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Abstract Equatorward flow of Middle Atlantic Bight (MAB) shelf waters meets poleward flowing
South Atlantic Bight shelf waters over the continental shelf near Cape Hatteras, NC, leading to net export
of shelf waters into the deep ocean. This export occurs in close proximity to the Gulf Stream, which
separates from the continental margin near Cape Hatteras. Observations from sustained underwater glider
surveys of the outer continental shelf and slope north of Cape Hatteras from spring 2017 to spring 2019 are
used to examine the mean and variability of MAB shelf water export in the region. The 0.3 Sv (1 Sv = 106

m3 s−1) time-mean export of MAB shelf water south of 37◦N was dominated by discrete export events; 50%
of export occurred during the 17% of the time during which transport was more than 1 standard deviation
above the mean. These events typically occurred in late spring and summer of both years when
equatorward flow into the region peaked. Export of MAB shelf water was correlated with equatorward flow
into the region, which was itself correlated with the density gradient across the continental shelf break.
Observations during specific time periods that capture extrema in MAB shelf water export are examined to
highlight the variability in shelf-deep ocean exchange scenarios in the Hatteras region. These include
near-surface export driven by hurricanes, subsurface export below the northern edge of the Gulf Stream,
and a multi-month near-cessation of export.

Plain Language Summary The coastal ocean circulation near Cape Hatteras, NC, is
characterized by convergence of waters from the Middle Atlantic Bight (MAB) and South Atlantic Bight.
The resulting shelf water export takes place under the influence of forcing by variable winds (including
passing tropical cyclones) and variable Gulf Stream strength and position just seaward of the continental
shelf. As part of a program to understand the physical processes controlling exchange between the
continental shelf and deep ocean at Cape Hatteras, autonomous underwater gliders surveyed the outer
continental shelf and upper continental slope north of Cape Hatteras from spring 2017 through spring
2019. These observations are used to characterize the mean and annual cycle of the hydrography and
circulation in the region and to examine temporal variability in the export of MAB shelf waters from the
shelf. Time-mean MAB shelf water export of 0.3 Sv (1 Sv = 106 m3 s−1) was dominated by export events in
late spring and summer of both years. Variability in shelf water export was associated with variability in
equatorward flow into the region and density gradients across the continental shelf break. To demonstrate
the variety of export-related events in the region, several specific time periods are examined.

1. Introduction
Near Cape Hatteras, NC, along-shore flow over the continental shelf is typically convergent. Relatively cool
and fresh waters from the Middle Atlantic Bight (MAB; Cape Cod, MA, to Cape Hatteras) flow equator-
ward as warmer, saltier waters from the South Atlantic Bight (Cape Canaveral, FL, to Cape Hatteras) flow
poleward (Figure 1a). This along-shelf convergence, combined with the narrowing and shoaling of the con-
tinental shelf toward Cape Hatteras, requires net export of shelf waters into the deep ocean in the vicinity
of Cape Hatteras. Just seaward of the continental shelf, the poleward flowing Gulf Stream separates from
the continental margin at Cape Hatteras (Figure 1a) as it meets the equatorward flow of the Slope Sea (e.g.,
Csanady & Hamilton, 1988; Flagg et al., 2006) and Deep Western Boundary Current, the latter of which
descends to pass under the Gulf Stream at Cape Hatteras (Andres et al., 2018; Pickart & Smethie, 1993).
Though the mean circulation near Cape Hatteras is characterized by export of shelf waters, the regional cir-
culation is highly variable, in part due to forcing by Gulf Stream variability (e.g., Churchill & Berger, 1998;
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Figure 1. (a) Map of the U.S. mid-Atlantic coast with the Cape Hatteras region outlined in black and shown in detail in
(b); the gray 200-m isobath marks the shelf break. Schematic surface currents shown entering the region are the Gulf
Stream (GS, dark red), the shelfbreak jet (SBJ, blue), flow over the Middle Atlantic Bight shelf (MAB, dark blue), and
flow over the South Atlantic Bight shelf (SAB, pink). (b) Spray glider trajectories in the vicinity of Cape Hatteras during
PEACH with surveys along the slope transect in red, surveys along the shelf transect in blue, and all other trajectories
in dark gray. Gray contours are the 50-, 100-, 200-, and 1,000-m isobaths. (c) Time-latitude plot of sampling along the
slope transect. (d) Time-longitude plot of sampling along the shelf transect. In (c) and (d), gray shading represents the
period of 1 May 2017 to 30 April 2019 used for fitting of means and annual cycles, and horizontal dashed lines indicate
the spatial limits for fitting means and annual cycles.
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Churchill & Gawarkiewicz, 2012; Gawarkiewicz & Linder, 2006; Savidge & Bane, 2001) and variable atmo-
spheric forcing, including passage of major storms (e.g., Dirks et al., 1988; Glenn et al., 2016); bidirectional
exchange between the continental shelf and deep ocean has been observed (e.g., Churchill & Cornillon,
1991; Gawarkiewicz et al., 1996).

Since Cape Hatteras marks the endpoint for MAB circulation, which itself is the last stage of the
5,000-km-long coastal current system originating in the Labrador Sea (Chapman & Beardsley, 1989), export
of MAB shelf waters near Cape Hatteras has been the focus of numerous studies. Observations of cool, fresh
waters along the edge of the Gulf Stream (e.g., Church, 1937; Fisher, 1972; Ford et al., 1952; Kupferman &
Garfield, 1977), often referred to as “Ford Water,” have long indicated that MAB shelf waters are exported
near Cape Hatteras and then entrained into the Gulf Stream as it flows into the open North Atlantic. Three
large field programs previously examined shelf-deep ocean exchange at Cape Hatteras: a Minerals Man-
agement Service-sponsored program in 1992–1994 (MMS study; Berger et al., 1995), the “Ocean Margins
Program” in 1996 (OMP; Verity et al., 2002), and the “Frontal Interactions Near Cape Hatteras” program in
2004–2005 (FINCH; Gawarkiewicz et al., 2008; Savidge & Austin, 2007). The MMS and OMP studies relied
on extensive moored and shipboard sampling, while FINCH used shipboard ADCP and towed, undulat-
ing CTD surveys. From these studies, two broad categories of MAB shelf water export emerged (see the
schematic by Churchill & Gawarkiewicz, 2012, their Figure 12): (1) seaward diversion of the MAB shelf-
break jet, which may occur gradually or abruptly depending, in particular, on shelfbreak jet location relative
to the Gulf Stream (Churchill & Berger, 1998; Gawarkiewicz & Linder, 2006) and (2) seaward transport of
mid-to-inner shelf waters (Churchill & Gawarkiewicz, 2012).

A particular challenge in prior studies has been quantifying the volume of MAB shelf water exported near
Cape Hatteras. Estimates of along-shelf transport in the MAB are more common. Combining available obser-
vations spanning several decades with a simple model, Lentz (2008) showed that the mean equatorward
transport shoreward of the shelf break decreases monotonically from 0.64 Sv at Cape Cod to 0.09 Sv at
36◦15'N. The 15- to 20-km-wide shelfbreak frontal jet (Figure 1a) typically carries 0.2–0.3 Sv equatorward
(Linder & Gawarkiewicz, 1998) until detaching from the shelf break and turning offshore as it approaches
Cape Hatteras (Gawarkiewicz & Linder, 2006; Churchill & Berger, 1998). The location of shelfbreak jet
detachment has been shown to vary between 35◦30'N and at least 37◦N (Gawarkiewicz & Linder, 2006).
Savidge and Bane (2001) inferred cross-shore transport of 0.24 ± 0.19 Sv (mean±standard deviation) from
differences in along-shore transport through cross-shelf mooring lines near 36◦15'N and 35◦30'N. The
small spatial and temporal scales associated with the shelfbreak frontal circulation in the MAB, typically
10–40 km and about 1 day (Gawarkiewicz et al., 2004; He et al., 2010; Todd et al., 2013), and the shifting
locations of export (e.g., Gawarkiewicz et al., 1996; Gawarkiewicz & Linder, 2006) have made quantification
of MAB shelf water export challenging from prior observations.

The “Processes driving Exchange At Cape Hatteras (PEACH)” program was designed to elucidate the
dynamics governing exchange of waters between the shelf and deep ocean in the vicinity of Cape Hatteras.
The PEACH field program combined fixed, mobile, and shore-based observing platforms to observe circula-
tion over the continental shelf and slope and within the Gulf Stream during 2017–2019. Realistic numerical
modeling, including data assimilation, is a central part of PEACH and is expected to allow for examination
of dynamics that cannot be diagnosed directly from the observations.

This analysis focuses on observations collected by autonomous underwater gliders (Rudnick, 2016; Testor
et al., 2019) sampling along the upper continental slope and across the outer continental shelf for PEACH.
Section 2 describes the observations and the methods used to produce gridded, low-pass-filtered versions
of the observations. Section 3 discusses the results of the analysis, first characterizing the mean and
annual cycles of the hydrography and circulation (sections 3.1 and 3.2) and then presenting the gridded,
low-pass-filtered product (section 3.3). We then focus on export of MAB shelf waters by examining tempo-
ral variability of shelf water export over a 2-year period (section 3.4.1) and considering case studies of times
with large and small export of shelf water (section 3.4.2). Section 4 summarizes the results and implications.

2. Observations and Methods
2.1. Spray Glider Observations
For more than two years from spring 2017 through spring 2019, Spray autonomous underwater gliders
(Rudnick et al., 2016; Sherman et al., 2001) surveyed along the upper continental slope (“slope transect”;
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Figure 2. Probability density functions of Spray glider sampling metrics during PEACH and related statistics.
(a–f) Dive-to-dive temporal (a,d) and spatial (b,e) separation and speed over ground (c,f) along (a–c) the slope transect
and (d–f) the shelf transect. Spatial separation and speed are along the nominal transects. (g–h) Transect-to-transect
temporal separation along the slope (g) and shelf (h) transects.

Figure 1b, red) and across the outer continental shelf (“shelf transect”; Figure 1b, blue) north of Cape
Hatteras during seven back-to-back missions as part of PEACH. Spray gliders for PEACH were typically
deployed and recovered just beyond the shelf break near 35◦50'N, 74◦50'W using small vessels based in
Wanchese, NC, except for the first glider deployed in April 2017, which was deployed from R/V Neil Arm-
strong just offshore of the shelf break near 38◦22'N. Spray gliders tasked with surveying the Gulf Stream
(Figure 1b, gray tracks; Todd, 2017; Todd & Locke-Wynne, 2017; Todd et al., 2018) provided additional
occupations of the slope transect before and during PEACH.

The slope transect extended roughly along the 1,500-m isobath between about 36◦50'N and the northern
edge of the Gulf Stream (Figure 1b, red), which varied in position (Figure 1c). Gliders were piloted southward
until progress stalled due to adverse Gulf Stream currents, then turned northward along the transect. Gliders
typically sampled to a maximum depth of 500 m every 2.5 hr along the slope transect, unless encountering
strong, adverse currents, in which case maximum depth was temporarily increased to 1,000 m with 5.5 hr
profile intervals (Figure 2a). Typical spacing between profiles was about 3 km (Figure 2b) with speed over the
ground averaging just under 1 km hr−1 or about 0.25 m s−1 (Figure 2c). In total, 107 occupations of the slope
transect are available from March 2017 through May 2019 (Figure 1c) with a typical temporal separation
between repeat occupations of about 8 days (Figure 2g).

Upon reaching the northern end of the slope transect, gliders usually proceeded westward across the outer
continental shelf with a goal of reaching the 50-m isobath. In relatively shallow water, currents (both tidal
and subtidal) often impeded glider navigation, leading to more scattered sampling (Figure 1b, blue). Gliders
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Figure 3. Example Spray glider transects along the slope transect (left) and shelf transect (right) during August 2017. Transects of (a–b) potential temperature,
(c–d) salinity, (e–f) cross-shore velocity, and (g–h) along-shore velocity are shown in color with isopycnals in gray with a contour interval of 1 kg m−3 and the
26 kg m−3 bold. The black contour is the 34.5 isohaline, which is used to delimit MAB shelf waters. Tick marks on the upper-most axes denote locations of
individual profiles. Seaward transport of MAB shelf water through the slope transect shown here is shown by a star in Figure 12a.

sampled to within a few meters of the seafloor in water shallower than 500 m. Temporal and horizon-
tal spacing between profiles over the shallow continental shelf were typically less than 1 hr and less than
0.2 km, respectively (Figures 2d and 2e); glider speed over the ground slowed in shallow water due to adverse
currents and less efficient flight (Figure 2f). A total of 73 occupations of the shelf transect are available
between May 2017 and May 2019 (Figure 1d). Temporal separation between successive transects is bimodal
with 1-2 days between paired inbound and outbound transects and about 2 weeks (i.e., twice the time to
occupy the slope transect) between successive pairs of shelf transects (Figure 2h).

Each glider was equipped with a pumped Sea-Bird 41CP CTD, a 1-MHz Nortek AD2CP Doppler current
profiler, and a Seapoint chlorophyll fluorometer, each sampling during the ascending portion of each glider
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Figure 4. Joint probability density functions of salinity and potential temperature in the upper 500 m along the
(a) slope and (b) shelf transects. Observations binned to 10-m vertical resolution from all profiles along each transect
(Figure 1b, red and blue) are included. Axes limits represent the range of observed salinities and potential temperatures.
Gray contours show potential density with a contour interval of 0.5 kg m−3 and the 24.0 and 27.0 kg m−3 isopycnals
bold. The black dashed line is the 34.5 isohaline; MAB waters are taken to be all waters with salinity less than 34.5.

dive. Following standard quality control and postprocessing for Spray gliders (e.g., Rudnick et al., 2017, 2018;
Todd et al., 2017), profiles of potential temperature, salinity, potential density, absolute horizontal currents,
1-MHz acoustic backscatter, and chlorophyll fluorescence are available at 10-m vertical resolution for each
glider dive. For two missions, AD2CP data from some profiles are missing due to a firmware issue; the miss-
ing velocity profiles are filled by linear interpolation in time for the purpose of computing transports below.
Three missions additionally included Sea-Bird 63 dissolved oxygen sensors. Our focus here will be on the
physical variables; chlorophyll fluorescence, acoustic backscatter, and dissolved oxygen are not discussed
further. Along-shore currents are taken to be positive toward 5.1◦, the true bearing between the southern-
most and northernmost waypoints set along the slope transect; cross-shore currents are taken to be positive
offshore.

Examples of observations along the slope and shelf transects are shown in Figure 3. Along the slope transect,
noteworthy features include warm, salty water flowing northeastward in the Gulf Stream at the southern
end of the transect (Figures 3a, 3c, 3e, and 3g); inner shelf waters with salinities less than 32 near the sur-
face (Figure 3c); and cool, fresh MAB Cold Pool waters (Houghton et al., 1982) in a subsurface anticyclone
just north of the Gulf Stream (Figures 3a, 3c, and 3e). The summertime shelf transect shows the typical tem-
perature stratification above the MAB Cold Pool (Figure 3b), but a distinct shelfbreak front and associated
shelfbreak jet are difficult to distinguish in this particular transect (Figures 3b, 3d, 3f, and 3h).

Over the 2-year sampling period, gliders encountered a wide range of water mass properties (Figure 4), as
expected for the Hatteras region (e.g., Churchill & Gawarkiewicz, 2014; Savidge et al., 2013). The widest
range of temperatures and salinities is found along the slope transect (Figure 4a), where extremes of the
potential temperature-salinity (𝜃-S) distribution above 27 kg m−3 are characteristic of Gulf Stream waters
(salinities>36), MAB Cold Pool Waters (salinities∼33,∼7 ◦C), and inner shelf waters (salinitIes<32). Along
the shelf transect, the range of shelf water properties is similar, but high salinity Gulf Stream waters are rarely
observed (Figure 4b). At densities greater than 27 kg m−3 (i.e., deeper than the continental shelf), the 𝜃-S
distributions are tightly clustered along mixing lines; the slightly fresher lobe in the 𝜃-S distribution between
7 and 10 ◦C results from mixing between the most commonly observed upper Labrador Sea Water and fresher
Antarctic Intermediate Waters. The tight 𝜃-S distribution at depth indicates good CTD cross-calibration
between glider missions.
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Figure 5. Frequency spectra of potential temperature at depths of 100 m
(thick) and 300 m (thin) along the slope transect. Spectra are normalized
such that the integrals equal the total variance of the data. Along the upper
axis, equivalent wavenumber is shown assuming a constant glider speed of
0.88 km hr−1 (Figure 2c). Dashed vertical lines indicate the M2 tidal
frequency (thin dashed) and the cutoff wavenumber of 0.04 cpkm used for
analysis (thick dashed); 95% confidence intervals are indicated by the short
vertical segments at 10−2 cph.

Since gliders are moving platforms, their observations capture a com-
bination of spatial and temporal variability (Rudnick & Cole, 2011). In
particular, the high-frequency heaving of surfaces by internal waves can
manifest as variability at small spatial scales along level surfaces. By
examining spectra of the observations, it is possible to estimate the hor-
izontal scales that are contaminated by temporal variability and so to
determine the effective spatial resolution of the observations (Rudnick &
Cole, 2011; Rudnick et al., 2017).

To understand the horizontal scales resolved by the PEACH Spray glider
observations, we consider the spectra of temperature at depths of 100
and 300 m along the slope transect (Figure 5). To estimate these spectra,
we interpolate irregularly spaced observations to a regular temporal grid
with resolution of 1 hr, average frequency spectra for every possible 5-day
segment of interpolated observations within each transect, then average
these frequency spectra across transects. Errors on the resulting spectra
are estimated by assuming that there are twice as many resulting degrees
of freedom as there are distinct 5-day or longer transects; the averaging of
spectral estimates from all possible 5-day segments within distinct tran-
sects serves to include all observations but is not considered to increase
the number of degrees of freedom.

The spectra are characteristically red, as expected, with nearly an order of
magnitude stronger variance at 100 m than at 300 m. A significant semid-
iurnal peak is apparent near 0.08 cycles per hour (cph) at 300 m, but not at
100 m. The region near Cape Hatteras is a local minimum in M2 tidal vari-
ability (Moody et al., 1984), so it is not surprising that semidiurnal tidal
variability is overwhelmed by other variability within the thermocline
and above the depth of the shelf break where other processes contribute
to variability; spectra of velocity (not shown) exhibit semidiurnal peaks
throughout the upper 500 m. At 300 m, there is a visible change in the

slope of the temperature spectrum around 0.04 cph, suggesting influence of internal waves and other pro-
cesses above that frequency. The local inertial frequency at 36◦N is 0.05 cph, so it follows that the full internal
wave frequency band influences the glider observations. Spectra computed using observations along the
shelf transect (not shown) are suggestive of a similar change in slope around 0.04 cph, but the short record
length along the shelf transect (typically 2–3 days for pairs of inbound and outbound transects, Figure 2)
limits frequency resolution.

Based on the average speed of the gliders over the ground (Figures 2c and 2f), we can estimate the equivalent
wavenumber for a given frequency (e.g., Figure 5, upper axis). As noted by Rudnick et al. (2017), variability
in glider speed leads to errors in the equivalence between frequency and wavenumber. For the slope tran-
sect, the change in spectral slope occurs just above an equivalent wavenumber of 0.04 cycles per kilometer
(cpkm). This is a slightly higher wavenumber than has been found for glider observations in the central
(Rudnick & Cole, 2011) and eastern (Rudnick et al., 2017) North Pacific, perhaps due to the relatively weak
tidal variability near Cape Hatteras. The slower speed over the ground of gliders along the shelf transect
results in a frequency of 0.04 cph corresponding to approximately 0.1 cpkm. It follows that the Spray glider
observations along the slope transect resolve spatial variability at wavelengths longer than about 25 km and
those along the shelf transect resolve variability at wavelengths longer than about 10 km.

2.2. Ancillary Observations
In addition to the Spray glider observations, we make use of selected sea surface temperature (SST) images
from the Advanced Very High Resolution Radiometers aboard the NOAA-18 and NOAA-19 weather satel-
lites and winds measured by buoys over the outer continental shelf. The SST images provide spatially broad
context to the glider observations; relatively cloud free images are chosen that coincide with events exam-
ined in section 3.4.2. Hourly winds from National Data Buoy Center (NDBC) buoys 44066, 44014, and 41025,
spanning from near Hudson Canyon (39.6◦N) to Diamond Shoals (35.0◦N) provide an indication of surface
forcing over a region larger than directly observed by the gliders. Best track estimates of the eye location for
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Hurricanes Jose (2017), Maria (2017), Chris (2018), and Florence (2018) at six-hourly intervals are obtained
from NOAA's Automated Tropical Cyclone Forecast System (ATCFS; Sampson & Schrader, 2000).

2.3. Mean and Annual Cycle by Least Squares
We estimate the time-means and annual cycles of potential temperature, salinity, density, and currents as
functions of along-transect position and depth for both the slope and shelf transects. We follow the procedure
developed by Rudnick et al. (2017) to estimate the mean and annual cycle from repeat glider transects in the
California Current System, which is summarized here. We construct a horizontal grid along each nominal
transect with resolution of 5 km along the slope transect and 1 km along the shelf transect. The grids span the
portion of each nominal transect reached by at least 50% of individual occupations of the transect (Figures 1c
and 1d). A weighted least-squares fit of the mean and first three annual harmonics is performed at each
grid point and each depth for each variable, yielding a set of seven coefficients per variable at each point.
Three annual harmonics are fit in order to allow an asymmetric annual cycle while avoiding overfitting of
the observations. To filter out high-frequency variability in the observations, the Gaussian weight function
w(x) = exp(−x2∕L2) used in the least squares fit has an e-folding length scale of L = 11.25 km (L = 4.5 km)
along the slope (shelf) transect that is chosen so that the argument of the Gaussian is −2 at a wavenumber
of k0 = 0.04 cpkm (k0 = 0.1 cpkm). These choices of length scale are motivated by the spectra discussed
above (Figure 5) and serve to average over variability in the internal wave frequency band, but it is worth
noting that the anisotropic length scales resolved by the gliders are broadly consistent with estimates of
characteristic length scales of the circulation near the continental shelf break (Gawarkiewicz et al., 2004; He
et al., 2010; Todd et al., 2013). The mean and annual cycle are fit to glider observations from the reference
period 1 May 2017 to 30 April 2019 (Figures 1c and 1d, gray shading). The resulting annual cycles explain
the largest fraction of observed variance (>70%) near the surface and for temperature and density, which
are most affected by the annual cycle of surface heat flux. Deeper than 150 m, the annual cycles typically
explain less than 25% of observed variance, so we limit our discussion of annual cycles below to the upper
portion of the water column.

2.4. Anomaly Maps
To produce a low-pass filtered, spatially and temporally gridded product from the repeat glider transects,
we again follow Rudnick et al. (2017) and objectively map anomalies from the two-year mean and seasonal
cycle. The objective map requires specification of the covariance function. We compute an empirical auto-
correlation of potential temperature anomalies from the mean and seasonal cycle at 100 m as a function of
both spatial and temporal lags in bins of 10 days and 10 km along the slope transect. The temporal bin size
is chosen to span between successive transects (Figure 2g).

The resulting autocorrelation (Figure 6b) is sharply peaked in the center, indicating a high degree of vari-
ability at small spatial and temporal scales that is incoherent between repeat transects, even with transects
repeated about every 8 days. For the purposes of forming a low-pass-filtered product, this small-scale vari-
ability is treated as “noise.” Despite the small scale variability, there remains a notable correlation in both
time and space at larger scales. Since distance increases southward along the slope transect, the slight tilt of
the autocorrelation function is consistent with a tendency toward southward propagation of anomalies, as
may be expected in the presence of generally southward flow along the MAB shelf and slope.

We seek an appropriate functional form for the autocorrelation to use in the objective mapping.
Least-squares fitting of a Gaussian function with added noise to the empirical autocorrelation yields tem-
poral and spatial scales of 28 days and 118 km, respectively. The length scale is long because the anomalies
from the mean and seasonal cycle include interannual variability at large spatial scales. To avoid such strong
smoothing, we choose to specify a Gaussian autocovariance function with a time scale of 25 days and a length
scale of 30 km to map anomalies along the slope transect; uncorrelated noise with a noise-to-signal ratio of
2 is added at zero lag to account for small-scale variability in the observations that is not to be resolved by
the objective map. The specified Gaussian covariance function with added noise agrees well with the empir-
ical autocorrelation at zero spatial lag (Figure 6a) while decaying more rapidly as a function of spatial lag
due to the shorter spatial scale chosen (Figure 6c). For the shelf transect, we choose a Gaussian length scale
of 10 km for the autocorrelation. For both transects, the scale inherent to the mapping is somewhat longer
than the scale used to fit the mean and annual cycle since the anomaly maps do not benefit from averaging
across years (see Rudnick et al., 2017).
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Figure 6. Autocorrelation of potential temperature in the upper 100 m along the slope transect. Side (bottom) panel
shows the empirical autocorrelation at zero spatial (temporal) lag in blue and the Gaussian with added noise used for
objective mapping in red.

Objective maps of potential temperature, salinity, potential density, along-shore velocity, and cross-shore
velocity anomalies are produced at each depth level along both the slope and shelf transect. The appropriate
mean and seasonal cycle are then added back to the mapped anomalies to produce low-pass-filtered and
uniformly gridded products. Means and annual cycles are linearly interpolated (or extrapolated near edges
of the sampling domain) to observation and grid locations. The objective mapping formalism provides an
estimate of the error in the map; we mask the maps shown here when the error-to-signal variance ratio
exceeds 0.3. The result of the mapping is fields of variables on a regular grid of 10 m in the vertical by
1 km in the horizontal by 1 day along both the slope and shelf transects. From this low-pass-filtered product,
various analyses can be conducted.

3. Results and Discussion
Here we first examine the means and annual cycles obtained by weighted least-squares fits to the glider
observations during the two years from May 2017 through April 2019 along both the slope and shelf transects
(sections 3.1 and 3.2). We then show examples of the gridded and low-pass-filtered fields for each transect
(section 3.3) before combining the gridded products and direct observations to show that export of MAB
shelf waters near Cape Hatteras primarily occurs during discrete export events (section 3.4.1). A selection
of these events is then examined individually (section 3.4.2).

3.1. Mean
Sustained glider observations during PEACH allow us to produce a unique, spatially resolved, multi-year
mean picture of the circulation at the southern end of the MAB (Figure 7). With observations from only
two full years included, these averages should not be taken to represent the climatological circulation, yet a
number of the expected features are evident in the mean.

The mean along the slope transect (Figure 7, left) captures along-shore convergence and net export from
the shelf. At the southern end of the transect, strong northeastward flow of warm, salty waters is indicative
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Figure 7. Mean fields along the slope transect (left) and shelf transect (right). (a–b) Potential temperature, (c–d) salinity, (e–f) cross-shore velocity, and (g–h)
along-shore velocity. Gray contours are isopycnals with a contour interval of 0.5 kg m−3 and the 26 kg m−3 isopycnal bold. The zero contours of the velocity
components are black in (e–h).

of the Gulf Stream's presence as it separates from the continental margin at Cape Hatteras. North of about
36◦N, cooler, fresher waters of MAB origin occupy the upper 100 m. Below about 150 m (i.e., approximately
the depth of the continental shelf), time-mean water mass properties are nearly horizontally uniform along
the slope transect (Figures 7a and 7c). Mean along-shore flow (Figure 7g) is southward from the northern end
of the slope transect to approximately 36◦N. This latitude may be interpreted as the average endpoint for the
southward flow of the MAB shelfbreak jet along the upper continental slope. Near 500 m, mean southward
flow and water properties are consistent with the uppermost portion of the DWBC, which carries upper
Labrador Sea Water southward (e.g., Andres et al., 2018). Time-mean cross-shore flow (Figure 7e) is directed
offshore everywhere above 200 m, consistent with net convergence over the continental shelf driving export
from the shelf in the vicinity of Cape Hatteras. Though not the focus here, we note the presence of weak
onshore flow at depth (Figure 7e).
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Figure 8. Annual cycles of (a–b) potential temperature, (c–d) salinity, (e–f) potential density, (g–h) cross-shore velocity, and (i–j) along-shore velocity at depths
of (top) 10 m and (bottom) 50 m along the shelf transect. Gray contours are isopycnals with a contour interval of 0.5 kg m−3 and the 26 kg m−3 isopycnal bold.
Color limits are as in Figure 9.

Along the shelf transect near 37◦N (Figure 7, right), the standout features in the time mean are the MAB
shelfbreak front and associated southward shelfbreak jet (Figure 7h), both of which are most prominent
shoreward of the shelf break (approximately the 150-m isobath). The shelfbreak front separates cool, fresh
shelf waters from warmer, saltier waters over the continental slope (Figures 7b and 7d), yet density gradients
across the front are weak with isopycnals in the upper 50 m nearly flat and a seaward increase in density at a
depth of 50 m. Consistent with this, the mean shelfbreak jet is weakly sheared (Figure 7h). The nearly com-
plete compensation of cross-frontal temperature and salinity gradients in the time mean near 37◦N contrasts
with observations (e.g., Gawarkiewicz et al., 2018; Linder & Gawarkiewicz, 1998) and numerical simula-
tions (e.g., Zhang et al., 2011) of the shelfbreak front in the central and northern MAB (and for different
time periods) that show an offshore increase in density. Seaward of the shelfbreak below 200 m, water prop-
erties match those along the slope transect at the same depths. The uppermost DWBC is apparent in the
deepest part of the shelf transect, indicating that the DWBC closely follows the upper continental slope to
this latitude.
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3.2. Annual Cycles
We next highlight key features in the annual cycles obtained from least-squares fits to the glider observa-
tions. It is important to note that these are annual cycles are derived from only two years of observations.
Nevertheless, several key features are worth noting.
3.2.1. Shelf Transect
Temperature along the shelf transect exhibits an annual cycle (Figures 8a and 8b) that generally agrees with
prior studies of seasonality in the Hatteras region and the MAB more broadly. Near the surface, tempera-
tures are coldest at all cross-shelf positions in late winter with the lowest temperatures below 9 ◦C inshore
in mid-March. Near-surface waters are warmest in late summer with the highest temperatures exceeding
24 ◦C offshore in late August (Figure 8a). At a depth of 50 m, near the seafloor over the continental shelf, the
phasing of the annual cycle of temperature is markedly different. Coldest temperatures of about 7.5 ◦C are
found in late July over the shelf and warmest temperatures of over 17 ◦C occur in mid-November (Figure 8b).
The delayed appearance of coldest waters near the seafloor results from southward advection of MAB Cold
Pool waters that are formed in late winter over the MAB shelf south of New England (see Houghton et al.,
1982). At a typical speed of 0.05 m s−1 (Houghton et al., 1982), Cold Pool waters formed 500 km from our
shelf transect would reach the shelf transect in about 115 days. Coldest subsurface waters observed around
year day 206 at the shelf transect (Figure 8b) are consistent with temperature being set in late March or
early April over the northern MAB shelf (e.g., Lentz, 2017). Warmest near-bottom waters over the shelf
occur in fall, presumably as warmer surface waters are mixed downward by storms (e.g., Chen et al., 2018;
Fleming, 2016).

Salinity along the shelf transect also exhibits an annual cycle (Figures 8c and 8d). Near-surface waters are
generally saltiest in mid-winter with the highest salinity (>35.4) at the offshore end of the transect. Freshest
near-surface waters transect-wide occur in mid-summer with minimum salinity (<32.2) near the 100-m
isobath (approximately 74◦39'W). This summertime salinity minimum may be attributable to arrival of the
spring freshet in the region; Castelao et al. (2008) provide evidence of cross-shelf transport of fresh waters
from the Hudson River during the same time of year, suggesting a mechanism by which very fresh waters
could reach the shelf break and then the area sampled by PEACH gliders. At 50 m, waters are saltiest in
winter and freshest in summer (Figure 8d). The minimum salinity of about 33.1 at the inshore end of the
transect occurs in late August, about 1 month after the coldest temperatures are observed (Figure 8b). The
arrival of the freshest near-bottom waters is likely attributable to advection of Cold Pool waters with the delay
relative to minimum temperatures resulting from Cold Pool waters warming as they are advected southward.

Near-surface density along the shelf transect varies by about 5 kg m−3 from its lightest in late summer to
its densest in winter (Figure 8e); the nearly in phase temperature maximum and salinity minimum at 10 m
(Figures 8a and 8c) lead to the summer density minimum. With a magnitude of about 1.8 kg m−3, the annual
cycle in density at 50 m (Figure 8f) is about a third as large as at 10 m. For these annual cycles, cross-shelf
density differences across the shelf break are typically less than 0.25 kg m−3. For comparison, Gawarkiewicz
et al. (2008) report density differences across the shelfbreak front in winter 2005 ranging from 0.179 to 0.271
kg m−3.

Along-shore velocity through the shelf transect showed a prominent annual cycle with peak southward flow
in summer (Figures 8i and 8j). This annual cycle is largely the same at depths of 10 and 50 m, suggesting
that, like the mean along-shore flow (Figure 7h), the annual cycle of along-shelf flow is largely barotropic.
The annual cycle of cross-shore velocity was weak with maximum speeds typically less than 0.05 m s−1

(Figures 8g and 8h).
3.2.2. Slope Transect
Along the slope transect, the annual cycle of temperature (Figures 9a and 9b) is qualitatively similar to that
along the shelf transect (Figures 8a and 8b) with warmest temperatures in mid-to-late summer and coolest
temperatures in late winter; the temporal cycle is superimposed on the along-shelf temperature gradient
of the time mean (Figure 7a) with no notable phase shift along the transect. At 50 m, the annual cycle
shows minimum temperatures of 10 ◦C in mid-to-late July (Figure 9b), approximately in phase with coldest
near-bottom temperatures along the shelf transect (Figure 8b); these Cold Pool waters are evident along the
slope transect as far south as 36◦N. As for the shelf transect, warmest waters at 50 m along the slope transect
are found in fall.

The annual cycle of salinity along the slope transect (Figures 9c and 9d) is much like the annual cycle of
salinity along the shelf transect (Figures 8c and 8d) with a pulse of low salinity (<32.4) water near the surface
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Figure 9. Annual cycles of (a–b) potential temperature, (c–d) salinity, (e–f) potential density, (g–h) cross-shore velocity, and (i–j) along-shore velocity at depths
of (left) 10 m and (right) 50 m along the slope transect. Gray contours are isopycnals with a contour interval of 0.5 kg m−3 and the 26 kg m−3 isopycnal bold.
Color limits are as in Figure 8.
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Figure 10. Low-pass-filtered, gridded fields of (a) potential temperature, (b) salinity, (c) potential density, (d) cross-shore velocity, and (e) along-shore velocity
at a depth of 10 m along the slope transect are shown as contoured fields. The 34.5 isohaline is drawn in black in all panels. Gray lines show the trajectories of
gliders as functions of latitude and time along the slope transect. Colored dots represent the underlying observations that were mapped; where dots are not
visible along the gray trajectories, the gridded fields match the observations particularly closely. Root-mean-square differences between the original
observations and the gridded product are given in the lower right of each panel.

in summer (Figure 9c) and a summer salinity minimum at 50 m (minimum of about 33.6 at 36◦36'N in
mid-September; Figure 9d).

The magnitude of the annual cycle of density at 10 m along the slope transect decreases from about 5 kg m−3

at the northern end of the transect to about 3 kg m−3 at the southern end of the transect in the vicinity of the
Gulf Stream (Figure 9e). The larger annual cycle at the northern end of the transect leads to a reversal of the
along-shelf density gradient from winter to summer. At 50 m, the annual cycle of density (Figure 9f) largely
parallels that of temperature (Figure 9b) with minimum densities in summer occurring slightly earlier than
maximum temperatures due to the timing of the salinity minimum at 50 m (Figure 9d).

An annual cycle is apparent in both cross-shore and along-shore velocity along the slope transect
(Figures 9g–9j). Between about 36◦15'N and the northern edge of the Gulf Stream near 35◦45'N, cross-shore
velocity becomes more strongly offshore from late winter through summer (Figures 9g and 9h). During the
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Figure 11. (a–f) Time series of (left) potential temperature, (center) salinity, and (right) in situ density 𝜌 at (a–c) 36◦54'N, 74◦45'W along the shelf transect and
(d–f) at 36◦45'N, 74◦34'W along the slope transect from the gridded products. Gray contours are isopycnals with a contour interval of 1 kg m−3 and the 26 kg
m−3 isopycnal bold. (g–i) Time series of differences between the slope and shelf of (g) potential temperature, (h) salinity, and (i) in situ density with potential
temperature and salinity difference scaled to reflect their influence on in situ density differences.

same portion of the year, the latitude at which the along-shore velocity changes sign shifts northward from
about 35◦45'N to about 36◦15'N (Figures 9i and 9j). Taken together with the amplification of along-shore
flow at the shelf transect during summer and fall (Figures 8i and 8j), a picture emerges of a spring-summer
tendency toward increased along-shore flow into the Hatteras region that feeds increased offshore transport.

3.3. Low-Pass-Filtered, Gridded Product
The fundamental output resulting from the mapping procedure described in section 2.4 is a set of fields grid-
ded in time and along-transect distance at each depth. As an example, consider the properties at a depth of
10 m along the slope transect (Figure 10). The mapping allows us to fill in the spatial and temporal gaps
between the irregularly spaced observations (colored dots in Figure 10) while applying a low-pass filter
in space and time. Differences between the mapped fields and the observations, as represented by the
root-mean-square difference (ΔRMS in Figure 10), are typically about 10% of the range of values for a par-
ticular variable. These mismatches largely result from the low-pass-filtered product not capturing observed
variability at spatial and temporal scales smaller than the 30-km and 25-day scales built into the covariance
function (Figure 6) used to produce the maps. The error field associated with the objective maps allows
masking of the gridded product where observations are sparse; the variable extent of successive transects
leads to irregular borders of the mapped product.

The gridded products for the slope and shelf transects are three-dimensional (along-transect, depth, and
time), and so can be displayed in a variety of ways. For instance, although the gliders did not collect time
series at fixed locations along the transects, we can extract low-pass-filtered time series at specific loca-
tions from the gridded products. Figures 11a–11f present time series extracted from the gridded products
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Figure 12. (a) Time series of transport of MAB shelf waters with salinity less than 34.5 through the slope transect.
Circles are from individual glider transects with open circles at zero transport when no waters with salinities less than
34.5 were observed along a transect. Stars indicate transects shown in Figures 3, 14, and 15. The solid line is from the
gridded, low-pass-filtered product with the mean and standard deviation indicated by the dashed line and shading,
respectively. The vertical bar indicates the root-mean-square mismatch between the values from individual transects
and the gridded product at the same times. (b) As in (a) for transport through the shelf transect with the addition of a
thin line representing transport of waters of all salinities through the transect. Dashed vertical lines in each panel
denote the times of closest approach for hurricanes in 2017 and 2018 based on ATCFS data.

at 36◦54'N, 74◦45'W along the shelf transect and at 36◦45'N, 74◦34'W along the slope transect, respectively;
these locations were chosen to maximize cross-shelf separation at similar along-shelf positions while being
well sampled. Gaps in the time series result at times when spacing between glider occupations of the tran-
sects were long compared to the 25-day time scale of the mapping routine. Movie S1 supporting information
showing the time-evolving hydrography and circulation along the slope and shelf transects is available in
the online supporting information.

3.4. Export of MAB Shelf Waters Near Cape Hatteras
We now focus on the variability in export of MAB shelf waters during the PEACH observation period. We
will define MAB shelf waters as all waters having salinities less than 34.5. This choice of isohaline is consis-
tent with various prior studies; for instance, Linder and Gawarkiewicz (1998) show that it characterizes the
center of the MAB shelfbreak front. In section 3.4.1, we first consider the temporal evolution of MAB shelf
water export during the full analysis period, showing that the export is largely event-driven. We then focus
on several outstanding events during the period in section 3.4.2.
3.4.1. Temporal Variability
We quantify the export of MAB shelf waters across the slope transect using both the individual transects
and the gridded product (Figure 12a). Transport of shelf waters across an individual glider transect or at a
particular time in the gridded product is defined as

TODD 16 of 25



Journal of Geophysical Research: Oceans 10.1029/2019JC016006

TMAB =
∑

i

∑

𝑗

v⟂,i𝑗H(S0 − Si𝑗)Δx𝑗Δzi, (1)

where v⟂,ij is the flow locally perpendicular to the transect (positive offshore), H is the Heaviside function,
S0 = 34.5, Sij is local salinity, Δxj is the distance covered during each glider dive or the 1-km grid spacing,
and Δzi = 10 m is the vertical bin size. Estimates of transport from both the individual transects and the
gridded product are influenced by variable horizontal integration limits resulting from the glider sampling
being determined by both Gulf Stream position and operational constraints (Figure 1c). Only transports
through individual glider transects that covered at least the latitudes 35◦50'N to 36◦41'N are used. Transports
estimated from the gridded product use only portions of the transect for which the ratio of mapping error
to signal is less than 0.3 (see variable edges in Figure 10). Transports through individual glider transects
(Figure 12a, discrete symbols) are akin to averages over the time required to occupy each transect and are
somewhat irregularly spaced in time. The gridded product allows for estimation of a time series of MAB
shelf water transport through the slope transect (Figure 12a, solid line), from which we compute a mean
and standard deviation. MAB shelf water export estimated from the gridded product misses the extremes in
export due to the low-pass filtering but generally agrees well with transport estimated from individual glider
transects (RMS difference <0.5 Sv, Figure 12a).

During the April 2017–May 2019 period, the transport of MAB waters across the slope transect averaged
0.3 Sv; the standard deviation of MAB shelf water transport was also 0.3 Sv (Figure 12a, horizontal dashed
line and shading). Given the large variability relative to the mean and an integral time scale not shorter
than the 25-day scale built into the objective mapping, which yields not more than 30 degrees of freedom,
we report the mean and standard deviation with only a single significant digit. For comparison, Savidge
and Bane (2001) inferred cross-shore transport of all water types of 0.24 ± 0.19 Sv (mean±standard devia-
tion) over a narrower latitude range from measurements of alongshelf convergence, while typical shelfbreak
jet transports are 0.2–0.3 Sv (Linder & Gawarkiewicz, 1998) and equatorward transport over the shelf and
inshore of the shelfbreak jet is typically ∼ 0.1 Sv in the southern MAB (Lentz, 2008; Savidge & Bane, 2001).
Mean export of MAB shelf waters through the PEACH slope transect accounts for most, though not all,
of the equatorward transport into the region as estimated previously. In addition to temporal mismatches
between estimates, the lower export through the PEACH slope transects is indicative of additional export
across the shelf break farther north (e.g., Cenedese et al., 2013; Chen et al., 2014; Churchill & Cornillon,
1991; Gawarkiewicz & Linder, 2006; Todd et al., 2013).

Export of MAB shelf waters near Cape Hatteras is dominated by large export events (Figure 12a) rather
than quasi-steady export. Based on the time series of MAB shelf water export from the gridded product
(Figure 12a, solid line), nearly 50% of MAB shelf water export in the region occurred during the 17% of the
time when the shelf water transport exceeded the mean by at least one standard deviation (i.e., transport
greater than 0.6 Sv). Large export of MAB shelf water across the slope transect occurred primarily during the
late spring and summer of both 2017 and 2018, consistent with the annual cycles of along- and cross-shore
flow discussed above. This result contrasts with the climatological model results of Fleming (2016) that
suggest greatest export in December as well as the results from moored observations by Savidge and Bane
(2001) that find a semiannual periodicity to export inferred from along-shelf convergence. Whether these
differences are due to differing time periods of analysis or differing methods is unclear. Cross-shore transport
of MAB waters during individual events exceeded 1 Sv on several occasions (Figure 12a, symbols), including
two export events that were associated with the passage of hurricanes Jose and Maria (2017) and Florence
(2018) through the Hatteras region (Figure 12a, vertical lines). Hurricane Chris (2018) was not associated
with an export event (Figure 12a). At other times, cross-shore transport of MAB shelf waters is near zero;
the winter of 2017–2018 is a particularly stark example when multiple occupations of the slope transect
included no waters fresher than 34.5 (Figure 12a, open circles). We examine some of these events in more
detail in section 3.4.2.

Examination of along-shore transport through the shelf transect near 37◦N (Figure 12b) sheds some light
on the variability in cross-shore transport through the slope transect (Figure 12a). We compute transport
through the shelf transect as in equation (1), limiting the integration to the portion of the transect between
longitudes 74◦45'W and 74◦36'W due to observation coverage (Figure 1d). Though the slope and shelf tran-
sects do not bound a closed control volume, the presence of the coastal boundary to the west, Diamond
Shoals to the south, and typically poleward flow over the shelf and slope south of Cape Hatteras suggests
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that southward flow into the region through the shelf transect should predominantly exit the region through
the slope transect. On average, 0.07 Sv of MAB shelf water flowed southward through the shelf transect; like
the cross-shore transport through the slope transect, the standard deviation of MAB water transport through
the shelf transect was comparable to the mean (Figure 12b, horizontal dashed line and shading). For com-
parison, Lentz (2008) estimates transport of all waters shoreward of the shelf break to decrease from 0.16 Sv
near 38◦N to 0.09 Sv near 36◦15'N.

Despite the southward mean transport, northward transport of MAB shelf waters through the shelf transect
occurs nearly 20% of the time (Figure 12b, thick line). These flow reversals are at least in part attributable to
changes in sign of the cross-shore density gradient in the region (Figure 11i), which we estimate by differ-
encing time series from the mapped products near the northern end of the slope transect (Figure 11f) and
from near the inshore edge of the shelf transect (Figure 11c). Vertically averaged over the upper 60 m of the
water column, the time series of density gradient has a zero-lag correlation of −0.33 with the transport of
all waters through the shelf transect (Figure 12b, thin line). This correlation is significant at the 95% level
if the ratio of the record length to the 25-day time scale used for mapping is used to determine 27 degrees
of freedom in the estimate; however, the significance level is reduced to 84% if the number of degrees of
freedom is more conservatively taken to be 11 based on the number of local minima in the time series of
MAB shelf water transport through the shelf transect. Unlike in the northern and central MAB, where the
mean density increases offshore (e.g., Gawarkiewicz et al., 2018, their Figure 2), the shelfbreak front near
37◦N is typically density compensated with a mean cross-frontal density difference averaged over the upper
60 m of 0.01 kg m−3. When scaled by the thermal expansion and saline contraction coefficients, the offshore
temperature and salinity increases across the front largely compensate (Figures 11g and 11h), resulting in
isopycnals that are nearly level in the cross-shore direction (e.g., Figures 3 and 7).

Large MAB shelf water export events tend to be associated with pulses of southward flow through the shelf
transect, while northward flow through the shelf transect is associated with little or no export of MAB shelf
water through the slope transect (Figure 12). The zero-lag correlation between transport of MAB shelf waters
through the slope transect (Figure 12a, heavy line) and transport of those waters through the shelf transect
(Figure 12b, heavy line) is −0.41. This correlation is significant at the 98% level if 27 degrees of freedom
are assumed and is significant at the 89% level if 11 degrees of freedom are assumed. Correlation between
southward flow over the shelf and export across the shelf break is consistent with continuity applied to a
control volume with flow only through northern and eastern boundaries defined by the shelf and slope
transects, respectively.

Much of the mismatch in both the mean and variability of MAB water transport through the shelf and slope
transects may be attributed to the export of MAB shelf waters that enter the Hatteras region shoreward of
the well-observed portion of the shelf transect (approximately the 75-m isobath). For instance, Churchill
and Gawarkiewicz (2012) show evidence from moored observations during winter-spring 1996 that waters
with salinities less than 32 entered the Hatteras region shoreward of the 30-m isobath at 36◦40'N and were
subsequently exported across the shelf break near 35◦30'N; such flow would be missed by our glider sampling
along the shelf transect but would be captured along the slope transect. Perhaps relatedly, salinities averaged
over the 5–15 m depth range along the slope transect between 35◦45'N and 36◦N (i.e., near the Gulf Stream)
were less than the minimum value of 30.76 observed along the shelf transect on three occasions (26 May
2017, 12 to 16 September 2018, and 13 April 2019) with the lowest value being 29.96 in April 2019. Salinities
elsewhere along the slope transect were never less than the minimum observed along the shelf transect.
3.4.2. Example Events
Having established that export of MAB waters from the continental shelf near Cape Hatteras is largely
event-driven, we now consider several distinct events that were captured by the sustained glider sampling
during PEACH. These events are chosen both because they represent extrema in the rates of MAB shelf
water export and to highlight the diversity of export events in this dynamic region.
3.4.2.1. Hurricane-Driven Export (Fall 2017)
In September 2017, hurricanes Jose and Maria passed by the Hatteras region. Jose passed closest to the
PEACH region on 19 September; Maria followed on 27 September. As noted above, the passage of these
storms was associated with large export of MAB shelf water (Figure 12a). For the south-to-north glider occu-
pation of the slope transect during 25 September to 2 October, offshore transport of MAB shelf waters was 1.7
Sv, the second largest of all estimates from individual glider transects. Time series of winds from NDBC buoys
on the MAB shelf from south of Cape Hatteras to near Hudson Canyon (Figure 13) show that both storms
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Figure 13. Winds during 15 September to 15 October 2017 as measured at three NDBC buoys over the outer
continental shelf. (a) Buoy 44066 near Hudson Canyon, (b) buoy 44014 off Virginia Beach, and (c) buoy 41025 at
Diamond Shoals. Hourly vectors (blue) show the direction toward which the wind was blowing; wind speed is shown
in red. Dashed vertical lines indicate the times of closest approach of hurricanes Jose and Maria to the PEACH glider
transect offshore of Oregon Inlet, NC (approximately 35◦50'N).

caused sustained southward (roughly along-shore) winds over most of the MAB for several days each with
only a short break between storms. A sequence of SST images following passage of Jose (Figures 14a–14d)
shows cool shelf waters being exported near Cape Hatteras and subsequent entrainment of those waters in
the northeastward flow of the much warmer Gulf Stream. Glider observations collected just after Jose's pas-
sage and during Maria's passage (Figures 14e–14g) show that shelf waters fresher than 34.5 occupied most
of the slope transect above about 120 m and north of about 35◦40'N. These shelf waters abutted the north-
ern edge of the Gulf Stream, consistent with SST imagery, with little shelf water found beneath the warmer
saltier Gulf Stream south of 35◦40'N. It seems likely that this large export of MAB shelf water in fall 2017 was
a consequence of sustained along-shore winds from Hurricane Jose, which stalled offshore of the northern
MAB after passing Cape Hatteras (see Todd et al., 2018), and Maria driving strong southward flow over the
MAB shelf (Figure 12b).
3.4.2.2. Cold Pool Export (Late Spring 2018)
The largest export of MAB shelf water recorded during the 2-year PEACH glider campaign occurred in June
2018 (Figure 12a). The rate of shelf water export during a south-to-north glider transect reached 3.6 Sv and
transport estimated from the gridded product exceeded 1.4 Sv. Unlike the storm-driven export in summer
2017, export during this event was primarily due to MAB Cold Pool waters being entrained beneath the
northern edge of the Gulf Stream and rapidly carried offshore (Figure 15). In early June, Cold Pool waters,
identifiable as a vertical minimum in temperature with salinity less than 34.5, occupied most of the water col-
umn on the outer continental shelf, and an unusually strong shelfbreak jet carried both water and the glider
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Figure 14. Export of MAB shelf water near Cape Hatteras in fall 2017 that was associated with passage of hurricanes Jose and Maria. (a–d) Sequence of SST
images for the region showing progression of cooler MAB shelf waters offshore along the northern edge of the warmer Gulf Stream. (e–g) Observations of
(e) potential temperature, (f) salinity, and (g) cross-track velocity in the upper 300 m from a south-to-north occupation of the slope transect during 25
September to 2 October 2017; the track of the glider is shown in (d). Gray contours are isopycnals, and the black contour is the 34.5 isohaline as in Figure 3.
Transport of MAB water for this transect is shown with a star in Figure 12a.

southward (Figures 15a, 15b, and 15d). Cold Pool waters were then observed to be moving southeastward
over the upper continental slope from 36◦23'N to the edge of the Gulf Stream during 5–9 June (Figures 15f,
15h, and 15j). As the glider worked its way out of the Gulf Stream and back to the northern end of the slope
transect during 10–19 June (Figure 15a), Cold Pool waters had subducted beneath the northern edge of the
Gulf Stream and accelerated rapidly to the northeast (Figures 15g, 15i, and 15k). Subsequent reoccupation
of the shelf transect during 20–22 June showed a less prominent Cold Pool and more typical current veloci-
ties, suggesting the end of this export event. Further investigation using other PEACH observing assets and
numerical simulations is needed to identify the dynamics underlying this event. The subsuface nature of
the export event made it undetectable by satellite or land-based remote sensing, highlighting the need for
in situ observations to observe shelf water export.
3.4.2.3. Cessation of Export (Winter 2017–2018)
From early December 2017 through early March of 2018, transport of MAB shelf water through the slope
transect essentially ceased (Figure 12a). Of 11 occupations of the slope transect between 6 December and
5 March, only two transects exhibited shelf water transport greater than 0.01 Sv; no MAB shelf water (salin-
ity less than 34.5) was observed on seven slope transects during that time (Figure 12a, open circles). Given
the multi-month duration of the near-cessation of MAB water export at the southern end of the MAB, we
characterize the unusual hydrography and circulation by temporally averaging the gridded products along
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Figure 15. Entrainment of cool, fresh MAB Cold Pool waters beneath the warmer, saltier Gulf Stream. (a) Locations of
sampling during 3–19 June 2018 with shelf transects in shades of blue and slope transects in shades of red. Dates and
direction of glider motion for each transect are given in panels (b), (c), (f), and (g). Bathymetry is as in Figure 1b. (b–e)
Potential temperature (b, c) and along-shore velocity (d, e) from occupations of the shelf transect during 3–4 June (b, d)
and 20–22 June (c,e). (f–k) Potential temperature (f, g), cross-track velocity (h, i), and along-track velocity (j, k) from
back-to-back occupations of the slope transect during 5–9 June (f, h, j) and 10–19 June (g, i, k). Cross-track velocities
are positive offshore and used for transport calculations; along-track velocities are positive northward. In (b–k), gray
contours are isopycnals, and the black contour is the 34.5 isohaline as in Figure 3. Transport of MAB water through the
slope transect during 10–19 June is shown with a star in Figure 12a.

the slope and shelf transects during the period 1 December 2017 to 1 March 2018 (Figure 16). Compared
to the two-year means along the transects (Figure 7), waters above about 100 m along the slope and shelf
transects were markedly saltier (Figures 16c and 16d), cross-shore flow along the slope was much weaker
north of the Gulf Stream (Figure 16e), and the flow along the shelf break near 37◦N was strongly northward
instead of southward (Figure 16h). SST images from the time period (e.g., Figure 17) indicate the presence
of a filament of warm waters extending northward along the outer continental shelf and upper continental
slope from the northern edge of the Gulf Stream near 35◦40'N to nearly 38◦N. This filament was composed
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Figure 16. Time-averages of (a) potential temperature, (b) salinity, (c) cross-shore velocity, and (d) along-shore velocity
during the period 1 December 2017 to 1 March 2018 when export of MAB waters largely ceased. Color limits are as in
Figure 7 for comparison of this anomalous period to the two-year mean.

of waters that were less dense than adjacent shelf waters, so the resulting downward slope of isopycnals
from shelf to deep water (Figure 16, right panels) supported northward geostrophic flow along the outer
continental shelf (Figure 16h). Transport through the shelf transect was northward during most of the time
period, except for a brief period in late January, and was predominately composed of waters saltier than 34.5
(Figure 12b). Though this was the only period during PEACH with such extensive intrusion of warm, salty
waters along the outer shelf and upper slope (Figure 10), we note that Churchill and Cornillon (1991) docu-
mented several similar instances of Gulf Stream intrusions. They suggest that the density contrast between
the Gulf Stream waters and adjacent slope waters to the northeast drives seaward transport of shelf waters
at the northern extent of the Gulf Stream intrusion. If that was the case in the winter of 2017–2018, then we
may expect that MAB shelf water was exported north of 38◦N, well beyond the range of PEACH observations.

4. Summary
For more than two years, autonomous underwater gliders collected sustained, high-resolution measure-
ments along the upper continental slope and across the outer continental shelf to the north of the Gulf
Stream's separation point at Cape Hatteras (Figure 1). These observations are novel in the Hatteras region
because of their combined horizontal resolution, spatial extent, and temporal duration, which allow them
to capture the mean and variability of exchange between the continental shelf and deep ocean. Sustained
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Figure 17. Sea surface temperature images from (a) 22 December 2017 and (b) 18 January 2018 during the period
when export of MAB waters largely ceased. The nominal glider sampling track (green) and 200-m isobath (gray) are
shown for reference.

glider operations during PEACH are a further demonstration of the central role of gliders in the ongoing
development of observing networks for oceanic boundary current systems (Todd et al., 2019).

We estimate the time-mean and annual cycles of temperature, salinity, density, and horizontal velocity along
two transects using least squares (Figures 7–9) and then objectively map anomalies from those fits to pro-
duce regularly gridded, low-pass-filtered products based on the glider observations (Figures 10 and 11).
Though constructed from only two years of observations, the mean and annual cycles capture key features
of the hydrography and circulation along the outer continental shelf and upper continental slope north of
Cape Hatteras. Of particular note are the mean seaward flow (Figure 7e) and mean alongshore convergence
(Figure 7g) measured along the slope transect, the phase lag between subsurface and surface temperature
maxima due to advection of the MAB Cold Pool into the region (Figures 8a, 8b, 9a, and 9b), and arrival of
the spring freshet in the northeastern portion of the survey region by mid-summer (Figures 8c and 9c). The
low-pass-filtered and gridded fields along the shelf and slope transects (Figures 10 and 11 and Movie S1)
capture variability at timescales longer than 25 days and spatial scales larger than 30 km in the along-shore
direction and 10 km in the cross-shore direction and can be sampled at arbitrary locations and times for
various analyses.

Combining observations along individual glider transects and the gridded products, we demonstrate that
export of MAB shelf waters across the continental shelf break near Cape Hatteras is largely event-driven
(Figure 12a). Time mean transport of MAB shelf waters with salinities less than 34.5 across the slope tran-
sect was 0.3 Sv, but half of the total export during more than two years of PEACH sampling occurred during
the 17% of the time when MAB shelf water transport exceeded the mean by more than one standard devi-
ation (i.e., transport exceeding 0.6 Sv). These export events preferentially occurred during late spring and
summer when equatorward flow into the region was strongest (Figure 8). MAB shelf water export was min-
imal during both winters sampled (Figure 12a). Export of MAB shelf water across the slope transect was
correlated with along-shore transport through the shelf transect, which was itself somewhat correlated with
the cross-shore density gradient across the outer continental shelf and slope. It follows that fluctuations in
MAB shelf water export are at least in part driven by changes in the properties across the MAB shelfbreak
front and resulting changes in along-shore geostrophic flow into the Hatteras region. The shelfbreak front
itself is, on average, nearly density compensated near 37◦N (Figure 11i), so reversals of alongshore flow are
common (Figure 12b).

We examine three particular time periods to demonstrate the variety of scenarios related to MAB shelf water
export in the Hatteras region. In September and October 2017, persistent, strong, along-shore winds over the
MAB that were associated with hurricanes Jose and Maria (Figure 13) drove MAB shelf waters southward
and then offshore near the surface and adjacent to the northern edge of the Gulf Stream (Figure 14). In
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contrast, the largest export of MAB shelf waters observed by gliders during PEACH occurred during June
2018 when MAB waters were exported beneath the northern edge of the Gulf Stream (Figure 15); the reason
for this large, subsurface export is not yet clear. During winter 2017–2018, export of MAB shelf waters south
of 37◦N essentially ceased (Figure 12a). During this time, a filament of warmer, saltier, and lighter waters
from the Gulf Stream occupied the upper continental slope (Figures 16 and 17), reversing the cross-shore
density gradients and driving poleward flow along the outer continental shelf.

Our focus here has been the observations of hydrography, circulation, and MAB shelf water export collected
by Spray gliders surveying the upper continental slope and outer continental shelf during PEACH. There
were, however, a variety of complementary observing tools deployed during PEACH, and realistic numerical
simulations are underway for the PEACH region. Future analyses should combine the full suite of PEACH
observations and numerical simulations to diagnose the dynamics of shelf-deep ocean exchange near Cape
Hatteras. Building on the analyses presented here, future analyses should focus on determining how vari-
able wind forcing, Gulf Stream variability, and seasonal changes in hydrography combine to produce the
event-driven export of MAB shelf waters in the Hatteras region.
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