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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 flow variability near the shelf-break front, while other locations may be influenced 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 influence 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 field 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.
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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 southwest. The cold slope current from the north can also influence 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).


[image: Map (a) shows ocean topography of the North Atlantic, highlighting the Gulf Stream and regions like the Mid-Atlantic Bight with varying depths indicated by color gradients. Map (b) presents the 2020 mean surface velocity, featuring the Gulf Stream and wind velocities with corresponding color gradients and directional arrows.]
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.




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 (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., 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 flooding 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 fluxes, 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 flow. 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 outflow/inflow 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 variations in the GS with coastal surface currents. Roarty et al. (2020), who used similar data (but for earlier years), mentioned the potential influence of the GS on surface currents, but with no specific 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 influence 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 flow 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 filter 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’études 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). 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,
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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 flow (in this case, 2020), which is like the pattern previously described by Roarty et al. (2020) for an earlier period before 2017. The southeastward currents near the coast are driven by the outflow 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 flowing 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 flow 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 significant way.


[image: Heatmap showing daily mean velocity from 2020 to 2025, filtered over 30 days. Longitude ranges from -75 to -70 degrees west. Velocity is color-coded from blue (0.04) to red (0.2).]
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 filter with a 30-day window was applied to remove some noise.




When averaging the currents over the GS region and over the coastal region (see 
Figure 1b
), it is difficult to find a significant 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 significant 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 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 significant impact from the large freshwater flux of this storm (Kohut et al., 2006).


[image: Graph showing two panels of velocity data over time. Panel (a) displays Mean GS velocity from 2020 to 2025, with green spikes indicating fluctuations and a red line for the average trend. Panel (b) shows Mean coastal velocity over the same period, also with green spikes and a red trend line. Key dates marked are February 1, 2021; October 26, 2021; May 8, 2022; and October 3, 2022, identified by letters A to D. Velocity is measured in meters per second on both graphs.]
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 filter. 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.




[image: Four maps display surface velocity along the U.S. East Coast on October 1, 3, 5, and 8, 2022. Arrows indicate direction, with color scales showing speed from blue (0) to red (0.8 m/s). Velocity decreases over time.]
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.




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 significant interannual variations, with the strongest wind in 2021 and the weakest in 2020. The seasonal and interannual 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 fluctuating 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 significant 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 influence of seasonal and interannual variations in outflow 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 influence of wind and river discharge on coastal currents was well described in past studies, studying the influence of the Atlantic Ocean and the GS on the coastal currents is more difficult and less understood. Therefore, a more complex analysis using EOF and additional satellite data was used in the next section to link the coastal currents with the GS.


[image: Line graph showing monthly mean wind speed from 2020 to 2025. Wind speed, in meters per second, fluctuates monthly. A bold red line represents the trend, while a thin green line shows individual monthly variations. The graph indicates an overall rising trend from 2020 to 2025.]
Figure 5 | 
Monthly mean wind speed over the study area (green line) obtained from the NOAA/NCEP reanalysis, and the data after applying a 180-day filter (red line).




[image: A series of graphs display monthly mean velocities over five years, from 2020 to 2024. Each row contains three graphs: the first shows vector plots of velocity, the second is a bar chart of offshore velocity toward the southeast, and the third is a bar chart of alongshore velocity toward the southwest. Measurements are in centimeters per second, ranging from negative to positive values, across months one to twelve.]
Figure 6 | 
Monthly and area mean current velocity of the coastal region for each year (top to bottom). Left panels: mean current vector. Middle panels: offshore velocity component (positive value is a current flowing toward the southeast). Right panels: alongshore velocity component (positive value is a current toward the southwest).




[image: Bar graphs display offshore and alongshore wind speeds from 2020 to 2024 by month. Offshore winds, toward southeast, show variable positive and negative values. Alongshore winds, toward southwest, exhibit mostly negative values. Wind speeds, in meters per second, range from minus five to five.]
Figure 7 | 
Monthly and area mean wind velocity over the study area for each year (top to bottom). Left panels: offshore wind velocity component (positive value is a wind blowing toward the southeast). Right panels: alongshore wind velocity component (positive value is a wind blowing toward the southwest).








3.2 EOF analysis of surface currents and links with Gulf Stream variability


EOF analysis of the 5-year daily data was first applied to the current speed of the entire region (coast and GS), and the first 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 first 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
). In EOF Mode-3 (bottom panel of 
Figure 8
), the GS is in opposite phase to the rest of the MAB. Moreover, the time evolution shows almost no variability in mid-2021, when there were gaps in the GS data (
Figures 2
, 
3a
), thus suggesting that this mode represents GS-driven variability.


[image: Three panels display empirical orthogonal function (EOF) modes of ocean velocity. Each row includes a map and a time evolution graph. Mode 1 shows high variability (27%) with intense red shading, Mode 2 has 14% variability with orange-red shades, and Mode 3 shows 8.8% variability, mainly yellow. Time evolution graphs on the right illustrate amplitude changes from 2020 to 2025, reflecting each mode's temporal fluctuations.]
Figure 8 | 
The first three modes of empirical orthogonal function (EOF) analysis of the surface current speed—left panels are the spatial pattern (normalized non-dimensional values) and right panels are the time evolution of each mode. The percentage of total variability is indicated for each mode.




EOF Mode-4 to Mode-6, which combined represent approximately 10% of the total variability, indicate variability associated with the GS, so 
Figure 9
 zooms in on the area near Cape Hatteras. The pattern of EOF Mode-4 and Mode-5 indicates variations in the position and strength across the GS, and Mode-6 may indicate variations along the GS. For example, the apparent weakening or reduced data of the GS approximately 2021 is also shown in the time evolution of Mode-6. As mentioned before, the HFR captured only a small part of the GS, so additional data will be assessed for the GS later.


[image: Three panels display maps and corresponding graphs for Velocity Empirical Orthogonal Function (EOF) Modes 4, 5, and 6. Each left panel shows colored contour maps indicating spatial data variations, with Mode-4 at 4.2%, Mode-5 at 3.1%, and Mode-6 at 2.7% variance. Right panels depict graphs showing the time evolution of these modes from 2020 to 2025, demonstrating amplitude fluctuations over time.]
Figure 9 | 
As in 
Figure 8
, but for EOF Mode-4 to Mode-6, zooming on the southwest corner of the domain.




The GS current is much stronger than the coastal currents (
Figures 1b
, 
3
) and, thus, overshadows the variability of the entire region. Therefore, a second EOF calculation is conducted using only the coastal currents without the GS area (excluding the triangle region in 
Figure 1b
). The spatial pattern of the first 4 EOF modes, which combined are responsible for ~53% of the total coastal variability, is shown in 
Figure 10
. 
Table 1
 shows information on all the first 10 EOF modes; also shown in the table are the correlations between the time evolution of the EOF amplitudes and the time series of the mean velocity over the GS (
Figure 3a
) and over the coast (
Figure 3b
). Only Mode-1, representing 37% of the total variability, is highly correlated (R = 0.94) with the mean velocity over the entire coast, while almost all the other modes show a higher correlation of the EOF modes with the GS variability than with the coastal variability. Note that the EOF analysis in 
Figure 10
 excludes the GS region, so that this correlation represents the remote influence of the GS on the coast. The impact of the GS seems complex as it spreads over several modes, each contributing only a small portion of the total variability and possibly affecting different subregions of the MAB. Summing up all the GS contributions with statistically significant correlations shows that the GS variability is statistically linked with ~25% of the total variability.


[image: Four contour maps showing velocity Empirical Orthogonal Functions (EOF) over a geographic region. Each map depicts a different mode with corresponding percentage of variance explained: Mode-1 (37%), Mode-2 (8.5%), Mode-3 (3.8%), and Mode-4 (3.5%). Color gradients range from blue to red, indicating varying velocity values. Longitude and latitude are marked from -76 to -70 and 35 to 42 degrees, respectively. Each map includes a vertical color bar representing the velocity scale associated with each mode.]
Figure 10 | 
EOF modes as in 
Figures 8
 and 
9
, but only for the coastal area when calculations exclude the Gulf Stream region.





Table 1 | 
Correlation between time series of EOF amplitudes and area averaged daily mean velocity over the coastal area (
Figure 3b
) and over the Gulf Stream area (
Figure 3a
); R(coast) and R(gs) are the absolute values of the correlation coefficient with respect to the two records.





	Mode

	PER

	R(coast)

	R(gs)






	1
	37%
	
0.94

	
0.1




	2
	8.50%
	
0.06

	
0.24




	3
	3.80%
	
0.08

	
0.14




	4
	3.50%
	
0.08

	
0.12




	5
	2.40%
	
0.11

	
0.13




	6
	2.10%
	0.004
	
0.12




	7
	1.80%
	0.04
	
0.13




	8
	1.50%
	0.005
	
0.13




	9
	1.20%
	0.04
	0.004



	10
	1.10%
	0.04
	
0.06








Correlations with a significance level over 95% (p-value < 0.05) are in bold. The EOF was calculated when the data over the GS were excluded (Figure 10). The percentage of the total variability represented by each EOF mode is also indicated (PER).




The amplitude of EOF Mode-1 in 
Figure 10
 has only a negative sign over the MAB, indicating coherent oscillations of the entire region, but with larger variations in the middle MAB. 
Table 1
 indicates that this mode is highly correlated with the mean current of the entire coast, thus probably related to weather events passing the region, as mentioned before. As seen in 
Figure 4
 and in other cases (not shown), the middle MAB is prone to larger variations when storms pass the region. EOF Mode-2, on the other hand, shows cases when the current speeds in the lower and upper MAB are out of phase with each other, and the time evolution (not shown) indicates wind-induced seasonal variations. To assess the wind influence on Mode-2, the regional wind pattern is shown when the amplitude of Mode-2 was a large positive in January 2021 (
Figure 11a
) versus a month when the amplitude of Mode-2 was a large negative in September 2021 (
Figure 11b
). Positive EOF Mode-2 amplitude is associated with strong southeastward wind that is stronger offshore and weaker in the northeast, while negative amplitude is associated with relatively weak eastward wind that is even weaker in the south. This latitudinal change in the wind speed and direction can explain the different impacts on currents in the north and south of the MAB. Mode-2 also has the highest correlation with the GS (
Table 1
). The direct impact of the GS on the southern portion of the MAB near Cape Hatteras can contribute to the spatial pattern seen in Mode-2 (upper-right panel of 
Figure 10
), with the opposite phase in the upper and lower MAB.


[image: Map showing wind conditions in the northeastern U.S. for January and September 2021. Panel (a) shows a gradient from blue to red, indicating higher wind speeds in January with arrows pointing southward. Panel (b) displays a similar gradient with lower wind speeds in September, and arrows pointing eastward. The color bar represents wind intensity.]
Figure 11 | 
The connection between EOF-2 and wind pattern. The monthly mean wind speed (color; in m/s) and direction (vectors) for (a) January 2021 and (b) September 2021 obtained from the NOAA/NCEP reanalysis. Note the change of wind speed scale between the two panels. These two periods were chosen based on the time evolution of EOF Mode-2 in 
Figure 10
—during the period in (a), EOF-2 had a maximum positive normalized value of +8, while during the period in (b), EOF-2 had a minimum value of −7. Similar connections between EOF-2 and the wind pattern are seen during other times—positive EOF-2 indicates strong offshore wind, while negative EOF-2 indicates very weak wind.




EOF Mode-3 (bottom-left panel of 
Figure 10
) is especially interesting as it shows an opposite amplitude between the shelf-break and the rest of the coast. The location of the shelf-break front is close to the GS, near the slope sea gyre (
Figure 1
). To assess the impact of the GS on the shelf-break front, SST images were obtained during two periods: 25 January 25 2021, when Mode-3 in 
Figure 10
 was in a large positive phase (
Figure 12a
), and 30 September 2023, when Mode-3 was in a large negative phase (
Figure 12b
). In January 2021, the GS flew straight northeastward and was far from the coast, so the shelf-break front was clearly seen, while in September 2023, the GS had a big meander that reached close to the shelf-break front, which was not clearly visible. This pattern suggests that GS meanders and eddies can impact the shelf-break front as seen in Mode-3. Putting this finding in context, past studies show large variability in the shelf-break front of the MAB that is mostly driven by seasonal variations in density gradients (Linder and Gawarkiewicz, 1998). However, some studies also showed cases of an unusual shift in the GS path that brought a GS meander within 12 km from the shelf-break front, such as in December 2011 (Gawarkiewicz et al., 2012), and this unusual case may resemble the GS path in September 2023 (
Figure 12b
). EOF Mode-4 in 
Figure 10
 shows a pattern where the central MAB near the mouth of Delaware Bay is out of phase with the northern and southern offshore MAB regions—this is the area where the currents near the coast are toward the southeast (
Figure 1b
) and affected by the outflow from bays (Muscarella et al., 2011; Ezer and Updyke, 2024, 2025). The time evolution of Mode-4 (not shown) indicates an extreme peak in early January 2024 when a strong winter storm hit the northeastern U.S. coast, causing significant snow and flooding. For example, USGS observations of the streamflow into the Chesapeake Bay (https://www.usgs.gov/media/images/estimated-monthly-mean-streamflow-entering-chesapeake-bay) show much larger transport in early 2024 than in previous years. However, river discharge has only a minor impact on the overall flow of the MAB away from the coast (Roarty et al., 2020).


[image: Two maps show NOAA sea surface temperatures in degrees Celsius for the northeastern U.S. coast. The first, dated January 25, 2021, shows cooler temperatures with purple hues near the coast. The second, dated September 30, 2023, displays warmer temperatures with orange and yellow hues further south. Both maps include a color gradient bar from zero to thirty-five degrees Celsius.]
Figure 12 | 
The connection between EOF-3, the Gulf Stream (GS), and the shelf-break front. The daily sea surface temperature (SST) for (a) 25 January 2021 and (b) 30 September 2023. These two periods were chosen based on the time evolution of EOF Mode-3 in 
Figure 10
—during the period in (a), EOF-3 had a maximum positive normalized value of +4, while during the period in (b), EOF-3 had a minimum value of −4. Similar connections between EOF-3 and SST are seen during other times—positive EOF-3 indicates a straight GS path far away from the coast and a strong shelf-break front, while negative EOF-3 indicates GS that meanders toward the coast and erodes the shelf-break front.




To further look at the potential links between the GS and the HFR surface currents, monthly geostrophic velocity obtained from satellite altimeter data was analyzed over 3 years (2020–2022), focusing on the extension of the GS downstream of Cape Hatteras. From the maximum geostrophic velocity at each longitude, the mean latitude of the GS and the mean velocity were calculated between 70°W and 75°W for each month. The seasonal pattern of the GS position and velocity is shown in 
Figure 13
. Due to the large variability of the GS over this region, the seasonal pattern is different for each of the 3 years, so one cannot link the seasonal pattern of the coastal currents to potential seasonal variations in the GS, at least not based on these 3-year data. However, as seen in 
Figure 12
, an occasional shift onshore of the GS may impact the coastal currents. To demonstrate this potential link, 2 months are chosen based on 
Figure 13
: April 2021, when the GS current was strong and its position was farther south, and November 2021, when the GS current was weak and its position was farther north. The HFR surface currents and the altimeter geostrophic currents are thus compared for the two periods in 
Figure 14
. It is interesting to note that when the GS was strong, the HFR captured a larger portion of the GS. Near the coast, the altimetry-derived geostrophic velocity is noisy and very different from the southeastward observed surface flow, a problem demonstrated by other studies (e.g., Roesler et al., 2013; Caballero et al., 2020). This is not surprising given the fact that coarse-resolution gridded altimetry data are less reliable close to the coast. The currents near the coast are driven by river flow out of bays and local wind, so they are far from being geostrophic or easily detected by sea-level gradients. However, the impact of the GS is seen offshore. When the GS was farther south in April 2021, there was a strong westward geostrophic flow north of the GS, while in November 2021, there seems to be an anticyclonic eddy centered approximately 71°W and 39.5°N; these features are far offshore from the HFR observations. Some impact of the GS on the HFR currents is seen in the southern part of the MAB—when the GS was weaker, there were stronger southwestward currents along the slope and southeastward flow from the mouth of the Chesapeake Bay toward Cape Hatteras. This comparison suggests that combining surface currents from different sources may provide a better data set than each source alone (Caballero et al., 2020).


[image: Four bar charts depict the monthly Gulf Stream position and velocity from 2020 to 2022, measured between 70°W and 75°W. The left charts show latitude changes, while the right display velocity in meters per second. Highlighted bars indicate specific data points for close examination in some charts.]
Figure 13 | 
Satellite GS variability obtained from geostrophic velocity calculated from satellite altimeter data over 3 years. Left panels: monthly GS mean latitude position. Right panels: monthly GS velocity. The values are averaged over the region 70°W–75°W. Two months are highlighted—April 2021 (orange) when the GS was strong and shifted southward and November 2021 (green) when the GS was weak and shifted northward (see 
Figure 15
).




[image: Four geographic maps showing ocean velocity data for April and November 2021. Top left: HFR Velocity April 2021 with color gradients indicating velocity strength. Top right: Geostrophic Velocity April 2021 with similar data representation. Bottom left: HFR Velocity November 2021; bottom right: Geostrophic Velocity November 2021. The maps include contour lines and arrows indicating flow direction, with color bars on the side representing velocity magnitudes.]
Figure 14 | 
A comparison between the observed HFR surface currents (left panels) and the geostrophic surface currents calculated from altimeter data (right panels), for April 2021 (top panels) and November 2021 (bottom panels). These two periods were chosen as examples of different GS patterns, one when the GS is strong and its path is farther south, and one when the GS is weaker, and its path is farther north (see middle panels in 
Figure 13
). The velocity speed (in m/s) is shown by color, and the vectors show direction.









4 Summary and discussion


This research followed the footsteps of past studies that used HFR observations of surface currents along the U.S. East Coast (Kohut et al., 2006; Atkinson et al., 2009; Dzwonkowski et al., 2009; Gong et al., 2010; Muscarella et al., 2011; Gopalakrishnan and Blumberg, 2012; Roarty et al., 2020; Ezer et al., 2022; Han et al., 2022; Seim et al., 2022; Ezer and Updyke, 2024, 2025). However, most of these studies only used local HFR data over a small area near the coast or near the mouth of bays, while here, like in Roarty et al. (2020), the surface currents from multiple radars are used to describe the dynamics and forcing of the entire MAB from Cape Hatteras to Cape Cod. Wind- and river-driven currents of the MAB are well documented in all the above studies, and the results presented here are consistent with past studies. However, there are very few studies that looked at the influence of the GS on coastal currents in the entire MAB, so the goal here was to investigate the potential role that the GS may play in the surface currents of the MAB relative to the (better-known) role of the wind. This is a challenging task since the HFR only captures a small portion of the GS when it flows close to Cape Hatteras. Studies of the GS from HFR data near Cape Hatteras (Haines et al., 2017; Han et al., 2022; Muglia et al., 2022; Seim et al., 2022) demonstrate the role of the GS in water exchange with the shelf; they also found current variability modes associated with wind variability. However, studies focused on the GS near Cape Hatteras alone cannot describe the impact of the GS on the entire MAB. In the deep MAB after the GS separated from the coast at Cape Hatteras, the GS is too far from the coast to be observed by coastal radars—it is also more variable with meanders and eddies than upstream before the separation. Therefore, additional satellite altimeter and SST data were used to characterize the GS path and speed downstream from Cape Hatteras.


Many recent studies focused on the role of the GS and the Atlantic overturning circulation in sea-level variability and coastal sea-level rise (Ezer et al., 2013; Ezer and Atkinson, 2014, 2017; Goddard et al., 2015; Little et al., 2019; Piecuch et al., 2019; Ezer, 2015, 2020, 2022, 2023a; Wu and He, 2025). The mechanism linking the GS with sea-level variability is understood quite well, since variations in the GS position and strength change the location and gradient of the sea-level slope across the GS. However, the mechanism by which GS variability can impact wind-driven velocities near the coast was not clear in past studies. This study, in fact, demonstrates that the impact of the GS on coastal currents is complex and involves several different mechanisms: some directly affect currents in the vicinity of the GS, while others affect the entire MAB or particular locations like the shelf-break.


The main findings about the wind-driven surface currents in the MAB during 2020–2024 are consistent with the results of similar past data until 2016 (Roarty et al., 2020), showing seasonal and interannual variability driven by the seasonal wind pattern of stronger winds in the winter and fall. However, it is further demonstrated here that HFR data can help study how tropical storms and hurricanes impact the surface currents of the entire MAB region—during storms, mean flow over the MAB can reach over 0.5 m/s, and some locations showed velocity close to 1 m/s (almost GS-like), compared with typical mean current of only 0.1–0.15 m/s. The current direction is generally to the right of the wind as expected from the Ekman theory (Ezer, 2023b)—in fact, a detailed near-coast comparison of wind and currents near the mouth of Chesapeake Bay indicated a 30–50° angle between the wind and surface currents (Ezer and Updyke, 2025). However, farther away from the coast, the currents turn from southeastward to southwestward along the shelf-break front and then merge into the GS closer to Cape Hatteras, as observed by others (Han et al., 2022; Seim et al., 2022). Therefore, away from the coast, the slope sea gyre, the shelf-break front, and the GS path may play a bigger role than just wind. Unlike past studies of the MAB circulation using simple numerical models (Beardsley and Winant, 1979; Beardsley and Haidvogel, 1981) or hydrographic measurements (Linder and Gawarkiewicz, 1998), the HFR provides observations at higher spatial and temporal resolution than was available before and extends from the coast to part of the GS. While the GS dominates the southern portion of the MAB, trying to use the HFR surface currents near the GS to study the link of the GS with coastal currents is very challenging, since the observations capture the small and changing portion of the GS. For example, there are some gaps in the GS data during 2021.


EOF analysis was conducted to study the spatial and temporal pattern of currents in the MAB—one experiment includes both the GS and the coast, and another experiment excludes the GS from the calculations. Patterns that show coherent variability over the entire MAB seem to be driven by a wide range of wind variability: weekly weather events, hurricanes, the seasonal cycle, and interannual variability. However, several EOF modes that capture ~10% of the total variability of the MAB are directly linked with oscillations in the position and strength of the GS near Cape Hatteras. The internal variability in the MAB coastal currents when the GS is excluded from the calculations shows wind-driven modes with different variations in the upper and lower MAB and a mode associated with variations in the shelf-break front when a GS meander moves closer to the shelf-break. This interaction between the GS and the shelf-break has been seen in observations and can result in an unusual warming of the shelf that affects the ecosystem when a GS meander moves closer to the shelf (Gawarkiewicz et al., 2012). Analysis of the GS extension between 70° and 75°W from altimeter data shows large variations in the GS position and strength, but with no clear seasonal signal; in fact, the seasonal cycle seems different each year. However, qualitatively, large changes in the GS position have a significant impact on the currents in the vicinity of the GS, mostly outside the reach of the HFR observations. Near the coast, however, currents are driven by local wind and river discharge, so geostrophic velocity derived from altimeter data is noisy and does not resemble the observed surface currents. The results thus suggest that the two sources of surface data, direct HRF observations near the coast and geostrophic velocities near the GS, can be combined to provide a better overall flow field than each data alone (Roesler et al., 2013; Caballero et al., 2020) and may also be a source for assimilation into ocean models.


To try to quantify the general contribution of the winds versus the GS on the mean currents of the whole MAB domain, correlations of monthly data were calculated for different years. The link of offshore and alongshore mean currents to the wind components shows correlations that are statistically significant at 99%–99.99% (
Figure 15a
), which indicates that approximately 50%–80% of the variability (R
2 = 0.5–0.8) is linked to the wind, which is not unexpected. There are, however, interannual variations in the correlations, as discussed before; for example, the alongshore flow had an unusual reversal in the summer and strong fall flow in 2024 (
Figure 6
) that correlated strongly with a similar wind pattern that year. Much weaker and less consistent correlations were found between the coastal currents and variations in the GS as obtained from altimeter data (
Figure 15b
). Only the offshore current in some years (but not the alongshore current) had a significant correlation with the GS, indicating that in some years approximately 10%–30% of the variability of the currents is linked to the GS. Since the correlation coefficients in 
Figure 15b
 are negative (before squared), it indicates that the offshore component of the coastal currents (toward the southeast) is stronger when the GS moves to the south and is weaker, i.e., the GS is farther away from the coast, so the currents are likely driven more strongly by the wind with less disruption by the GS. The GS contribution to coastal current variability as obtained from the altimeter data over the MAB (10%–30%; 
Figure 15b
) is consistent with the contribution of the GS obtained from the HFR observations near Cape Hatteras (~25%; 
Table 1
). These two estimates, which were done with different data and different methods, provide confidence in the conclusion that the GS does have a significant impact on the coastal currents.


[image: Two bar graphs show correlations. Graph (a) depicts monthly wind-current correlation from 2020 to 2024, comparing offshore and alongshore values, with offshore generally higher. Graph (b) shows monthly Gulf Stream-offshore current correlation from 2020 to 2022, comparing Gulf Stream position and speed, with position generally lower. Both graphs include significance levels at 99.99%, 99%, 95%, and 90%.]
Figure 15 | 
Correlation squared (R
2) of monthly surface coastal currents (without the HFR GS) with (a) monthly wind and (b) the Gulf Stream (from altimeter data). In (a), correlations are separated between offshore components (southeastward; blue) of wind and current and alongshore components (southwestward; red); all correlations (before squared) are positive, i.e., a stronger wind is linked with a stronger current in the same direction. In (b), offshore current component is correlated with GS position (blue) and GS speed (red); alongshore currents are not significantly correlated with the GS, so they are not shown. Correlations (before squared) are negative in (b), i.e., there are stronger offshore currents when the GS is farther south or weaker. Dash lines represent different levels of statistical confidence in the correlation.




In summary, the study shows a complex surface current field in the MAB that is driven by variations in both wind and the GS, with variability spanning over a wide range of time and space scales, from daily wind events and storms to seasonal and interannual variations. The study demonstrates the importance of the HFR data to better understand coastal dynamics and interactions between the coast and open ocean dynamics. However, this study, over just a few years, aimed to demonstrate the different processes involved; however, much longer records are needed to quantify the role of the GS in decadal variabilities and climate-related trends in coastal dynamics.
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