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Variability in along-shelf and cross-shelf circulation in the South Atlantic Bight (SAB) is investigated using
altimetry observations. Satellite-derived along-shelf velocity anomalies are in good agreement with independent
near-surface current measurements from moored acoustic Doppler current proﬁlers and surface velocities from
high frequency radar at adjacent locations. This is especially true if wind-driven Ekman velocities are added to
the geostrophic velocities, suggesting that the inﬂuence of Ekman dynamics to surface along-shelf ﬂow in the
SAB is unusually large. The decade-long time series reveals substantial seasonal variability in surface velocities,
with peak poleward anomalies during late spring and summer and strong equatorward ﬂow during autumn.
Convergences and divergences in the along-shelf transport between two cross-sections are compared with threedimensional numerical model results and used to estimate cross-shelf transport across the 50 m isobath in the
SAB. The calculation suggests a pattern of weak oﬀshore ﬂow during spring followed by prolonged and relatively
stronger oﬀshore ﬂow during summer and early autumn, while cross-shelf velocity anomalies during winter are
weak and slightly onshore. Prolonged oﬀshore ﬂow following the peak in river discharge that generally occurs in
spring indicates the potential for the establishment of a conduit for oﬀshore export of riverine material. The
long-term time series also reveals several large events of interannual variability, including the 2003 cold event
observed in the SAB.

1. Introduction
Oﬀ the U.S. Southeast Coast, the South Atlantic Bight (SAB) is
characterized by a wide continental shelf bounded between the coastline and the 60 m isobath, varying in width from a minimum of 30 km
oﬀ Cape Hatteras to a maximum of 120 km oﬀ the Georgia coast and
then narrowing again oﬀ the Florida coast to 50 km (Atkinson et al.,
1983). The Gulf Stream is found immediately adjacent to the continental shelf. Along the coast, nine major rivers deliver freshwater to
the continental shelf with an annual mean of 2000 m3s−1, peaking in
spring (Blanton and Atkinson, 1983). With respect to dynamics, the
SAB shelf is thought to be strongly inﬂuenced by buoyancy input on the
inner shelf, by wind forcing on the mid-shelf, and by the Gulf Stream
on the outer shelf (Blanton, 1981; Lee and Atkinson, 1983; Lee et al.,
1991).
Long-term in situ measurements (especially of velocity) are relatively sparse in the SAB, despite several ﬁeld programs over the last
decades (e.g., GABEX (Lee and Atkinson, 1983), GALE (Blanton et al.,
1987), FLEX (Werner et al., 1993) and CORE (Lee et al., 1989)). Using
⁎

drift-bottle and moored current meter observation, Bumpus (1973);
Weber and Blanton (1980) and Atkinson et al. (1983) suggested that
surface ﬂow generally follows the seasonal wind regime in the SAB
region, which is strong poleward during summer, equatorward in fall,
and oﬀshore in winter. Along-shelf volume transport has been estimated during several ﬁeld programs using current meter data from
moorings or ship-based transects. Using year-long mooring observations oﬀ St. Augustine, FL, Lee et al. (1985) showed that the typical
instantaneous along-shelf volume transport is 0.3–0.4 Sv
(1 Sv=106 m3s−1), reaching a maximum of 0.85 Sv between the 15 m
and 70 m isobaths during an intense event in early March.
Cross-shelf transport plays an important role in shelf circulation,
helping control the fate of freshwater delivered by rivers (and as such
inﬂuencing salinity variability and density gradients over the shelf),
exporting river-borne contaminants, nutrients and carbon, ﬂushing
inshore water and thus ultimately inﬂuencing shelf-slope exchange.
Since cross-shelf velocities are at least one order of magnitude smaller
than along-shelf velocities and are highly variable along the continental
shelf, quantifying cross-shelf volume transport is very challenging. This
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is especially true for the SAB, where the availability of observations is
relatively small. The characteristics and mechanisms controlling crossshelf transport over the SAB shelf have therefore been severely understudied. Using wind-driven model solutions, Blanton et al. (2003)
estimated that the surface ﬂow is onshore during January and oﬀshore
during July along the 70 m isobath. Seim et al. (2008) used pointmeasurements from two moorings oﬀ Georgia spanning four years
(2000–2003) to show that, at those two locations, net ﬂow was oﬀshore
during summer. During fall and winter, the net cross-shelf ﬂow at those
two locations was found to be small, characterized by onshore ﬂow in
the upper half of the water column and by oﬀshore ﬂow in the lower
half (Seim et al., 2008).
Although sampling frequency and coverage have improved substantially over the last decade or so (e.g., South Atlantic Bight Synoptic
Oﬀshore Observational Network - SABSOON, Seim (2000); Southeast
Coastal Ocean Observing Regional Association - SECOORA), with
multiple buoys, moorings and high-frequency (HF) radar systems
collecting observations of wind, temperature, salinity and velocity,
the SAB region remains under sampled compared to other coastal
regions in the United States (e.g., California Current System, Middle
Atlantic Bight). As such, long-term satellite altimetry provides a great
opportunity to investigate variability in shelf circulation using sea
surface height (SSH) information. Altimeter-derived SSH has been
successfully used in various investigations of long-term characteristics
of coastal near-surface geostrophic currents over the last few years
(Han, 2007; Vignudelli et al., 2005). Comparisons with in situ acoustic
Doppler current proﬁler (ADCP) and/or high frequency radar measurements demonstrated that altimeter-derived surface velocities are
capable of representing near-surface currents in coastal systems
(Strub and James, 2000; Powell and Leben, 2004; Vignudelli et al.,
2005), especially when improved post-processing algorithms or retrack techniques that allow for along-track SSH data to be obtained
much closer to the coast (Han et al., 1993, 2002; Han, 2004; Vignudelli
et al., 2005). While many of those eﬀorts were focused on narrow
continental shelves, Liu et al. (2012) and Strub et al. (2015) recently
showed that similar approaches can be successfully adopted over wide
continental shelves. Here, we use 12 years of continuous altimeter data
to investigate variability in along-shelf circulation and to obtain, in
combination with model results, a measure of non-local cross-shelf
exchange in the SAB region for the ﬁrst time. The geometry of ground
tracks in the SAB (Fig. 1) allows for estimating cross-shelf transport by
computing the diﬀerence in along-shelf transports between two cross
sections. Limitations of the calculation and possible implications of the
assumptions used here are also discussed.
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Fig. 1. South Atlantic Bight region showing altimeter ground tracks of Jason1 and
Jason2 phase A. Tracks with valid data are shown by blue dots, with the ﬁrst valid point
near the coast indicated by blue circles. The 20, 40, 50, 200, 600, 1000, 3000 m isobaths
are shown in gray, with the thick gray line indicating the 50 m isobath. NDBC buoys with
buoy numbers are shown by cyan squares. HF radar coverage is shown by orange arcs,
while the area used in the present study is indicated using magenta lines. Four major
rivers located between Charleston (CH), South Carolina and St. Augustine (SA), Florida
are shown by the brown lines along the coast, with the cross markers indicating the USGS
stream site location. SAV: Savannah River; OGE: Ogeechee River; ALT: Altamaha River;
SAT: Satilla River. The mean Gulf Stream position during 2002–2013, averaged over 1
latitudinal bins, is indicated by the red thick line. Locations of tide gauges are shown by
the green triangles. FE: Fernandina Beach.

settings (Birol et al., 2010; Le Hénaﬀ et al., 2011; Liu et al., 2012; Strub
et al., 2015). Comparisons between sea level anomalies in the SAB
between RADS 1 Hz and X-TRACK 1 Hz data show that they are highly
correlated to each other. The standard corrections used (e.g.,
instrument eﬀects, orbit errors, dry and wet tropospheric eﬀects,
ionospheric eﬀects, sea state bias, tides), as well as detailed altimeter
data pre-processing and database content, are described in Scharroo
et al. (2013).
Two descending (P254 and P178) and one ascending (P167)
satellite ground tracks were used in the present analysis (Fig. 1). The
angle between the along-shelf direction, obtained by ﬁtting a straight
line through a 100 km section of coastline centered at Charleston, and
the direction across track P254 is small (3°). Therefore, we consider the
along-shelf and the cross-track directions for P254 as equivalent in this
paper. The other descending ground track (P178) is almost parallel to
the coast to the south of Fernandina Beach. The ascending ground
track P167 provides additional information to the cross over descending tracks.
A single time series from January 2002 to December 2013 was
constructed from J1 and J2 time series at each spatial location along
each altimeter track. The average diﬀerence between J2 and J1 time
series estimated during the period when both satellites ﬂew in the same
orbits with 1 min lag (15 July 2008–19 January 2009; 0.64 cm) was
added to the J2 time series. During the period when the two satellites
ﬂew in the same orbit, J1 SSH data were always used. Finally, the 12year temporal mean (estimated between January 2002 to December
2013) at each location was removed to obtain the full sea level anomaly
(SLA) time series. SLA data that exceeded three sample standard
deviations at each location were eliminated. The low-frequency component of the SLA time series, which captures seasonal and interannual
variability, was calculated by applying a 120-d low-pass ﬁlter to the full
SLA data.

2. Data and methods
2.1. Satellite altimetry
The altimetry data used here were processed and distributed by
Radar Altimeter Database System (RADS: http://rads.tudelft.nl/). The
sea level data for Jason-1 (J1: 2002–2008) and Jason-2 (J2: 2008–
2013) missions provide a 12-year long-time series with 9.9156-day
exact repeat. Data from the predecessor TOPEX/Poseidon (T/P)
mission were not used in the present study because of the relatively
larger cutoﬀ close to the coast due to the use of a radiometer with larger
footprint, which results in a wider band near the coast where
observations are not available [Remko Scharroo, personal
communication]. The percentage of missing data inshore of 50 km
from the coast increases from approximately 10% during J1 and J2
period to about 50% in T/P mission. RADS is based on the use of 1 Hz
estimates of sea surface height (SSH), corresponding to a 6 km alongtrack resolution. Several previous studies have successfully used 1 Hz
or higher frequency along-track observations (e.g., RADS; X-TRACK,
produced by Center de Topographie des Océans et de l′Hydrosphére
(CTOH) at 1 Hz or 10 Hz) to investigate circulation in multiple coastal
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to the altimeter track inshore of the 50 m isobath (vCT) was computed
as:

Table 1
Inventory of data used in this study.
Name

Instrument

Lat (°N)

Lon (°W)

Duration

Note†

CH
FE
SA
CH
GR

TG
TG
TG
ADCP
ADCP

32.782
30.680
29.850
32.800
31.400

79.925
81.470
81.267
79.620
80.868

Jan 2002–Dec 2013
Jan 2002–Dec 2013
Jan 2002–Dec 2013
Mar 2007–Feb 2009
Sep 2005–Sep 2006
Jul 2009–Feb 2012

0.81
0.85
0.8
2/10
2/20

HF
CH
CH OFF
SA
SAV
OGE
ALT
SAT

HF radar
Anemometer
Anemometer
Anemometer
River gauge
River gauge
River gauge
River gauge

30.680
32.800
32.500
31.400
32.530
32.190
31.650
31.220

81.470
79.620
79.099
80.868
81.270
81.420
81.830
81.870

May 2008–May 2013
Jan 2002–Dec 2013
Jan 2002–Dec 2013
Jan 2002–Dec 2013
Jan 2002–Dec 2013
Jan 2002–Dec 2013
Jan 2002–Dec 2013
Jan 2002–Dec 2013

–
3m
5m
5m
–
–
–
–

vCT (t ) =

(2)

where f is the Coriolis parameter, g is the gravitational acceleration and
θ is the slope from the 12-point linear regression ﬁt to the SLA data.
Cross-track geostrophic velocity anomalies that exceeded three sample
standard deviations were eliminated. It is worth noting that this
calculation yields geostrophic velocity anomalies, i.e., the deviations
from the long-term average velocities because it is based on sea level
anomalies. Due to the linear ﬁt, however, the long-term average of the
geostrophic velocity anomalies is slightly diﬀerent from zero. As such,
we further removed the temporal mean from the calculated altimeterderived velocity time series to obtain the velocity anomaly. For
consistency, we also removed the temporal mean from all velocity time
series used in this study (e.g., ADCP, HF radar and Ekman velocities)
and hereafter the terms velocity and velocity anomaly, transport and
transport anomaly are used interchangeably.
We focused primarily on the descending ground track P254, which
was used to obtain the along-shelf component of the velocity, and used
v = ui^ + vj ; Strub et al. (1997)) at crossthe ‘true’ velocity vector (→
overs in Section 5. By combining the cross-track velocity of descending
and ascending tracks at the crossover, we estimated the ‘true’ velocity
vector based on the method proposed by Mesias and Strub (1995) and
Strub et al. (1997) assuming the velocity remains the same during
ascending and descending altimeter passes. The time interval between
the tracks is 3.38 days at the crossover of P254 and P167 and 0.42 days
at the crossover of P178 and P167. Given the geometry of track
crossovers, the east-westward (u) and north-southward (v) velocity
component is a function of the angle between the ground track and the
north meridian (27.5° in the SAB) and the corresponding cross-track
velocities. Cross-track velocities were calculated as before, i.e., using a
linear ﬁt to all data inshore of the 50 m isobath along each satellite
track. In the present study, the geostrophic velocities were calculated
based on the full SLA time series and on the low-frequency component
of the SLA time series, which are referred to as full and low-frequency
altimeter-derived velocity anomalies, respectively.

†
The last column shows the correlation coeﬃcients between SLA from altimeter and
from diﬀerent tide gauges (TG), the depths (m) of the velocity bin used and the total local
water depth (m) for the ADCPs, and the heights of the anemometers (above mean sea
level) for wind measurements.

Sea level anomalies (SLA) time series from January 2002 to
December 2013 at each spatial location of the along-track data were
compared with the nearest tide gauge (TG) water level data. To identify
the region close to the coast with poor-quality SLA observations, we
followed the methodology proposed by Saraceno et al. (2008).
Speciﬁcally, we looked for the ﬁrst location along the altimeter track
where the frequency of valid data exceeded 75% for the entire study
period and where the correlation between altimeter and tide gauge SLA
time series was higher than 0.80 (Table 1). The correlations between
altimeter and tide gauge SLA data decreased monotonically with
distance from the coast along the altimeter tracks. The comparison
suggests that satellite altimeters can successfully capture SLA variations in the SAB oﬀshore of 15 km from the coast (approximately the
15 m isobath).
The seasonal cycle of SLA throughout the SAB shelf (Fig. 2b) was
estimated as the sum of annual and semiannual harmonics:

y (t ) = a sin ω1 t + b cos ω1 t + c sin ω 2 t + d cos ω 2 t ,

g
θ (t ),
f

(1)
2.3. Wind data and ekman velocities

where ω1 = 2π / (365.25 days) is the annual frequency and
ω 2 = 4π / (365.25 days) is the semiannual frequency, a, b, c, and d are
coeﬃcients of the harmonic ﬁt, t is time in days and y(t) is the SLA time
series.

Hourly wind data were obtained from the National Data Buoy
Center (NDBC) buoy S41029 (S29) at the 10 m isobath during 2005–
2013 and from buoy S41004 (S04) at the 40 m isobath during 2002–
2012 near Charleston, and from buoy SAUF1 during 2002–2013 near
St. Augustine. For the wind near Charleston, we used observations
from buoy S29 whenever it had valid data and ﬁlled its gaps using
measurements from buoy S04 with linear regression. Wind stress was
computed following (Large and Pond, 1981). Wind stress time series
were ﬁltered with a 40-h low-pass ﬁlter to remove subtidal motion and
then with a 20-day low-pass ﬁlter to match the satellite Nyquist
frequency. The cross-track (which is equivalent to the along-shelf
direction) component of wind stress was used to estimate the inﬂuence
of wind stress on the along-shelf velocity. In order to determine the
eﬀects of the wind stress on the velocity, we used the weighted running
mean of the wind stress, which weights the past cross-track wind stress
with a decaying exponential (Austin and Barth, 2002),

2.2. Geostrophic velocities
The mean Gulf Stream position in the SAB is immediately adjacent
to the continental shelf (Lee et al., 1991) (Fig. 1). The sea level anomaly
variance increases dramatically beyond the 200 m isobath (Fig. 2a).
Since the main interest here is to obtain velocity over the shelf, only
observations inshore of the 50 m isobath are used to avoid possible bias
due to the inﬂuence of the Gulf Stream. This leaves a total of 12 points
along ground track P254 (shown in red in Fig. 2a). Strub et al. (1997)
computed geostrophic velocities from along-track altimeter observations using centered ﬁnite diﬀerences with a span of 10 points followed
by a loess ﬁlter with a half span of 50 km. With the Gulf Stream being
adjacent to the shelf break, using a similar method would introduce a
bias in the velocity computation. In the present calculation, we
estimated the along-shelf geostrophic velocity via linear regression
using the 12 points in the along-track altimeter observations located
inshore of the 50 m isobath (i.e., inshore of the area highly inﬂuenced
by the Gulf Stream, Fig. 2a). Strub et al. (1997) suggested that the use
of 12- to 16-point linear ﬁt generated results similar to those obtained
using the 10-point centered ﬁnite diﬀerence followed by the 50-km
loess spatial ﬁlter. As such, the average geostrophic velocity orthogonal

WR (t ) =

1
R

∫0

t

τe(t ′− t )/ Rdt′,

(3)

where τ is the along-shelf wind stress and R is the relaxation timescale
chosen to maximize the correlation between the weighted-averaged
wind stress and the altimeter velocity. Here, R=7 days for the full
velocity time series, while R =20 days if only the low-frequency
component of the velocity was used. To be consistent with the lowfrequency SLA time series, a 120-d low-pass ﬁlter was also applied to
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Fig. 2. Sea level anomaly (SLA) along ground track P254. a.) Bathymetry (black) and variances of full SLA time series (red and gray lines for regions inshore and oﬀshore of the 50 m
isobath, respectively) against oﬀshore distance. 30, 50, 200, 600 m isobaths are shown as dashed lines. Crosses denote actual location of observations as a function of distance from the
coast. b.) Seasonal cycle of SLA time series. c.) Low-frequency component of full SLA time series after removal of the seasonal cycle. d.) SLA residues (diﬀerence between full SLA and
low-frequency components). Data used in Eq. (2) are indicated in red in panel a, and located inshore of the solid black line in panels b–d.

data in the near-shore region were compared with time series of
velocities measured by acoustic Doppler current proﬁlers (ADCP) and
high-frequency (HF) radar, whose location and coverage are shown in
Fig. 1. The along-shelf components of ADCP velocity time series were
combined from the National Data Buoy Center (NDBC) buoy S41029
(S29: 2007–2009) and S41008 (S08: 2005–2006; 2010–2012) during
2005–2012. Mooring S29 was located at the 10 m isobath near the
satellite ground track P254, while mooring S08 was located at the 20 m
isobath 195 km to the south of satellite ground track P254.
Unfortunately, there was no overlap between the two ADCP time
series. In this case, we combined the two ADCP along-shelf velocity
anomalies simply by matching the variance of the two time series. We
note that using the time series of the two ADCPs separately in the
analyses presented here produces qualitatively similar results. Daily
ADCP velocity anomalies were computed by ﬁrst removing the
temporal mean from the entire period (approximately 0.03 ms−1 poleward), followed by applying a 40 h and then a 20-day low-pass ﬁlter.
ADCP time series were subsampled to match the altimeter time series
sampling interval.
HF radar surface current maps (Savidge et al., 2010, 2011) are
publicly distributed by SECOORA (www.secoora.org) since 2008. Since
altimeter-derived velocities (Section 2.2) represent an average across
the shelf, HF radar along-shelf surface velocities were also averaged
spatially between the 20 m and 40 m isobaths (Fig. 1) for consistency.
HF radar velocity anomalies were computed by removing the temporal
mean and applying low-pass ﬁlters (40-h and 20-day) sequentially, and
subsampled to match the altimeter time series sampling interval.

the wind data and independent current measurements (Section 2.4) to
obtain the low-frequency component of each time series.
Wind stress time series were also used for estimating the surface
Ekman velocity component (Ekman, 1905; Lenn and Chereskin, 2009).
The along-shelf Ekman velocity component at 2 m depth was calculated
as in Saraceno et al. (2008) as:

VE =

⎛ z ⎞⎡
⎛ z ⎞
⎛ z ⎞⎤
1
·exp ⎜ ⎟ ·⎢ (τy − τx )·cos ⎜ ⎟ + (τy + τx )·sin ⎜ ⎟ ⎥ ,
⎝ DE ⎠ ⎣
⎝ DE ⎠
⎝ DE ⎠ ⎦
ρDE |f |

(4)

where z is the vertical coordinate, ρ is the density of seawater (1025 kg/
m3), DE is the Ekman depth and τx and τy are the wind stress in the
across-shelf and along-shelf direction, respectively. In order to compute the Ekman depth DE, we ﬁrst computed the “empirical” Ekman
depth (d) following Saraceno et al. (2008). Speciﬁcally,

d=

τy − τx
ρ|f |(VHF − Vgeo )

,

(5)

where VHF is the surface current anomaly from HF radar measurements and Vgeo is the geostrophic current anomaly from altimeter SLA
data. We set DE =23.4 m, the average value of d over the entire period.
The eddy viscosity K was then calculated such that (DE = 2 K /|f | ).
That resulted in K ∼ 0.02 m2s, which is similar to the value used by
Liu et al. (2012) for the West Florida shelf.
2.4. Additional measurements
Geostrophic velocities derived from the combined along-track SLA
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radar data in three sub-regions (i.e., a northern, a central and a
southern sector, instead of over the entire area showed by the magenta
line in Fig. 1) and comparing those spatial averages with the altimeterderived velocities reveals a progressive decrease in correlation coeﬃcients with increasing distance from the altimeter track (not shown).
The rms diﬀerences between the low-frequency velocity anomalies
(altimetry-derived and ADCP- or HF radar-derived) are smaller than
when the full velocities are used. Adding the Ekman velocity component to the altimetry-derived velocity also leads to signiﬁcant improvements in the comparisons. Using Ekman-corrected low-frequency
altimeter-derived velocities produces the highest correlation and best
linear regression, indicating that the altimeter-derived geostrophic
velocity over seasonal time scales is better in representing the nearsurface velocity in the study region when the near-surface Ekman
component is added.

Research quality hourly tide gauge (TG) data were downloaded
from the University of Hawaii Sea Level Center (http://ilikai.soest.
hawaii.edu/uhslc) during the time period of 2002–2013 and processed
following Saraceno et al. (2008). Three stations (Fig. 1 and Table 1)
were used in the present study. SLA at each station were obtained by
subtracting the time average at each location from the TG time series
and then compared with the nearest satellite altimeter ground track
point.
Discharge data from four rivers located between Charleston and St.
Augustine (i.e., Savannah, Ogeechee, Altamaha, and Satilla rivers) were
obtained from the United States Geological Survey (USGS) National
Water Information System during the period of 2002–2013. Locations
of the river mouths are shown in Fig. 1 and summarized in Table 1.
In order to estimate the position and the strength of the Gulf
Stream oﬀ the SAB, we used the geostrophic velocity data derived from
the delayed time version of the AVISO (Archiving, Validation, and
Interpretation of Satellite Oceanographic data) maps of absolute
dynamic topography (MADT) daily gridded product at 1/4°×1/4°
based on two simultaneously operating altimeters. An average estimate
of the Gulf Stream position along the entire SAB coast for each day was
obtained by computing the area between the coastline and the
maximum MADT gradient magnitude within 1° latitude bands. A
measure of the Gulf Stream strength was obtained by computing the
average of the geostrophic surface velocity estimated from the MADT
ﬁeld within the corresponding 1° latitude band. The mean Gulf Stream
position during 2002–2013 is shown in Fig. 1.

2.6. Numerical model
The three-dimensional baroclinic ocean circulation simulation used
in this study was performed using a regional implementation of ROMS
(Shchepetkin and McWilliams, 2005). The model domain covers the
entire northwest Atlantic coastal ocean, ranging from 8°N to 47°N in
latitude and from 99°W to 60°W in longitude (Yao et al., 2017). The
model bathymetry was extracted from the 2 min Gridded Global Relief
Data (ETOPO2v2). The model horizontal resolution is about 7 km.
Vertically there are 36 terrain-following levels in the water column with
higher resolution near the surface and bottom to better resolve
boundary layer dynamics. Along 60°W the only open boundary of the
model, temperature, salinity and baroclinic velocity were speciﬁed
following the method of Marchesiello et al. (2001), whereby Orlanskitype radiation conditions were used in conjunction with a sponge layer
as well as relaxation. Free surface and depth-averaged velocity boundary conditions were speciﬁed using the method of Flather (1976) with
the external subtidal information provided by climatological means of
global HYCOM solutions (Chassignet et al., 2009). At the ocean surface,
the model was forced by long-term (1979–2010) monthly mean
atmospheric ﬂuxes obtained from NOAA Climate Forest System
Reanalysis (http://cfs.ncep.noaa.gov/cfsr/). The runoﬀ eﬀect of major
rivers was also considered by introducing monthly average streamﬂow
into the ocean at corresponding river stations. The model used the
Mellor-Yamada closure scheme to compute vertical turbulent mixing,
as well as a quadratic drag formulation for speciﬁcation of bottom
friction. For this study, the simulation was run for 10 years. The model
was able to spin up and reach the equilibrium state after ﬁve years. We
then computed the average of the last ﬁve years of the model solution
to form the climatological mean circulation used in this study.

2.5. Validation of altimeter-derived geostrophic velocities
Altimeter-derived velocity observations in the SAB were compared
to available independent current measurements (in situ near-surface
ADCP measurements and surface HF radar measurements) at approximately the same regions. It is important to note that such comparisons
are often challenging because diﬀerent instruments measure variables
at diﬀerent locations, and more importantly, at diﬀerent spatial and
temporal scales. Even if both records measured velocity at the same
location and contained no errors and uncertainties, one should not
expect perfect agreement between the observations. This is because the
altimeter measures only the geostrophic component of the near-surface
velocity averaged between the 15 m and 50 m isobaths, while the ADCP
measures both the geostrophic and ageostrophic components at a
single location (in this case, the 10 m or 20 m isobath). HF radar, on
the other hand, provides measurements of surface velocity which were
subsequently averaged between the 20 m and 40 m isobaths.
The comparisons between altimeter-derived and ADCP measured
low-frequency velocity anomalies are shown in Fig. 3. To assess the
contribution of the wind-driven Ekman velocity in the system, the
near-surface (2 m) cross-track Ekman velocity was added to the
altimeter-derived velocity (referred to as Ekman-corrected full or
low-frequency velocity). As a consequence, the correlations increase
from 0.43 and 0.37–0.60 and 0.67 for full and low-frequency data,
respectively (Fig. 3b–e). This indicates that the inclusion of the Ekman
velocity substantially improves the agreement between the two time
series, especially in periods with high wind stress (e.g., summers of
2008 and 2011). Scatter plots of ADCP measured and altimeter-derived
velocity anomalies are shown in Fig. 3b–e, together with neutral linear
regression coeﬃcients (Garrett and Petrie, 1981). Including the Ekman
velocity components results in a decrease in the regression coeﬃcient
due to the increase of the altimeter-derived velocities variance. The
best linear regression occurs when comparing the low-frequency
component of ADCP measured velocities to the Ekman-corrected
low-frequency velocities, in which case the regression coeﬃcient equals
to 1 and the intercept is small. Comparisons between altimetry-derived
velocities and HF radar surface currents reveal a similar pattern, with
correlations increasing substantially when the Ekman velocity is added
to the altimetry time series. Furthermore, spatially averaging the HF

3. Variability in sea level anomalies and altimeter-derived
velocities
The seasonal cycle is a dominant component of sea level anomaly
variability in the SAB. Seasonality is exhibited in the regular steric
eﬀects of seasonal heating and cooling (Keister and Strub, 2008), with
warming leading to SLA maxima in fall and cooling leading to minima
in late winter. The timing of the seasonal peak in SLA is nearly constant
across the shelf, progressively shifting to earlier dates oﬀshore of the
shelf break (i.e., 60–80 m isobaths at about 100 km from the coast) as
the water depth increases, reﬂecting a shift in the seasonal maxima
from mid-October over the shelf to early September oﬀshore. A similar
shift in the timing of the seasonal minima from mid-February to early
January is also observed. The amplitude of variability of the reconstructed seasonal cycles is larger over the shelf than at the shelf break
and farther oﬀshore. The annual amplitude is always the dominant
component in the SAB, while the semi-annual amplitude increases
from only a tenth of the annual amplitude close to the coast to about
half seaward of the shelf break.
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Fig. 3. a.) Comparison between low-frequency surface geostrophic velocities at ground track P254 and low-frequency velocities from near-surface ADCP current meters combined from
two nearby moorings (Fig. 1: S29 and S08). b–e: Color-coded scatterplots of ADCP versus altimeter-derived velocity anomalies using 7 years of data: b) full velocities; c) adding Ekman
component to full velocities; d) low-frequency velocities; e) adding Ekman component to low-frequency velocities. The correlations and the root-mean-square (rms) diﬀerences between
along-shelf velocities estimated from altimeter and ADCP data are shown in the lower right in each panel. Neutral linear regression slope and intercept are shown in the upper left corner
of each panel while neutral linear ﬁts are shown by the black lines.

frequency SLA data produces similar results, except that ﬂow during
March is weakly poleward and the maximum poleward ﬂow is observed
in July instead of in June. The seasonal evolution of along-shelf
currents is consistent with previous studies (Bumpus, 1973) and with
independent current measurements from ADCP and HF radar (shown
in Fig. 4b). By tracking the movement of low-salinity water in the SAB,
Atkinson et al. (1983) also reported northward ﬂow during June and
July and southward ﬂow during September and October. We note that
the seasonal averages of the altimeter-derived velocities and of the
independent current measurements show in Fig. 4b were computed
over diﬀerent time spans (see caption for details). Repeating the
analyses but restricting the altimeter observations to the same time
spans as those from the independent current measurements produces
qualitatively similar results. We used the 12-year long time series,
however, to increase the robustness of the analysis.
The time series of geostrophic velocity anomalies based on Ekmancorrected low-frequency SLA data for each individual year shows a
consistent pattern, with summers generally characterized by poleward
ﬂow, and equatorward ﬂow generally observed in spring and fall. In
2005, however, the velocity anomaly time series is signiﬁcantly
diﬀerent from the other years, being equatorward throughout most of
the year peaking during fall. It is also interesting to note that in 2003,
when a large cold water event was observed throughout the SAB
(Aretxabaleta et al., 2006; Hyun and He, 2010), poleward ﬂow was
anomalously strong during summer. Poleward ﬂow also seems to be
more frequently observed after June 2011.
To investigate cross-shelf variations of the cross-track (i.e., alongshelf) full geostrophic velocity, we computed the velocity at diﬀerent
locations along ground track P254 using an 8-point linear regression
(Fig. 5). Velocity variances (Fig. 5a) increase noticeably toward the
coast, which is presumably due to a stronger inﬂuence of buoyancy
eﬀects and/or wind forcing at the inner shelf. The variance also
increases toward the shelf break, especially oﬀshore of the 50 m isobath
where velocity anomalies are more likely to be impacted by the Gulf

In order to focus on the deviations from the seasonal cycle in each
year, we subtract the seasonal cycle (i.e., Fig. 2b) from the lowfrequency component of the SLA time series. The result is shown in
Fig. 2c. It retains both interannual variability and seasonal signals that
deviate from the seasonal cycle. Several lower-than-normal SLA events
are apparent during winter time (e.g., 2006, 2009, 2011). We can also
note that sea level was anomalously low during summer 2003, when
colder-than-average water was present over the shelf in the SAB
(Aretxabaleta et al., 2007; Hyun and He, 2010). The SLA was slightly
elevated from summer 2011 to the end of 2013.
We show a Hovmöller diagram of sea level anomaly residues along
ground track P254 in Fig. 2d. The residue is computed by removing the
low-frequency component (i.e., the sum of panels b and c in Fig. 2)
from the full SLA time series. The variance of the full SLA (Fig. 2a) is
smallest at the outer shelf near the 60 m isobath. SLA variance
increases toward the coast, especially within a few internal Rossby
radii of deformation from the coast, presumably because of high
frequency variability associated with wind events and possibly with
pulses in river discharge (see panel d). SLA variance also increases at
the slope due to the inﬂuence of the Gulf Stream, which is located
adjacent to the shelf in this region (Fig. 1), and due to an increase in
mesoscale eddy activity in the region (Castelao and He, 2013; Castelao,
2014). Indeed, high sea level anomaly variance is observed in regions of
high mesoscale eddy activity (Walker and Wilkin, 1998).
Time series of altimeter-derived geostrophic velocity anomalies
using Ekman-corrected full and low-frequency along-track SLA observations from ground track P254 are shown in Fig. 4a. The respective
monthly averaged velocities based on 12 years (2002–2013) of
observations are shown in Fig. 4b. The monthly mean of the lowfrequency velocity anomaly reveals poleward (northeastward at ground
track P254) ﬂow starting in late spring, reaching the maximum in June.
Negative values are observed until March and in autumn, indicating
equatorward (southwestward at ground track P254) ﬂow during these
periods. Repeating the analysis using the full SLA instead of the low57
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Fig. 4. a.) Time series of Ekman-corrected altimeter-derived cross-track full and low-frequency surface geostrophic velocity anomalies. Positive values indicate poleward anomalies. b.)
Comparisons of monthly averages of cross-track altimeter-derived full velocity anomalies (2002–2013), low-frequency velocity anomalies (2002–2013), Ekman-corrected altimeterderived velocity anomalies (2002–2013), and independent ADCP (2005–2012) and HF radar (2008–2013) along-shelf current measurements. Error bars represent the ± 1 standard
error of the mean within each month.

shelf currents and potential external forcing using the 12 years of
altimeter data. We used a multiple linear regression model to examine
the relationship between cross-track geostrophic surface velocities and
external forcing. This evidently represents a simpliﬁcation, since the
relationship between the diﬀerent forcing and surface velocities may be
nonlinear. The full altimeter-derived velocity anomaly time series was
reconstructed as a linear function of annual and semiannual harmonics
(using Eq. (1), where y(t) is the velocity time series), wind stress, river
discharge, Gulf Stream position and strength. The time lag between the
diﬀerent forcing and the altimetry-derived velocity time series was
chosen as the lag that resulted in the maximum correlation between
forcing and velocity. Since spectral analyses of altimeter-derived
velocity and ADCP velocity both reveal a peak of energy with a period
close to 60 days, we also used a third harmonic with frequency
ω3 = 2π /60 days. Our results reveal that the average along-shelf velocity
anomalies between the 15 m and 50 m isobaths are not correlated (at
the 95% signiﬁcance level) with the external forcing except for the
along-shelf wind stress. Correlation coeﬃcient between the modeled
(using harmonics and wind stress) and the original data is slightly
higher than 0.4. Our analysis indicates that the along-shelf dynamics in
the mid-shelf (15–50 m isobaths) of the SAB is primarily dominated by
seasonal cycles and wind forcing, consistent with previous studies. We

Stream and associated eddies and meanders. At the mid-shelf region,
we generally observe poleward ﬂow during summer and equatorward
ﬂow during fall and winter (Fig. 5b). We emphasize that we can only
calculate velocity anomalies using the satellite data. As such, equatorward velocity anomalies on the outer shelf and slope likely represent
weakening of the mean poleward ﬂow observed due to the inﬂuence of
the adjacent Gulf Stream (Blanton et al., 2003). In summer 2003,
persistent poleward ﬂow can be observed throughout the continental
shelf. Anomalies are generally small during 2007–2009. There is often
considerable variability in the cross-shelf location of the largest velocity
anomalies over the shelf. While in 2002 large negative anomalies were
observed between 60 and 80 km from the coast, for example, largest
anomalies in 2011 were observed near the coast, within 50 km from
shore. In 2013, on the other hand, strong poleward velocity anomalies
extended throughout the shelf.

4. Drivers of along-shelf current variability in the SAB
Having shown that the decade-long altimeter-derived geostrophic
velocity time series can nicely represent along-shelf velocity anomalies
over the shelf by comparing to multiple years of independent observations in the same region, we examined the relationship between along-

Fig. 5. a.) Bathymetry (blue) and altimeter-derived cross-track surface geostrophic velocity anomaly variances (red) along ground track P254 using 8-point linear regression method
(see text for details). Water depths corresponding to each oﬀshore distance are labeled in parentheses along the right axis. b.) Altimeter-derived full surface geostrophic velocity
anomalies as a function of distance from the coast.
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favorable winds in spring and summer 2003 generated a low-salinity
surface layer extending all the way to the mid shelf. These processes are
not well-resolved by the altimetry data, since geostrophic velocity
observations are only available oﬀshore of the 20 m isobath (35 km
from the coast), which is often outside the inner shelf. Near the shelfbreak, the inﬂuence of the Gulf Stream is also not readily apparent
because we limited our analysis to inshore of the 50 m isobath. The low
correlation between Gulf Stream conditions (position and strength)
and along-shelf altimeter-derived velocities indicates that the oﬀshore
threshold we chose (50 m isobath) successfully removes most of the
Gulf Stream impact on the velocity time series. We note, however, that
previous studies have shown that Gulf Stream water can intrude onto
the SAB shelf occasionally at the subsurface (Atkinson, 1977), sometimes even reaching the mid or inner shelf if the intrusion coincides
with upwelling favorable winds (Atkinson et al., 1987; Aretxabaleta
et al., 2006; Castelao, 2011).
We further investigated the seasonal variability in the wind eﬀects
by computing the correlation between altimeter-derived and independent measured velocity anomalies in diﬀerent seasons. Following
Weber and Blanton (1980), we deﬁned spring as March, April and
May, and so on. The scatter plots with the comparisons with ADCP
currents for the four seasons are shown in Fig. 3b–e and statistics are
shown in Table 2. Including the Ekman component leads to an increase
in the correlation and a decrease in the rms diﬀerences between
estimated and measured velocity time series in most cases. The
mechanism driving the seasonal diﬀerences in the relative inﬂuence
of Ekman dynamics in the comparison with ADCP and HF radar data
needs further investigation.

note that the annual and semiannual harmonics and the wind forcing
are likely not independent variables, since winds can inﬂuence the
seasonal cycle of currents. The harmonics in the regression can capture
seasonal variation due to other factors, however, such as variations in
stratiﬁcation. Repeating the analysis without considering annual and
semiannual harmonics produces results that are qualitatively similar,
although the correlation between modeled and original data is reduced.
As we showed in Section 2.5, adding the cross-track Ekman velocity
component to the geostrophic altimeter-derived velocity leads to a
large increase in the correlation with ADCP and HF radar measurements. Such a signiﬁcant improvement of velocity comparison by
adding the Ekman velocity component has not been seen in other
coastal altimeter studies. Saraceno et al. (2008) reported only a slightly
improved agreement with ADCP measurement when adding the
Ekman current at 10 m depth. Similarly, Liu et al. (2012) showed that
adding the wind eﬀect does not increase the correlation signiﬁcantly,
although the rms diﬀerence between altimeter-derived and ADCP
measured velocity time series decreased slightly. This suggests that
the contribution from the Ekman component to the total velocity ﬁeld
in the SAB is unusually large.
It is worth noting that the availability of altimeter data close to the
coast is limited due to technical issues, so that most of the SLA data is
missing inshore of the 15 m isobath along ground track P254. The SAB
coast is permeated with rivers and tidal inlets (Blanton et al., 2003),
and monthly average runoﬀ peaks in February to April and reaches a
minimum in September to November (Fig. 6c). During the high
discharge period, we expect that buoyancy gradients due to the band
of low salinity water near the coast from river runoﬀ might play a role
on along-shelf current variability in the inner shelf region (Atkinson
et al., 1983). Aretxabaleta et al. (2006) and Hyun and He (2010)
suggested that higher-than-normal discharge coupled with upwelling
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using moored current meters and estimated onshore transport on the
order of 0.05 Sv during a typical 3-day Gulf Stream intrusion.
Assuming a uniform surface Ekman layer between the two transects
and an average along-shelf wind speed of 3 ms−1 (Blanton et al., 2003)
results in a cross-shelf transport of 0.05 Sv in the surface Ekman layer,
which is comparable to our estimate (Fig. 6c). We further compared the
cross-shelf transport estimated from the 12 years of altimeter data with
results from the three-dimensional numerical model for the same
region. The model was run for 10 years (Yao et al., 2017), providing
information about the climatology of circulation in the SAB. For
consistency, cross-shelf transport in the model was computed using
the same method described before (i.e. based on the divergence of the
along-shelf transport at the same northern and southern transects used
for the altimeter). The only diﬀerence was that, unlike the computation
using altimetry data (when we used surface velocity averaged across the
shelf to estimate the along-shelf transport in each section; see above),
actual along-shelf transport values were used to compute the divergence in the model. Model-derived estimates of cross-shelf transport
are consistent with the long-term estimates based on altimetry
(Fig. 6c), with a clear peak in oﬀshore transport during summer.
Onshore transport in winter is stronger in the model than in the
observations. It is worth pointing out that the transport calculated in
the present study is the net exchange between the two transects, which
means that localized enhancements in onshore and oﬀshore exchange
that compensates each other between the two transects cannot be
detected by the technique.
Another crude estimate of cross-shelf ﬂow can be obtained by
looking at the depth-averaged cross-shelf velocities from moored
ADCPs (Fig. 7). We emphasize that, considering the small magnitude
of the cross-shelf velocity (∼0.01 ms−1) and its high variability, crossshelf velocities from two single moored ADCPs do not represent a
robust estimate of the cross-shelf transport for the entire study area.
They are useful, however, to investigate the seasonality of the depthaveraged cross-shelf ﬂow at the moorings locations. Fig. 7 reveals that,
although some notable diﬀerences are observed in the seasonal
evolution of cross-shelf velocities between the two ADCP sites (i.e.,
S08 and S29), the general patterns are consistent to each other. In both
locations, there is a general tendency for a short duration increase in
oﬀshore velocities during spring and a longer duration increase during
summer. Depth-averaged ﬂow during late fall and early winter is
directed onshore in both sites. The fact that the general patterns are
similar between the two regions suggests that they are not the result of

Table 2
Correlation coefficients and root-mean-square differences between velocities from
independent measurements and estimated from altimeter data alone or from altimeter
data combined with Ekman component for different seasons. The change in rms is
computed as the difference in rms between comparison between independent
measurements and Ekman-corrected altimeter data and the comparison between
independent measurements and altimeter data alone.

ADCP Full

ADCP Lowf

HF radar
Full

HF radar
Lowf

Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter

Altimeter only
(r1)

Ekman-corrected
(r2)

rms change
(cms−1)

0.51
0.51
0.40
0.29
0.49
0.35
−0.04
−0.25
0.22
0.53
0.22
0.29
0.55
0.67
0.49
0.40

0.60
0.61
0.54
0.40
0.65
0.54
0.21
0.37
0.32
0.52*
0.40
0.40
0.65
0.65*
0.72
0.56

−0.42
−0.24
−0.38
−0.13
−0.94
−0.91
−0.81
−0.24
0.11
1.48
0.61
−0.14
−0.21
1.12
−0.98
−0.33

*
Change in correlation coeﬃcient by adding the Ekman component (compare to
altimeter velocity alone) is not statistically signiﬁcant at 95% conﬁdence level.

5. Cross-shelf exchange

Normalized depth−averaged cross−shelf velocity

In order to estimate cross-shelf exchange, we ﬁrst deﬁned two cross
sections as the lines perpendicular to the coastline that intersect the
crossover between altimeter tracks, bounded by the coastline and the
50 m isobath (Fig. 6a). Since the altimeter-derived velocity represents
the average along-shelf surface velocity within the 50 m isobath for
each altimeter track, the along-shelf transports at those two cross
sections were estimated by multiplying the along-shelf velocity at the
crossovers by the respective cross section area. A detailed discussion of
uncertainties in the calculation is presented below. The monthly
average along-shelf transports at the southern and northern transects
based on the full altimeter-derived velocity anomalies are shown in
Fig. 6b. Similar to the cross-track geostrophic velocity along the ground
track P254 (Fig. 4b), both the northern and southern transects are
characterized by poleward transport beginning in May, peaking in July,
and switching to equatorward transport in September (northern
transect) or October (southern transect). The estimated along-shelf
transport based on the ADCP velocity anomalies reveals a pattern that
is consistent with the altimeter-derived transport (Fig. 6b), even
though that estimate is based on a single location.
The cross-shelf transport anomalies through the 50 m isobath
bounded by the northern and southern transects described above are
calculated by computing the diﬀerence in the transport at the two
transects every 10 days. Convergences in along-shelf transport result in
oﬀshore export of shelf water, while divergences in along-shelf transport must be associated with intrusions of slope water onto the shelf.
The monthly average of the calculated cross-shelf transport based on
full altimeter-derived velocities is shown in Fig. 6c, where positive
values indicate oﬀshore transport. In general, it reveals a pattern of two
periods with oﬀshore transport, a short and small peak in oﬀshore
transport during March and a long and larger peak in oﬀshore
transport during summer and early autumn (June to September).
Repeating the analysis using low-frequency altimeter-derived velocities
produces similar results (not shown). The standard deviation of the
cross-shelf transport time series estimated every 10 days along the
50 m isobath between St. Augustine and Charleston (distance of
300 km) is 0.12 Sv (Fig. 6d), with an average oﬀshore transport during
summer of ∼0.04 Sv (Fig. 6c). For comparison, Blanton and Pietrafesa
(1978) investigated near-bottom Gulf Stream intrusions on Onslow Bay
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Fig. 7. Monthly averaged cross-shelf velocities in the SAB based on two ADCPs (S29 and
S08, see Fig. 1 for location). Velocity time series were depth averaged and normalized by
their standard deviations. Error bars represent the ± 1 standard error of the mean within
each month.
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the seasonality of non-local cross-shelf transport in the South Atlantic
Bight for the ﬁrst time based on long-term satellite observations reveals
the very interesting possibility of intensiﬁed oﬀshore transport following the peak in river discharge, indicating the potential for a conduit for
oﬀshore export of riverine water to be established. If true, this ﬁnding
has important physical and biogeochemical implications (e.g., changes
in hydrography, export of nutrients, carbon). As such, it is important
that future studies using in situ observations and/or well-calibrated
models focus on constraining these estimates. Further studies characterizing the vertical structure of the along-shelf ﬂow over the shelf
would also allow for better assessing the uncertainties in the estimates
provided here.

a localized feature at the ADCP mooring locations, but rather they are
part of a broader pattern observed throughout the shelf. The results
from the two ADCPs are generally consistent with the broad patterns
estimated for cross-shelf transport based on the altimetry observations.
The patterns don't match exactly, nor should one expect that, because
the diﬀerent approaches measure diﬀerent components of the ﬂow (i.e.,
ADCP is a point measurement while the altimeter-derived estimation is
the net result between the two altimeter tracks). However, the
comparison is encouraging, because the two estimates have similar
seasonal evolution with two peaks of oﬀshore ﬂow during spring and
summer, and onshore ﬂow during winter. It is also encouraging to note
that the seasonal evolution of altimeter-derived cross-shelf exchange is
also consistent with the seasonal evolution of point measurements of
cross-shelf velocities reported by Seim et al. (2008) based on in situ
observations from two moorings.
River discharge in the SAB historically peaks in March and April
(brown line in Fig. 6c) at a time when cross-shelf transport anomalies
are estimated to be weakly oﬀshore and shortly before the strong and
persistent oﬀshore peak observed from June to September. If the peak
in river discharge is followed by strong oﬀshore transport (e.g., as in
2010, 2011 and 2013; Fig. 6d), favorable conditions for rapid oﬀshore
export of freshwater and river-borne materials (e.g., nutrients, carbon)
can be established. The seasonal evolution of cross-shelf transport
approximately coincides with the evolution of surface salinity on the
outer-shelf (Fig. 6c; (Castelao, 2011)). A signiﬁcant salinity decrease at
the region between the 50 m and 60 m isobaths occurs during June to
August, coinciding with the largest oﬀshore transport during summertime. Of course, other mechanisms (e.g., oﬀshore transport in a surface
layer due to upwelling favorable winds) are likely to act together with
convergences in the along-shelf ﬂow to drive the freshwater oﬀshore.
At this point, it is important to emphasize the limitations of the
method used above to estimate cross-shelf transport from altimetry
observations. It is likely that some of the assumptions made here are
not true at least a fraction of the time. For example, in order to estimate
the along-shelf transport in each transect, we simply multiplied the
average surface geostrophic plus Ekman velocity across the transect by
its cross-sectional area. The diﬀerence in the along-shelf transport
between the transects was then used to estimate the cross-shelf
transport. The vertical proﬁle of correlation coeﬃcients between
near-surface along-shelf altimeter-derived velocity and along-shelf
ADCP velocity at multiple depths is depth-independent. Additionally,
the seasonal evolution of cross-shelf ADCP velocities is qualitatively
similar for diﬀerent depths and for depth-averaged cross-shelf velocities. Despite that, however, it is possible that convergence in the
surface layer will be at least partially compensated by divergence in the
bottom layer over the shelf (or vice versa). This may be especially true
during periods of strong stratiﬁcation when the coupling between
surface and bottom ﬂow is expected to be smaller. However, results
based on the model computation, when actual along-shelf transport in
the northern and southern transects were used, revealed a picture
consistent with the estimates based on the altimeter data. We note that
our estimates of cross-shelf transport may not tell the whole story even
during periods in which the alongshore transport estimates based on
the average surface velocity between the 15 m and 50 m isobaths are
correct. This is because our calculations provide an estimate of the bulk
cross-shelf exchange due to divergences and/or convergences in alongshelf ﬂow. However, cross-shelf transport may occur even when there is
no divergence or convergence in the along-shelf ﬂow. For example, if
cross-shelf transport in the surface layer is compensated by cross-shelf
transport of opposite sign in the bottom layer (e.g., two-dimensional
upwelling or downwelling), our estimates would indicate near zero bulk
cross-shelf transport, although substantial exchange may be occurring.
Our estimate of cross-shore Ekman transport in the surface Ekman
layer using the average winds for the region are comparable to the
estimates of bulk cross-shelf transport based on the divergence of the
along-shelf ﬂow. Despite these limitations, this attempt at estimating

6. Conclusions
Twelve years of satellite altimetry data are used to estimate alongshelf velocity anomalies in the South Atlantic Bight. The comparison to
available independent current measurements is encouraging, revealing
good agreement with in situ ADCP current meter data and HF radar
surface velocity observations. The decade-long time series provides an
opportunity to investigate seasonal and interannual variability in
along-shelf currents in the SAB, a region characterized by a relatively
low number of available observations compared to other regions
around the U.S. (e.g., Middle Atlantic Bight, California Current
System). The observations reveal strong poleward velocity anomalies
during late spring and summer, strong equatorward velocity anomalies
during autumn and relatively weak equatorward velocity anomalies
during early spring. In the surface layer, the Ekman velocity is an
important ageostrophic velocity component. By adding the Ekman
component to the altimeter-derived geostrophic velocity anomalies,
correlations with anomalies computed based on ADCP and HF radar
measurements increase notably. An associated decrease in the rms
diﬀerence between the data is also observed, although the decrease is
small. Comparison with multiple forcing indicates that the SAB midshelf region is primarily dominated by wind variability and seasonal
cycles. However, freshwater discharge from rivers and the presence of
the Gulf Stream adjacent to the shelf break can potentially impact the
inner and outer shelf, respectively. The long-term along-shelf velocity
anomaly observations at two crossovers allowed for estimating for the
ﬁrst time the bulk transport across the 50 m isobath between St.
Augustine and Charleston. Results suggest a pattern of weak oﬀshore
transport during early spring followed by stronger oﬀshore transport
during summer and early autumn. Climatological cross-shelf transport
estimates from a three-dimensional numerical model also reveal strong
oﬀshore ﬂow during summer. Mechanisms capable of exporting
riverine water to the mid- and outer shelf are essential for understanding biogeochemical processes over the shelf. The oﬀshore crossshelf transport anomalies that are observed following the spring pulse
of high river discharge can potentially contribute to the export of lowsalinity water and any material it contains oﬀshore.
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