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Abstract A census of Gulf Stream (GS) warm‐core rings (WCRs) is presented based on 38 years
(1980–2017) of data. The census documents formation and demise times and locations, and formation size
for all 961 WCRs formed in the study period that live for a week or more. A clear regime shift was
observed around the Year 2000 and was reported by a subset of authors (Gangopadhyay et al., 2019, https://
doi.org/10.1038/s41598-019-48661-9). The WCR formation over the whole region (75–55°W) increased from
an average of 18 per year during Regime 1 (1980–1999) to 33 per year during Regime 2 (2000–2017). For
geographic analysis formation locations were grouped in four 5° zones between 75°W and 55°W. Seasonally,
WCR formations show a significant summer maxima and winter minima, a pattern that is consistent
through all zones and both temporal regimes. The lifespan and size distribution show progressively more
rings with higher longevity and greater size when formed to the east of 70°W. The average lifespan of the
WCRs in all four zones decreased by 20–40% depending on zones and/or seasons from Regime 1 to Regime 2,
while the size distribution remained unchanged across regimes. The ring footprint index, a first‐order
signature of impact of theWCRs on the slope, increased significantly (26–90%) for all zones fromRegime 1 to
Regime 2, with the highest percent increase in Zone 2 (70–65°W). This observational study establishes
critical statistical and dynamical benchmarks for validating numerical models and highlights the need for
further dynamical understanding of the GS‐ring formation processes.

1. Introduction

One of the major drivers of the changes in the shelf and slope waters off the coasts of the northeast United
States and southeastern Canada is thought to be the latitudinal excursions of the Gulf Stream (GS) bringing
warmwaters into the slope sea in the form of multiple warm‐core rings (WCRs) and streamers/shingles from
the GS. Determining the impact of the WCRs on the shelf‐slope exchange and thus on the water masses on
the shelf (Bisagni, 1983; Gawarkiewicz et al., 2001; Joyce &McDougall, 1992; Ramp et al., 1983) is one of the
priorities of the Ocean Observatories Initiative (OOI) science plan for the Pioneer Array (Gawarkiewicz &
Plueddemann, 2020) and has been a major area of active research (e.g., Chaudhuri, Bisagni, et al., 2009;
Chaudhuri, Gangopadhyay, et al., 2009; Chen et al., 2014; Gawarkiewicz et al., 2018; Gangopadhyay
et al., 2019; Zhang & Gawarkiewicz, 2015). The frequent occurrence and impact of WCRs on the physical,
chemical, and biological oceanography of the slope sea area have been documented in the past through field
observations (Joyce, 1985; Lai & Richardson, 1977; Saunders, 1971), satellite imagery (Auer, 1987;
Bisagni, 1976; Brown et al., 1986; Halliwell & Mooers, 1979), and theoretical models (Csanady, 1979;
Flierl, 1977; Olson et al., 1985). A systematic study of WCR formation and distribution is a critical need to
understand the impact of changing ring frequency and characteristics on the underlying ecosystem and its
habitats.

Previous climatological studies were limited by the number of years of data availability. For example,
Cerone (1984) identified typical ring formation patterns based on sparsely available synoptic temperature
charts over the period 1976 to 1981. Joyce (1985) and references therein reported on individual ring struc-
tures (and their changes in volume, energetics and momentum) for a collection of WCRs from data collected
during a targeted survey during 1981–1982. Auer (1987) developed a 5‐year climatology of the GS and its
WCRs based on data from 1982–1986. Myers and Drinkwater (1986) used data from 1980 to 1984 to explore
possible relationships between six groundfish stocks and WCR occurrences. They extended their study later
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to establish a negative correlation between 17 groundfish stocks and
WCRs based on data from 1973 to 1986 (Myers & Drinkwater, 1989).

We now have access to a consistent 38‐year‐long (1980–2017) data set
documenting the occurrence and pathways of the WCRs in the GS
area (75–55°W) on a semiweekly basis. Some aspects of the seasonal
and interannual variability of WCR formation along the GS path
from 75°W to 55°W was recently discussed by Gangopadhyay
et al. (2019). They identified a regime shift around 2000 in the WCR
formation (Figure 2a). Out of a total of 961 WCRs formed
during1980–2017, 360 WCRs were formed during Regime 1 (1980–
1999) with an average of 18 rings annually, and 601 WCRs were
formed during Regime 2 (2000–2017), with an average of 33 rings
annually.

In this study, we extend the previous study in order to present further
detailed geographical statistics of ring formation as well as lifespan
and size distributions. The overall area of 75–55°W was subdivided
into four distinct zones (Zone 1: 75–70°W, Zone 2: 70–65°W, Zone
3: 65–60°W, and Zone 4: 60–55°W). The rationale for subdividing
the overall 2,000‐km span of the GS stems from two factors. First,
the GS is shown to be responding with different temporal (on both
interannual and secular time scales) variability east and west of 65–
60°W (Zone 3), also called the transition zone (Bisagni et al., 2017;
Gangopadhyay et al., 2016). Second, further geographic perspective
provides more information on Ring formation dynamics for two rea-
sons: (i) Zone 1 (75–70°W) is generally a standing meander pattern
for the GS with less ring activity and (ii) the New England
Seamount Chain (NESC) underlies the GS between 65°W and 60°W
(Zone 3), thus creating large‐amplitude meanders after 65°W with
frequent WCR formation to the east. Our specific objectives are to

(i) briefly describe the seasonal to interannual variability including the regime shift around the Year 2000,
(ii) determine the spatial variation of the size and lifespan distribution of the WCRs, and (iii) investigate
the changes in the lifespan and size distribution of the rings formed from one temporal regime to the other.

The organization of this paper is as follows. Section 2 outlines the data sets used to create the census and the
methodology to analyze the WCR characteristics. Section 3 presents seasonal and interannual variability
(including the regime shift) within the four zones. Three aspects of the WCRs, namely, the seasonality, life-
span, and size characteristics for the two regimes, are highlighted in this section as well. Section 4 discusses
the major results and outlines possible dynamical factors behind the observed differences inWCR character-
istics for the two different regimes. Section 5 summarizes the results with some concluding remarks about
future implications and research directions from this study.

2. Data and Methods

Themain data set that was used is a set of charts prepared by one of the coauthors, Jenifer Clark (an example
chart for 2 August 2017 is shown in Figure 1a). We have access to this unique collection of charts of the GS
and surrounding waters that have been annotated with satellite data indicating temperature. Using infrared
imagery and surface in situ temperature data, oceanographic analyses were produced for this area in the
form of synoptic charts two to three times a week in a consistent manner. These charts show the location,
extent, and temperature signature of currents (GS and shelf break front), warm‐ and cold‐core rings
(WCRs and CCRs), other eddies, shingles, intrusions, and other water masses in the Gulf of Maine
(GOM), over Georges Bank (GB), and in the Mid‐Atlantic Bight (MAB). National Oceanic and
Atmospheric Administration (NOAA) produced and used these charts during 1980–1995 and analyzed them
for GS front extraction. These charts were also used for WCR identification and tracking by the Bedford
Institute of Oceanography (BIO), utilized for operational application by the U.S. Navy and regularly used

Figure 1. (a) Zones on a typical chart of 2 August 2017. Four WCRs (S, T, P, and
U) are seen in this chart with another short‐lived (lifespan < 7 days) ring SL. (b)
Number of WCR formations in different zones. The zones are as follows. Zone 1:
75–70°W, Zone 2: 70–65°W, Zone 3: 65–60°W, and Zone 4: 60–55°W (figure
modified from Gangopadhyay et al., 2019).
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by fishermen, sailors, numerical ocean modelers, oil and gas geologists, and weather forecasters. This set of
charts is indeed the most consistent data set that has documented the signatures of the GS and its rings for
the last four decades. An animation with all available annotated charts for 2017 is available in supporting
information (Supporting Information Video S1).

These charts have been used in the past by various researchers for different purposes. Cerone (1984), Brown
et al. (1986), and Auer (1987) used these charts over different 5‐year periods in the 1980s to develop WCR
climatology and related statistics. Robinson et al. (1988) used these charts to predict for the first time CCR
propagation and their acoustic propagation effects for the U.S. Navy. Such charts were used recently for
interannual variability studies (Chaudhuri, Bisagni, & Gangopadhyay, 2009, Chaudhuri, Gangopadhyay,
& Bisagni, 2009) and for Integrated Ocean Observation System (IOOS)‐related operational forecasting
(Gangopadhyay et al., 2013; Schmidt & Gangopadhyay, 2013; Schofield et al., 2010).

JC charts are available two to three times a week during 1980–2017. Thus, approximately 5,000 charts were
used for the 38 years of analysis. The analysis domain for the charts extended often to 45°W during 1980 to
1996 while being restricted to 55°W during 1997 to 2017. A substantive period (1980–2004) was analyzed by
Roger Pettipas at BIO for WCR formation and tracking. Part of the BIO data set (1980–1999) was used by
Chaudhuri, Gangopadhyay, and Bisagni (2009) for identifying all WCRs born from the GS up to 45°W.
Chaudhuri, Gangopadhyay, and Bisagni (2009) also validated these data for extracting WCR numbers with
available sea surface temperature (SST) and sea surface height (SSH) maps.

For the purpose of creating a consistent chart data set to extract the WCR formation statistics for the 38‐year
period, the 2,000‐km domain from 75°W to 55°W was chosen as the study area for all charts. Then a
three‐step method was followed: (i) The WCR information from the BIO ring tracking information until
45°W was filtered to extract all the ring formation west of 55°W, (ii) the charts from 1997 to 2017 have been
analyzed by coauthors Monim (2017) and Silva (2019) using the QGIS Version 2.18.16 product (QGIS
Development Team, 2016), and (iii) a validation of the BIO and Monim (2017) analysis was carried out for
a common 8‐year period (1997–2004) to establish confidence and continuity in WCR identification between
analysts.

While the first step is self‐explanatory, the second and third steps need elaboration. All the JC charts
(1997–2017) were first georeferenced (Hackeloeer et al., 2014) using the Georeferencer tool in the QGIS.
Then these were added to a GIS data frame. The analyst examines each chart on a GIS framework and
follows the set of rules (formation, continuity, and dissipation) to identify all WCRs on each chart and
digitizes on the WGS84 coordinate system (Decker, 1986). A new ring formation is documented in the fol-
lowing situations: (i) a typical GS crest forming a closed anticyclonic vortex and detaches from the stream
in the slope water, (ii) an anticyclonic eddy forms off of another large anticyclonic eddy in the slope water,
(iii) an anticyclonic eddy further away from the stream coming into the domain through Region 4
(Monim, 2017). Note that any anticyclonic eddy that existed for less than 7 days was not counted in the
census (Silva, 2019).

For each newly formed WCR, its center position (latitude/longitude) and initial area was calculated using
the field calculator (QGIS Project, 2016) to two significant digits. For each WCR being dissipated, its last
seen location center position was marked. The primary parameters (date of formation, center location at
formation, ring outline, and last date of sighting) are stored in the GIS database. The database was
exported as the final annual WCR census. An example census for part of the Year 2017 is shown in
Table 1, overlapping the time of the chart in Figure 1a. The evolution of the GS is evident leading to
the formation and subsequent demise of the WCRs (S, T, P and U in Figure 1a) from the chart animation
provided in Supporting Information Video S1. Note that the short‐lived (SL) ring in Figure 1a is not
included in the census as its lifespan was less than 7 days.

There was a period for 6months during October 1995 toMarch 1996, when there was a break in the JC charts
(and in the BIO analysis). We had revisited the Altimetric data during this time and found six more WCRs
(three during October‐November‐December of 1994 and three during January‐February‐March of 1995),
which are present in our new census. All of the available BIO analysis (1980–2004) and the Monim (2017)
census (1997–2016) had been revalidated against the charts, and we have followed the naming convention
of Monim (2017) to identify the WCRs as shown in an example census for 2017 (Table 1). The error in the
location of the WCR center and size is about 2 km or less, which has been determined based on
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digitization errors of the GIS procedure. These errors have a negligible effect on the statistics presented in
this study where the results are presented for 5° wide zones.

We have compared 8 years (1997–2004) of WCR tracking records from BIO database against the recent ana-
lysis (Monim, 2017) in the area 75°W to 55°W. The mean of the annual WCR formation differences (from
8 years of data) between the two independent analyst estimates is 1.1 rings and the standard error is 1.2 rings.
The BIO database is generated using the Jenifer Clarks charts, and thus, the difference is mostly due to sub-
jective judgment of the analyst and in their interpretation of which eddy to consider as a new eddy in case of
a ring‐ring interaction and a formation after a ring‐meander interaction. This WCR data set is thus a first
comprehensive set of WCR information that is compatible with previous studies and verified by SST and
SSH data for the past 38 years.

Thirty‐eight years of WCR census yielded 961 WCRs, and their dates of formation, dissipation, center posi-
tions, radii (size/area), and lifespan were documented. The complete census is available at https://www.bco-
dmo.org/dataset/810182 (Gangopadhyay & Gawarkiewicz, 2020). Analysis was carried out for the full area
(75–55°W) and for four zones (75–70°W, 70–65°W, 65–60°W, and 60–55°W) shown in Figure 1a. The major-
ity of the WCRs were born east of 65°W, with more births in Zones 3 and 4 (Figure 1b). This is consistent
with previous studies (Cornillon, 1986; Lee & Cornillon, 1996) showing that GS meander amplitude
increases across the NESC due to unstable meandering of the GS. Out of a total of 961 WCRs formed,
Zone 1 had 12% (114) and Zone 2 about 20% (195) of the rings. The more productive areas to the east had
37% (353) and 31% (299) for Zones 3 and 4, respectively (see Figure 1b). Note that a few rings enter the
domain in Zone 4, which are formed east of 55°W; however, their number is less than 10% of the rings in
Zone 4. To summarize the geographic pattern of WCR formation, more than two thirds (~68%) of the
WCRs were formed to the east of 65°W, or the NESC.

Table 1
An Example WCR Census From 2017 (Partial), Where DOB Is Date of Birth and DOA Is Date of Absorption

2017 WCR census

WCR name DOB Longitude_F Latitude_F Area (km2) DOA Longitude_D Latitude_D

WE20170116E 2017‐01‐16 −63.98 41.62 32,064 2017‐04‐19 −64.65 41.26
WE20170130F 2017‐01‐30 −68.21 39.44 14,079 2017‐05‐03 −73.49 38.07
WE20170329G 2017‐03‐29 −56.82 41.29 13,243 2017‐04‐28 −59.46 41.09
WE20170329H 2017‐03‐29 −68.04 38.69 10,749 2017‐05‐15 −69.77 38.93
WE20170419I 2017‐04‐19 −61.46 40.45 37,389 2017‐06‐16 −64.25 41.55
WE20170419J 2017‐04‐19 −64.37 40.2 24,635 2017‐05‐22 −64.8 40.23
WE20170421K 2017‐04‐21 −71.25 38.77 9,685 2017‐05‐03 −70.99 38.85
WE20170503L 2017‐05‐03 −73.92 37.25 4,418 2017‐05‐12 −73.8 37.17
WE20170512M 2017‐05‐12 −71.32 38.81 7,803 2017‐05‐22 −71.25 38.8
WE20170517N 2017‐05‐17 −56.82 40.7 43,615 2017‐06‐09 −57.59 40.91
WE20170522O 2017‐05‐22 −74.26 36.78 4,191 2017‐06‐09 −74.28 36.53
WE20170529P 2017‐05‐29 −61.05 40.31 35,638 2017‐09‐13 −65.86 40.22
WE20170605Q 2017‐06‐05 −69.52 39.67 7,448 2017‐06‐26 −69.76 39.67
WE20170605R 2017‐06‐05 −71.47 39.01 5,424 2017‐07‐03 −71.59 39.21
WE20170605S 2017‐06‐05 −67.24 39.82 11,022 2017‐09‐04 −71.63 38.41
WE20170707T 2017‐07‐07 −66.82 39.62 19,183 2017‐12‐13 −74.2 36.6
WE20170712U 2017‐07‐12 −59.74 42.12 70,213 2017‐08‐02 −60.86 41.97
WE20170712V 2017‐07‐12 −61.88 40.45 35,636 2017‐08‐04 −62.26 40.2
WE20170804W 2017‐08‐04 −56.29 40.97 18,679 2017‐08‐14 −56.25 40.95
WE20170809X 2017‐08‐09 −61.31 41.45 34,282 2017‐08‐28 −61.56 41.39
WE20170811Y 2017‐08‐11 −59.17 42.02 42,119 2017‐10‐30 −63.04 41.04
WE20170828Z 2017‐08‐21 −57.21 42.24 18,856 2017‐09‐04 −57.19 42.23
WE20170828a 2017‐08‐28 −62.77 41.87 39,489 2017‐10‐23 −63.73 42.07
WE20170904b 2017‐09‐04 −72.67 37.73 6,753 2017‐09‐29 −72.61 38.02
WE20170906c 2017‐09‐06 −57.68 42.56 23,429 2017‐09‐15 −57.56 42.46

Note. Coordinates with “F” are formation coordinates and coordinates with “D” represents the set of last seen (demise) coordinates. The complete census of all
years (1980–2017) is available online (at https://www.bco-dmo.org/dataset/810182). Dates are formatted as YYYY‐MM‐DD.
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A sequential regime shift detection algorithm based on examining
mean and variance (Rodionov, 2004, 2006; Rodionov &
Overland, 2005) was used to identify possible regime shifts. In addi-
tion, the Markov regime switch models (Hamilton & Susmel, 1994;
Kim &Nelson, 1999; Perlin, 2014) were also used to detect the regime
shifts and yielded the same result of a shift around 2000. See
Gangopadhyay et al. (2019) for details.

Using the census data, we developed a WCR footprint index (RFI)
to understand the area of WCR presence in the slope waters during
the two different temporal regimes. We first calculated the average
propagation speed of every WCR using the distance between forma-
tion and final locations. Based on the average propagation speed,
we determined the time spent by a WCR in each zone. The foot-
print of a ring was then obtained by integrating the area covered
by the WCR from Time t1 to t2 (time spent in a specific zone) as
follows:

Footprint of a WCR ¼ ∫
t2
t1
π Rbe

− t
að Þ� �2

dt¼πR2
b

2
a e

−2t1
að Þ − e

−2t2
að Þh i

(1)

where Rb is the equivalent radius of the WCR at birth, a is the
expected lifespan (which depends on its formation zone and season)
of the WCR, t1 is the age when the WCR entered the specific zone,
and t2 is the age when the WCR left that zone. Here we assumed
WCR size decay was exponential (following Brown et al., 1986)
where the equivalent radius of a WCR at a time t is given by
Rbe

(−t/a). See section 4.5 for detail quantification of the expected life-
span (a).

The size‐based presence was then summed up for each zone and regime to yield the total WCR footprint dur-
ing both regimes for each zone. To normalize the time period of this presence, and to generate a RFI for a
zone, the WCR footprint was divided by the time period of the regime and area of the slope sea in each zone
as follows.

WCR Footprint Index RFIð Þjz ¼
∑R WCR Footprintð Þz

Regime time period × Slope area in the zoneð Þ (2)

3. Results

In this section, the results from the regime‐shift analysis (Gangopadhyay et al., 2019) are summarized first.
Next, we investigate three particular characteristics of theWCR behavior from the formation census: season-
ality, lifespan, and size distributions of the WCRs in the two regimes and over the four 5° zones. For each of
the three characteristics, the results are described first over the whole time period within the whole domain
(75–55°W), then for each of the zones, and then over the two regimes (1980–1999 and 2000–2017) for each of
the four zones. The formation numbers, lifespan, and size distributions in different zones in the two regimes
gives a more complete picture of the complex behavior of the large‐scale GS in each of the two temporal
regimes.

3.1. Regime Shift

For details on the method and results of the regime‐shift analysis, please see Gangopadhyay et al. (2019). A
significant regime shift around 1998–2000 is detected in WCR formation for each of the individual zones.
(See Figure 2 of Gangopadhyay et al., 2019.) This pervasive nature of the regime shift across all the four zones
was clearly demonstrated in the analysis metrics presented in Table 2 of Gangopadhyay et al. (2019). The
average annual zone‐wise increase from Regime 1 to Regime 2 is 1 to 4, 3 to 7, 7 to 12, and 6 to 10 for

Figure 2. (a) Interannual variability of the WCR formation between 1980 and
2017 for the whole area 75–55°W. The regime shift (denoted by the split in the
red solid line) is significant at the turn of the century. “M” is the mean for the
regime. (b) Seasonal cycle of WCR formation over the whole area between 75°W
and 55°W. The vertical bars denote the standard error of mean for each month
(figure adapted from Gangopadhyay et al., 2019).
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Zones 1, 2, 3, and 4, respectively (Figures 2b–2e). All of the individual
methods mentioned in section 2 for detecting the regime change
(Hamilton & Susmel, 1994; Perlin, 2014; Rodionov, 2006) unequivo-
cally supported the upward shift around 2000 for all of the zones
and the whole region from 75°W to 55°W.

3.2. Seasonality

On a seasonal scale, we find that WCR formation peaks in late
spring/early summer (June‐July‐August) while the wintertime
(January–February) has fewer ring formations (Figure 3a), a pattern
that has been noted in the previous literature (Kang et al., 2016;
Robinson et al., 1988; Stammer, 1998; Zhai et al., 2008).

The seasonal cycle for each zone is shown in (Figures 3a–3d). The
vertical bars show the standard errors. For each of the zones, the
WCR formation numbers go up during late spring and early summer.

However, there are noticeable differences among the zones. For example, Zone 1 is mostly active in May;
Zone 2 is active during April through November at a similar activity level. Zone 3 is more active than
Zones 1 and 2 throughout the year, and its activity rate is about one ring per month during May through
August. Zone 4 is slightly more active than Zone 3 during March. Such distributed peaking of ring activity
resulted (cumulatively) in the overall spring‐summer peaking in the seasonal picture for the whole area
(Figure 3a).

For the whole area, the number of WCR formations has considerably increased during all seasons from
Regime 1 to Regime 2. Specifically, the increase was almost 74% during summer, peaking to 87% during fall,
increased by 43% during winter, and by 55% in spring.

The seasonal cycles of ring formation for the whole area and for each zone are very similar in each regime to
that presented for the whole 38‐year period as presented in Figures 3a–3d. There is a clear indication of an
increase inWCR formation events over all seasons during Regime 2 compared to Regime 1. The formation of
WCRs has increased by almost 50% in Zones 2, 3, and 4 from Regime 1 to Regime 2. In Zone 1, the rate of
formation increased substantially by three to six times for spring, summer, and fall in Regime 2 relative to
the earlier regime. See section 4.2 later.

Table 2
A Comparison of WCR Mean Lifespan for different periods from this study and
from Brown et al. (1986) study (B86)

Lifespan characteristic
Mean from this

study
Mean from

B86
Median from this

study

1980–1983 101 130 63 (81*)
1980–1989 90 N/A 56
Regime 1 (1980–1999) 79 53
Regime 2 (2000–2017) 60 N/A 38
1980–2017 67 N/A 42
1980–2017 (ring life
<150 days)

47 54

1980–2017 (ring life
>150 days)

217 229

*median from B86 study.

Figure 3. Seasonal cycle of WCR formation in each of the four zones from the census of 1980–2017. The vertical bars
denote the standard error of mean for each month. The zones are as follows. (a) Zone 1: 75–70°W, (b) Zone 2: 70–
65°W, (c) Zone 3: 65–60°W, and (d) Zone 4: 60–55°W.
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3.3. Lifespan Characteristics

Figure 4 presents the lifespan distribution of the WCRs for the different periods: (i) the whole period, (ii) the
common period with the Brown et al. (1986) (hereafter, B86) study, (iii) for Regime 1, and (iv) for Regime 2.
The distributions show an exponential shape with formation numbers e‐folding (reduced to e−1) by around
60 days for the whole period (1980–2017), by about 80 days for Regime 1 and by 60–70 days for Regime 2.
This distribution is different than the bimodal distribution obtained by B86 based on a 10‐year study between
1974 and 1983. When the present census data was subset to the 1980–1983 period, this bimodality was also
visible (Figure 4b). A hint of bimodality is present in the second regime (Figure 4d) but was missing in the
first regime (Figure 4c). The causes and consequences of this bimodality need further investigation.

The mean lifespan of theWCRs has gradually decreased from 101 days (during 1980–1983) to 90 days (1980–
1989) to 79 days (1980–1999) and to 60 days (during 2000–2017). The overall mean lifespan for the whole
period (1980–2017) was obtained as 67 days compared to the mean lifespan of 120 days during 1974–1983
(B86). These are listed in Table 2. When the WCR population was divided into two lifespan groups (younger
or older than 150 days, similar to B86), themean lifespanwas determined to be 47 (217) days for the SL (long‐
lived) group, which were a bit less than the B86 study, who found 54 and 224 days, respectively. Figure 5 pre-
sents the locations of formation for these two types of rings. Clearly, the long‐lived rings were formed east of
68°W, agreeing with other studies (B86; Joyce &Wiebe, 1983, Richardson, 1983). Figure 5b presents the cor-
responding demise locations of all of the WCRs in this census grouped similarly. The long‐term WCRs tend
to follow the shelf break southwestward after encountering steep bathymetry. This creates a hot spot (71°W,
40°N to 75°W, 36°N) of ring‐shelf interaction. This phenomenon will be discussed later in section 4.

To investigate how the lifespans of the WCRs vary by their formation longitude, all the WCRs have been
divided into seven lifespan groups: six 30‐day equal bins and one bin >180 days. Each of the lifespan groups
was then divided into the four separate 5° zones. The zone‐specific distribution of WCR lifespan groups for
the whole period (1980–2017) is presented in Figure 6a. For the 38‐year period, theWCRs from the first three
lifespan groups (1–30, 31–60, and 61–90 days) are greater in numbers on the east side of 65°W than to the
west. The next lifespan group (91–120 days) is least abundant in the 75–70°W area (Figure 6a). Zones 2, 3,
and 4 produced moreWCRs from the long‐lived group (≥120 days) then Zone 1, with only one ring from this
lifespan group forming in Zone 1. When similar lifespan groups are compared across regimes (Figures 6b
and 6c) the increased number of SL WCRs is apparent across all of the zones.

Figure 4. Lifespan distribution of WCR formations for different periods. (a) Full period (1980–2017) shows a clear
exponential distribution with an e‐folding scale of about 60 days. (b) Period 1980–1983. The apparent bimodality
agrees with the results of B86 study. (c) Regime 1 (1980–1999) distribution similar to the full period's distribution in (a).
(d) Regime 2 (2000–2017) distribution is similar to the full period with a hint of bimodality around Day 140. The
distributions in (b)–(d) have e‐folding scales of around 60–80 days.
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Similarly, Figure 6d presents the comparison of lifespan of the WCRs
formed in each zone between the two regimes. The lifespan of an
average WCR has decreased during the recent regime compared to
the earlier regime for all zones and seasons, except for Zone 1 in
spring and summer, and for Zone 2 in summer (see Figure 6d). In
Zone 1, the mean lifespan has increased from 30 to 40 days in spring
and from 35 to 45 days in summer. In Zone 2, the mean lifespan for
summertime rings has increased from 70 to 90 days.

3.4. Size Characteristics

The size variation of WCRs as a function of their formation longitude
has been divided into four size groups of equal bin width: R < 50 km,
50 km≤ R≤ 100 km, 100 km≤ R< 150 km, and R≥ 150 km, where R
is the equivalent radius of theWCR. For elliptical rings, an equivalent
“radius” (R) was calculated by equating the area of the ellipse (πab,
where a and b are semimajor and semiminor axes) to that of an
equivalent circular eddy (πR2). Each of the size groups were divided
using the same 5° binning system we used for investigating the over-
all geographic distribution from 75°W to 55°W.

The size distribution of WCRs for the whole period (1980–2017) is
shown in Figure 7a. The WCRs from the smallest size group
(R < 50 km) are less abundant in Zone 2 (70–65°W) than any of the
other three zones. The next two size groups (50 km ≤ R < 100 km
and 100 km ≤ R < 150 km) are more prevalent east of 65°W. It is
interesting that Zones 2, 3, and 4 have a definite preference to gener-
ate ring sizes in the 50‐ to 100‐km radius.

4. Discussion

In this section, we discuss some of the major dynamical factors that
are identifiable for the observed variability of theWCR characteristics
presented above (in terms of the regime shift differences, seasonality,
lifespan, and size distribution).

4.1. Regime Shift

Gangopadhyay et al. (2019) hypothesized that the increase of the
number of WCR formations since 2000 could be related to increased instability of the GS due to several fac-
tors, such as (i) decreasing reduced gravity between the slope and the GS due to warming of the slope (via
atmospheric forcing), (ii) internal dynamics of the GS system (including transport, latitudinal movement,
and interactions with the Deep Western Boundary Current (DWBC) and NESC, and (iii) changes in the
large‐scale atmospheric forcing (basin‐scale wind stress curl), or a combination of these factors. Further tar-
geted numerical and data‐based analysis using recent OOI Pioneer Array and Processes of Exchange At Cape
Hatteras (PEACH) (Andres et al., 2020; Gawarkiewicz et al., 2018; Todd, 2020) observations would be neces-
sary to address and understand how changes in important dynamical factors such as the Rossby or Burger
numbers relative to past decades could be related to the development of the regime shift.

For example, one important suspect for the cause of the regime shift is the wind stress curl over the subtro-
pical North Atlantic. This generates westward propagating Rossby waves to generate the western boundary
current (Dengg, 1996; Gangopadhyay et al., 1992; Gill, 1982; Haidvogel & Beckmann, 1999). Recently, the
decadal‐scale northward (southward) shifts of the Kuroshio Extension have been shown to be associated
with its weak (strong) transport and unstable (stable) meandering configuration (Qiu & Chen, 2010).
These opposing phases were linked to the basin‐wide wind stress curl forced negative (positive) SSH anoma-
lies propagating west in the form of Rossby waves during negative (positive) phases of the North Pacific Gyre
Oscillation. Furthermore, Yang and Liang (2018) recently showed that the strong and stable state of the
Kuroshio extension is also associated with a strong southern recirculation gyre. Future studies are needed

Figure 5. Locations of formation (a) and demise (b) of WCRs when the whole
population (1980–2017) is subdivided according to two lifespan groups:
<150 days and >150 days of lifespan. Clearly, the longer‐living WCRs are formed
mostly to the east of 70°W and demise to the west of 70°W.
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to investigate the possibility of a weakening southern recirculation gyre during the past two decades that
could add to the increasingly unstable state of the GS. Such investigations should also reconcile with
recent observations of westward movement of the destabilization point of the GS (Andres, 2016). Below,
we highlight some of the dynamical implications of the results presented for the observations of seasonal
behavior and changes in WCR attributes (number, lifespan, and size) from Regime 1 to Regime 2 based
on the 38‐year record.

4.2. Seasonality

This census confirms the previously indicated seasonal cycle of WCR formations with summer peaks and
winter lows. This seasonality was prevalent for the whole 75–55°W area, in the four 5° zones, and over
the two regimes. The causality of such a seasonal peak can now be examined through
baroclinic/barotropic instability mechanisms with advanced numerical modeling experiments.

The WCR formation process has been linked with GS instability processes, which convert the available
potential energy to the eddy kinetic energy (EKE) (Gill et al., 1974; Robinson et al., 1988; Stammer, 1998).
Previous statistical studies on WCRs have also indicated that the ring production by the GS system peaks
during the summer months. Zhai et al. (2008) analyzed satellite altimeter data and found that in the GS area
(73–44°W), EKE peaks in summer while the ocean is most baroclinically unstable during the winter. They
argued that it is not seasonally varying Ekman pumping but the reduced dissipation of EKE in summer,
which is responsible for the EKE seasonal cycle. The reduced dissipation is caused by the thermal capping

Figure 6. (a) Geographic distribution of WCR lifespan after formation in the zone. (b) is for lifespan distribution for each
zone in Regime 1, and (c) is for lifespan distribution in each zone in Regime 2. (d) Seasonal and zone‐wise WCR
formations across two regimes. The zones are as follows. Zone 1: 75–70°W, Zone 2: 70–65°W, Zone 3: 65–60°W, and Zone
4: 60–55°W.
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Figure 7. (a) Geographic distribution of WCR size after formation in the zone. Lifespan and Size distribution difference
between the two regimes. (b) is for size distribution for each zone in Regime 1, and (c) is for size distribution in each zone
in Regime 2. The zones are as follows. Zone 1: 75–70°W, Zone 2: 70–65°W, Zone 3: 65–60°W, and Zone 4: 60–55°W.
Regime 1: 1980–1999 and Regime 2: 2000–2017.

Figure 8. (a) Seasonal and zone‐wise lifespan distribution of GS WCRs across regimes. (b) Seasonal lifespan distribution
of GS WCR across regimes.
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of the thermocline in the summer; while in the winter, eddies are heavily impacted by thermal interaction
with the atmosphere above.

Kang et al. (2016) used a set of three numerical experiments with different surface wind and buoyancy for-
cing to analyze the mechanisms governing the seasonal cycle of upper ocean energetics. They found that in
the GS area (75–55°W) EKE has a dominant peak in May and a secondary peak in September near the sur-
face. Their results also suggest the seasonal cycle of the surface EKE in this area lags the cycle of baroclinic
instability by two to three months. However, the September peak of EKE is driven by the wind forcing. A
similar correlation between surface EKE and the baroclinic instability was observed in the North Pacific
(Qiu, 1999) and the southern Indian Ocean (Jia et al., 2011). In these cases, a theoretical model was used
to show that the lag of a couple of months corresponds to the length of time for unstable waves to grow in
the respective areas.

Three inferences are apparent from the analysis over the four zones: (i) The summertime WCR formation is
almost twice that in the winter for Zones 2, 3, and 4; (ii) the wintertime formation rate is the least in all
zones; and (iii) the fall formation is similar to summertime for Zones 1 and 2, while less than summertime
formation in Zones 3 and 4.

4.3. Lifespan

The lifespan distribution shows an evolution from a bimodal character obtained in the early periods of 1974–
1983 from B86 and of 1980–1983 in this study to an exponential nature in the late 1980s and continuing
through the recent decade. The ring formation numbers decay exponentially with an e‐folding scale of 60–
80 days (Figure 4 and section 3.3).

Figure 8b compares the lifespan of the WCRs formed in each of the four zones between the two regimes.
Clearly, the lifespan of an average WCR has decreased during the recent regime compared to the earlier
regime for all zones and seasons, except for Zone 1 in spring and summer and for Zone 2 in summer
(Figure 8b and Table 3). Specifically, in Zone 1, the mean lifespan has increased from 30 to 40 days in spring
and from 35 to 45 days in summer. In Zone 2, the mean lifespan for summertime rings has increased from 70
to 90 days.

This anomalous increase in lifespan in the more coastal areas paired with the regime shift, might be a con-
tributing cause of the observed warming of the western shelf area (75–65°W). This was briefly discussed by
Gawarkiewicz et al. (2018) and needs further detailed investigation.

Table 3
Seasonal Variation of WCR Characteristics (Formation Number, Mean Size and Mean Lifespan) for the Four Zones in the
Two Different Regimes

WCR formation number Mean WCR size (radius, km) Mean WCR lifespan (days)

Regime 1 Regime 2 Regime 1 Regime 2 Regime 1 Regime 2

Zone 1 Summer 5 32 39.98 49.24 35.80 44.13
Fall 3 24 47.10 48.50 62.00 27.00
Winter 3 8 53.18 50.22 37.67 29.50
Spring 9 30 48.97 49.30 26.56 45.50

Zone 2 Summer 19 47 63.41 63.23 74.37 94.62
Fall 17 34 78.20 91.43 70.12 72.26
Winter 14 14 77.40 65.15 119.93 82.50
Spring 18 32 73.14 76.71 91.11 75.13

Zone 3 Summer 56 64 80.51 82.78 73.63 53.33
Fall 33 52 78.78 88.39 85.97 51.48
Winter 22 38 80.55 78.64 107.27 93.62
Spring 35 53 80.17 73.95 79.46 60.21

Zone 4 Summer 37 61 79.06 75.05 70.92 61.61
Fall 31 47 83.56 74.54 87.32 52.21
Winter 18 22 78.79 80.36 88.22 38.59
Spring 40 43 72.14 77.76 71.20 45.95

Note. Zone 1: 75–70°W; Zone 2: 70–65°W; Zone 3: 65–60°W; and Zone 4: 60–55°W. Regime 1: 1980–1999 and Regime 2:
2000–2017.
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4.4. Size

The preferred ring size (50–100 km) (Figure 7a) agrees well with the prevalent internal Rossby radius of the
GS system. Both Zones 3 and 4 produced a similar number of rings for the largest WCR group (R ≥ 150 km)
and were most productive overall. Interestingly no WCR from this size group was found between 75°W and
70°W indicating the absence of large‐amplitude GS meandering and the dominance of a standing meander.

The relative geographic size distribution for each individual regime (Figures 7b and 7c) was also found to be
very similar to that for the whole period as shown in Figure 7a with a general increase in number of rings
from Regime 1 to Regime 2.

While the mean WCR size over different seasons showed a narrow range of variation in both regimes, the
minimum sizes were during spring and maximum during fall, which are indicative of the start of the active
season during spring and more mature ring shedding from high‐amplitude meandering in fall (Figures 9a
and 9b). The wintertime rings lived longer in both regimes, while the generally large number of
larger‐size fall WCRs had shorter lives during Regime 2.

The size distribution did not change in any statistically significant sense across regimes except in Zone 1. See
Figure 9 and Tables 3 and 4 for a comparison of the size distribution between the two regimes. The invar-
iance of the size distribution for Zones 2, 3, and 4 from Regime 1 to Regime 2 indicates that the governing
dynamics in determining the sizes is related to topography and large‐scale meandering to the east of the
NESC. By contrast the lifespan and annual number of ring formations both showed changes temporally,
meaning they are likely influenced by other factors such as transport variability and external forcing.

4.5. RFI

The impact of rings is quantified by a RFI, which signifies the presence of a ring and area covered by the rings
in a given zone. This index is calculated in two steps. First, the footprint of each individualWCR in each zone

Table 4
Seasonal Variation of WCR Characteristics (Formation Number, Mean Size, and Mean Lifespan) for the Whole Area
(75–55°W) in the Two Different Regimes

Seasons

WCR formation number Mean WCR size (radius, km) Mean WCR lifespan (days)

Regime 1 Regime 2 Regime 1 Regime 2 Regime 1 Regime 2

Summer 117 204 75.5 70.70 71.27 63.87
Fall 84 157 79.3 78.81 82.40 52.46
Winter 57 82 77.8 74.03 100.70 70.42
Spring 102 158 73.0 70.87 73.61 56.56

Note. Regime 1: 1980–1999 and Regime 2: 2000–2017.

Figure 9. Seasonal and zone‐wise size distribution of GS WCRs across regimes.
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is obtained using Equation 1. It is important to distinguish between
the “age” and “lifespan” of a ring. In Equation 1, the “age” of a ring
is the time that has elapsed from its birth to a specific time during
the ring's life. “Lifespan” is the maximum “age” that a ring would
attain. Note that “a” in Equation 1 is the expected lifespan of a ring,
which depends on its formation zone and season and events happen-
ing during its propagation to the west over its life. The decay rate
would depend on its surroundings in the slope, while it encounters
the meanders of the Stream, the bathymetry (e.g., the NESC or the
shelf break), or another ring. From 38 years of data, we calculated
the average lifespan of WCRs formed in a zone for each season.
These are presented in in Table 3 and are then used as the expected
lifespan (a) in Equation 1 for a ring formed in a particular zone and
season to calculate its footprint in all different zones that it transits
during its life.

Note that, if a particular ring lived more than its expected lifespan, then the value of “a” was changed to its
own lifespan (date of absorption‐date of birth, DOA‐DOB); otherwise, the decay rate would follow the
expected lifespan from Table 3. The exact nature of decay of the size of the rings as they propagate will
require a rigorous GIS‐based analysis of all the available charts, which is underway. This exercise will quan-
tify all the ring sizes in every chart over 38 years and a systematic statistical analysis on their path, size, decay
rate and factors affecting such decay will be carried out in a later study.

Second, the RFI is then calculated using Equation 2 for each zone and each regime and is presented in Figure
10. This normalized index is indicative of the percent area of slope water in a zone that is covered by the
WCRs. This first order index might underestimate the actual value due to the definition of the slope water
region being bounded by the mean GS northwall and the 200‐m isobath in the latitudinal direction and
the two relevant longitudes defining the zone itself in the east‐west direction.

Two clear inferences can be drawn from Figure 10. First, the maximum impact of the WCRs is on Zone 2
compared to the other zones in both regimes. The RFI varied from highest to lowest in the following
order—Zone 2, Zone 3, Zone 1, and Zone 4, which was similar in both regimes. Second, the impact increased
in all zones from Regime 1 to Regime 2 with the maximum increase being almost double in Zone 2 (from 7%
to more than 14% of the slope area in Zone 2). The GOM and GB regions are directly to the north of Zone 2
and will thus be impacted the most from the regime shift of the WCRs. Such an event was described by
Grodsky et al. (2018), who reported the presence of warm and salty surface water in the GOM in the winter
of 2017–2018 based on recent satellite observations.

This impact ratio (RFI) can be used as a metric for climatic impacts in the slope waters between the two
regimes. The complex interaction of the WCRs with the shelf edge and related interannual variability of
the shelf and slope ecosystem can now be quantified more rigorously to identify hot spots along the shelf
break following up on limited‐period studies such as Bisagni et al. (2019). The RFI can possibly be linked
with air/sea temperatures and atmospheric variability (including storms) over the area and eventually to
understand ecosystem responses in the future (Chen et al., 2016; Francis & Overland, 2014). This increase
in ring presence might have had a considerable impact on the slope and shelf ecosystem in the past two
decades, which may guide new research directions.

5. Summary and Conclusions

In this study a 38‐year‐long (1980–2017) census of WCRs has been developed for a total of 961 rings. A
regime shift around 2000 in the WCR formation numbers has been pervasive over all four 5° wide zones
within the 75–55°W span of the GS. The WCR formation over the whole area (75–55°W) increased from
an average of 18 during Regime 1 (1980–1999) to 33 during Regime 2 (2000–2017). To summarize, the num-
ber, lifespan, and size of WCRs generally increase from the western zones to the eastern zones, with more
rings being formed east of the NESC, with longer life spans and larger areas. Major results from this study
are listed below.

Figure 10. WCR footprint index (RFI) for four zones and two regimes. The order
of ring footprint from highest to lowest is Zone 2, Zone 3, Zone 1, and Zone 4,
which is similar in both regimes. See text for details.
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1. Seasonal variability showed late spring and early summer peaking (May‐June‐July) in WCR formations,
while wintertime (January–February) had fewer ring formations. This same seasonal pattern was seen in
all four zones.

2. WCR formation numbers in each zone showed a regional variability. Zones 1 and 2 formed 12% and 20%
of the total WCRs, respectively, while Zones 3 and 4 produced 68% of the WCRs.

3. Three apparent inferences during both regimes are as follows:

a. the summer WCR formation is almost twice that in the winter in Zones 2, 3, and 4;
b. the wintertime formation rate is the least in all zones; and
c. the fall formations are similar to summertime for Zones 1 and 2 while less than summertime forma-

tion in Zones 3 and 4.

4. The formation of WCRs has increased by 46%, 29%, and 27% in Zones 2, 3, and 4, respectively, from
Regime 1 to Regime 2. However, in Zone 1 the formation numbers have increased by 79% from
Regime 1 to 2 of which summer and fall increments are 84% and 88% respectively.

5. A bimodality observed by B86 in the WCR lifespan structure for the time period 1974–1983 was also
observed in our WCR data for the period of 1980–1983. This bimodality was also observed in Regime 2
WCR lifespan structure.

6. WCR lifespan distribution shows a rapid decrease with e‐folding lifespan of about 90 days.
7. In the seasonal and zone‐wise settings, we observed a decrease inWCRmean lifespan fromRegime 1 to 2,

with the following exceptions. In Zone 1, themean lifespan has increased from 30 to 40 days in spring and
from 35 to 45 days in summer. In Zone 2, the mean lifespan for summertime rings has increased from 70
to 90 days.

8. The 90 days or greater lifespan range is more frequent east of 65°W. The lifespan range 91–120 days is
least abundant in Zone 1. Zones 2, 3, and 4 are more productive in formingWCRs with a lifespan of more
than 180 days.

9. When size distributions are considered, WCRs with radius, R < 50 km were more abundant in Zone 1
than the other three zones. WCRs with radius 50–100 and 100–150 km were formed most frequently
in Zones 3 and 4. Zone 2 has a certain preference in generating 50‐ to 100‐km‐sized WCRs.

10. No significant difference was observed in WCR size distributions across the two regimes.
11. The RFI varied from highest to lowest following the order—Zone2, Zone 3, Zone 1, and Zone 4 and was

similar for both regimes.
12. When the RFI was compared across the two regimes on a subregional scale, it showed an increased

in WCR occupancy/presence in each zone from Regime 1 to Regime 2. The increase in Zone 1 was
74%, and in Zone 2 was 92%. In Zones 3 and 4, the RFI increased by around 60% and 26%,
respectively.

We highlight some of the immediate applications of the observational results in conclusion. Regional
and Global data assimilative models, different ocean‐atmosphere coupled and climate simulation mod-
els, and various reanalysis products could benefit by quantitative comparisons with the regime shift,
seasonality and zonal patterns of WCR formation of the GS system over last four decades. The role
of the NESC can now be quantified in targeted modeling experiments to reproduce the results of this
observational study. The impact of WCRs in recent years on the observed shelf slope water warming
can be studied dynamically as in Zhang and Partida (2018) (and references therein) using this data
set. Studies such as Myers and Drinkwater (1989) can be revisited to understand the impact of the lar-
ger number of WCRs (after the regime shift in 2000) on the various groundfish populations in the GOM
and GB area. In fact, such a high number of WCRs in the slope water might have impacted the ecosys-
tem of the GOM/GB and MAB by making them even warmer and saltier frequently in the first two dec-
ades of the 21st century as reported recently by Gawarkiewicz et al. (2019). An investigation for
identifying similar regime shift in the recruitment structure of ichthyoplankton and zooplankton is
underway. Dong et al. (2019) suggested that the WCRs on the New England continental shelf can con-
tribute to sea level rise through steric effect. Hoarfrost et al. (2019) indicated that the increasing number
of WCRs on the continental shelf and slope can impact the rate and nature of organic matter reminer-
alization on the continental shelf. Finally, this WCR census development is a precursor to a similar
study for the CCRs shed from the GS on the Sargasso side over a similar 40‐year period.
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Data Availability Statement

The WCR data from Jenifer Clark (coauthor) and Roger Pettipas were used to develop the original census.
All of the WCR census data are available (special thanks to Ms. Nancy Copley) through the auspices of
the Biological and Chemical Oceanography Data Management Office (https://www.bco-dmo.org/dataset/
810182). We thank the Editor and the reviewers for their thoughtful comments, which have certainly
improved the presentation of this manuscript.
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