is leading the along-shelf flow by ~8 hr. Angular displacements
(phases) of the complex correlation results between the wind stresses and PC1 are around —90°. For the complex
correlation analysis, the real component of PC1 is associated with the x-axis and the imaginary component with
the y-axis. Since the real component of PC1 contains 97% of the total variance, PC1 is mostly along the x-axis
with a phase of 0. The —90° phase suggests that the southward wind elicits the strongest equatorward along-shelf
flow in EOF-1. At B1, the correlation between the real component of PC1 and the southward wind stress is 0.68
at 8-hr lag. The same lagged complex correlation analysis was performed between PC1 and the ERA-5 reanaly-
sis wind stress over the entire PEACH region (Figure 5). The wind stress over the southern MAB shelf has the
highest correlation with PC1. Similar to the wind stress measured at the buoys, the southward component of the
reanalysis wind stress drives the along-shelf flow and leads the flow by 8—12 hr.

To further explore the relationship between the along-shelf flow pattern and the wind, spectral analysis was
applied to the real component of PC1 and the southward component of the wind stress at B1 (Figure 6), where
the wind stress and PC1 has the highest correlation. The multitaper method (Percival & Walden, 1993) was used
in order to preserve as much information as possible regarding the low frequency variability. The energy of PC1
and the wind stress in the weather band (2-10 days) is at a similar level (Figure 6a). However, the energy of PC1
is more concentrated within the intraseasonal band (about 10 days—3 months), while the wind has more energy
within an even lower frequency band (longer than 3 months) (Figure 6a). This is consistent with the relatively
weak annual variation of the velocity at all the moorings. The two time series are significantly coherent at most
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Figure 4. (a) The percentage of variance explained by each empirical orthogonal function (EOF) mode and associated standard error, estimated after North et al.
(1982). Spatial pattern of (b) Mode 1 (EOF-1: 40.8% variance explained) and (c) Mode 2 (EOF-2: 20.1% variance explained). Magnitude and phase of (d) PC1 and (e)

PC2. The black line is magnitude and the blue dots are phase.

of the resolvable frequencies (Figure 6b). The 8-hr phase difference computed from the correlation analysis is

mostly found at the weather band (Figure 6c).

Table 2
The Magnitude, Time Lag, and Phase of the Maximum Lagged Complex
Correlation Between PC1 and the Wind Stress at 44014, B1, 41025, and B2

Maximum r Lag (h) Phase (°)
44014 0.50 -9 —88.9
B1 0.53 -8 —89.0
41025 0.48 -7 -95.3
B2* 0.48 -9 -102.8

Note. All wind stress records have the same duration as the velocity data,
except for B2. The wind stress record at B2 is about 16 months. The
correlation is computed using the truncated 16-month PC1 and wind stress at
B2, marked with *. The locations of the buoys are shown in Figure 5.

To study the spatial structure of the wind-driven flow pattern, we created
composite averaged maps of SST and surface currents measured with HF
Radar when the daily averaged PC1 is over its 80th percentile (defined
as positive PC1) and below its 20th percentile (defined as negative PC1)
(Figure 7). When PC1 is identified as positive, the average wind stress at
B1 is 0.14 N m~2 toward 171° clockwise from north and the shelf surface
currents flow equatorward. The composite SST and surface current both indi-
cate that the relatively cold MAB water converges with the warm SAB water
south of Cape Hatteras (Figure 7b). The surface current map further suggests
that the shelf water is exported along the edge of the Gulf Stream. When
PCl1 is identified as negative, the average wind stress at B1 is 0.05 N m~2
toward 36° clockwise from true north and the shelf currents reverse to flow
poleward. Driven by the wind, the surface current velocity of the Gulf Stream
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increases compared to that when PCl1 is positive. The MAB water converges with the SAB water north of Cape
Hatteras and the shelf water is exported to the Slope Sea (Figure 7c).
EOF-2 shows an along-shelf flow pattern that is converging toward Cape Hatteras, with the strongest conver-
gence between A4 and A7 on the shelf and between A3 and A6 at the shelfbreak (Figure 4c). In contrast to the
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converging pattern found in the mean flow field, the EOF-2 pattern displays a strong cross-shelf component at
AT rather than A4. We conducted a sensitivity test to explore how different lags applied to A6 and A8 prior to
the EOF calculations influenced the position of alongshelf convergence and cross-shelf export (Figure 8). Since
the positive lags represent downstream meander propagation, an increasing lag was applied to data from A6
and A8 prior to EOF decomposition to represent the Gulf Stream velocities at locations moving downstream
from Raleigh Bay to The Point. Considering a propagation speed of 48 km/day, the 15-hr lagged velocity from
A6 should resemble the Gulf Stream velocity about 30 km downstream and the 25-hr lagged velocity from A6
should resemble the Gulf Stream velocity about 50 km downstream, shown as the stars in Figure 8. The analysis
shows that as the lag is increased, the strong cross-shelf component in EOF-2 is found further to the north and
is eventually located north of Diamond Shoals for a lag of 15 hr applied to A6 and 40 hr to A8 (Figure 8). Like
EOF-1, the EOF-2 eigenvector in the lower layer is to the left of that in the upper layer, but with larger reduc-
tion of the magnitude. The magnitudes of the eigenvectors at A6 and A8 significantly exceed those at the other
moorings, which reflects the dependence of EOF-2's converging spatial pattern on the Gulf Stream. This is also
demonstrated by the high correlation between PC2 and the Gulf Stream position proxies (r = —0.74 with sound
travel time (z) at P7, r = —0.69 at P6, and r = —0.42 at P5; see Figure 1), which is consistent with strong Gulf
Stream influence on along-shelf transport convergence (Savidge & Bane, 2001). When the Gulf Stream moves
onshore, the convergence on the shelf becomes stronger. The phase of PC2 suggests that the second mode is also
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Figure 8. EOF-2 with different lags applied to the velocities at A6 and A8. The stars show the estimated location where the
velocity resembles the lagged velocity. The cross (d) shows the location of the Gulf Stream position proxy in Savidge and
Bane (2001).

more rectilinear than rotary and the variance of PC2 mostly lies in the real component (Figure 4e), which means
the convergence in EOF-2 becomes stronger and weaker and even reverses to divergence at times, but not much
rotation is involved.

Spectral analysis was applied to PC2's real component and z at P7 (Figure 9), where the correlation between 7 and
PC2 is highest. In the 2-7-day band, all the peaks in the auto-spectrum of PC2 follow those of z. Their energies
are both lower in the 15-day—1-month band and higher in the lower frequency band (longer than 40 days). The
high-frequency signal in PC2 is likely related to the wave-like Gulf Stream meanders in the 2—15-day band, while
the low-frequency signal might be driven by changes in Gulf Stream transport off Cape Hatteras (Andres, 2021)
and lower-frequency lateral (onshore/offshore) shifts in the mean position of the Gulf Stream. PC2 is significantly
coherent with 7 at nearly all frequencies (Figure 9b). Onshore movement of the Gulf Stream decreases the sound
travel time at a CPIES but increases the flow convergence (PC2), which results in an inherent +180 phase differ-
ence between PC2 and 7. Since the input velocity is lagged by 25 hr at A8 to eliminate the Gulf Stream meander
propagation signature, the resulting PC2 resembles the Gulf Stream movement near A6. The positive phase
difference between PC2 and 7 at P7 indicates that 7 is leading PC2 (Figure 9c). The converging pattern of EOF-2
is largely driven by the Gulf Stream meander process and due to the decreasing meander amplitude approaching
The Point, the variance of 7 in the meander band (2—-15 days) decreases from P7 to PS5 (Andres, 2021). Together
these factors may explain the weakening correlation between PC2 and 7 from P7 to P5 noted above.

Based on PC2, we created another set of composite maps of SST and surface currents from HF Radar under
the same conditional averaging conventions as PC1 (Figure 10). When PC2 is identified as positive (over its
80th percentile), the SST, SSH (25-cm contour) and surface currents all suggest the Gulf Stream is in a more
onshore position in Raleigh Bay (Figure 10b). The largest surface current convergence is south of Cape Hatteras,
while the along-shelf SST gradient is the strongest north of Cape Hatteras. The shelf water is exported to the
edge of the Gulf Stream south of Cape Hatteras, but to the Slope Sea north of Cape Hatteras. When PC2 is
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are 95% and 99% confidence levels.

identified as negative (below its 20th percentile), the Gulf Stream is positioned more offshore in Raleigh Bay
(Figure 10c). The shelf water converges and is exported to the Slope Sea north of Cape Hatteras. The cold MAB
water is constrained further inshore compared to that under the positive PC2 condition. The positive (>80th
percentile) and negative (<20th percentile) PC2s used in the composite maps are at local maxima and minima,
which mostly capture the crest and the trough of each passing Gulf Stream meander. A crest/trough-shaped Gulf
Stream appears in the conditionally averaged SST and surface currents but not in the SSH, since the short wave-
lengths (~180-380 km) and fast propagation speeds (~40-55 km/day) of Gulf Stream meanders (Andres, 2021;
Savidge, 2004) relative to the spacing of SSH overpasses (~300 km) and the repeat interval in time (10 days),
leave the meanders poorly represented in the SSH record.

3.6. Combined Effects of Wind and Gulf Stream

To examine the combined effects of the wind and the Gulf Stream, we further conditionally average the SST,
surface velocity within the PEACH domain, and the depth-averaged velocity at the moorings under the following
four conditions: (a) PC1 and PC2 are both positive, (b) PC1 is positive and PC2 is negative, (c) PC1 is negative
and PC2 is positive, and (d) PC1 and PC2 are both negative (Figure 11). In all the conditions, the averaged
reconstructed velocity field from the first two EOF modes, plus the mean flow field, is nearly indistinguishable
from (not statistically different from) the total velocity of the upper and lower layers at all the moorings, which
further supports the hypothesis that the Gulf Stream and the wind are the primary drivers of the complex flow
patterns around Cape Hatteras. The four conditions have about equal occurrence percentages of 20%—28%, but
the temperature variations between them correspond to the time of year when each is most prevalent. The MAB
shelf and Pamlico Sound have the coldest average SST in condition 1, and the warmest in condition 3, owing to
the fact that condition 1 occurs more often in the winter and condition 3 more in the summer. Conditions 2 and 4
are more evenly distributed throughout the year.

e In condition 1 (positive PC1 and positive PC2), the stronger equatorward flows caused by the wind coupled
with the enhanced convergence due to the onshore movement of the Gulf Stream produce increased MAB
shelf flow, a strong Shelfbreak Jet reaching the southernmost extent to The Point, and little to no flow on
the SAB shelf. Strong convergence occurs at the edge of the Gulf Stream where the MAB water flows into
the Gulf Stream. One extreme case in this condition is the shelf water cascading event documented by Han
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Figure 10. (a) Time series and histogram of the daily averaged real component of PC2. Two dashed lines are 20th and 80th percentile of PC2. Red/blue dots mark the
days when PC2 is larger/smaller than its 80th/20th percentile. Averaged Sea Surface Temperature, high frequency radar measured surface current, 25-cm contour of Sea
Surface Height (white contour) on the days when (b) PC2 is larger than its 80th percentile (positive PC2) and (c) PC2 is smaller than its 20th percentile (negative PC2).

et al. (2021). The shelf water became denser than the Gulf Stream water due to strong cooling after a winter
storm and then cascaded beneath the Gulf Stream driven by the density gradient.

In condition 2 (positive PC1 and negative PC2), the flow speeds at A6 and A8 are much reduced, consistent
with the offshore position of the Gulf Stream. The Shelfbreak Jet is still present but weakened by the diver-
gence caused by the offshore movement of the Gulf Stream. The wind-driven equatorward flows and the Gulf
Stream-driven divergence lead to a “mustache feature” at Cape Hatteras, where the MAB water on the inner
shelf flows past the cape onto the SAB shelf and the MAB water on the outer shelf turns and flows northeast-
ward with the Gulf Stream and exports to the open ocean (cf., Seim et al., 2022).

In condition 3 (negative PC1 and positive PC2), the wind-driven poleward flows and the Gulf Stream-driven
convergence result in near zero along-shelf flows north of Cape Hatteras and a strong poleward SAB flow,
with the largest along-shelf convergence between A4 and A7. The depth-averaged currents at the two north-
ernmost shelfbreak moorings Al and A2 are also near zero. The along-isobath component of the surface
currents from the HF-Radar data north of Cape Hatteras both on the shelf and at the shelfbreak is near zero as
well. However, the surface currents show a pronounced offshore component.

In condition 4 (negative PC1 and negative PC2), as a result of the wind-driven poleward flows and the Gulf
Stream-driven divergence, both the MAB flow and the Shelfbreak Jet are reversed, flowing poleward. The
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Figure 11. Averaged Sea Surface Temperature, high frequency radar measured surface current (black arrows) and the depth
averaged velocity at the moorings (white arrows) on days when (a) PC1 > 0 and PC2 > 0, (b) PC1 > 0 and PC2 < 0, (c)
PC1 < 0 and PC2 > 0, and (d) PC1 < 0 and PC2 < 0. The percent occurrence of each condition is included in the subpanel
title.

SAB flow is poleward, similar to that in condition 3 but weaker. The surface currents also have an offshore
component that doesn't exist in the depth-averaged currents.

4. Discussion

The 18-month observations of current velocity off Cape Hatteras confirm a convergent mean circulation pattern
on the shelf and upper continental slope. The bottom-mounted ADCPs deployed during PEACH provided contin-
uous observations of the current velocity profiles not available from pointwise current meter moorings in prior
studies. The mean depth-averaged along-shelf currents are convergent between any adjacent pairs of shelf moor-
ings, with the strongest convergence between A4 and B1. The strongest surface convergence is found south of A4
and the strongest bottom convergence is found north of A4. This suggests that, in the mean flow field, the baro-
clinic Hatteras Front is right above A4, with the zero isotach deepening toward the north. The mean SST pattern
shows that the largest surface temperature gradient is roughly between A4 and A7, closer to A4. The temporal
mean of the depth-averaged velocity field on the shelf suggests that MAB and SAB waters converge and export
to the open ocean near A4. Savidge and Bane (2001) found the strongest innershelf (20 m isobath) convergence
between a pair of moorings on either side of Diamond Shoals, while the strongest midshelf (35 m isobath) conver-
gence is between a pair north of the shoals. The mean depth-averaged along-isobath currents at the shelfbreak are
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overall convergent except between the pair of Gulf Stream moorings, with the largest convergence between A2
and A3. The mean velocity at A2 rotates about 50° clockwise with increasing depth in the upper 40 m, and then
rotates about 20° counterclockwise with depth in the lower 50 m. The surface current has a direction of about
20° clockwise from true east and has a 3.3 cm/s offshore component, which could result in part from an offshore
current along the Hatteras Front (Churchill & Gawarkiewicz, 2012). Together with the mean SST, our observa-
tions find the Hatteras Front to be near Diamond Shoals over the inner shelf and to extend northeastward over
the mid and outer shelf.

The current velocity at A3 is largely affected by the Gulf Stream. The surface current has a direction similar to
that at A6 while the bottom current is more like that at A2, which suggests that at A3 the surface layer is domi-
nated by Gulf Stream flow while the bottom layer is largely Shelfbreak Jet. The relatively large offshore current
throughout the water column indicates that A3 might be a favored location for the Shelfbreak Jet deflection and
enhanced shelf water export.

The current velocity variations are typically several times greater than the mean speed (Figure 1a) or the ampli-
tude of the annual signal at all the moorings except for those dominated by Gulf Stream flow (A6 and A8). Simi-
lar to the annual cycle of these current velocities, the magnitudes of the velocity variations also change seasonally.
Like the wind stress variations described in Seim et al. (2022), current variations are typically larger in the cool
season (mid-September through April) and smaller in the warm season (May—mid-September). The variance of
the depth-averaged current velocities in the cool season is nearly twice that in the warm season at the moorings
north of Cape Hatteras on the MAB and at the northern shelfbreak. The variance differences at the SAB moorings
are not as large, but the current velocity variance in the cool season is also larger than that in the warm season.
On the shelf, more than 56% of the current velocity variance is in the weather band (2-10 days), possibly due to
frequent extratropical and tropical cyclone passages in this region. The number of cyclones passing the PEACH
region is similar in the warm and cool seasons, however, the cyclones in the cool season are much stronger than
those in the warm season (personal communication with J. Bane). Furthermore, the cyclone tracks in the cool
season are closer to the mooring array than in the warm season. The more intense and closer cyclones in the cool
season cause larger current variations.

The wind-driven variability (EOF-1) of the current velocities is along the local isobaths. Overall, it explains more
than 40% of the total velocity variance at all 9 moorings. The reconstructed Mode 1 accounts for 50%—70% of the
total variance observed by the shelf moorings, 25%—50% at the northern shelfbreak moorings and less than 10%
at the Gulf Stream moorings. Wind is the primary driver of the shelf currents. Stronger southward wind (positive
PC1) drives stronger equatorward currents and transports more MAB water toward Cape Hatteras, while stronger
northward wind (negative PC1) drives stronger poleward currents and transports more SAB water toward Cape
Hatteras. The location at which the Shelfbreak Jet deflects to the open ocean is also primarily determined by the
wind. Only in cases of southward wind (positive PC1), does the equatorward-flowing Shelfbreak Jet reach the
three northern shelfbreak moorings and deflect to the open ocean, converging with the Gulf Stream. By examin-
ing the drifter trajectories crossing the 1,000 m isobath, Gawarkiewicz and Linder (2006) identified two primary
types of Shelfbreak Jet entrainment in the Gulf Stream: a rapid and abrupt turn within 20 km of Cape Hatteras,
and a slow passage across the slope region to the Gulf Stream well north of Hatteras (20-100 km), with a gradual
turn. The rapid and abrupt entrainment resembles the conditionally averaged surface velocity patterns in condi-
tions 1 and 2 when PC1 is positive, while the slow and gradual entrainment agrees well with conditions 3 and 4
(negative PC1). In condition 1, the onshore movement of the Gulf Stream promotes the convergence at the shelf-
break and the Shelfbreak Jet can reach further south and make an abrupt turn when encountering the Gulf Stream.

Approaching Cape Hatteras, the Gulf Stream's lateral position varies as it moves onshore and offshore
due to meander propagation, transport variations (Andres, 2021), and eddy activity (Cronin, 1996; Glenn &
Ebbesmeyer, 1994). The Gulf Stream-driven variability (EOF-2) is also mostly along local isobaths like EOF-1
but shows a converging pattern toward Cape Hatteras both on the shelf and along the shelfbreak. Savidge and
Bane (2001) highlighted the clear correlation between the Gulf Stream variability and the along-shelf trans-
port convergence off Cape Hatteras for the first time. However, their results mainly demonstrated the effects
of the Gulf Stream lateral position on shelf transport convergence north of Cape Hatteras, as their Gulf Stream
position proxy was at a mooring close to The Point (Figure 8d), and the corresponding transport convergence
was computed between two mooring lines north of Cape Hatteras. In our study, the velocities with strong Gulf
Stream features were measured upstream of the Point off Raleigh Bay, and EOF-2 shows the strong cross-shelf
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component south of Diamond Shoals on the SAB. In the sensitivity analysis, the strong cross-shelf component in
EOF-2 moves to the north of Diamond Shoals on the MAB, when increased lags were applied to the Gulf Stream
velocities at A6 and A8 (Figure 8). The Gulf Stream reference location of the 25-hr lagged A6 velocity and 50-hr
lagged A8 velocity is close to the location of the Gulf Stream proxy in Savidge and Bane (2001) (Figure 8d).
Accordingly, the shelf convergence under this circumstance occurs between A4 and B1, which are approximately
at the two northern mooring lines in Savidge and Bane (2001). Together, this suggests that the location of shelf
water export could be attributed to the Gulf Stream meander processes. The conditional averaged SST and surface
velocity show that the shelf water flows offshore near the Gulf Stream meander crest, which further suggests that
as a Gulf Stream meander propagates downstream, the shelf water would be exported at the crest.

The shelf water export in this region is episodic and largely event-driven (Churchill & Gawarkiewicz, 2012;
Pietrafesa et al., 2002; Savidge & Savidge, 2014; Todd, 2020). The type of shelf water exported depends on
whether it is MAB or SAB shelf water that is available inshore of a Gulf Stream meander crest. When the MAB
shelf water is pushed south of Diamond Shoals by a strong southward wind, it is closer to the Gulf Stream and
can then be exported by a Gulf Stream-driven offshore flow. Otherwise, this process will export the local SAB
shelf water to the open ocean. When the Gulf Stream moves onshore (positive PC2), southward wind (positive
PC1) occurs more in the winter and northward wind (negative PC1) occurs more in the summer. This allows for
more MAB shelf water to be exported in the winter and more SAB shelf water to be exported in the summer, as
demonstrated in Savidge and Savidge (2014). The larger volume of shelf water carried by the Shelfbreak Jet is
another source of shelf water export in this region. During southward wind (positive PC1), the Shelfbreak Jet
is deflected offshore in close proximity to Cape Hatteras, often with an abrupt turn into the Gulf Stream. This
seaward turn exports the shelf water to the edge of the Gulf Stream, which can be an important source of “Ford
Water” (Church, 1937; Ford et al., 1952; Kupferman & Garfield, 1977; Lillibridge et al., 1990), exported MAB
shelf water entrained along the northern edge of the Gulf Stream. When the wind is northward (negative PC1),
the Shelfbreak Jet detachment occurs generally well north of the PEACH region and exports the shelf water to
the Slope Sea.

Despite the wind-driven and Gulf Stream-driven variability of the current velocity on the shelf, the location of the
shelf convergence is well constrained between the northernmost shelf mooring B1 and southernmost shelf moor-
ing B2. Pressure gradients from density gradients and sea surface slopes could contribute to the mean converging
flow pattern being contained in the vicinity of Cape Hatteras. Given the approximate thermal wind balance at
the interior layer for the A4 mooring that was established above, the mean density gradients are inferred using
the vertical shear of the current velocities at the shelf moorings and northern shelfbreak moorings. The large
negative vertical shear of along-shelf flow would suggest that the water offshore of A4 is denser than the water
inshore through the entire water column (positive cross-shelf density gradient). Freshwater export from the Ches-
apeake Bay and the North Carolina sounds could contribute to the positive cross-shelf density gradient (Savidge
& Bane, 2001). Extending the assumption of a thermal wind balance to the interior layer at all the shelf moorings,
the vertical shear of the alongshelf currents and the inferred cross-shelf density gradients at B1 and B2 averaged
between 10 and 20 m both have magnitudes which are about 1/4 of the that at A4. The sign of the vertical shear
at B2 is opposite that at A4 and B1, suggesting the water offshore of B2 is slightly less dense than that inshore,
which could be explained by the presence of less dense Gulf Stream water on the outer shelf of the SAB (Lee
et al., 1991). As the shelf narrows from B2 to A7, the vertical shear and inferred cross-shelf density gradient at
A7 is near zero. At the shelfbreak, the along-shelf vertical shear at A1 and A2 is consistent throughout the water
column, but with opposite signs, which suggests opposite cross-shelf density gradients at the two moorings,
assuming geostrophy. Water offshore of A1 is denser than water inshore. Water offshore of A2 is less dense than
water inshore; the same holds true at A3, but with a much larger density gradient. Together, this suggests that
with similar shelf water inshore of the three moorings, the water offshore becomes less dense from north to south.
This configuration agrees with the mean density field measured by the Spray gliders offshore of the northern
shelfbreak mooring array (A1, A2, and A3) in the Slope Sea during PEACH (Todd, 2020).

In addition to the along-shelf density gradient term, an along-shelf surface slope of —3.3 X 1077 (increasing
elevation to the south) would be required to drive the 4.7 cm/s mean offshore current in the interior layer at A4.
The along-shelf sea surface slope may also be negative on the SAB shelf, estimated to be —0.67 x 1077 for the
summer/fall period and —1.63 x 1077 for the winter/spring period at the Georgia coast (Atkinson et al., 1983).
From south to north on the entire SAB shelf, model-based climatological surface elevation along the 70-m
isobath determined the mass field was estimated to mostly decrease, an exception being at the Charleston Bump
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where the along-shelf surface slope becomes steeper in the winter (Blanton et al., 2003). The surface slope is
not geographically uniform, being steeper toward the southern and northern ends of the SAB shelf (Blanton
et al., 2003). As a result, the slope should be negative in Raleigh Bay with a magnitude larger than that at the
Georgia coast. On the MAB shelf, the along-shelf sea surface slope turns positive, but its magnitude is only on
the order of 10~# (Lentz, 2008a; Xu & Oey, 2011), an order of magnitude smaller than that estimated at A4.
Along the 30 m isobath around Cape Hatteras, the sea level reaches its minimum value at the southern end of
the MAB, between B1 and A4. The 30-m isobath at A4 is oriented approximately N-S and the Gulf Stream's
mean path is oriented about 45° clockwise of that. The Gulf Stream proximity to the mid shelf south of A4 and
its more offshore position north of it could contribute to the steep along-shelf surface slope at A4. When a Gulf
Stream meander passes by, a negative along-shelf surface slope will be superimposed at the shelfbreak and drive
an offshore flow at the leading edge of the meander crest.

5. Summary

The PEACH observations further illustrate the complexity of the circulation near Cape Hatteras. From the
18-month current observations at 9 PEACH mooring sites, a converging mean flow pattern was observed on
the shelf and along the shelfbreak. The mean depth-averaged flows are mostly aligned with local isobaths and
oriented toward Cape Hatteras. On the shelf, the mean flow has a strong cross-shelf component at the mooring
just north of Cape Hatteras, where the MAB and SAB waters converge and export to the open ocean. The mean
convergence and offshore current are possibly driven by the mean along-shelf sea surface slope. Along the shelf-
break, the mean convergence is between the equatorward flowing Shelfbreak Jet and the poleward flowing Gulf
Stream. The Shelfbreak Jet deflects to the ocean open near The Point. The Hatteras Front is typically found just
north of Diamond Shoals with a mean off-shore flow on both the mid- and outer-shelf (A4 and A3).

On the shelf, the along-shelf velocities are well correlated. North of Cape Hatteras, the shelf flow and shelfbreak
flow are more correlated than to the south. Along the shelfbreak south of Cape Hatteras, the lagged correlation
between along-isobath velocities is large, due to propagating Gulf Stream meanders. The cross-shelf velocities
have much lower correlation compared to the along-shelf flows. The annual variations of the depth-averaged
current velocities are consistent at all 9 moorings. And the larger current velocity variations in the cool season
are associated with more intense closer cyclones relative to those in the warm season.

The EOF analysis yields two prominent spatial variations in the velocity field. One shows a wind-driven
along-shelf flow pattern (EOF-1), the other a Gulf Stream-driven convergent flow pattern (EOF-2). Conditionally
averaged sea-surface temperature and high-frequency radar-measured surface currents based on PC1 and PC2
provide a rich 2-D representation of the wind-driven and Gulf Stream-driven features.

e The southward extent of the Shelfbreak Jet is primarily influenced by the wind but secondarily by the Gulf
Stream.

¢ The Gulf Stream. meander crest propagation from offshore of Raleigh Bay to The Point is associated with
convergent shelf flow and presumably export.

¢ The SAB occupies Raleigh Bay most of the time and is often exported near a Gulf Stream meander crest.

e Strong southward wind events appear to drive the MAB shelf water southward, where it encounters the edge
of the Gulf Stream, to become entrained and exported to the open ocean.

e The seasonal variation in shelf water export off Cape Hatteras may be related to the combined effects of Gulf
Stream-driven shelf convergence and varying wind-driven shelf transport.

Data Availability Statement

Processed PEACH ADCP and CTD data (Haines, Seim, Muglia, et al., 2022) are available at: https://doi.
org/10.5281/zenodo.6383218. PEACH wind stress data (Haines, Seim, & Bane, 2022) are available at: https://doi.
org/10.5281/zenodo.6383242. The combine High Frequency Radar data (Haines, Muglia, Savidge, et al., 2022)
are available at: https://doi.org/10.5281/zenodo.7044816. PEACH CPIES data (Andres, 2021) are available at:
http://doi.org/10.5281/zenodo.4793504. Sea surface temperature (SST) was measured by NOAA's Advanced Very
High Resolution Radiometer (AVHRR), with spatial resolution of 1 km and was obtained from the Mid-Atlantic
Regional Association Coastal Ocean Observing System (MARACOOS) THREDDS server (https://tds.maracoos.
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