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Surface currents in the
Mid-Atlantic Bight: the role of
the Gulf Stream versus wind
Tal Ezer *

Center for Coastal Physical Oceanography, Old Dominion University, Norfolk, VA, United States
Surface currents of the Mid-Atlantic Bight (MAB) were studied using high-
frequency radar (HFR) observations at 6 km resolution during a 5-year period
(2020–2024). The study’s focus on the role of the Gulf Stream (GS) contrasts with
most past studies that focused on the seasonal wind-driven currents. Empirical
orthogonal function (EOF) analyses of the daily HFR currents were conducted with
and without the GS, revealing modes of current variability linked to the seasonal
wind pattern and storms versus modes linked to GS variability. The remote impact
of the GS on coastal currents is complex, with different impacts seen on different
parts of the MAB. For example, unusual GS meanders that move close to the coast
impact �ow variability near the shelf-break front, while other locations may be
in�uenced by the strength of the GS and shift in the mean position of the GS. In
general, it was found that monthly wind may be responsible for approximately
50%–80% of the surface current variability over the entire MAB, while the GS
position and speed are correlated with the offshore component of the coastal
currents and linked to approximately 10%–30% of the current variability. There are
also large interannual variations, so that during some years, the GS impact on the
coast is larger than during other years. Comparison between geostrophic velocity
derived from altimeter data and the HFR surface currents shows the in�uence of
the GS path on the offshore currents; however, close to the coast, the currents are
wind- and river-driven, so that geostrophic currents obtained from altimeter data
are not reliable. Therefore, combining altimeter and HFR data will provide a better
current �eld than each data set alone. The study demonstrates the usefulness of
the HFR data to study coastal dynamics and links between the coast and open
ocean variability.
KEYWORDS

Mid-Atlantic Bight, Gulf Stream, high-frequency radar, surface currents,
coastal dynamics
1 Introduction

The circulation and dynamics of the Mid-Atlantic Bight (MAB) between Cape Hatteras
and Cape Cod have been studied for a long time using hydrographic observations, satellite
data, and models (e.g., Beardsley et al., 1976; Beardsley and Winant, 1979; Beardsley and
Haidvogel, 1981). The studies showed that the currents in the MAB are mostly driven by
the wind, with strong winter winds from the northwest and weaker summer winds from the
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southwest. The cold slope current from the north can also in�uence
the circulation in the MAB and is part of the slope sea gyre
(Figure 1a). Seasonal freshwater discharges from rivers affect the
currents near the mouth of three main bays (Chesapeake Bay,
Delaware Bay, and New York Bay; see Ezer and Updyke, 2025). For
a more detailed review of the various past observations and the
main dynamic features of the MAB, see Roarty et al. (2020).

High-frequency radars (HFRs) that can map surface currents
within ~250 km from the coast have been used since the late 1990s.
In the early to mid-2000s, a handful of radar stations were
established in the MAB. Several stations have been added over
the years, and at present, 36 stations are operated by the Mid-
Atlantic Regional Association Coastal Ocean Observing System
Frontiers in Marine Science 02
(MARACOOS) with an additional 4 along the Outer Banks of
North Carolina operated by the Southeast Coastal Ocean Observing
Regional Association (SECOORA; see Roarty et al., 2020). These
stations provide surface current measurements at high temporal
(hourly) and spatial (typically 1–6 km) range resolutions. Other
gridded products, such as daily or monthly data, are also available.
In the past, HFR observations were mostly used locally, for example,
to study water exchange near a particular shelf and the impact of
storms or to validate models (Kohut et al., 2006; Atkinson et al.,
2009; Muscarella et al., 2011; Gopalakrishnan and Blumberg, 2012;
Ezer et al., 2022; Han et al., 2022; Seim et al., 2022; Ezer and
Updyke, 2024, 2025). Studies of surface currents using HFR were
focused, for example, on the New Jersey shelf area (Gong et al.,
FIGURE 1

(a) A topographic and bathymetry map (ocean depth in m). The white box is the study area of the Mid-Atlantic Bight (MAB). Major topographic and
oceanic features, as well as bays, are indicated. (b) An example of HFR currents showing the mean surface velocity speed (in color) and direction
(vectors) during 2020. The current speed is in a log10 scale to show more details, and the vectors are shown every fourth point (about 24 km apart)
for clarity. The heavy arrows in the center represent the mean winter wind (December–February, 2020) and mean summer wind (June–August,
2020) from the NOAA/NCEP monthly reanalysis. The triangle at the bottom-left is the area used to represent the Gulf Stream (GS) when separating
the GS analysis from the “coastal region” (the rest). A few ocean depth contours (in m) are also shown.
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2010; Dzwonkowski et al., 2009), looking at the seasonal wind-
driven variations, spatial variations, and offshore transports.
However, studies of the HFR currents over the entire MAB are
rare—a recent example is the study of Roarty et al. (2020), which
used hourly 6-km resolution HFR data over 2007–2016. Our study
used similar data as Roarty et al., but for a more recent period
(2020–2024) and with additional focus on the impact of the Gulf
Stream (GS) relative to the better-known wind-driven forcing.
Some studies used HFR data to study the GS position and
variability and the connection between the GS and nearby
currents (Haines et al., 2017; Muglia et al., 2022), but they
focused only on the region near Cape Hatteras and did not try to
link the GS to the entire MAB as done here. HFR data can also be
used to correct along-track altimeter data near the coast (Roesler
et al., 2013). However, the gridded 25-km resolution altimeter data
that were used here to obtain the GS current and position are
expected to be even less accurate than along-track data, especially
near the coast. Some comparison between the HFR data and the
altimeter data will show that combining the two data sets (HFR and
altimeter) can be a good way to improve the dynamics that each
data set alone can provide; this concept was demonstrated, for
example, by Caballero et al. (2020).

The U.S. East Coast, with its large coastal population, is under
threat of climate change and, especially, acceleration in �ooding due
to coastal sea-level rise (Ezer and Atkinson, 2014, 2017; Sweet and
Park, 2014; Domingues et al., 2018; Ezer, 2022; Park et al., 2024).
Therefore, numerous studies focused on links between coastal sea
level and remote forcing such as the North Atlantic Oscillations
(NAO; Hurrell, 1995), the Atlantic Meridional Overturning
Circulation (AMOC, Smeed et al., 2014; Moat et al., 2023), and
variations in the Gulf Stream (Ezer and Corlett, 2012; Ezer et al.,
2013). Different mechanisms have been suggested to link open
ocean variations in the Atlantic Ocean with coastal dynamics, such
as Rossby waves, heat �uxes, and tropical storm interactions with
ocean dynamics (Goddard et al., 2015; Little et al., 2019; Piecuch
et al., 2019; Volkov et al., 2019, 2023; Dangendorf et al., 2021, 2023;
Park et al., 2022, 2024). The motivation for this study comes from
the fact that, unlike the numerous studies of remotely driven sea
level (see above), not much is known about the potential impacts of
open ocean dynamics on coastal currents, which have long been
assumed to be mostly locally driven by winds and river �ow. Recent
studies of HFR surface currents near the mouth of Chesapeake Bay
(Ezer, 2023a; Ezer and Updyke, 2024) as well as near the Delaware
Bay and the New York Bay (Ezer and Updyke, 2025) suggest
potential impacts from the NAO, AMOC, and GS. For example,
variations in the GS may impact the out�ow/in�ow at the mouth of
Chesapeake Bay, and NAO can affect decadal wind patterns and
changes in precipitation that cause variations in river discharges
(Rice et al., 2017). For more information, see also a recent review
that summarized results from numerous studies of the GS over
many years; some of these studies point to different processes that
can link variations in the GS with coastal dynamics along the U.S.
East Coast (Ezer, 2025). This study aims to extend the previous local
studies of HFR surface currents near the mouth of bays into a study
of the entire MAB to study potential mechanisms that link
Frontiers in Marine Science 03
variations in the GS with coastal surface currents. Roarty et al.
(2020), who used similar data (but for earlier years), mentioned the
potential in�uence of the GS on surface currents, but with no
speci�c analysis related to the GS. Therefore, more in-depth
calculations, such as empirical orthogonal function (EOF)
analysis, were conducted here to address the role of the GS in
spatial and temporal patterns of surface currents. Gawarkiewicz
et al. (2012) found that when a large GS meander moves closer to
the shelf, it can result in unusual currents and extreme warming that
in�uence marine life, but it is not clear if this is a one-time rare
event or an oscillation pattern. The following analysis was able to
partially address this issue as well as other patterns associated with
wind and GS variations that affect the coastal currents.

The study is organized as follows. First, the data sources and
analysis methods are described in Section 2, and then the results are
presented in Section 3, focusing on wind and Gulf Stream impacts.
Finally, the summary and conclusions are provided in Section 4.
2 Data sources and analysis methods

Hourly surface currents over the MAB at 6-km resolution for
2020� 2024 were obtained from HFRs (https://hfrnet-tds.ucsd.edu/
thredds/catalog.html). The data represent the �ow of approximately
the upper 2.5 m of the water column (though it is referred here and
elsewhere as the “surface currents”). The raw data from multiple
radars were combined to one gridded data set, and a 25-h running
average �lter was applied to the hourly archived data to remove
daily wind and tide variability. Because of the spatial and temporal
averaging and the fact that multiple overlapping radars were used,
gaps in the data were very minimal and did not affect most of the
results. From the hourly data, daily averages were obtained from 1
January 2020 to 31 December 2024. The HFR data used here for the
entire MAB had the same resolution and area as the data used in
Roarty et al. (2020), who described earlier data until 2016. Higher
resolution (2-km) HFR data were used in recent studies, but only
for limited regions near the mouths of bays (Ezer and Updyke, 2024,
2025); limited area HFR data were also used in other studies
(Atkinson et al., 2009; Dzwonkowski et al., 2009; Gong et al.,
2010; Muscarella et al., 2011; Gopalakrishnan and Blumberg,
2012; Ezer et al., 2022). The focus here on the entire MAB, using
multiple HFRs along the coast, provides the capability to link the
coastal currents with the GS.

To look at the seasonal and interannual wind-driven currents
over the entire MAB, low-resolution (2.5° × 2.5°) monthly wind data
of the area of interest (70–75°W, 35–42°N) were obtained from the
NOAA/NCEP reanalysis (https://psl.noaa.gov/thredds/catalog/
Datasets/catalog.html). Monthly mean geostrophic velocity data
from satellite altimeters at 0.25° × 0.25° resolution were obtained
from AVISO (https://www.aviso.altimetry.fr). Those products were
processed by SSALTO/DUACS (Le Traon et al., 2003) and
distributed with support from the Centre National d’e�tudes
Spatiales (CNES). Geostrophic velocities for 2020–2022 were used,
since the same analysis was done during these years (some analysis
methods and formats of data were changed by AVISO in later years).
frontiersin.org
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Sea surface temperature (SST) images from NOAA OISST V2.1 were
obtained from https://climatereanalyzer.org/.

EOF analysis was used to analyze spatiotemporal variability in
the surface current speed. A MATLAB code based on early
atmospheric and climate data analysis (Bretherton et al., 1992)
was used. Oceanographic applications of EOF include, for example,
studies in the Gulf of Mexico (Oey et al., 2004). The analysis
separated the current speed data V(x,y,t) into spatial patterns
(EOFs) and principal components (PCs) that show the time
evolution of the amplitude of each EOF mode,

V(x, y, t) = on
i=1PCi(t) · EOFi(x, y) (1)

The analysis (Equation 1) also calculated the percentage of the total
variability that is represented by each n mode. The spatial EOF pattern
may suggest how different parts of the study area vary, and the time
evolution may suggest variations in forcing, so the EOF analysis was
compared with other data, such as wind, altimeter, and SST data.
Correlations were calculated, for example, between the time evolution of
the EOF and the time series of the mean GS current. Since the currents
near the GS are much stronger than the currents near the coast, they
dominate the mean current over the entire study area. Therefore, two
separate EOF analyses were conducted: one for the entire region and
one for the coastal region without the GS (see Figure 1b).
3 Results

3.1 Surface currents driven by the seasonal
wind and storms

Figure 1b is an example of the typical annual mean �ow (in this
case, 2020), which is like the pattern previously described by Roarty
Frontiers in Marine Science 04
et al. (2020) for an earlier period before 2017. The southeastward
currents near the coast are driven by the out�ow from three bays
(Chesapeake Bay, Delaware Bay, and New York Bay; Figure 1a) and
local wind (Muscarella et al., 2011; Roarty et al., 2020; Ezer and
Updyke, 2024, 2025). Farther offshore, near the shelf-break front,
the currents turn toward the southwest. A dominant feature is the
northeastward �owing GS, with currents 5–10 times stronger than
the coastal currents [see Haines et al. (2017) and Muglia et al. (2022)
for details of the HFR observations of the GS near Cape Hatteras].
The mean surface current direction is generally to the right of the
wind direction, as expected from the Ekman theory in the Northern
Hemisphere (Ezer, 2023b). Roarty et al. (2020) used winds from
NOAA stations near the observed currents, showing dominant
southeastward winds that are stronger during the winter. The
mean wind in 2020, shown in Figure 1b, is quite typical with
strong winter winds toward the southeast and weaker summer
winds toward the northeast. When the winds turn northeastward
against the currents, the �ow slows down, as shown by Roarty
et al. (2020).

A Hovmöller diagram, i.e., mean currents as a function of
longitude and time (Figure 2), shows the dominant role that the GS
plays in the western part of the domain. However, the observations
off Cape Hatteras captured changing portions of the GS, and in
some years (approximately 2021–2022), the GS is barely visible in
the HFR data. Also, during some periods, there are more intense
currents over the entire region; these short-term events are related
to storms, as discussed later. Because of the averaging process and
the fact that multiple radars are used, gaps in the data are relatively
small (mostly at the western and eastern edges of the domain), so
they did not affect the results in a signi�cant way.

When averaging the currents over the GS region and over the
coastal region (see Figure 1b), it is dif�cult to �nd a signi�cant
FIGURE 2

Hovmöller diagram of mean current velocity speed (in m/s) as a function of longitude and time obtained from north–south averaging all available
data for each longitude. The red color west of ~74°W represents the high speed of the Gulf Stream. Time �lter with a 30-day window was applied to
remove some noise.
frontiersin.org

https://climatereanalyzer.org/
https://doi.org/10.3389/fmars.2025.1645286
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ezer 10.3389/fmars.2025.1645286
correlation because of the large random variations in the part of the
GS captured by the HFR observations and missing data in 2021–
2022 (Figure 3a). The mean coastal current, on the other hand,
shows the expected seasonal cycle (red line in Figure 3b) with
stronger currents during the winter when wind is stronger (Roarty
et al., 2020). Daily peaks (green line in Figure 3b) are indications of
storms passing the region (four signi�cant storms are marked by A–
D). An example of the impact of a storm (remnants of Hurricane
Ian in early October 2022; D in Figure 3b) is shown in Figure 4.
During the passage of the storm, the currents of the entire region
turned toward the southwest before turning southeastward when
approaching Cape Hatteras. The maximum surface velocity reached
Frontiers in Marine Science 05
almost 1 m/s at the center of the MAB on October 3. After the storm
passed, by October 8, the currents weakened, and close to the coast,
they returned to their typical southeastward direction. In
comparison, a past study of the HFR currents off the New Jersey
coast during Tropical Storm Floyd in 1999 shows currents of up to
~0.40 m/s, but with signi�cant impact from the large freshwater �ux
of this storm (Kohut et al., 2006).

Monthly wind speed over the region (Figure 5) shows a
biannual pattern with the largest peak in the winter. This seasonal
wind pattern drives the seasonal current pattern seen in Figure 3b.
There are also signi�cant interannual variations, with the strongest
wind in 2021 and the weakest in 2020. The seasonal and interannual
FIGURE 3

Mean surface current velocity calculated over (a) the Gulf Stream area (shown in Figure 1) and (b) the coastal area (excluding the GS). Green lines are
daily values, and heavy red lines are after applying a 180-day �lter. Extreme velocity peaks in (b) coincide with storms passing over the northeastern
U.S.: A, the Groundhog Day Nor’easter; B, tropical storm Wanda and the “Bomb Cyclone”; C, extreme wind event that caused some tornados; and D,
a cold front and remnants of Hurricane Ian.
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variations of the coastal currents (Figure 6; excluding the GS) and
wind (Figure 7) are divided into a roughly offshore component
(positive toward the southeast) and an alongshore component
(positive toward the southwest). The mean coastal currents are
�uctuating between southwestward and southeastward directions
(left panels of Figure 6), with stronger offshore currents in the
winter and fall and the strongest alongshore current in September–
October; the latter may relate to tropical storms and hurricanes, as
seen in Figure 4. There are also signi�cant interannual variations in
both the currents and the wind. For example, in 2021, the strongest
offshore winter wind resulted in the strongest alongshore winter
currents. In July 2022, an unusually strong northeastward wind
(negative alongshore) reversed the alongshore current. These wind-
driven coastal current variations are not unexpected and generally
agree with past observations. The in�uence of seasonal and
interannual variations in out�ow from bays was also described
before, showing that the impact is limited to the nearshore area
(Roarty et al., 2020; Ezer and Updyke, 2025). While the in�uence of
wind and river discharge on coastal currents was well described in
past studies, studying the in�uence of the Atlantic Ocean and the
GS on the coastal currents is more dif�cult and less understood.
Therefore, a more complex analysis using EOF and additional
Frontiers in Marine Science 06
satellite data was used in the next section to link the coastal
currents with the GS.
3.2 EOF analysis of surface currents and
links with Gulf Stream variability

EOF analysis of the 5-year daily data was �rst applied to the
current speed of the entire region (coast and GS), and the �rst three
modes are shown in Figure 8. These modes, which combined
represent approximately 50% of the total variability, show a
spatial pattern indicating variability where most of the area
oscillates together (little variations within the coastal area),
though the GS shows somewhat a larger response. The �rst two
modes include seasonal variations and storms. For example, the
large peaks in the time evolution of EOF Mode-2 (middle-right
panel of Figure 8) correspond to the storms indicated in Figure 3b,
and as shown in Figure 4, when a storm passed across the region,
alongshore currents of the entire region increased. Moreover, the
spatial pattern of EOF Mode-2 (middle-left panel of Figure 8)
resembles the pattern of the storm’s impact, with maximum
currents at the center of the MAB (upper-right panel of Figure 4).
FIGURE 4

Examples of surface velocity (in m/s) during a storm—the remnants of Hurricane Ian in early October 2022 (see peak velocity D in Figure 3b). The
current speed is shown in color and the current direction in vectors (every fourth grid point). Arrows are not proportional to speed for a clearer view
of the areas with a weak velocity.
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