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The Impact of Warm Core Rings on Middle Atlantic Bight
Shelf Temperature and Shelf Break Velocity
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Abstract Warm Core Rings (WCRs) are known to disrupt the shelf flow as well as drive strong heat
transport onto the Middle Atlantic Bight shelf. We examine 27 rings sampled by the container ship Oleander,
16 rings which have in-situ velocity data and 11 rings identified from satellite sea surface height but with in-situ
temperature data, to study the variability in rings' impact on shelf break velocities and on the temperature of the
adjacent shelf. WCRs that have higher rotational velocities and are closer to the shelf are found to exert greater
influence on the along-shelf velocities, with the fastest and closest rings reversing the direction of flow at the
shelf break. As rings approach the study site, the Shelfbreak Jet is faster than when the rings are about to exit
the study site, likely due to first steepening then flattening of the isopycnals at the Shelfbreak Front. Rings also
have lasting impacts on the shelf temperature: rings with faster rotational velocities cool the shelf and rings
with slower rotational velocities warm the shelf. The evolution of temperature on the shelf as a ring passes is
strongly tied to the season. During warmer seasons, when temperature stratification on the shelf is strong, a ring
cools the shelf; during periods of weak thermal stratification, rings tend to warm the shelf. Rings which cool
the shelf are additionally associated with increased upwelling as they pass the study site.

Plain Language Summary Warm Core Rings are large rotating masses of Gulf Stream water that
have been isolated from the Gulf Stream and move through the Slope Sea next to the shelf. We identify and
study 16 rings from ship board observations off the coast of New Jersey, and additionally study 11 more rings
using a combination of limited ship observations and satellite data. Typical velocities at the shelf break in this
region are to the southwest. Rings which rotate more quickly tend to disrupt the normal velocities over the shelf
and shelf break and can even reverse these currents. As a ring approaches the study site the southwest velocities
over the shelf break are enhanced, and when a ring is exiting the study site the southwest velocities at the shelf
break are reduced. Rings exert a lasting influence on the temperature on the shelf. During warmer seasons,
rings tend to cool the shelf, while in cooler seasons rings tend to warm the shelf.

1. Introduction

Warm Core Rings (WCRs) form from large meanders of the Gulf Stream that are pinched off, leaving an anti-cy-
clonic eddy of warm salty water north of the Gulf Stream. These rings can abut the Middle Atlantic Bight (MAB)
shelf as they move westward through the Slope Sea until they are reabsorbed into the Gulf Stream. Disruptions
to mean shelf break currents as well as large shelf temperature anomalies have been attributed to adjacent rings
(e.g., Beardsley et al., 1985; Forsyth et al., 2020; Gawarkiewicz et al., 2019). Observations have shown that more
rings have been formed annually since 2000, leading to the possibility that there are more frequent disruptions
to the shelf system (Gangopadhyay et al., 2019). With this increase in the number of ring formations per year,
understanding how rings are able to impact the shelf is increasingly important.

Early studies of WCRs combined limited in-situ observations with satellite thermal imaging to study the prop-
erties of the rings and their interactions with the shelf (e.g., Bisagni, 1983; Churchill et al., 1986; Joyce, 1984;
Morgan & Bishop, 1977). These studies quantified dynamical properties of the rings, and estimated cross-shelf
fluxes associated with warm streamers which cross onto the shelf even as the ring core remains over the slope.
Estimates of the ring-driven cross-shelf heat flux suggest that they play a key role in the yearly heat budget for
the shelf (Morgan & Bishop, 1977). Individual shelf streamers were also observed to carry a significant fraction
of the annual slope water transport to the shelf as estimated from salinity (Churchill et al., 1986). The cross-shelf
water mass exchange is modified by both warm streamers moving onto the shelf, and also cold streamers pulled
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off of the shelf by WCRs (Cenedese et al., 2013; Wei et al., 2008). Cold streamers have been estimated to trans-
port approximately 1 Sv offshore, depositing the water between the ring and the Gulf Stream (Joyce et al., 1992).

Observations on the shelf have shown that WCRs impact the shelf circulation and the Shelfbreak Jet (e.g., Beard-
sley et al., 1985; Gawarkiewicz et al., 2001; Pickart et al., 1999). Pickart et al. (1999) found that a WCR forced a
large meander in the Shelfbreak Jet pushing the jet onshore, while Gawarkiewicz et al. (2001) observed that the
Shelfbreak Jet was accelerated/slowed on the leading/trailing edge of the ring. Recent modeling studies describe
various processes which enhance cross-shelf transport and disruptions of the shelf circulation (Chen et al., 2014;
Zhang & Gawarkiewicz, 2015). In particular, Zhang and Gawarkiewicz (2015) described one process by which
ring water intrudes directly onto the shelf through a “Pinocchio's nose” intrusion that resulted from vorticity
variations within a warm limb of the ring.

One of the main limitations of many previous WCR studies is that they are typically restricted to “case studies”
that detail the dynamics of only one or two rings. In contrast, underway shipboard observations from the CMV
Oleander give repeat transects since 1992 between New Jersey and Bermuda, allowing for the study of many
rings sampled from the same observational platform. The CMV Oleander is equipped with instrumentation to
measure profiles of water velocity and temperature, as well as near-surface temperature and salinity, such that
both dynamical and hydrographic properties of the ring and shelf system can be quantified. Observing many
rings allows us to describe how rings can differ from each other, and how rings with varying properties are able
to impact the shelf and shelf break.

This study builds on the results of Forsyth et al. (2020), which used the CMV Oleander data to characterize the
mean Shelfbreak Jet in both Eulerian and stream coordinate frames. In that study, the Jet was found to be ephem-
eral, present only in 60% of the velocity sections. In many cases when the Jet could not be identified in a velocity
section, the presence of a WCR was detected, so this followup study focuses on the rings and their impact.

We describe the data from the CMV Oleander and the method used to identify the transects that sample through
a WCR in Section 2.1. Additionally, Section 2.2 details data derived from satellites including eddy tracking of
the WCRs. The impact WCRs have on shelf circulation and parametric dependencies between different WCRs is
discussed in Section 3.1. We examine the lasting impact of rings on shelf temperature by comparing the condi-
tions before and after a ring passes in Section 3.2. Section 4 summarizes our findings.

2. Methodology

WCRs regularly cross the Oleander Line, moving slowly along the continental slope, and many of these happen
to be sampled on the Oleander's regular transects. In order to fully capitalize on the various Oleander data sets,
and to characterize rings with as many in situ measurements as possible, multiple data sources are used to identify
rings that cross the Oleander Line. In total, 27 rings are examined here. Of these, 16 are identified directly, using
the in situ velocity profiles from the Oleander's shipboard acoustic Doppler current profiler (ADCP). An addi-
tional 11 are identified using remote sensing, relying on the Chelton data set which identifies and tracks WCRs
using mapped sea surface height (SSH) (Chelton et al., 2011). Of the 16 rings identified with the Oleander veloc-
ity profiles, 12 have in situ temperature profiles that were measured both before and after a given ring passed. All
of the 11 rings that were identified using the Chelton data have temperature profiles bracketing the ring's passage
across the Oleander Line. Hence analysis of the impact of rings events on temperature relies on 23 rings, whereas
analysis of the impact on shelf and shelf break velocity uses only 16 rings.

2.1. CMV Oleander

The CMV Oleander has recorded upper-ocean velocity profiles using ADCPs since 1992 on its weekly round
trips between Port Elizabeth, New Jersey and Bermuda (Figure 1). In addition to the ADCP data, temperature
profiles from expendable bathythermographs (XBTs) have been measured across the transect approximately once
amonth since 1977. In 2000 a thermosalinograph (TSG) began measuring the near-surface temperature and salin-
ity. The data acquisition, quality control, and gridding methodology for the ADCP and XBT data are described
previously (Flagg et al., 1998; Forsyth et al., 2015, 2020). Minor changes to the methodology implemented to
better study individual rings are described here.
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Figure 1. Eddy tracks of 14 Warm Core Rings (of 16 total) that have acoustic Doppler current profiler data and can be
identified using the Chelton eddy tracks. Colors indicate the age of the ring in days when it crosses the CMV Oleander Line
(Chelton et al., 2011). One ring track does not cross the Oleander Line in the Chelton Tracks and is plotted in red. The gray
dashed line shows the Oleander Line, the orange solid line is the mean position of the Gulf Stream (as defined by the 25 cm
sea surface height contour), and the blue line is the approximate position of the Shelfbreak Jet which is located over the shelf
break. The axes are shown in the bottom right. Contours of the 100, 500, and 4,000-m isobaths are plotted in gray, with the
2,400 and 2,900-m isobaths plotted in black. The shelf region is onshore of the shallowest (100 m) contour. The Slope Sea
occupies the area between the shelf and the Gulf Stream.

For the ADCP data, we modity the gridding utilized in previous research to retain as high a resolution as possible
(Forsyth et al., 2020). Based on the characteristics of individual rings, the horizontal grid scale chosen here is
3 km, and the vertical grid is 4 m on the shelf and 8 m in deeper regions. Data that were acquired with coarser
vertical resolution (rings after the year 2005) are linearly interpolated to match the vertical resolutions given
above. Due to different data acquisition settings over the shelf and the deeper ocean, the shallowest bin of data is
centered at 8 and 16 m for the shelf waters and the deeper ocean respectively. The data are rotated in the along-
shelf (x-axis, southwest) and cross-shelf (y-axis, southeast) direction (axis in Figure 1).

XBT data are gridded on a 30 km horizontal by 10 m vertical grid, with the top vertical bin between 0 and 10 m.
This is coarser than the grid used in our previous analyses with these data (Forsyth et al., 2015), but is more repre-
sentative of the resolution of the raw data during the time period when most rings were observed in the ADCP data
set. We do not use any data filling techniques for the XBT sections in order to preserve the signals from individual
events (i.e., we do not relax to a monthly climatology when XBT profiles are missing). The temperature impact
of rings on the shelf is quantified using temperature anomalies. To calculate the shelf temperature anomalies, we
remove the seasonal signal from the gridded data. This is done by calculating average temperature sections for
each month using XBT data from 1977 to 2018, and then subtracting the average monthly temperature section
from the gridded data in the corresponding month. Finally, we calculate a spatially averaged shelf temperature
anomaly for the area between the 40 and 100 m isobaths (90 km horizontal range with our spatial grid).

WCRs tend to move across the Oleander Line from the northeast to southwest and velocities measured on the
fixed Oleander Line evolve as a ring moves by. As the leading edge of the ring approaches the Oleander Line, the
anti-cyclonic velocity signatures are observed to be onshore. Over time, when the CMV Oleander is sampling
the middle of the ring, the largest velocities are in the along-shelf direction with Northeastward velocities closer
to the shelf and Southwestward velocities further offshore. When the trailing edge of the ring is on the Oleander
Line, the velocities measured are in the offshore direction.
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Based on how the CMV Oleander samples a ring, we develop a methodology to identify velocity sections with
WCR influence. A section with a ring is defined by having two local maxima in the depth-averaged along-shelf
velocity greater than 10.15/m s~!, a threshold based on previous work (Forsyth et al., 2020). The onshore local
maximum must have velocity in the northeast direction, with the velocity maximum located further offshore
directed toward the southwest, thereby identifying an anti-cyclonic velocity signature. Lastly, we include sections
without anti-cyclonic velocity signatures if they are consistent with the velocities anticipated on the leading and
trailing edge of the ring, and occur before and after sections with anti-cyclonic velocity respectively. We identify
16 rings between 1997 and 2008 that are sampled by 5 or more ADCP sections. These rings take an average of
30 days to pass over the Oleander Line, with around 80% of the transects sampling through the broad “middle”
of the ring and the rest sampling a leading or trailing edge.

After the ADCP sections with ring signatures are selected, we compile all available TSG and XBT data that
occur before, during, and after each individual ring. TSG data are only available for 8 rings, while XBT data are
partially available for each ring. 12 rings have XBT data within one month before and also within one month
after the ring has passed through the Oleander Line, while 13 rings have XBT data that samples the ring directly.

2.2. Satellite Data

Satellite sea surface temperature (SST) and SSH data have been used in many ring studies. As the CMV Oleander
provides only a 2-d (vertical section) perspective of the rings, satellite data provide valuable spatial context for
these rings. We use National Oceanographic and Atmospheric Administration (NOAA) Optimum Interpolation

1
(OI) 1 daily SST (AVHRR-only; Reynolds et al. (2007)). For SSH data and SSH-derived geostrophic velocities,
1 o

we use daily mapped absolute dynamic topography at 7 resolution, available through E.U. Copernicus Marine
Environmental Monitoring Service. Lastly, mapped ocean chlorophyll data from satellites are used from the
Ocean Biology Processing Group (OBPG) Sea-viewing Wide Field-of-view Sensor (SeaWiFS) which reports
data at a 4 km resolution.

Additionally, we use eddy tracks from Chelton et al. (2011) to examine the path taken by each ring that we
observe crossing the Oleander Line. Two of the 16 rings cannot be found in the eddy tracks as they do not last
for 28 days as required to be included in the Chelton eddy tracks. For the remaining 14 rings, for which we do
have the Chelton tracks, we calculate the age of the ring, or how long each ring has existed before it crosses the
Oleander Line (colored lines in Figure 1). If a ring crosses the Oleander Line multiple times, we calculate the age
of the ring during the crossing when the ring is closest to the shelf break. The age of the ring ranges from 6 to
109 days, with one ring never crossing the Oleander Line (as represented in the Chelton tracks). The ring which
does not cross the Oleander Line was formed just south of the Oleander Line and stayed within the region long
enough that there are over five sections of ADCP data through the ring despite the center never crossing over the
Oleander Line. All but one of the rings intersect the Oleander Line between the 2400 and 2900-m isobaths. The
rings are tightly bounded by these isobaths, indicating strong topographic trapping.

We compute from the ADCP measurements the maximum speed in each ring section as a proxy for azimuthal
velocity, assuming the predominant motion within the rings is azimuthal and not radial. We then compare this
with azimuthal geostrophic velocities derived from the SSH fields. There is an average difference between the
azimuthal velocity derived from SSH and the azimuthal velocity calculated from the ADCP data of 0.5 m s~!
(Figure 2). Throughout individual sections, these two quantities are correlated linearly with larger differences at
higher speeds/velocities. While these quantities are not measuring the same properties, this indicates that in-situ
velocities are needed to accurately reflect the flows within rings. Comparisons between CMV Oleander ADCP
data and SSH fields have shown good agreement in regions of low variance, however, in regions with higher
variance, that is, energetic rings, the consistency between the two measurements is reduced (Worst et al., 2014).

There are rings in the Chelton tracks that do not have reliable ADCP data but do have XBT sections. To include as
many rings as possible in the analysis of ring influence on shelf temperatures, an additional 11 rings are included.
These 11 rings are identified from the Chelton tracks and have XBT data available within one month before and
also within one month after a ring has passed the CMV Oleander line. We approximate the velocity of these rings
by inferring the velocities that would be measured by the ADCP by using the linear fit between the SSH-derived
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Figure 2. Sea surface height (SSH) derived azimuthal velocity from the Chelton tracks plotted against acoustic Doppler
current profiler (ADCP) calculated ring speed in each ring section (S,,,) in blue circles. The best linear fit line is plotted in
the dashed red line. The comparison here is from 14 rings which are identified in both the ADCP and Chelton tracks. 71
sections have the required data coverage for this calculation.

velocities and the ring speed (Figure 2). In total, this gives 23 rings with XBT data before and after the ring, and
a total of 16 rings with XBT sections that sample directly within the ring.

3. Results
3.1. Warm Core Ring Impact on Shelf Break Velocities

In total, for the 16 WCRs with ADCP data, we have 151 velocity sections within the WCRs. Of the 151 velocity
sections, 122 measure the center of the rings and are used for the calculation of ring properties unless we specify
the study of the leading and trailing edge (not all rings have measurements through the leading or trailing edges).
From these 122 velocity sections we create an Eulerian mean WCR section (Figure 3). Flow is primarily in the
along-shelf direction, with weak onshore velocities throughout the slope and shelf. This net onshore flow over the
slope is likely an artifact resulting from having more sections that sampled the leading edge of the ring where flow
would be expected to be in the onshore direction. The northeastward velocities of the mean Eulerian WCR section
show enhanced flow subsurface with maximum velocities at around 80 m depth. The mean velocity field repre-
sented by this Eulerian average is of limited use as the different rings included in the study show large variations in

their velocity structures as exhibited by the standard deviations. Additionally,

our sub-sample of 16 rings (a small fraction of the total number of rings that
(mss), crossed the Oleander Line during this time) may not accurately represent the

200 % oM
120 160 200 240 280 320

Distance from Ambrose Lighthouse (km)

Figure 3. Eulerian mean along-shelf velocity (left column) and cross-shelf

distribution of velocities that would be observed with a larger sample of rings.

0 Focusing on the velocity structure over the shelf onshore of the WCRs, the
122-section Eulerian mean shows a Shelfbreak Jet during time periods when
WCRs are in the Slope Sea (Figure 4). In comparison to an Eulerian mean
calculated for all 1362 CMV Oleander ADCP sections (Forsyth et al., 2020),
the Eulerian mean Shelfbreak Jet during WCRs is shifted onshore, is
narrower, and has weaker transport, but a similar maximum velocity. This
is consistent with the hypothesis from (Forsyth et al., 2020) that WCRs can

120 160 200 240 280 320

velocity (right column) from 122 sections sampling the “middle” of the Warm  shift the Shelfbreak Jet onshore and is consistent with past research on rings
Core Rings. Standard deviations (m/s) are plotted in the black contour lines. (Pickart et al., 1999). Overall, we still find an Eulerian mean Shelfbreak
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(m/s) Jet during WCRs indicating that not all WCRs reverse the flow at the

R \\y 02 Shelfbreak Jet as found during specific individual ring events (Beardsley

E 50 et al., 1985; Chen et al., 2014; Zhang & Gawarkiewicz, 2015). In order to

"Ei)'_ 100 0 understand how rings impact the shelf flows, we need to examine individual
o 02 rings and consider the ring proximity to the Oleander Line.

150 To examine individual rings and quantify their impact on the shelf, rather than

120 160 120 160 200 focus on composite averaged ring properties, we calculate several ring and

Distance from Ambrose Lighthouse (km) >
shelf parameters and examine how they co-vary. We calculate the ring speed,
Figure 4. Eulerian mean along-shelf velocity (left column) and cross-shelf S, by finding the maximum northeast and southwest depth-averaged velocity

velocity (right column) from 122 sections sampling the “middle” of the Warm  (top 100 m) in each ring section and then average the absolute value of these

Core Rings. The color bar is half the range as Figure 3. Black contours are the
0.06, 0.08, and 0.10 m s~! isotachs calculated from the Eulerian mean along-
shelf velocity (Forsyth et al., 2020).

two depth-averaged velocities. To calculate the ring radius, »_ ., we identify

the e-folding isotach from the ring speed and calculate the distance between
this isotach on either side of the ring and divide in half. Using this isotach, we
also calculate d,, the distance of the onshore edge of the ring to the shelf break
(the choice of isotach to mark the edge of the ring does not significantly impact the relationships discussed below).

The ring speeds of our 16 rings range from 0.22 to 0.88 m s~! with the ring radii ranging from 50 to 85 km radius.

In order to quantify the impact of rings on the shelf velocity structure, we calculate the velocity at the mean
Eulerian position of the Shelfbreak Jet by averaging the along-shelf velocities in a 40 km horizontal by 60 m
vertical box based on the e-folding scale of the Shelfbreak Jet centered over the 115-m isobath (methodology
described in Forsyth et al. (2020)). We linearly regress the velocity at the shelf break onto S, , and d,, and find
significant linear relationships with the two variables (p < 0.01). This relationship indicates that the faster and
closer a ring is to the shelf break, the more negative (northeast) the along-shelf flow is. Cases when the ring is
slow and far from the shelf break tend to have a shelf break velocity that it is more typical of mean shelf break
conditions, or southwest flow (Forsyth et al., 2020). It is important to note that S,
one another (despite each one's correlation with flow at the shelf break). Repeating the regression calculations

\er and d, are not correlated with
with the shelf's maximum along-shelf velocity (rather than velocity at the shelf break) results in similar relation-
ships, where faster and closer rings reduce the southwest along-shelf flow on the shelf.

Rings impact on the velocity field at the Oleander Line evolves as the ring crosses the transect. To examine a
ring's impact over time on the velocity field, we calculate composite (Eulerian) averages for the sections influ-
enced by the rings' leading and trailing edges, using observations from the 16 rings with ADCP measurements
(Figure 6). The leading edge average is calculated using the first transect where ring influences are observed
from each ring, whereas the lagging edge is calculated from the last velocity transect where ring influences can
be seen (designation of when we determine ring influences occur described in Section 2. The composite averages
suggest that at the leading edge of the ring, cross-shelf velocities are all onshore within the ring and over the shelf
(Figure 6b). In the Eulerian means using the final section from each ring, the cross-shelf velocity shows a strong
divergence at the location of the maximum equatorward flows in the along-shelf velocity which is the Shelfbreak
Jet (Figures 6¢ and 6d), at 175 km). This divergence of the cross-shelf velocities can be seen, not only in the
composite, but also in each individual ring's last transect, with onshore velocities at the shelf break, and offshore
velocities in the ring over the slope. The location of the divergence point is at the same location as the maximum
equatorward flows, and is likely associated with the offshore deflection of the Shelfbreak Jet.

Along-shelf velocities within the Shelfbreak Jet are strongest on the leading edge of the ring, with the maximum
Eulerian mean velocities reaching 0.2 m s~! in the surface layers (Figure 6a). The Shelfbreak Jet at the leading
edge of the ring is faster than the total Eulerian mean Shelfbreak Jet velocities, though with similar width and
depth scales of 50 km and 80 m respectively (Forsyth et al., 2020). As the ring passes, we see the Eulerian mean
Shelfbreak Jet velocities decrease and become narrower. In the Eulerian mean last section of the WCRs, the equa-
torward Shelfbreak Jet is surface trapped, with weaker velocities (Figure 6d). The strengthening and weakening
of the Shelbreak Jet as the ring approaches and then moves away is consistent with past research (Gawarkiewicz
et al., 2001; Pickart et al., 1999). In Gawarkiewicz et al. (2001), the strengthening of the Shelfbreak Jet on the
leading edge of the ring was attributed to the steepening of the isopycnals in the Shelfbreak Front while the
weaker jet on the trailing edge of the ring was attributed to the flattening of the isopycnals in the Shelfbreak Front.
This velocity result also holds true without using composite averages. On average, the equatorward shelf break
velocities are 0.05 m s~! faster on the leading edge compared to the trailing edge.
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Figure 5. The velocity at the shelf break plotted in colors, as a function of the ring speed (S,,.,, x-axis) and distance from
the shelf break (d,,, y-axis). A linear regression model shows both independent variables have significant relationships to the
velocity at the shelf break (p < 0.01).

A composite average from the sections that sample the middle of the ring, excluding the leading and trailing
edges, has maximum equatorward flows at 0.05 m s~! which are typical for mid-shelf flows on the MAB and not
the Shelfbreak Jet (Lentz, 2008). The reversal of the flows at the shelf break (as found in Figure 5) only occurs
when the Oleander Line samples through the center of the ring and not at the leading or trailing edge. A ring takes
an average of 30 days to pass over the Oleander Line, leading to around 80% of the transects in rings to be through
the middle. The enhancement of the Shelfbreak Jet can only be seen over one or two transects per ring, suggesting
this only lasts on the order of a week, while the reversal of flow due to a ring can last on the order of a month.

We estimate the upwelling at the trailing edge of the ring in this frontal region between shelf and ring water. We
assume the divergence at the surface is equivalent to that at our surface-most bin (16 m) and also assume that the
vertical velocities are zero at the surface (z = 0). Given those assumptions, we can calculate the upwelling from
the rearranged continuity equation

Ju Jv
up = — — — d .
Wyp <6x + ay) z (1)

We use % from a previous study of WCRs with a value of —1 - 1073 s~! (Gawarkiewicz et al., 2001). Estimates of :—:
from calculations of 0f and a ring translation speed are unreliable as the time between transects of good data varies
from a few days to weeks. For the 13 rings with sufficient data in the last section of the ring, we calculate 3—; at each
depth layer above 50 m and find the location of the maximum divergence. Next we take the depth averaged cross-
shelf velocity divergence and use that value in Equation 1. The value for dz used is 34 m which is the difference

between the shallowest bin used (16 m for the ADCP data gathered over the slope) and the deepest bin used (50 m).

This results in a range of w,, values between 9 and 100 m day~!, and the average of the 13 rings w,,as 63 m day~.
Our values are generally larger than a previous calculation on the trailing edge of a WCR of approximately 20 m
day~! (Gawarkiewicz et al., 2001). However, the ring with the weakest W, 9 m day~!, is consistent with past
research of upwelling in the Shelfbreak Front calculated from ADCPs, and calculated in a dye release experiment
(Barth et al., 1998; Houghton & Visbeck, 1998). This specific ring has the weakest ring speed, and the Shelfbreak
Jet can be observed in every individual transect during the ring. As this ring didn't impact the Shelfbreak Jet, we
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Figure 6. Composite averages of along-shelf velocity (left column) and cross-shelf velocity (right column) during the first
ring section of each ring (top row), and during the last ring section of each ring (bottom row). In the cross-shelf velocity
during the last ring section (d), we label the direction of the flow indicating divergence.

believe our estimate of 9 m day~! to represent a time period where the shelf is not affected by the ring and thus
the consistency with past research verifies that our estimates of upwelling are accurate to first order. Overall, we
see a large increase in upwelling as the ring passes.

Enhanced upwelling is typically associated with increased nutrients and chlorophyll, and past research has found
increased chlorophyll and dense marine mammal sightings at the trailing frontal region of rings (J. P. Ryan et al., 1999;
Griffin, 1999). Satellite chlorophyll measurements do not show significant increases in chlorophyll after a ring passes.
However, peak chlorophyll values at the Shelfbreak Front are often subsurface, and enhanced chlorophyll values have
been observed after intrusions of Gulf Stream water onto the shelf (Oliver et al., 2021). Satellite chlorophyll measure-
ments could miss some of the impact that WCRs have on the shelf/slope chlorophyll. Surface chlorophyll anomalies
within rings have also been shown to have inconsistent responses to the rings (Ning et al., 2021).

We do note that chlorophyll can act as a tracer for shelf water given the correct initial conditions. A ring crossing
the Oleander Line in April 1999 during a bloom indicates offshore advection by the ring, moving water from the
shelf onto the slope. As the ring moves toward the Oleander Line (distinguished by the circular SSH contours
in Figure 7), it has extremely low chlorophyll relative to the slope and shelf waters (Figure 7a). When the ring
reaches the Oleander line, the chlorophyll increases inside the ring, with increases starting on the trailing edge
(Figure 7b). As the chlorophyll bloom ends in the Slope Sea, the only enhanced values of chlorophyll remaining
in the Slope Sea are found inside the ring (Figure 7d). This interaction in early spring is seen in two additional
rings analyzed within this study (May 2000 and April 2004). While surface chlorophyll is insignificantly changed
relative to the upwelling values at the trailing edge of a ring, a ring's interaction with shelf water leads to stream-
ers that can draw the surface chlorophyll out into the Slope Sea impacting the ecology of the slope.

3.2. Warm Core Ring Impact on Shelf Temperature

In order to understand the lasting impact that rings have on the shelf temperature, we focus on the 23 rings (iden-
tified from both satellites and ADCP data) that have XBT data before and after a ring passage. We calculate AT,
which is the difference between the spatially averaged shelf temperature anomaly after and before the ring crosses
the Oleander Line (the spatially averaged shelf temperature anomaly is calculated as described in Section 2.1).
Of the 23 rings with XBT data before and after the ring, 9 of the rings show shelf cooling (negative AT,) while
14 rings show a shelf warming (positive AT, Figure 8). The XBT sections are taken at different time intervals
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Figure 7. Satellite chlorophyll-a measurements during a ring analyzed in this study in colored contours. Light gray contours
mark sea surface height contours at 2 cm intervals, with the thicker light gray contour representing the —25 cm SSH. The
black line is the 100-m isobath. The gray dashed line shows the Oleander Line.
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Figure 8. Change in spatially averaged shelf temperature anomalies before and after a ring (AT,) plotted against the

average speed of each ring (S‘wc,). Rings with speed calculated from the direct acoustic Doppler current profiler (ADCP)
measurements in purple, and rings with speed calculated from sea surface height-derived velocity and then fit to approximate
ADCP speed in green. The two variables with the 12 rings using expendable bathythermographs and ADCP measurements
are significantly anti-correlated at the 95% confidence interval (r = —0.58 and p < 0.05), while the total 23 rings are less
correlated (r = —0.41 and p < 0.06). Gray dashed line shows the linear fit of the total 23 rings.
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after the ring has passed, however, there is no correlation between AT, and the timing of the final XBT sections
after the ring has passed. This suggests that other factors are more important in determining the impact on the
shelf temperature than time since a ring has passed. We also calculate the change in SST anomaly on the shelf
where we remove the seasonal cycle in the data. We then calculate the change in shelf temperature anomaly over
the same horizontal area for which we have XBT profiles, as well as using the same dates as when the XBTs
were taken. There is no significant correlation between AT, and the change in SST anomaly during rings at the
95% confidence interval. This lack of correlation suggests there is a difference in how rings impact the surface
temperature and the depth averaged temperature. The change in temperature is likely not uniform through each
depth layer.

In order to compare a singular temperature section to properties derived from multiple velocity sections, we
average properties found in each section to obtain the average property for each particular ring (between 5 and 19
sections for each ring). Properties that are averaged over multiple sections will be denoted with a bar, Sy, is the
average S, . as calculated in Section 3.1.

wer

Swer and AT, are significantly anti-correlated at the 95% confidence interval when only considering the 12 rings
with XBT data that are identified from the ADCP data (Figure 8). This relationship is weaker when including
all 23 rings with XBT data (significant at 94% confidence interval), though the speeds calculated from altimetry
are subject to larger uncertainty (due to spatial resolution, data mapping, and the fit to estimate total velocity).
Faster rings tend to have a cooling relationship with the shelf, while slower rings have a warming relationship. To
understand why this is so, we examine the structure of velocities within the core of the 16 rings with ADCP data,
as well as the seasonality of the rings.

As seen in the Eulerian mean velocity section of the rings (Figure 3), a subsurface velocity maximum exists in
the core of the onshore side of the ring. We identify the depth at which the velocity maximum occurs in both the
northeast and southwest velocity maximums for each section of every ring, and then average the depths found in
each section to get, Z,.qy, the average depth of the velocity maximum. The difference between the depth of velocity
maximums in the onshore and offshore sides of the ring are highly correlated and not significantly different from
each other. We find that only two rings have Z,,,, above 50 m, and half of the 16 rings studied have z,,, below
80 m. Correlating Z,,., to AT,, the relationship is not significant (» = 0.44 and p > 0.15), however, it becomes
significant if we remove the ring with the smallest S, (r = 0.62 and p < 0.05). As mentioned above, the weakest
ring had no impact on the Shelfbreak Jet, and additionally is one of the rings that cannot be tracked through the
Chelton analysis. w,, for this ring was also consistent with studies that estimated upwelling when no rings were
present. Thus, removing this atypical ring to study the depth of the maximum velocity seems appropriate.

The correlation suggests that rings with deeper Z,.. have AT, that is positive, while shallower Z,. rings tend
to cool the shelf. The reasoning for the relationship between the depth of the rings' maximum velocity and the
changing shelf temperature is unclear at present. However, the finding that rings have primarily sub-surface
intensified velocities is important to report so future model-focused studies can further investigate this velocity
structure.

Rings tend to have the largest S, during the summer months, in June and July, with high speeds as well in spring
(Figure 9). Summer is also the time period when rings are most commonly observed (Gangopadhyay et al., 2020).
Unfortunately, we do not observe many rings in January-March as data quality in the winter months from the
CMV Oleander ADCPs are the least reliable (due to bubble noise). As such, no WCRs during these months had
the prerequisite five sections of reliable ADCP data through them, though satellite tracking identifies two rings
in February-March. The temperature structure of the rings observed has a strong seasonal signal. We look at the
temperature difference between the surface and 100 m depth in each ring with XBT data during the ring (16
rings), defined as 6T, 6T, is largest within the summer months, reaching up to 14°C, and weakest during April

and May. During April and May, the largest 67, . is only 2°C, with three rings having a 67,  less than 0.5°C.

wer wer

0T, is correlated with AT, at the 90% confidence level (r = —0.53 and p = 0.09), however, this likely due to the

wer

seasonal differences on the shelf as discussed next.
During June and July, the MAB Cold Pool is well established (Forsyth et al., 2015). We calculate the surface-
to-bottom temperature differences (within 20 m of the surface and bottom), or 7, to determine the strength of

the stratification. This is done for the XBT section before each ring passes (Figure 10, left column), for the XBT
section during the ring passage that AT, can be calculated (Figure 10, right column), and the XBT section after the
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Figure 9. The speed of the rings (S'wf,) and the mean day of the year the ring was on the Oleander Line. Purple dots are
when AT, is calculated, yellow squares do not have expendable bathythermographs (XBT) data before and after the ring
passes, green dots are rings with XBT data that were identified through satellite tracking.
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Figure 10. AT plotted against the temperature stratification (7, in the expendable bathythermograph (XBT) section before
the ring passes (left) and the XBT section when the ring is intersecting the Oleander track (right). There are only 10 XBT
sections during the ring when T, , can also be calculated. AT is correlated with both the 7, , before the ring passes (r = —0.6
and p < 0.05) and T, when the ring is on the Oleander Line (r = —0.66 and p < 0.05).
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ring has passed (not shown). T, before a ring passes and T, during the ring passing are both significantly corre-
lated to AT, at the 95% confidence level, while T, after the ring has passed is not correlated with AT, (r = —0.50
and p = 0.09). Additionally, we find that 67T,

wer

is significantly correlated to T, , before (r = 0.85% p < 0.01) and
during a ring (r = 0.79 and p < 0.01) at the 95% confidence level. This suggests that stronger stratification limits
the ability of a ring to warm the shelf and can act as a barrier for ring water to intrude onto the shelf.

To understand how stratification limits the ability for ring water to warm the shelf, we estimate the density of
the ring water. Using data from the TSG, we find that the surface salinity of WCRs ranges from 35 to 36, while
surface temperatures range from 20°C to 28°C, mostly varying with season. Taking the average of these values,
we can estimate that the density of the ring water near the surface as p = 1024 kg m~>. Shelf water has salinity
values from 32 to 34. Given a salinity of 33, the ring water has equal density to the shelf water when the shelf is
at a temperature of 17°C. Using climatological temperature sections from the Oleander XBTs, during June-Sep-
tember, the ring water would be more dense than the shelf surface water and less dense than the Cold Pool water.
For this density structure, ring water would have to intrude onto the shelf as a mid-depth salinity maximum intru-
sion. Our estimates here are consistent with past research which only found mid-depth salinity intrusions during
the summer and fall months (Churchill et al., 1986). It is likely that mid-depth intrusions have a limited ability
to warm the shelf. Linear models have shown that enhanced vertical stratification, which occurs in the summer
months, limits the ability for cross-shelf motions across the slope, which would reduce the warming impact
of rings (Chapman & Brink, 1987). Past rings which have been studied and drastically warmed the shelf have
been primarily concentrated at the surface or bottom (Chen et al., 2014; Gawarkiewicz et al., 2019). This aids in
explaining why shelf temperatures do not warm when the Cold Pool is present, but does not explain why there is
cooling after some rings have passed.

One possible mechanism for the observed cooling could be upwelling of colder waters due to the divergence
driven by the trailing edge of the ring. The divergence of the rings with ADCP data was calculated in Section 3.1
based on the last available velocity section during each WCR. We plot w,, versus AT, (Figure 11). There is no
correlation between w,, as a ring passes and AT, (r = —0.43 and p < 0.20). However, if we remove the most
positive AT, there is a strong linear relationship between w,, and AT, (r = —0.8 and p < 0.01). The strong rela-
tionship upon removing a singular ring suggests that for some rings, upwelling may be an important mechanism
to explain the changes to shelf temperatures from a ring. However, there are other processes (e.g., storms) which
impact shelf temperature anomalies over the timespan that it takes for rings to transit past the shelf. Because of the
complicated nature of the shelfbreak system, as well as the variability between WCRs, it is important to further
study upwelling due to rings, as well as how this may impact the shelf.

4. Conclusion

WCRs impact the shelf system by both modifying the velocity fields when the ring is abutting the shelf, and by
creating lasting temperature changes. The velocity on the shelf is most affected by rings that have high velocities
and are closer to the shelf. We confirm past findings from studies south of Martha's Vineyard that the Shelfbreak
Jet is accelerated as a ring approaches, likely due to the steepening of the Sheltbreak Front, while at the trailing
edge of the ring the Shelfbreak Jet tends to be slower (Gawarkiewicz et al., 2001; Pickart et al., 1999). There
is also a divergence in the cross-shelf velocities at the trailing edge of the rings, leading to the possibility of
enhanced upwelling.

The shelf temperature's relationship with rings is more complicated, with multiple factors likely influencing how
the temperatures change on the shelf due to a ring. There is a strong seasonality in the rings' ability to impact shelf
temperature. Stronger stratification on the shelf is connected to rings that had a net cooling impact on the shelf
temperature. The stratification likely limits the ability for ring water to move onto the shelf as the surface density
of ring water requires it to intrude sub-surface. Sub-surface intrusions of ring/slope water have only been found
during the summer months due to the density structure on the shelf (Aikman, 1984; Churchill et al., 1986). We
note that past observations of rings which warmed the shelf took place before the seasonal summer stratification
was set up, consistent with our observations (Gawarkiewicz et al., 2019; Zhang & Gawarkiewicz, 2015).

In addition, rings associated with stronger upwelling due to the divergence in cross-shelf velocities, are correlated
with shelf cooling, while weak upwelling corresponds with shelf warming. Enhanced upwelling has large conse-
quences for the impact that the ring has not just on temperature, but on the productivity of the shelf. Past studies
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Figure 11. AT plotted against the upwelling velocities (w,,) estimated from Equation 1. This relationship is not significant
at the 95% confidence interval for all data (r = —0.43 and p < 0.20), but with removal of the largest AT, is significant (data
point removed outlined with square, r = —0.8 and p < 0.01). 10 rings had both expendable bathythermograph data as well as
reliable acoustic Doppler current profiler data to calculate upwelling on the trailing edge of the ring.

near Georges Bank found enhanced chlorophyll after a ring had passed the region (J. Ryan et al., 2001). This was
attributed to upwelling on the trailing edge of the ring as divergent cross-shelf velocities were observed. We were
not able to find any significant changes to the surface chlorophyll on the shelf, but instead noticed advection of
chlorophyll off the shelf due to the ring. Thus, the timing of rings relative to seasonal blooms could have signif-
icant impacts on the shelf/slope productivity, while further study is needed to understand if enhanced upwelling
from rings modifies chlorophyll levels within this region.

We have established that ring properties vary greatly from one ring to the next, and thus to understand the overall
impact that rings have on the shelf, it is necessary to study multiple rings. Because the CMV Oleander is consist-
ently monitoring the same line, the data are incredibly valuable for studying many individual events of rings
impinging on the shelf. However, these data are limited to a two dimensional framework, and thus developing a
dynamical understanding for the differences between rings is limited. We have noted key properties of rings that
deserve greater study through modeling or long-term monitoring data sets with observations in three dimensions.

Data Availabilty Statement

ADCP data product is available at https://doi.org/10.5281/zenodo.3935983, XBT data product is available at
https://doi.org/10.5281/zenod0.3967332, raw CMV Oleander data are available at http://oleander.bios.edu/data/,
altimetry data are available at https://marine.copernicus.eu/, sea surface temperature data are available at from the
NCDC website (https://www.ncdc.noaa.gov/oisst), and chlorophyll-a data are available from NASA ocean color
website (https://oceancolor.gsfc.nasa.gov/data/seawifs/).
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