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Abstract Downstream of Cape Hatteras, the vigorously meandering Gulf Stream forms anticyclonic warm
core rings (WCRs) that carry warm Gulf Stream and Sargasso Sea waters into the cooler, fresher Slope Sea, and
forms cyclonic cold core rings (CCRs) that carry Slope Sea waters into the Sargasso Sea. The Northwest
Atlantic shelf and open ocean off the U.S. East Coast have experienced dramatic changes in ocean circulation
and water properties in recent years, with significant consequences for marine ecosystems and coastal
communities. Some of these changes may be related to a reported regime shift in the number of WCRs formed
annually, with a doubling of WCRs shed after 2000. Since the regime shift was detected using a regional eddy-
tracking product, primarily based on sea surface temperatures and relies on analyst skill, we examine three
global eddy-tracking products as an automated and potentially more objective way to detect changes in Gulf
Stream rings. Currently, global products rely on altimeter-measured sea surface height (SSH), with WCRs
registering as sea surface highs and CCRs as lows. To identify eddies, these products use either SSH contours or
a Lagrangian approach, with particles seeded in satellite-based surface geostrophic velocity fields. This study
confirms the three global products are not well suited for statistical analysis of Gulf Stream rings and suggests
that automated WCR identification and tracking comes at the price of accurate identification and tracking.
Furthermore, a shift to a higher energy state is detected in the Northwest Atlantic, which coincides with the
regime shift in WCRs.

Plain Language Summary In the Northwest Atlantic Ocean, a specific type of eddy, known as a
ring, is formed by the Gulf Stream, a strong ocean current that closely follows the U.S. East Coast between
Florida and Cape Hatteras. Northeast of Cape Hatteras, the Gulf Stream separates from the continental shelf and
starts to meander. Sometimes, these meanders grow into oxbow-like structures that pinch off from the Gulf
Stream and become rings. Warm core rings (WCRs) are formed north of the Gulf Stream, with warm centers that
create sea surface hills. In contrast, cold core rings (CCRs) form south of the stream, with cold centers and sea
surface valleys. Since 1980 an analyst, who studies the Gulf Stream, has used primarily sea surface temperature
to identify WCRs. A regional Ring Census based on this work found a doubling in WCR formations after 2000.
Other eddy data sets are based on satellite data, such as sea surface height (SSH), and are created by automated
tracking algorithms. This study compares global eddy data sets with the Ring Census. Our findings suggest
global data sets using SSH alone cannot replicate the results of the Ring Census. Additionally, we find the
Northwest Atlantic region has become more energetic since 2000.

1. Introduction

Warm and cold core rings (WCRs and CCRs) are types of mesoscale eddies that are formed by the Gulf Stream.
These rings can transport water masses across the Gulf Stream front and westward hundreds of kilometers from
their formation site until they dissipate or are reabsorbed by the Gulf Stream. WCRs are well-studied on account of
their importance for heat and salt transport and their interactions with other regional flows (Flierl, 1979; Silver
et al.,, 2021). WCRs in the Northwest Atlantic impact the regional physical (Zhang & Gawarkiewicz, 2015),
biological (Braun et al., 2019), and chemical oceanography (Conway et al., 2018). Gulf Stream rings typically have
a diameter on the order of 100 km, can exist as a coherent feature for a few days to a few hundred days, and have a
vertical scale that can extend from the surface to depths of 500-1,000 m (Csanady, 1979; Flierl, 1979; Gang-
opadhyay et al., 2020; Joyce, 1984, 1991).
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The Gulf Stream separates from the continental slope east of Cape Hatteras, North Carolina, and follows a time-
varying, meandering path. Here, the Gulf Stream is a front between the cold, fresh Slope Sea and the warm, salty
Sargasso Sea. Sometimes, a meander crest (trough) will become so large that it contorts on itself and “pinches off”
to form an anticyclonic (cyclonic) ring (Fuglister, 1972). A WCR can also be formed via a different mechanism to
generate an “aneurysm,” which occurs when the cyclonic flank of the Stream bulges into the Slope Sea and then a
ring detaches from the main current (A. R. Richardson, 1983; P. L. Richardson et al., 1978; Silver et al., 2022).
Aneurysm (or aneurism, as written by A. R. Richardson (1983)) rings tend to be smaller with radii of ~50 km,
have shallower thermoclines, and have cores of Gulf Stream water rather than Sargasso Sea water (A. R.
Richardson, 1983; Silver et al., 2022), but similar to pinch-off WCRs, they are also anticyclones and are also
warmer than the ambient Slope Sea water.

As Gulf Stream rings translate through the Slope Sea, they carry the characteristics of the water mass of their
formation location in their SST and sea surface height (SSH) signatures. Pinch-off WCRs are sea surface highs
with a core of Sargasso Sea water surrounded by a perimeter of Gulf Stream water; aneurysm WCRs have only
Gulf Stream water. Both types of WCRs translate west or southwestward after they are formed. CCRs are sea
surface lows with a core of Slope Sea water and also translate southwestward.

The following analysis distinguishes between a Gulf Stream ring, which is a feature shed from the Gulf Stream,
and the more general eddy. An eddy can be any coherent, rotating structure of water, irrespective of its formation
mechanism. Mesoscale eddies typically range in diameter from 10 to 500 km and can persist for a few days to a
few hundred days. In this context, a ring is a specific type of eddy formed from a western boundary current—in
this case, the Gulf Stream—and is associated with an isolated mass of water that varies significantly from the
ambient water surrounding the ring (Csanady, 1979). Analogous rings are also shed from the Agulhas Current and
propagate across the South Atlantic, carrying warm, salty water from the Indian Ocean subtropical gyre into the
South Atlantic (Lutjeharms, 1981). Eddies are shed from the Loop Current and move westward through the Gulf
of Mexico (e.g., Hamilton et al., 1999). Gulf Stream rings are mesoscale eddies, but not all mesoscale eddies in the
Northwest Atlantic are Gulf Stream rings.

A non-linear eddy can trap fluid in its center and transport heat, salt, and potential vorticity as it translates
(Flierl, 1979); this is in contrast to a linear wave in which an SSH signature can translate through the background
temperature and salinity field without advecting the water masses. Although the notion that a ring is a non-linear
eddy formed from the Gulf Stream that carries distinct water mass characteristics is well established, how to
identify an eddy in observations is ambiguous. The difficulty in eddy identification lies in the struggle to separate
a coherent eddy from other types of time-dependent oceanic motions (“eddying motions”), especially in regions
of high mesoscale variability that can have elevated eddy kinetic energy (EKE) even when there is no coherent
eddy present, as can be the case in the meandering Gulf Stream. Past eddy studies have employed the Okubo-
Weiss parameter (sum of strain minus relative vorticity), differences in SSH, rotational speed, potential
vorticity, velocity streamlines, Lyapunov exponents, and Lagrangian-averaged vorticity deviation to identify
eddies (Abernathy & Haller, 2018; Chelton et al., 2007, 2011; Faghmous et al., 2015; Haller et al., 2016; Isern-
Fontanet et al., 2003, 2004; Kurian et al., 2011; Morrow et al., 2004; Nencioli et al., 2010; Shadden et al., 2005).
These various methods of eddy identification are either Eulerian or Lagrangian; both methods have advantages
and disadvantages.

The Northwest Atlantic has experienced many changes in recent decades. Andres (2016) found that the longitude
where Gulf Stream meanders reach large amplitude, that is, the “destabilization point,” undergoes substantial
interannual variability and has shifted westward relative to the location of the destabilization point in 1995.
Observations collected from 2014 to 2016 recorded anomalous shelf and slope conditions south of New England,
indicative of more frequent onshore intrusions of warm, salty waters in recent years (Gawarkiewicz et al., 2018).
Holliday et al. (2020) found that the Northwest Atlantic underwent a marked salinification in concert with an
extreme freshening in the sub-polar North Atlantic from 2012 to 2016 (see their Figure 6). Gongalves Neto
et al. (2021) showed that the Gulf Stream position migrated closer to the Tail of the Grand Banks in 2008, a
change that has persisted since and preceded subsequent warming of the Northwest Atlantic Shelf, likely by
reducing connectivity between the cool Labrador Current and the shelf waters west of the Grand Banks. Pershing
et al. (2015) found that from 2005 to 2015, the Gulf of Maine warmed faster than 99% of the world's oceans.
Additionally, Forsyth et al. (2015) found that the recent warming on the continental shelf and upper slope is not
confined to the sea surface but extends into the subsurface ocean.
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Some of these changes in the Northwest Atlantic may be related to Gulf Stream rings. Gangopadhyay et al. (2019)
identified a regime shift in Gulf Stream WCRs, with annual formation rates after 2000 nearly double those before
2000. Silver et al. (2021) expanded on this work to include CCRs and did not detect a corresponding regime shift
for CCRs. The doubling of WCRs produced annually after the regime shift has implications for the ecosystems of
the Northeast shelf and slope, as well as the dynamics and circulation of this region (Gawarkiewicz et al., 2022;
Silver et al., 2023). Silver et al. (2021) also reported that the doubling in WCRs has increased net northward heat
transport into the Slope Sea north of the Gulf Stream. Gangopadhyay et al. (2019) and Silver et al. (2021) found
that most WCRs and CCRs are formed between 65°W and 60°W (which they identify as Zone 3), and the fewest
are formed between 75°W and 70°W (their Zone 1). The authors found that CCR formations peak in May, while
WCR formations peak in July.

In light of the difficulty in eddy-detection, and motivated by the reported WCR regime shift detected in SST-
based ring products (Gangopadhyay et al., 2019; Silver et al., 2021), we investigate whether satellite
altimetry-based products can capture the same results. Four products are evaluated in this study. The baseline for
our comparison is the regional product, the Ring Census, that Gangopadhyay et al. (2019) and Silver et al. (2021)
used to identify the WCR regime shift. The other three are global products based on automated detection schemes
for eddy identification using mapped satellite altimetry. Here, we compare the global eddy products to the Ring
Census and use the Ring Census as the standard for comparison both because it is the longest record of Gulf
Stream WCRs, and because it has been extensively validated by numerous regional studies of WCRs and their
impacts.

The paper is organized as follows. Section 2 presents the eddy data products and auxiliary data sets used here for
interpretation. Section 3 describes the methods used to subset global eddy products to isolate Gulf Stream rings
from other types of eddies identified in the global products. Section 4 reports the results of the data product
intercomparison and an analysis of the energetics of the Northwest Atlantic, and Section 5 discusses the results.
Finally, Section 6 concludes with some thoughts on the limitations of the global SSH-based products and the
change in the energetics of the Northwest Atlantic.

2. Data

Here, we use four products that identify and track eddies (Table 1). One is a regional product mainly based on
SST, and the other three are global products that rely on satellite-measured SSH to identify mesoscale eddies.
Gangopadhyay et al. (2020) created the Ring Census (Gangopadhyay & Gawarkiewicz, 2020) using the
Northwest Atlantic composite charts produced by Jenifer Clark, hereafter referred to as the analyst, called “Clark
charts,” to identify and track Gulf Stream WCRs. Two versions of the global Mesoscale Eddy Trajectories Atlas
(META) are considered here: META2.0 and META3.1exp. META2.0 is the first global product in which an
algorithm automatically detects mesoscale eddies, initially presented by Chelton et al. (2011) and updated by
Schlax and Chelton (2016), and uses closed contours of SSH anomalies to identify eddies. META3.1exp is an
update to META2.0 developed by Pegliasco et al. (2022) and relies on total SSH (absolute dynamic topography)
rather than SSH anomaly. GLED v1.0 uses a Lagrangian mesoscale eddy algorithm that considers particle tra-
jectories as an alternative to the contour-based eddy-identification schemes used in products such as META2.0
and META3.1exp (Liu & Abernathey, 2022). The particle trajectories for GLED v1.0 are calculated from SSH-
based surface geostrophic velocities. Sections 4 and 5 primarily discuss comparisons between the Ring Census
and METAZ2.0. However, the newer products, META3.lexp and GLED v1.0, are also examined briefly.

2.1. The Ring Census From Clark Charts

The Clark charts are annotated SST maps of the Northwest Atlantic that have been consistently produced two or
three times per week since 1980 by an analyst who blends satellite infra-red imagery and in situ surface tem-
perature observations to create high horizontal resolution (1.1 km), 3-day composite SST images. Although the
Clark charts are primarily based on SST, the analyst sometimes uses SSH from satellite altimetry to help interpret
features not evident in the SST images (Silver et al., 2021), which can sometimes have gaps due to cloud cover.
Several previous studies used the Bedford Institute of Oceanography data to validate the charts and assess analyst
error (Monim, 2017; Silva, 2019). Oceanic circulation features, such as the Gulf Stream and its rings, are marked
on the charts and thus can be tracked from one chart to the next. Using a Geographical Information System
framework, Gangopadhyay et al. (2020) digitized the charts. They cataloged the date, location, and size of each
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Table 1
Summary of Data Products Used in This Paper

Ring Census META2.0 META3.lexp GLED v1.0
Min. lifespan >7d >28d >28d 30 d, 90 d, and 180 d trajectories
Size (radius, km) R > 20 km R > 40 km R > ~30 km R > 25 km
Preferred R = 50-100 km In NWA, R,,, ~70 km In NWA, R, ~#50 km In NWA, R,,, ~45 km

Period 1980-2017 1993-March 2020 1993-March 2020 1993-2019

Methodology An analyst creates charts of the
region, which are then processed,
validated, and turned into the Ring

Census

The algorithms to identify and track The algorithm to identify and track
eddies are derived from Chelton eddies is derived from Mason
et al. (2011) and described in et al. (2014) and described in
Schlax and Chelton (2016) Pegliasco et al. (2022)

Lagrangian method by Haller
et al. (2016) is used to identify
rotationally coherent Lagrangian
vortices

Data set(s) used

Primarily SST for the charts,
additionally in situ temperature

SSH, specifically sea level
anomalies

SSH, specifically absolute dynamic Geostrophic velocity fields derived
topography from sea level anomalies

data and SSH

Coverage

Northwest Atlantic

Global Global Global

(30°N—45°N, 75°W-55°W)

Eulerian or
Lagrangian?

Notes

Eulerian

Eulerian Eulerian Lagrangian

No longer recommended for use cf.
Pegliasco et al. (2022)

WCR noted on the charts from its birth to its demise to create the WCR Census (1980-2017) (see Gangopadhyay
et al. (2019, 2020) for a description of this procedure). Silver et al. (2021) reprocessed the charts from 1980
through 2019 for WCRs. They employed a similar methodology to create a separate CCR Census (see the Data
Availability Section of Silver et al. (2021)). These previous WCR studies separated the study region (30°N—45°N,
75°W-55°W) into four subregions (Zone 1: 75°W-70°W, Zone 2: 70°W—-65°W, Zone 3: 65°W-60°W, and Zone
4: 60°W-55°W). These zones are adopted here to allow for a consistent comparison of the global data products
with the chart-based Ring Census. WCRs identified by the Ring Census tend to have radii between 50 and
100 km; the smallest WCRs included in the Ring Census have radii of 20 km (Table 1). For an example of a Clark
chart, see Figure 1a of Gangopadhyay et al. (2019) or Figure 1 of Silver et al. (2022).

2.2. Altimeter-Based Ring Tracking

Satellite altimeters measure global ocean topography, a dynamic field that reflects large- and mesoscale oceanic
processes, including mesoscale eddies. Mesoscale eddies have SSH signatures that correspond with their rotation
—anticyclones have an SSH high at their center, and cyclones have an SSH low. By merging along-track ob-
servations from multiple satellites, the resolution of SSH fields is nominally high enough to resolve mesoscale
eddies (Chelton et al., 2011).

2.2.1. META2.0

The META Product (METAZ2.0) is a global database comprising mesoscale eddies identified and tracked from
satellite altimetry using an algorithm developed by Chelton and Schlax (Chelton et al., 2011; Schlax & Chel-
ton, 2016). Schlax and Chelton (2016) consider an eddy to be a compact and coherent propagating structure as
identified in mapped SSH. META2.0 merges the SSH measurements from two simultaneously operating al-
timeters to create high-resolution SSH maps with about 40 km feature resolution. Due to the orbital periods of the
altimeters (about 10-day repeat cycles for the Jason/Topex satellites and 35 days for the European Space Agency
satellites), the mapped SSH fields have difficulty resolving features with lifetimes shorter than 4 weeks. Thus,
METAZ2.0 excludes eddies with lifetimes shorter than 4 weeks from the product. With this temporal and spatial
resolution, META2.0 should, in principle, capture features that the Ring Census detects (Table 1). The META2.0
procedure applies the “growing method” to identify eddies in SSH fields: the algorithm discretizes the field into
2D pixels, locates a local maximum (SSH high) or minimum (SSH low) pixel, checks if the SSH values of

PEREZ ET AL.

4 of 22

[umod ‘01 ‘¥20T ‘1626691T

/:sdny woiy pap

9SUAOIT SUOWIWO)) AN d[qeoridde oy £q pauIdA0S ore sa[onIE YO 95N JO SN 10§ AIRIQIT AUIUQ AJ[IAL UO (SUONIPUOD-PUB-SULID)/ W00 AS[IM " ATeIqI[aut[uoy/:sdnj) SuonIpuo)) pue SWd ], 3y 39S “[$707/01/80] uo Areiqi auruQ A9[ip ‘A1eiqr 104 19N Aq 1920Z0D1ET0T/6T01 01/10p/wioo Aaim AreIqrjoury



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20231C020761

neighboring pixels pass a certain threshold to create a set of pixels, and then if all pixels in the set satisfy five
criteria, the set is considered to be an eddy. The five criteria are defined by Schlax and Chelton (2016) for compact
and coherent structures.

2.2.2. META3.1exp and GLED v1.0

Two recent studies have produced new eddy products. These are META3.1exp, a new, improved version of
METAZ2.0, and a global Lagrangian eddy data (GLED v1.0) product, which is a Lagrangian alternative to the
META products that are based on SSH contours. These new products are not the focus of this study (primarily a
comparison of the Ring Census and METAZ2.0), but they are considered for completeness and are described
below.

Pegliasco et al. (2022) introduced META3.1exp, a new global atlas of mesoscale eddies based on SSH. MET-
A3.1exp uses an eddy-tracker algorithm developed by Mason et al. (2014). It improves upon META2.0 by using
absolute dynamic topography (i.e., SSH) instead of sea level anomaly (i.e., SSHa) to better resolve closed cir-
culation features in energetic regions. Therefore, META3.1exp is expected to perform better than METAZ2.0,
particularly in regions with a meandering current, such as the Gulf Stream.

Liu and Abernathey (2023) developed GLED v1.0, the Lagrangian alternative to eddy products such as MET-
A3.1exp. Liu and Abernathey (2023) use satellite-derived surface geostrophic velocities to define a velocity field
and then seed this field with Lagrangian particles. The Lagrangian particles are advected with satellite-derived
surface geostrophic velocities. Using the method of Lagrangian-averaged vorticity deviation, they can identify
and track eddies with lifetimes of 30, 90, and 180 days. Interestingly, these Lagrangian-defined eddies tend to be
smaller than the SSH contour-based eddies.

2.2.3. Other Data Sets

To help cross-compare the four data products, we apply some filtering and subsetting described in Section 3. One
step in this process relies on identifying the (daily) location of the Gulf Stream. Here, the Gulf Stream daily paths
are identified using the 25 cm SSH contour in daily mapped SSH fields (1993-2022) after Andres (2016) since
this contour serves as a good proxy for the Gulf Stream axis (see Andres et al. (2020), their Figure 3). Gridded
bathymetry data from the General Bathymetric Chart of the Oceans (spanning 24°N—-53°N, 82°W—48°W) is also
used for the filtering procedure (to identify the shelf, where WCRs, which are deep-reaching features, cannot
exist, but where other eddy types might exist as coherent rotating features).

We use several auxiliary data sets to compare individual features identified in the various products (Section 5).
This includes SST from NOAA's 1/4° Daily Optimum Interpolation sea surface temperature product (Huang
et al., 2020) and daily SSH maps from Copernicus Marine Environment Monitoring Survey's Global Ocean
Gridded SSH product. See the Data Availability Section for information on accessing these data sets.

3. Methods
3.1. Subsetting and Filtering

To better compare the global eddy products to the regional Ring Census, we first subset the WCRs from the Ring
Census to match the temporal and spatial resolution of features expected to be identified by META2.0. That is, we
subset the Ring Census to include only rings for the overlapping period (1993-2017) that (a) live long enough to
be identified and tracked by the META2.0 algorithm (>4 weeks) and (b) are large enough to be identified and
tracked by META2.0 (radius > 40 km).

The global eddy products (META2.0, META3.1exp, and GLED v1.0) are not designed to differentiate Gulf
Stream rings from all other coherent eddy features. Therefore, to compare the META2.0 data product (or other
global products) to the Ring Census, it is necessary to filter the META2.0 eddies to isolate those eddies that could
have formed from the Gulf Stream and could, therefore, be considered rings (Figure 1). The full (unfiltered)
METAZ2.0 eddy data product for the 1993-2017 period identifies 3,371 eddies in the latitude and longitude box
(30°N-45°N, 75°W-55°W), which is the region examined in the Ring Census (Gangopadhyay et al., 2019): 1,801
anticyclones and 1,570 cyclones. The trajectories are shown in Figure 1a. The Ring Census identifies only 729
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mmmm Cyclonic = 1,570

B | ——r
s WCR-like = 320

44°N| s CCR-like = 225

q~> Zone 1
75°W 70°W 65°W 60°W 55°W

Figure 1. (a) Map of the Northwest Atlantic region (30°N—45°N, 75°W-55°W) considered in this study that shows eddy trajectories for anticyclones (red) and cyclones
(blue) from the META2.0 product before filtering, with 1,801 anticyclones and 1,570 cyclones. (b) As in (a), but after filtering (described in Section 3) with 320 warm
core ring-like eddies and 225 cold core ring-like eddies. The thin black dashed lines show isobaths at 100, 1,000, and 4,000-m depth. The thick black line is the mean
Gulf Stream path averaged over 1993-2022 plotted for reference. The four thin black vertical lines signify the zones Gangopadhyay et al. (2019) and Silver et al. (2021)
used; Zone 1: 75°W=70°W, Zone 2: 70°W—-65°W, Zone 3: 65°W-60°W, and Zone 4: 60°W-55°W. The green star is the location of Cape Hatteras, approximately where
the Gulf Stream separates from the continental shelf.

WCRs for the same region and period. The CCR Census has not been published, see Silver et al. (2021) for more
details on data accessibility.

Most eddies identified in META2.0 are not features generated from the Gulf Stream and, therefore, do not
represent WCRs or CCRs. So, we filter META2.0 global eddy products (and the other global eddy products)
based on their formation location relative to the meandering Gulf Stream to derive a product that contains only
“WCR-like” and “CCR-like” eddies. We make the distinction here between WCR and WCR-like because,
without SST or subsurface data within a given feature, it is not possible to conclude with certainty that an eddy
identified by META2.0 (or META3.1exp or GLED v1.0) based on SSH is, in fact, a closed circulation with an
isolated fluid core.

To classify an eddy identified in a global product as WCR-like, it must be (a) anticyclonic, (b) westward
propagating, (c) formed within an envelope that is between 3°N and 0.25°S of the Gulf Stream daily path, and (d)
not formed on the continental shelf (shoreward of the 100 m isobath). To classify an eddy as CCR-like, it must be
(a) cyclonic, (b) westward propagating, (c) formed within an envelope that is between 3°S and 0.25°N of the Gulf
Stream daily path, (d) not formed on the continental shelf (shoreward of the 100 m isobath), and (e) formed north
of 34°N which is approximately the latitude at which the Gulf Stream separates from the continental shelf east of
Cape Hatteras.

In the case of WCR-like eddies, we allow 0.25° to the south of the Gulf Stream path in the envelope because of
some uncertainty in the identification of the Gulf Stream path from satellite altimetry, due to the coarse spatial
resolution. To define the northern edge of the envelope, we choose a 3° boundary northward of the Gulf Stream
daily path. These envelope boundaries are chosen to allow for uncertainty in the exact location of the GS and to
account for the typical diameters of large Gulf Stream pinch off rings which can range from 100 to 300 km. We
choose a 3° boundary northward of the time-varying Gulf Stream daily path. Results are somewhat sensitive to the
location of this northern boundary. Ultimately these envelope boundaries are chosen to allow for uncertainty in
the exact location of the GS and to account for the typical diameters of large Gulf Stream pinch off rings which
can range from 100 to 300 km. The filter method can be accessed in the GitHub repository for this project (see
Data Availability Section).

Notably, after the META2.0 eddies are filtered to include only ring-like eddies (Figure 1b), the number of WCR-
like eddies (320) is less than the number of WCRs recorded by the Ring Census (406). Similar filtering procedures
are used for the other global products (META3.1exp and GLED v1.0).

Since METAZ2.0 is the oldest and most widely used global product, the comparison of satellite products is mainly
between the Ring Census and META2.0. Henceforth, “subset WCRs” will refer to the WCRs from the Ring
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Figure 2. Distribution of formations per zone (Zone 1: 75°W-70°W, Zone 2: 70°W-65°W, Zone 3: 65°W-60°W, and Zone 4: 60°W-55°W) for (a) the Ring Census
warm core rings (WCRs) (red) subset by resolution and period of META2.0 (R > 40 km, lifespan > 4 weeks), (b) META2.0 WCR-like eddies (red) and cold core ring
(CCR)-like eddies (blue), (c) META3.1exp WCR-like eddies (red) and CCR-like eddies (blue), and (d) GLED v1.0 WCR-like eddies (red) and CCR-like eddies (blue).

Census subset by resolution and period of META2.0 (1993-2017, R > 40 km, lifespan > 4 weeks), and “WCR-
like eddies” will refer to the filtered, anticyclonic META2.0 eddies, unless otherwise noted. Comparisons with the
newer products, META3.1lexp and GLED v1.0, are included at the end of Section 4, Results, and Section 5,
Discussion. The following section also includes results for the CCR-like eddies (from the filtered global products)
for completeness, but does not discuss these in detail because the corresponding CCR Census for comparison has
yet to be published.

3.2. Comparison of Filtered META2.0 With the Subset Ring Census

The filtered (i.e., “ring-like”) eddies from the global product(s) are compared to the Ring Census following the
analyses conducted by Gangopadhyay et al. (2019) and Silver et al. (2021). To compare the spatial distribution of
formations, we first examine formations by zone, similar to Figure 1b in Gangopadhyay et al. (2019) and Figure 1
in Silver et al. (2021). To compare the seasonality of ring formations, we average monthly formations for all zones
similar to Figure 2 in Gangopadhyay et al. (2019) and Figure 3a in Silver et al. (2021). To compare the trends and
test for regime shifts, we plot a time series of formations for all zones, similar to Figure 3 in Gangopadhyay
etal. (2019) and Figure 2 in Silver et al. (2021). Finally, to detect a possible regime shift in the ring-like eddies, we
employ the same change-point algorithm used by Gangopadhyay et al. (2019) and Silver et al. (2021), developed
by Rodionov (2004). Regime shifts are defined as a rapid reorganization of a system from one stable state to
another. Rodionov (2004) uses sequential z-tests on the mean or variance (here we used mean, as did Gang-
opadhyay et al. (2019) and Silver et al. (2021)) to test if the current year mean is different than the previous year
mean. In short, to compare the SSH-based data product(s) filtered for ring-like eddies with the subset Ring
Census, we plotted the spatial distribution (Figure 2), seasonality (Figure 3), and time series (Figure 4). We ran the
regime shift detection algorithm to detect shifts in the mean annual formations of ring-like features.
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Figure 3. Seasonality of formations for (a) the Ring Census warm core rings (WCRs) (red) subset by resolution and period of META2.0 (R > 40 km, lifespan > 4 weeks),
(b) META2.0 WCR-like eddies (red) and cold core ring (CCR)-like eddies (blue), (c¢) META3.1exp WCR-like eddies (red) and CCR-like eddies (blue), and (d) GLED
v1.0 WCR-like eddies (red) and CCR-like eddies (blue) with the shading denoting the standard deviation.

3.3. Feature Comparisons

As a secondary analysis to compare the data products and to understand better why the products give such
different results, we perform a feature-by-feature analysis for two contrasting years: 1995 and 2008. We select
1995 because (a) it was prior to the regime shift and (b) formation numbers were similar for the META2.0 WCR-
like eddies (n = 11) and Ring Census WCRs (n = 11) in that year (Figure 5). We select 2008 because (a) it
occurred after the regime shift and (b) formation numbers were dissimilar for the META2.0 WCR-like eddies
(n = 12) and Ring Census WCRs (n = 18).

For the feature-to-feature comparison for these 2 years, we check each ring-like eddy (from METAZ2.0) against
each ring from the subset Ring Census for the given year to see if the first occurrence, that is, its “birth,” is
collocated in space and time. The threshold we define for two features to be collocated in space and time is (a)
features are formed within 10 days of each other, (b) their centers are no more than 0.25° of latitude apart, and (c)
their centers are no more than 1° of longitude apart. This threshold is based on the typical WCR translation speeds
of 0.1 m/s, which is the order of magnitude of WCR translation speeds found by Joyce (1984), Brown
et al. (1986), Cornillon et al. (1989), and Silver et al. (2022). If the features in the filtered META2.0 and subset
Ring Census are first identified (i.e., “born’) within this threshold, we then use background SSH and SST maps
for context to confirm that they are indeed the same feature.

3.4. Computing Energy and Speed

Daily geostrophic velocities from the Copernicus Marine Services' product Global Ocean Gridded L4 Sea Surface
Heights and Derived Variables Reprocessed from 1993 to 2017 are averaged to produce monthly fields. The 25-
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Figure 4. Annual formations for (a) the Ring Census warm core rings (WCR) (red) subset by resolution and period of META2.0 (R > 40 km, lifespan > 4 weeks) with the
regime shift denoted by the vertical red line at the year 2000, (b) META2.0 WCR-like eddies (red) and cold core ring (CCR)-like eddies (blue), (c) META3.1exp WCR-
like eddies (red) and CCR-like eddies (blue), and (d) GLED v1.0 WCR-like eddies (red) and CCR-like eddies (blue). The only time series for which a statistically
significant regime shift (p-value < 0.05) was detected is the Ring Census data (R > 40 km, lifespan > 4 weeks).

year monthly climatology (1993-2017) is computed for the eastward, u, and northward, v, geostrophic velocities.
The EKE is computed using Equation 1, where the anomalies of geostrophic velocity are computed for each grid
cell by subtracting the climatological means, %, and v, from the monthly velocities, &, and v,. A reference density

of py = 1025 % is used for all calculations.
1 —\2 —\2
EKE = EPO [(ul - uc) + (vt - Vc) ] (1)
In addition, KE is computed from monthly geostrophic velocities using Equation 2.
1 2 442
KE = Epo(u, + v,) @)
Speed of the surface velocities is computed from monthly geostrophic velocities using Equation 3.

Speed = [u? + v? 3)

The Northwest Atlantic region (30°N—45°N, 75°W-55°W) is considered as a whole and is also subdivided into 3
regions with boundaries that vary in time: the Slope Sea, the Gulf Stream, and the Sargasso Sea, building on the
work of Bisagni et al. (2024), who computed EKE for the Slope Sea from satellite altimetry observations. In this
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Figure 5. Feature-by-feature comparison between the subset warm core rings (WCR) (R > 40 km, lifespan > 4 weeks) (red) and META2.0 WCR-like eddies (orange) for
(a) 1995 and (b) 2008. The black stars in (a) and (b) denote a feature that is the same feature between both data products. All ring and eddy tracks are plotted for (c) 1995
and (d) 2008. The dashed gray lines show isobaths at 100, 1,000, and 4,000-m depth. The thick gray lines are the monthly mean Gulf Stream paths for (c) 1995 and

(d) 2008.

study, the Slope Sea between 75°W and 55°W is bounded to the north by the 300-m isobath (just offshore of the
shelf break) and to the south by the time-varying monthly mean Gulf Stream path identified via the 25 cm SSH
contour. The Gulf Stream region between 75°W and 55°W is bounded to the north by the time-varying monthly
mean Gulf Stream path identified via the 25 cm SSH contour, and to the south by the monthly mean path minus 2°,
to account for the typical width of the stream (approximately 100 km) and to allow for deviations in the path that
arise from a complicated, contorted Gulf Stream path. The Sargasso Sea between 75°W and 55°W is bounded to
the north by the southern edge of the Gulf Stream region (as described above) and to the south by 30°N, which is
the southern boundary of the Northwest Atlantic region. The areas of these time-varying regions (Slope Sea, Gulf
Stream, and Sargasso Sea) and the area of the entire Northwest Atlantic, are used to calculate time series (monthly
and annual averages) of the respective area-averaged quantity, for example, annual mean EKE values.

4. Results
4.1. Statistical Comparison
4.1.1. Spatial Distribution of WCRs

In the full (unfiltered) META2.0 product, the spatial distribution of anticyclonic and cyclonic eddies mono-
tonically increases from Zone 1 to Zone 4, with about 17% (of the 1,801) anticyclones formed in Zone 1, 26% in
Zone 2,27% in Zone 3, and 29% in Zone 4. After filtering, the formations of WCR-like eddies increase from Zone
1 (14%) through 2 (26%) and Zone 3 (31%) and then decrease in Zone 4 (29%). The distribution of formations for
WCR-like eddies (Figure 2b) is similar to the WCR formation pattern found in the full Ring Census. Gang-
opadhyay et al. (2019) found that most WCRs are formed preferentially in Zone 3, where the New England
Seamount Chain intersects the path of the Gulf Stream.
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The WCRs from the subset Ring Census (subset 1993-2017, R > 40 km, lifespan > 4 weeks) also exhibit this
distinct distribution of zonal formations (Figure 2a) with the fewest formations in Zone 1 (9%) and increasing
formations eastward to Zone 2 (25%) and Zone 3 (38%) before decreasing in Zone 4 (28%). This distribution
pattern for the subset Ring Census is equivalent to that of Gangopadhyay et al. (2019) for the entire Ring
Census +5%.

4.1.2. Seasonality of WCR Formations

Silver et al. (2021) reported asymmetric seasonal cycles for WCRs and CCRs, with CCR formation peaking in
May and WCR formation peaking in July. The subset WCRs have the same seasonality found in Gangopadhyay
et al. (2019) and Silver et al. (2021) (Figure 3a). This strong seasonal cycle is characterized by minimum for-
mations in the winter (January and December), an increase of formations during the spring, peak formations in
July, and a decrease in the fall (Figure 3). Although the absolute number of formations is lower for the subset
WCRs, we see the same seasonal cycle pattern originally found by Gangopadhyay et al. (2019) and Silver
et al. (2021). The seasonality reported in Silver et al. (2021) is consistent with the model results of the seasonal
EKE of the Gulf Stream from Kang et al. (2016).

In contrast, there is no apparent seasonal signal for the WCR-like eddies (Figure 3b). Additionally, there is little to
no variability in the number of monthly formations, with the standard deviations being on the same order as the
magnitude of formations per month (Figure 3b). The finding that the METAZ2.0 filtered product has no discernible
seasonality, a robust finding of Silver et al. (2021) that is corroborated by the model results of Kang et al. (2016),
suggests that these data products may capture entirely different features.

4.1.3. Regime Shift Detection

The key finding of Gangopadhyay et al. (2019), expanded upon by Silver et al. (2021), is the occurrence of a
regime shift in 2000. While we do find a regime shift in the subset WCRs (Figure 4a), we do not detect it in the
WCR-like eddies (Figure 4b). The subset WCRs averaged 12 formations before 2000 (1993—-1999) and 18 for-
mations after 2000 (2000-2017). This result is not quite as striking as the regime shift in 2000 from the full Ring
Census data product, which indicated a doubling in formations (Gangopadhyay et al., 2019; Silver et al., 2021),
but still includes a substantial increase in formations in the year 2000. When we employ the same regime shift
detection algorithm that Gangopadhyay et al. (2019) and Silver et al. (2021) used, we still find a significant regime
shift around 2000 (p-value < 0.05) for the subset WCRs. Depending on the cut-off period, the regime shift year in
the subset data is either 2000 for a cut-off period of 5-8 years or 2001 for 9—12 years. When we employ the regime
shift detection algorithm on the WCR-like eddies, we do not detect any regime shifts.

4.1.4. Examination of META3.1exp and GLED v1.0

The new eddy products, META3.1lexp and GLED, may offer some improvements in eddy-detection schemes
relative to METAZ2.0, but as described below, they still do not capture the essential characteristics of WCR
formations identified with the Ring Census. Hence, they are not better suited than META2.0 for studying Gulf
Stream rings. In the (filtered) META3.1exp product, the WCR-like eddy formations increase monotonically
eastward from Zone 1 to Zone 4 (Figure 2c¢), there is no discernible seasonality in formations (Figure 3c), nor is a
regime shift detected (Figure 4c). There are two key differences between this product and the META2.0 eddies.
First, the filtered META3.1exp ring-like eddies product identifies almost twice as many formations as the filtered
METAZ2.0 product. Second, META3.1exp WCR-like eddy formations peak in Zone 4, not Zone 3, as META2.0
and Ring Census WCRs do (Figure 2).

The GLED v1.0 product WCR-like eddy formation count is similar to META2.0 and the Ring Census. However,
the pattern of formations is shifted one Zone to the west, with formations peaking in Zone 2 (Figure 2d). There is
no discernible seasonality to GLED v1.0 ringlike eddy formations (Figure 3d), and no regime shift is detected
(Figure 4d). The formation pattern of GLED v1.0 WCR-like eddies does not match the pattern found by
Gangopadhyay et al. (2019) and Silver et al. (2021) (Figure 2), which showed that the peak in formations in Zone
3 is consistent with established seasonality of EKE in the Northwest Atlantic (Kang et al., 2016; Zhai et al., 2008).
Overall, the new products are no more consistent with the Ring Census results than META?2.0, so our feature-by-
feature comparison (Section 4.2) focuses on comparing filtered META2.0 and the subset Ring Census to explore
the difference in results.
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Table 2
Summary of Features for All Data Products Collocated in Space and Time With Subset Warm Core Rings From Ring Census
(1993-2017)

Ring Census META2.0 META3.lexp GLED v1.0

WCRs or WCR-like eddies 406 320 429 276
WCR-like eddies matched - 26 43 17
Percent match (%) - 9 9 6

4.2. Feature-By-Feature Comparisons

To investigate why the META2.0 WCR-like eddies do not show seasonality in formations (Figure 3b) nor evi-
dence of a regime shift (Figure 4b), we perform a detailed comparison of the eddy identifications and tracking for
2 years, 1995 and 2008. We compare the WCRs with WCR-like eddies with one another, using mapped SSH and
SST for context. These years are chosen to examine the periods before and after the regime shift. Furthermore,
1995 had the same number of formations for the subset WCRs (n = 11) and the WCR-like eddies (n = 11), while
2008 had a dissimilar number of formations for the subset WCRs (n = 18) and the WCR-like eddies (n = 12).

Careful inspection to identify collocated features (see Methods, Section 3) indicates that while both data products
identified 11 features in 1995, only 3 (27%) features were the same (starred features in Figure 5a). Even between
these three common features, there was a substantial difference in the identification and tracking. The first feature
of 1995 was identified in the Ring Census five days before the META?2.0 algorithm identified it. The second
feature was identified on the same day by both. The third feature was identified by the META2.0 algorithm 6 days
before the Ring Census identified it. This third and final feature was identified in July when the SST difference
between WCRs and ambient Slope Sea waters is typically reduced due to heat fluxes that warm the entire region.
This seasonal warm cap can make it difficult to identify rings in SST images. The META2.0 algorithm followed
the feature for 6 months, and the Ring Census recorded the same feature for 2 months. In 2008, there were 12
formations of META2.0 WCR-like eddies, whereas the subset Ring Census (R > 40 km, lifespan > 4 weeks)
recorded 18 formations. We find that 4 of the 12 (33%) features were the same (starred features in Figure 5b). In
all of the cases, the Ring Census identified WCRs a few days before their SSH contours closed, and before the
METAZ2.0 algorithm was able to identify them. Both data products only identified about one-third of the features
to be the same (27% in 1995 and 33% in 2008).

Motivated by these year-to-year case studies, we checked all META2.0 WCR-like eddies against subset WCRs to
calculate how many features were collocated in space and time (Table 2). As noted previously, to consider a
feature collocated in time and space, we check that the first occurrences are within 10 days of each other, their
centers are no more than 0.25° latitude apart, and no more than 1° longitude apart (assuming about 0.1 m/s
translation speed). With these criteria, 26 out of 320 (9%) WCR-like eddies match subset WCRs. These results
indicate a lower agreement in the feature-to-feature calculation than the year-to-year case studies, 27% for 1995
and 33% for 2008. A less restrictive window for collocation (formed within 10 days of each other, their centers are
no more than 0.25° latitude apart, and no more than 10° longitude apart, translation speed 1 m/s) still yields
similarly low percentages for a match-up of features: 54 of 320 (16% of features). When we compute the number
of collocated features for META3.1exp and GLED v1.0 WCR-like eddies to the subset WCRs, we find 43 of 429
(9%) META3.1exp features match and 17 of 276 (6%) GLED v1.0 features match (Table 2).

4.3. Energy and Speed

Though the global eddy products have difficulty distinguishing Gulf Stream rings from other eddy activity and are
therefore not able to capture the observed regime shift in WCRs, a notable change in the state of the Northwest
Atlantic in the year 2000 is evident in the satellite altimetry-derived EKE (Figures 6 and 7), KE (Figure 8c), and
speed of geostrophic surface velocities (Figures 8a and 8b). The spatially averaged time-mean EKE prior to 2000
(1993-1999) is 44.5 J/m?, while that after 2000 (2000-2017) increases to 50.1 J/m? (Figure 7). A change-point
analysis of the annual EKE time series averaged over the Northwest Atlantic shows a statistically significant
regime shift at 2000 (p-value = 0.0013, Figure 6b).
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Figure 6. The spatially averaged eddy kinetic energy (EKE) (Equation 1, units J/m?®) per unit volume in the Northwest Atlantic region (30°N-45°N, 85°W-55°W) from
1993 to 2017 computed relative to a 25-year climatology (1993-2017) is plotted for the (a) monthly and (b) annual averages. The Northwest Atlantic is decomposed into

4 components: the whole region (dark blue), the Slope Sea (light blue), the Gulf Stream (red), and the Sargasso Sea (orange). The shift to a higher EKE state in the entire
Northwest Atlantic region is indicated by the black vertical dashed line and the blue horizontal lines in panel (b) that represent the mean, spatially averaged EKE for the
whole system before 2000, 44.5J/m?, and after 2000, 50.1 J/m? (p-value = 0.0013). The y-axes of (b) have different ranges due to the higher values of EKE in the Gulf
Stream region. In (b), all regions' EKE values are plotted on the left y-axis and the EKE of the Gulf Stream is plotted on the right y-axis to show the variability of all regions

clearly.

The annual Northwest Atlantic EKE time series exhibits not only a shift to a higher EKE state after 2000, which is
identified by the regime shift analysis (p-value = 0.0013, Figure 6b), but also exhibits higher variance in the EKE
after 2000 (Figure 6a). As previously mentioned, the EKE time series of the Northwest Atlantic (30°N—45°N, 75°
W-55°W) is separated into 3 subregions: the Slope Sea (75°W-55°W, the 300-m isobath to the north, and the
Gulf Stream monthly path to the south), the Gulf Stream (75°W-55°W, the Gulf Stream monthly mean path to the
north and 2°S of the time-varying path as the southern boundary), and the Sargasso Sea (75°W-55°W, the bottom
boundary of the Gulf Stream region to the north, and 30°N as the southern boundary). The shift to a higher EKE
state after 2000 is most pronounced in the Gulf Stream region.

A shift to a higher energy state in the Northwest Atlantic from prior to 2000 (1993-1999) and after 2000 (2000—
2017) is evident in the spatially averaged EKE and KE (Figures 7 and 8). The shift is also evident in the spatial
distribution of speeds prior to 2000 (Figure 8a) relative to those after 2000 (Figure 8b), as highlighted in the
difference in KE between these two time periods (Figure 8c). Spatially, the greatest changes in EKE, KE, and
speed are located along the Gulf Stream main axis; particularly in the region where the mean Gulf Stream path
crosses the New England Seamount Chain in Zones 2 and 3 (70°W-65°W and 65°W-60°W) (Figures 7c and 8c).
The largest decrease in the EKE, KE, and speed occurs north of the mean Gulf Stream path and east of 70°W,
particularly in Zone 4 (60°W-55°W). Additionally, an increase in the KE and speed is evident in the western
Slope Sea north of the Gulf Stream mean path between 70°W and 65°W.

5. Discussion
5.1. Statistical Comparison

Despite the similarity in the spatial distribution of WCR formations noted between the subset (and full) Ring
Census and META2.0 (Figures 2a and 2b), the seasonality and the other details of WCR formations indicate that
the same features are not being identified across data products. The META2.0 product identifies 3,371 eddies in
the region (30°N-45°N, 75°W-55°W) from 1993 to 2017. In contrast, the Ring Census identifies only 961 WCRs
from 1980 to 2017. From our feature-by-feature analysis and collocation calculation, we know that most of those
>3,000 eddies are not relevant for studying Gulf Stream rings but rather represent other coherent eddies (not
formed from the Gulf Stream) or mesoscale variability that is not associated with a coherent, swirling feature.
Hence, there is a need to filter the META?2.0 eddies to produce WCR- and CCR-like eddies. However, even after
this filtering, the META2.0 eddy product does not identify a majority of the same features as identified by the
Ring Census.
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Figure 7. The mean eddy kinetic energy (EKE) (Equation 1, units J/m?) per unit volume in the Northwest Atlantic (30°N—45°N, 85°W—55°W) from (a) 1993-1999
computed relative to a 25-year climatology (1993-2017) is compared to (b) the mean EKE per unit volume in the Northwest Atlantic from 2000 to 2017 computed
relative to the same climatology. The difference between (a and b) is highlighted in (c), which shows EKE from 2000 to 2017 minus EKE from 1993 to 1999. In (c), the
red shading (positive) indicates an increase in EKE during the post-2000 period (2000-2017) relative to the pre-2000 period (1993-1999), and the blue shading
(negative) indicates a decrease in EKE in the post-2000 period relative to the pre-2000 period. The thick black line is the mean Gulf Stream path 1993-2022 identified
via the 25 cm sea surface height contour is plotted for reference. The thin black, dashed lines show isobaths at 100, 1,000, and 4,000-m depth.

The filtered (and unfiltered) METAZ2.0 product also does not capture the observed seasonality of WCR or CCR
formations. The seasonality of EKE in the Gulf Stream area has been well-established to be higher in the summer
and a minimum in the winter (Kang et al., 2016; Zhai et al., 2008). The META?2.0 WCR-like eddies do not capture
this robust feature of variability. Finally, the META2.0 product has no regime shift in WCR-like eddies. Due to
the temporal and spatial resolution of the merged SSH fields, the META?2.0 algorithm cannot detect shorter-lived
rings. The fundamental differences in methodology might explain why global eddy products identify different
features, and it is necessary to examine these products in the context of auxiliary data to determine where the
various products have applicability in the vicinity of western boundary currents.
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Figure 8. The mean surface speed (Equation 3, units %) of the Northwest Atlantic (30°N—45°N, 85°W-55°W) from (a) 1993-1999 is compared to (b) the mean surface
speed (%) from 2000 to 2017. The difference between (a and b) is highlighted by (c) which shows the difference in the spatially averaged kinetic energy (KE)
(Equation 2, units J/m?) per unit volume of the Northwest Atlantic from 1993 to 1999 minus 2000 to 2017. In (c), the red shading (positive) indicates an increase in KE
during the post-2000 period (2000-2017) relative to the pre-2000 period (1993-1999), and the blue shading (negative) indicates a decrease in KE in the post-2000 period
relative to the pre-2000 period. The thick black line is the Gulf Stream averaged path identified via the 25 cm sea surface height contour from 1993 to 2022, plotted for
reference. The thin black, dashed lines show isobaths at 100, 1,000, and 4,000-m depth.

5.2. Feature-By-Feature Comparison

The year-by-year case study for 1995 and 2008 reveals that META2.0 identifies about one-third, or less, of the
same features identified in the Ring Census. Of the 23 features examined for the two years, only 7 are clearly the
same feature. Out of these 7 matched features, there is one instance in which the META2.0 algorithm identifies a
ring before the Ring Census and tracks it for longer. We further examine this feature to demonstrate how the
differences in data and methodology lead to different results when identifying and tracking what is ostensibly the
“same” feature (Figures 9 and 10).
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Figure 9. The evolution of a warm core ring (WCR) from the Ring Census in July 1995 is shown at four stages. (a) The ring was first identified in July 1995 near 41°N,
64°W, and moves westward. (b) The ring appears to start to interact with the northern wall of the Gulf Stream in August 1995 around 41°N, 65°W. (c) The sea surface
height (SSH) bridge that connected the ring to the Gulf Stream starts to diminish near 40°N, 66°W. (d) The ring is last identified on 29 September 1995. The SSH bridge
to the Gulf Stream has disappeared. The background color shading indicates sea surface temperature, the thin black contours are the absolute dynamic topography of
SSH, and the thick black line is the trajectory of the feature. The light blue circle is the center of the WCR on the given day, and the thick blue line is approximately the
Gulf Stream path, identified by the 25 cm SSH contour.

First, we consider the evolution of the ring as depicted by the Ring Census trajectory (Figure 9). This particular
feature is first identified by the Ring Census on 3 July 1995 (Figure 9a) and meets its demise on 29 September
1995 (Figure 9d), about a 3-month lifespan. During this 3-month period, the ring takes a complicated path that is
approximately southwestwards. In August 1995, an SSH bridge starts to form between the ring and the Gulf
Stream (Figure 9b). The ring starts to separate again from the Gulf Stream in September (Figure 9c). A few days
later, in September 1995, the ring demises (Figure 9d).

Now, we consider the evolution of the same ring as depicted by the META2.0 trajectory (Figure 10). This
particular WCR-like eddy is first identified in META2.0 on 27 June 1995 (Figure 10a) and meets its demise on 25
December 1995 (Figure 10d), about a 6-month lifespan—3 months longer than the same feature tracked in the
Ring Census. This WCR-like eddy takes a relatively straight path (compared to Figure 9) southwestwards. In
August 1995, the same SSH bridge forms between the WCR-like eddy and the Gulf Stream (Figure 10b). The
WCR-like eddy starts to separate again from the Gulf Stream in September (Figure 10c). A few days later, in
September 1995, the WCR-like eddy is no longer attached to the Gulf Stream via the SSH bridge (Figure 10d).
This WCR-like eddy continues to propagate for 3 months longer than the ring identified by the Ring Census.

When we consider why the same feature is tracked differently by the two products, we consider observations that
each product primarily relies on. This feature is identified in July 1995 when temperatures throughout the Slope
Sea are relatively warm so that it can be difficult to identify the SST signature of a WCR. In contrast, META2.0 is
better able to track the feature continuously since ring identification relies on SSH, which is not seasonally
obscured. An alternative explanation for the difference in detection and tracking of this ring may be that the Ring
Census considered this ring a reabsorption back into the Gulf Stream (Figure 9d). When the feature separated
again, it would have been considered a new ring, unlike the META2.0 algorithm that considered this one feature
(possibly due to the low horizontal resolution of SSH maps, which could not resolve a reabsorption). This case
study demonstrates that there are many ways in which the identification and tracking can differ and gives some
insight into why only 9% of the META2.0 features are collocated in space and time with the Ring Census WCRs;
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Figure 10. The evolution of a warm core ring (WCR)-like eddy from the META?2.0 data product (matched to the July 1995 WCR from the Ring Census) is shown at four
stages. (a) The eddy was first identified a few days before the ring in June 1995 near 41°N, 64°W. (b) The ring moves westward to about 41°N, 65°W, and an sea surface
height (SSH) bridge to the Gulf Stream starts to form in August 1995. (c) The eddy is still connected to the Gulf Stream via an SSH bridge on 20 September 1995 near
40°N, 65°W. (d) The SSH bridge has disappeared, and the META2.0 WCR-like eddy continues to be tracked for 4 more months to December 1995 at its demise near
40°N, 70°W. The background color shading indicates sea surface temperature, the thin black contours are the absolute dynamic topography of SSH, and the thick black
line is the trajectory of the feature. The light blue circle is the center of the ring on the given day, and the thick blue line is approximately Gulf Stream path, identified by

the 25 cm SSH contour.

the differences in the seasonality and resolution of the base data (SST vs. SSH) and in the methodology clearly
lead to different results.

Conversely, we show an instance in which a WCR from the Ring Census lives longer than 4 weeks and has a
radius greater than 40 km (lifespan 26 weeks, R = 84 km) in Figure 11. In theory, this ring is long-lived and large
enough to be identified by the META2.0 algorithm. As we follow its evolution in time, we observe that the closed
SSH contours associated with the feature are transient. In the 6.5 lifespan of the ring, in some snapshots the ring is
clearly located in the center of closed SSH contours, and in other snapshots the ring is not associated or contained
with any closed SSH contours. What we observe is that the transition of the ring from contained within closed
SSH to no closed SSH contours in less than a month. The METAZ2.0 algorithm requires a feature to have closed
SSH contours for at least 4 weeks, in order to start to be tracked.

We highlight two instances in which the tracked ring is contained in closed SSH contours and then 4 weeks later is
no longer associated with closed SSH contours. In Figure 11a, the ring is contained within tight, concentric closed
contours, indicating a stronger SSH gradient around the ring, which is expected since this feature is shown
3 weeks after its birth. Then, in Figure 11b, 4 weeks later than Figure 11a, the ring has moved westwards but is no
longer contained in any closed SSH contours. A similar evolution is shown in Figures 11c and 11d, about 3.5
months later. In Figure 11c the ring is, again, centered in closed SSH contours, although these contours are not as
tight, indicating the SSH gradient around the ring is not as strong as it was months ago in Figure 11a. Then,
1 month later in Figure 11d, the feature is no longer contained in closed SSH contours. The transient nature of the
closed SSH contours associated with this ring are an example of how a feature might be identified in the Ring
Census from other data, but throughout the evolution of that feature it may not be identified and tracked by an
eddy tracking algorithm such as the META2.0 algorithm.

These data products each have inherent limitations that impact their applicability to statistical studies of Gulf
Stream rings. One of the critical components of defining a ring is the difference between its rotational speed and
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Figure 11. The evolution of a warm core ring (WCR) from the Ring Census born in February 1995 is shown at four stages. The ring was first identified in February 1995
near 40.5°N, 65.5°W, and moves southwestwards initially and then westwards in early March 1995 where it is shown in (a) in closed sea surface height (SSH) contours.
(b) The ring moves further west by late March 1995, but is no longer contained in closed SSH contours, compared to about 1 month prior, shown in panel (a). (c) Three
months later in mid-June 1995 the ring has moved westwards to 39°N, 72°W, and is contained in closed SSH contours as it nears the end of its trajectory close to the shelf
break. (d) One month later in mid-July 1995 the ring has moved further southwestwards to 38°N, 73°W, somewhat parallel to the shelf break, but it is no longer
associated with closed SSH contours. The background color shading indicates sea surface temperature, the thin black contours are the absolute dynamic topography of
SSH, and the thick black line is the trajectory of the feature. The light blue circle is the center of the WCR on the given day, and the thick blue line is approximately the
Gulf Stream path, identified by the 25 cm SSH contour.

translational speed, which serves as an indicator of whether the feature has trapped fluid in its core. Theoretically,
the rotational speed should be greater than the translational speed to trap the warm fluid in its core and move it
with it as it translates. This criterion cannot be evaluated for a ring without velocity data; the lack of velocity data
for the Ring Census is an important limitation for ring studies.

A study by Lambhate et al. (2021) used a deep convolutional neural network trained on SST, SSH, and manual
feature annotation to identify the Gulf Stream and rings. It identified rings with 71% accuracy compared to the
annotated Clark charts, which the Ring Census is based on. While this 71% eddy identification accuracy is much
higher than the 9% match of features found here in the subset Ring Census and META2.0 (using a simple
threshold on the collocation of features in space and time), the neural network still misses about 30% of features
captured by the Ring Census, even though it capitalized on both SSH and SST observations.

Even the newest products (META3.1 and GLED v1.0), filtered for ring-like eddies, give results that are
inconsistent with the existing Ring Census studies, suggesting that the SSH-based products are not appropriate for
statistical studies of Gulf Stream rings. Indeed, Chelton et al. (2011) acknowledge that imperfectly identified
eddies are most common in regions with energetic mesoscale variability, for example, Western Boundary Current
regions. Liu and Abernathey (2023) make note of the limited number of rotationally coherent Lagrangian vortices
(also called Lagrangian eddies) along the main axis of western-boundary currents, which differs from the broad
distribution of SSH eddies in products such as META?2.0. Both new products use Absolute Dynamic Topography
fields to better detect and track eddies in energetic regions. However, when applied to the study of Gulf Stream
rings, these products have formation patterns, seasonality, and trends inconsistent with the Ring Census. We
caution future users to validate whether an eddy identified by these SSH-based products is actually a Gulf Stream
ring through use of temperature and salinity data, and, if possible, subsurface observations of the depth structure
before making conclusions about Gulf Stream rings from an SSH eddy tracking product, such as META2.0,
META3.1exp or GLED v1.0. More than SSH data is required to unequivocally identify Gulf Stream rings.

PEREZ ET AL. 18 of 22

a 01 “$T0T ‘1626691T

:sdny wouy papeoy

ASUAOIT SUOWIWO)) AN d[qeoridde oy £q pauIdA0S ore sa[oNIE Y (95N JO SN 10§ AIRIQIT AUIUQ AJ[IAL UO (SUONIPUOD-PUB-SULID}/W00" AS[IM " ATeIqI[aut[uoy/:sdy) SUonIpuo)) pue SWd T, 3y 39S “[z07/01/80] uo Areiqi auruQ A9[Ip ‘A1e1qrT 104 (9N Aq 19L0Z0DLET0T/6T01 01/10p/wod AIm A.



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20231C020761

5.3. Energy and Speed

In the analysis of satellite-derived surface geostrophic velocities in the Northwest Atlantic, a statistically sig-
nificant regime shift in the EKE was detected in the year 2000 using the Rodionov change-point algorithm (p-
value = 0.0013). The component that contributes most to the EKE in the Northwest Atlantic and seems to drive
the shift to higher EKE after 2000 is concentrated in the Gulf Stream region and is associated with the Gulf Stream
changing speed and position after 2000, particularly where the Gulf Stream interacts with the New England
Seamount Chain (Figures 6 and 7). This shift to higher EKE in the entire system after 2000 coincides with the
timing of the observed regime shift in WCRs. The year 2000 is also a pivotal point in the long-term SST trends in
the Northwest Atlantic, as demonstrated by Chen et al. (2020).

Adjacent regions of increase and decrease in energy and speed near the mean position of the Gulf Stream may also
point to a change in the Gulf Stream position, as a northward shift in the Gulf Stream has been observed in recent
years (Gongalves Neto et al., 2021; Todd & Ren, 2023). In fact, we find the area of the Slope Sea region decreased
from 1993 to 2017, while the area of the Sargasso Sea region increased, indicating a northward shift of the Gulf
Stream front (not shown). The energy and speed changes in the Gulf Stream sub-region and the Northwest
Atlantic as a whole suggest that the increase in ring formations associated with the regime shift in 2000 is related
to a more energetic, faster Gulf Stream. The implication is that a vigorously meandering Gulf Stream sheds more
WCRs than a less energetic stream. The lack of increase in EKE in the Slope Sea after 2000 suggests that these
rings may be reabsorbed by the meandering Gulf Stream relatively quickly so that they do not contribute to the
EKE within the Slope Sea for a long duration.

The speed, KE, and EKE were computed from the same SSH data that the global eddy tracking products are based
on, yet the global eddy products (unfiltered and filtered) do not capture the key characteristics of WCRs, such as
seasonality, preferred formation location, and the observed regime shift in the year 2000. The authors of the
various global eddy products acknowledge that the eddy tracker algorithms have difficulty identifying eddies in
highly energetic western boundary current regions, such as the Gulf Stream. A shift to a higher EKE state in the
Gulf Stream and the whole Northwest Atlantic region may further impede these algorithms' ability to identify
mesoscale eddies in this region. Additionally, a recent paper from Martin et al. (2023) noted that gridded SSH
products do not capture mesoscale variability in highly energetic currents such as the Gulf Stream because of the
traditional method of interpolating between altimeter tracks. Martin et al. (2023) demonstrate that a deep learning
model trained on altimetry and SST data reconstructs SSH fields with lower error and resolves smaller spatial
scales than the traditional method of optimal interpolation. An eddy tracking algorithm input with higher reso-
lution SSH fields may perform better than current algorithms since the smaller-scale variability is better resolved.

6. Conclusions

The Ring Census is currently the longest record of WCRs publicly available and has been extensively validated,
which is why it is used here as the standard against which the global altimetry-based eddy products are compared.
Although both META products and GLED v1.0 fail to capture a regime shift in the formation of ring-like eddies,
itis important to recognize the potential existence of such a shift, despite these products' failure to capture it. From
the feature-by-feature analysis and the statistical comparisons, we know these products do not identify some of the
key characteristics of WCRs (e.g., seasonality, preferred formation location, etc.). One drawback of using readily
available SSH-based eddy tracking products to study Gulf Stream rings is that additional information, such as
SST, sea surface salinity, or, ideally, subsurface hydrographic data, which could help confirm if eddies are indeed
rings, is not used.

In summary, one difficulty in using global altimetry-based eddy products to study Gulf Stream rings is the limited
spatial and temporal resolution of the SSH maps that these products rely on. Additionally, these products are
designed to study mesoscale eddies, not necessarily ring-distinct features with temperature, salinity, and vertical
signatures that the SSH eddy products cannot capture. Furthermore, the Gulf Stream, like all Western Boundary
Currents, is a highly energetic region with many features on multiple space and time scales, which we do not
consider rings but may be classified as eddies by these global SSH eddy products, further adding to the challenge
of using those global products to study regional rings. A regional ring product (the Ring Census) does observe a
regime shift in WCRs in 2000 and the global eddy products' failure to detect the regime shift in WCR-like eddies
should not be interpreted as evidence against the regime shift.
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Notably, we find a regime shift in the EKE of the Northwest Atlantic at the year 2000 (p-value = 0.0013). This
shift to a higher EKE state after 2000 is primarily driven by a synchronous shift in the EKE of the Gulf Stream.
The increase in EKE is attributed to the change in the speed and position of the Gulf Stream after 2000. The
implication is that a more energetic and meandering Gulf Stream sheds more rings.

Further understanding of (a) what is driving the regime shift and (b) why the global altimetry-based eddy products
do not detect it will require further examination of the dynamics of the regime shift. New insights may also be
gained with the new Surface Water Ocean Topography satellite altimeter (Wang et al., 2022), which will provide
much improved spatial resolution of SSH maps. Ultimately, distinguishing rings and eddies requires sub-surface
velocity and hydrographic data that is currently sparse in the world's oceans. Techniques that utilize only surface
observations, even with improved horizontal resolution, will remain limited in their ability to unambiguously
identify rings. Given the turbulent nature of the underlying flow field and the complexity of vertical gradients
beneath the surface indicators, a high degree of uncertainty is expected.

Data Availability Statement

The Warm Core Ring Census is available via https://www.bco-dmo.org/dataset/810182. The META2.0 and
META3.1exp eddy data sets are available from AVISO+ at https://www.aviso.altimetry.fr/en/data/products/
value-added-products/global-mesoscale-eddy-trajectory-product/meta2-0-dt.html and https://www.aviso.altim-
etry.fr/en/data/products/value-added-products/global-mesoscale-eddy-trajectory-product/meta3-1-exp-dt.html,
respectively. The altimetric Mesoscale Eddy Trajectories Atlas (META?2.0) was produced by SSALTO/DUACS
and distributed by AVISO+ (https://aviso.altimetry.fr) with support from CNES, in collaboration with Oregon
State University with support from NASA. The altimetric Mesoscale Eddy Trajectories Atlas (META3.1exp DT)
was produced by SSALTO/DUACS and distributed by AVISO+ with support from CNES, in collaboration with
IMEDEA (https://doi.org/10.24400/527896/a01-2021.001 for the META3.1exp DT allsat version and https://doi.
org/10.24400/527896/a01-2021.002 for the META3.1exp DT twosat version). The GLED v1.0 eddy data set is
available from Zenodo at https://zenodo.org/record/7349753. The Regime Shift Detection software is available
via https://sites.google.com/view/regime-shift-test/home. The 25 cm SSH contour identifies Gulf Stream daily
paths. See Andres (2016) for more information on deriving Gulf Stream paths. Sea surface temperature (SST) data
is available from https://www.ncei.noaa.gov/products/optimum-interpolation-sst. This study has been conducted
using E.U. Copernicus Marine Service Information (2024): https://doi.org/10.48670/moi-00148. Monthly SSH
data is available from https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_L4_MY_008_047/
description. Gridded bathymetry data is available from https://www.gebco.net/data_and_products/gridded_ba-
thymetry_data/. Code for analyzing and plotting the data is available upon reasonable request from the corre-
sponding author.

The code used in the analyses described in this study is available in a GitHub repository: https://github.com/
elenakperez/rings. The corresponding author can provide more information about the code upon a reasonable
request.
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