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Abstract: During the period of 2018-2022, there were six named Loop Current Eddy (LCE) shedding
events in the central Gulf of Mexico (GoM). LCEs form when a large anticyclonic eddy (AE) separates
from the main Loop Current (LC) and propagates westward. In doing so, each LCE traps and advects
warmer, saltier waters with lower Chlorophyll-a (Chl-a) concentrations than the surrounding Gulf
waters. This difference in water mass permits the study of the effectiveness of using Chl-a from
satellite-derived ocean color to identify LCEs in the GoM. In this work, we apply an eddy-tracking
algorithm to Chl-a to detect LCEs, which we have validated against the traditional sea surface height-
(SSH) based eddy-tracking approach with three datasets. We apply a closed-contour eddy-tracking
algorithm to the SSH of two model products (HYbrid Coordination Ocean Model; HYCOM and
Nucleus for European Modelling of the Ocean; NEMO) and absolute dynamic topography (ADT)
from altimetry, as well as satellite-derived Chl-a data to identify the six named LCEs from 2018 to
2022. We find that Chl-a best characterizes LCEs in the summertime due to a basin-wide increase
in the horizontal gradient of Chl-a, which permits a more clearly defined eddy edge. This study
demonstrates that Chl-a can be effectively used to identify and track LC and LCEs in the GoM,
serving as a promising source of information for regional data assimilative models.
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1. Introduction

The Gulf of Mexico (GoM) is a semi-enclosed sea whose circulation is dominated by the
Loop Current (LC) and its associated eddies. Water flows northward through the Yucatan
Channel into the Gulf, loops anticyclonically, and exits eastward through the Straits of
Florida, ultimately feeding into the southernmost point of the Gulf Stream [1]. When the LC
is in its extended position penetrating northward towards the Mississippi, Alabama, and
Florida (MAFLA) Shelf, it becomes unstable and sheds an anticyclonic eddy, called a Loop
Current Eddy (LCE), that propagates westward towards Mexico [2—4]. Hall et al. [5] used
automated LC tracking techniques to derive LCE separation dates from three altimetry
sea surface height (SSH) data sets during 1993-2012 and found notable seasonal LCE
separation peaks in August and September, with secondary peaks in February and March.
LCE separation events occurred near the spring and fall equinoxes. After an LCE sheds, the
LC retreats to its retracted state and a new cycle can start [6]. Thus, the LC configuration is
highly variable, transitioning between extended, shedding, and retracted positions.

The LC is commonly identified using the SSH contour value of 17 cm, which closely
aligns with the maximum SSH gradient and approximates the high-velocity core of the LC
front [7]. The LC is responsible for transporting an average of 27.6 Sv of water into and
out of the Gulf [8]. Because eddies contribute to mass transport at rates comparable to the
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mean circulation [9], the LC’s associated eddy field transports nearly as much water within
the basin. Therefore, understanding the movement and characteristics of the eddy field is
integral to understanding the circulation and physical properties that govern the Gulf.

The warm waters of the LC and LCEs often serve as an energy source for tropical
cyclones to rapidly intensify as they approach landfall in the southeastern United States [10].
Therefore, it is important to fully understand and be able to forecast their changing position.
However, LCE-shedding events are incredibly complex and occur at irregular intervals
ranging from a few weeks to over a year [5,11]. Chlorophyll response is nutrient-dependent,
is observable for several days in regions of upwelling, and can degrade rapidly when
nutrients are depleted. These nutrient changes modify the magnitude of the chlorophyll
concentration [12].

Due to the recent ocean warming [13], SST increases when compared with historical
temperatures; this increase is weaker during winter (December to February) in the GoM
due to the strengthened northerly winds and increased vertical mixing, which deepens the
mixed later and carries cold, nutrient-rich water to surface [14]. October has a larger rate
of increase in SST than in January [15]. Wang et al. [13] showed that the GoM increased
by ~1 °C between 1970 and 2020 (0.19 °C per decade), twice the rate of the global ocean
during this period. Though warming occurred at all depths, the largest warming was in the
upper 50 m. Sturges and Evans [16] suggest that the northward maximum penetration of
LC happens in winter and summer periods. Enhanced Chl-a concentrations in anticyclonic
eddies during winter are associated with vertical fluxes driven by Ekman transport diver-
gence as explained in [15,17-20], which then leads to a wind stress curl of the opposite sign
to the curl of the ocean motion. Consequently, wind forcing can lead to Ekman pumping
inside anticyclonic eddies (and the opposite in cyclonic eddies). Mixed layer depths are
deeper in anticyclonic eddies than cyclonic eddies and vertical nutrients are enhanced in
euphotic layers in winter [21,22]. Mayot et al. [23] described that the winter increase in
horizontal gradient may be due to physiological mechanisms (modification of the ratio of
the Chl-a) rather than changes in the biomass.

Surface Chl-a concentration inferred from satellites can be used to track mesoscale
activity and biogeochemical variability in oligotrophic regions like the GoM. Anticyclonic
LCEs are shed episodically and travel westward [24]. Previous studies have noted that
the LC and LCEs have a negative Chl-a anomaly compared to the surrounding [25-27].
However, as we will show in this manuscript, this is only the case during certain periods
of the year. In winter, anomalous biomass increases in the LCEs due to winter convective
mixing that reaches deeper nutrient-rich water [28], and the LCEs cannot be visually
identified using ocean color.

Previous studies have used different methods to identify the LCEs, such as the 17 cm
SSH contour [29] and Lagrangian coherence boundary for the LCEs [26]. In this study,
we show that Chlorophyll data can provide information about the location of the LC and
LCEs. This is an important finding as there are current discussions in the oceanographic
community on the advantages of assimilating Chlorophyll data in numerical models
(HYCOM in particular) to improve the location of the LC and LCEs and potentially improve
LCE shedding forecast. We show that ocean color can be used solely, without the aid of
SSH or other variables, to identify and track LCEs as well as other smaller eddies in the
Gulf of both circulation types. We apply an eddy-tracking method to numerical simulations
(HYCOM, NEMO), altimetry, and Chl-a to track LCEs and understand the biophysical
interactions. We have validated the results against the traditional SSH-based eddy-tracking
approach in three datasets: HYCOM, NEMO, and altimetry. The results suggest that Chl-a
can be used on its own during summer and fall to track LCEs but would still require an
SSH/ADT approach for spring and winter tracking.



Remote Sens. 2024, 16, 2234

30f18

2. Data and Methods
2.1. Satellite Data

Daily Chlorophyll-a is obtained from the National Oceanic and Atmospheric
Administration’s (NOAA’s) three-sensor global Ocean Color Chl-a global gap-filled 9
km analysis that utilizes the data interpolating empirical orthogonal function (DINEOF)
method described in [30]. The data is obtained from observations by the Visible Infrared
Imaging Radiometer Suite (VIIRS) sensors aboard the Suomi National Polar-orbiting
Partnership (SNPP) and NOAA-20 satellites in conjunction with the Ocean Land and
Color Instrument (OLCI) on Sentinel 3A. Data is available at a 9 km spatial resolution,
and this product’s lack of spatial gaps permits the cohesive identification of mesoscale
eddies using the methodology described in Section 2.3. However, though there are many
sensors utilized in this product, the effect of DINEOF-induced smoothing of gaps due to
cloud cover may also smooth the Chl-a gradient, which is thus identified as a limitation
of this dataset. This dataset begins on 9 February 2018 and thus constrains our period of
study (https://coastwatch.star.nesdis.noaa.gov/pub/socdl/mecb/coastwatch/viirs/
science/L3/global/chlora/dineof3/, accessed on 5 March 2024) as well as the length
of time used to compute the spatial averages shown Figure 1. Both Figures 1 and 2
are derived from daily data files, though Figure 2 only shows the monthly average
throughout 2019.
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Figure 1. (a) Satellite-derived absolute dynamic topography (ADT) (m), (b) satellite-derived
Chlorophyll-a (Chl-a) concentration (mg/ m?); (c) HYCOM derived sea surface height (SSH) (m); and
(d) NEMO derived SSH (m) for 2018-2022.

Daily absolute dynamic topography (ADT) is globally available via the Copernicus
Marine Service, CMEMS (https:/ /marine.copernicus.eu/, accessed on 17 July 2023), from
December 1992 through June 2023 at a 0.25° spatial resolution. ADT in this product is
the sum of sea level anomaly and the mean sea surface height above the Geoid. While
SLA fields resolve transient eddies, ADT fields also represent stationary, climatologically
occurring eddies that can be generated by bathymetric features such as seamounts or
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islands [31]. For this reason, ADT is generally considered to be a marginally better product
for mesoscale eddy identification [32-34].

Ocean Color (mg m'3)

84°W 80°W 96°W 92°W 88°W 84°W 80°W

Figure 2. Monthly mean satellite-derived Chlorophyll-a (Chl-a) concentration (mg/ m?) and 17 cm
altimetry contour value plotted representing the Loop Current position for the year 2019.

2.2. Model Simulations

Two daily numerical ocean models were used to compare the identified eddies
through sea surface height (SSH): the HYbrid Coordinate Ocean Model (HYCOM)
(https://www.hycom.org/data/gombOpt04/gom-reanalysis, accessed on 17 April 2023)
and Nucleus for European Modelling of the Ocean (NEMO). The HYCOM configuration
is a GoM-only 1/25° horizontal resolution with 41 vertical hybrid layers and five tidal
constituents (M3, Sy, O1, K;, N2) and CFSv2 atmospheric forcing. HYCOM uses the
Navy Coupled Ocean Data Assimilation (NCODA) [35]. NCODA assimilates satellite
altimeter observations, in situ vertical temperature, and salinity profiles from expend-
able bathythermographs, moored buoys, and Argo floats. Improved Synthetic Ocean
Profiles (ISOP; [36]) are used to project surface information downward. The NEMO
product has a 1/12° horizontal resolution with 50 vertical z-levels that is atmospher-
ically driven at the surface by ECMWEF’s ERAb5 reanalysis that integrates along-track
altimeter date, satellite SST, sea ice concentration, and in situ temperature and salinity
profiles via a reduced-order Kalman filter (ftp:/ /nrt.cmems-du.eu/Core/GLOBAL_
ANALYSIS_FORECAST_PHY_001_024/global-analysis-forecast-phy-001-024, accessed
on 17 July 2023).


https://www.hycom.org/data/gomb0pt04/gom-reanalysis
ftp://nrt.cmems-du.eu/Core/GLOBAL_ANALYSIS_FORECAST_PHY_001_024/global-analysis-forecast-phy-001-024
ftp://nrt.cmems-du.eu/Core/GLOBAL_ANALYSIS_FORECAST_PHY_001_024/global-analysis-forecast-phy-001-024

Remote Sens. 2024, 16, 2234

50f18

2.3. Methodology

To identify mesoscale eddies, the eddy-tracking algorithm described in [37-40] was
applied to each product (satellite ADT, HYCOM and NEMO SSH, and satellite Chl-a),
which produces a more accurate eddy shape than the method used by [41] and generally
better results than the Okubo-Weiss approach as found by [42,43]. First, local minima and
maxima were identified on each daily map to define the eddy centers. Next, the largest
surrounding closed contour was found to define the eddy edges. A cost function was
applied in between timesteps (in this case of length one day) to follow the path of the most
statistically similar eddy throughout its full trajectory. The cost function can be found in
more detail in [44]. Amplitudes are defined as the absolute value of the difference in value
between the center and edge. Radii represents the value (in km) that produces the same
area as that integrated within each eddy edge. Chl-a anomaly is averaged over the pixels
within each identified eddy for time series plots. The minimum eddy size, as constrained
by the spatial resolution of the coarsest product (CMEMS altimetry ADT), is 25 km, well
below the standard size of LCEs. Application of this methodology to surface topography is
well-recorded, though direct application to satellite-derived Chlorophyll-a (Chl-a) is a novel
component of this study. The multi-year availability of gap-filled ocean color Chl-a data
permits the application of the eddy-tracking algorithm to determine if any additional infor-
mation regarding eddy characteristics is gained via this new approach, expounded upon
in Sections 3 and 4.

The nomenclature of major defined LCEs for the period of 2018-2022 is defined by that
of the Woods Hole Group (https://www.horizonmarine.com/, accessed on 30 April 2024)
and its EddyWatch program. The LCEs in question in this study are Revelle, Sverdrup,
Thor, Wilde, Wilde II, and X. Chlorophyll-a anomalies within eddies are defined as the
difference between the average Chl-a within the eddy edge (0-1 radii) and the average
Chlorophyll-a outside of the eddy edge (1-1.5 radii).

3. Results
3.1. Loop Current Identification

Climatological surface characteristics of sea surface height (SSH) and Chl-a concen-
tration in the Gulf of Mexico (GoM) are governed by the Loop Current (LC) and riverine
inputs. The mean LC position is represented by elevated SSH values in the southeastern
basin (Figure 1). HYCOM and NEMO SSH simulations display a wider LC than satellite
altimetry, extending to 27°N and a more active eddy field in the western GoM. Climato-
logical Chl-a concentration is highest at the coast where nutrient-rich fresh waters enter
the basin from river output. Waters entering from the Caribbean Sea via Loop Current are
oligotrophic compared to surrounding Gulf Waters; therefore, GoM open waters are largely
nutrient deficient (Figure 1).

Changes in wind-induced coastal circulation and convective mixing by cold weather
events contribute to Chl-a increases. During winter months (December-February), waters
are cooler, and hence, convective mixing and Ekman suction bring deep, nutrient-rich
water to surfaces that increase Chl-a (Figure 2). During July and August, a slight increase
in Chl-a is present near coastal regions mainly due to the dispersal of Mississippi Delta
waters and an increase in nutrients [45]. The LC and LCE possess low Chl-a compared to
their surroundings, which is exacerbated during summertime, making the features more
distinguishable and identifiable. Also, the location of the 17 cm contour aligns well with
the large Chl-a gradient along the LC and LCE fronts.
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3.2. Daily Eddy Characteristics Using Eddy-Tracking Algorithm

Number of daily eddies, amplitude, radius, and Chl-a concentration anomaly are
plotted for cyclonic eddies (CEs) and anticyclonic eddies (AEs) from 2018 to 2022 to compare
the temporal evolution of eddy characteristics identified in altimetry ADT, HYCOM SSH,
and NEMO SSH (Figures 3 and 4).
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Figure 3. Daily eddy characteristics (a—d) from 2018 to 2022 for satellite altimetry, HYCOM GoM, and
NEMO data of anticyclonic eddies and the respective boxplots (e-h) showing median, upper, and lower
quartiles, and minimum and maximum of these characteristics. The boxplot for ocean Color is not shown
due to its different units, which would be mg/ m3. Characteristics (a,e) number of eddies, (b,f) average
eddy amplitude (cm), (c,g) average eddy radius (km), and (d,h) average Chl-a anomaly (mg/ m?).

Ocean color Chl-a detects consistently fewer cyclonic eddies daily (4) than ADT,
HYCOM SSH, or NEMO SSH (13, 11, and 10 daily eddies, respectively). Considering
SSH-detected CEs, the minimum (6) and maximum (17) number of daily cyclonic eddies
are identified in NEMO, with NEMO exhibiting the widest range in the number of daily
eddies identified among the four datasets. Ocean color Chl-a only detected a maximum
number of six cyclonic eddies in one day. Conversely, anticyclonic eddies detected in
ocean color Chl-a express the same median daily number as ADT and HYCOM SSH, being
11 daily eddies. NEMO SSH exhibits fewer daily AEs at around eight. The maximum
number of AEs identified on a single day is 15 eddies, identified in ocean color, and the
minimum number is 4, identified in HYCOM. Ocean color-detected CEs (AEs) have a
median amplitude of 2.25 mg/m3 (1.2 mg/m?3). CEs (AEs) detected in ADT, HYCOM SSH,
and NEMO SSH have a median amplitude of 7 cm, 9 cm, and 6 cm, respectively (6 cm,
7.5 cm, 6 cm).

The median radius of CEs detected in ocean color Chl-a is 56.5 km, which is smaller
than the corresponding SSH value (about 70 km). However, SSH-detected AEs exhibit only
a slightly larger radius than Chl-a AEs (Figure 3c,g). AEs detected using ocean color Chl-a
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have a median radius of 68.5 km, and the median radius of ADT AEs is 78.2 km, HYCOM
is 74.6 km, and NEMO is 82.6 km.

A positive Chl-a anomaly is expected from CEs due to upwelling associated with
cyclonic rotation, which brings nutrient-rich waters from the subsurface to the surface.
Instead, the SSH-detected CE Chl-a anomaly is not significant, exhibiting a slightly negative
median anomaly. This is most likely because the local Chl-a maximum from upwelled
waters is masked by surrounding oligotrophic waters. Ocean color Chl-a-detected CEs
exhibit a positive median Chl-a anomaly (0.108 mg/m?). The Chl-a CE anomaly is stronger
than SSH CEs due to the nature of the algorithm; by definition, CEs are identified in local
Chl-a maximum.
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Figure 4. Same as Figure 3 but for cyclonic eddies. (a,e) number of eddies, (b,f) average eddy
amplitude (cm), (¢,g) average eddy radius (km), and (d,h) average Chl-a anomaly (mg/ md).

Anticyclonic rotation produces downwelling vertical motions, so a negative Chl-a
anomaly signature is expected. Again, SSH-detected AEs exhibit no significant anomaly,
with median values trending negative at a larger magnitude than SSH-detected CEs due
to downwelling processes and surrounding nutrient-deficient waters. Ocean color Chl-a
detected CEs are characterized by a larger negative anomaly on account of the algorithmic
definition of AEs being local Chl-a minimum in ocean color data. Because the negative
Chl-a anomaly signature of AEs is more significant in ocean-color data than CEs, the daily
number of AEs identified in ocean-color Chl-a data is comparable to SSH-detected AEs.

One of the reasons for the lack of relationship between Chl-a-detected and SSH-
detected AEs and CEs is due to the fact that horizontal advection is significant in the
GoM and predominates the surface chlorophyll signal over variability due to vertical
processes associated with geostrophically balanced eddies [27]. Large currents (>1 m/s) on
the periphery of eddies in the GoM attract surrounding waters [46], which can be either
oligotrophic or rich in nutrients, depending on their location. Thus, except for the LC
and the LCE, which exhibit a clear signal of negative Chl-a anomaly, other eddies” Chl-a
concentration will largely be determined by the properties of the surrounding waters.
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NEMO identified fewer eddies than altimetry and HYCOM from 2018 to 2021 but im-
proved in 2022. This may be the consequence of NEMO output not representing mesoscale
features well in SSH simulations in the GoM region from 2018 to 2021. The algorithm
appears to sometimes identify fewer eddy features with large radii instead of many ed-
dies with smaller radii. The year 2022 is one of the more recent simulations, so NEMO
developers may have improved the representation of mesoscale eddies in SSH output.

Spikes in amplitude most likely occur when the algorithm merges multiple smaller
eddies into one larger eddy. The time series plots the median value smoothed with a
30-day moving average; therefore, the amplitude or radius spikes when these merging
events occur.

A comparison of the distribution of eddy characteristics (Figure 5) between eddies
identified in altimetry and eddies identified in Chl-a notes a stark difference in results
between the two approaches. The only clear 1:1 relationship is that of Chl-a anomalies in
cyclonic eddies (Figure 5d). Altimetry identifies significantly more cyclonic eddies (with
a median value of 12 versus 4), while ocean color identifies about the same number of
anticyclonic eddies (median value of 11). While the median radius was about the same
for both products, the scatterplots of daily radii (Figure 5¢,h) show low to no correlation.
Chlorophyll-a anomalies in cyclonic eddies align well, while Chl-a anomalies skew towards
higher values in those identified by applying the eddy-tracking algorithm directly to
ocean color.
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Figure 5. Daily eddy characteristics from 2018 to 2022 for satellite altimetry and ocean color of Chl-a
anticyclonic and cyclonic eddies using scatterplots. Units for amplitude, radius, and Chl-a anomaly
are cm, km, and mg/ m3, respectively.

3.3. Loop Current Eddy Identification Using Satellite-Derived Ocean Color Chlorophyll-a

In 2018, the LCE experienced a clear shedding event, Revelle, which had been entirely
pinched off in all four products by 8 August (Figure 6). The LCE’s westward propagation
is the longest in altimetry and HYCOM, while the NEMO trajectory only propagates to
about 90 W (white lines on top row). The Chl-a contour performs relatively well during
the actual shedding event but is slightly too large prior (extending too far southward) and
slightly too small after (shrinking likely due to the basin-scale wintertime of Chl-a increase
eroding the strong horizontal gradients) shedding when compared to the SSH contours.
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Throughout the rest of the GoM, the Chl-a approach heavily favors large contours, missing
smaller mesoscale or splitting events. The Chl-a approach also detects a Loop Current
Frontal Eddy (LCFE) on the right flank of the LC’s neck, which is also detected in the
altimetry ADT and SSH from both numerical models. LCFEs are cold-core, cyclonic eddies
formed through barotropic and baroclinic instability of the LC [4,47-50]. When these eddies
amplify, they strengthen the LC front and enhance the upward motion of isopycnals in
the center of the eddy, subsequently increasing the vertical transport of deeper water to
the upper ocean [27,46]. The high values of chlorophyll on the right flank of the LC’s
neck on the ocean color map (Figure 6; 18 October 2018) show well how these frontal
eddies can locally increase the concentration of nutrients through isopycnal tilting due to
geostrophic adjustment.
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Figure 6. Eddy tracking of 2018 LCE (Revelle) when LC is in extended position (top row), LCE
separation date (second row), after LCE separation (third row), and LCE migration (bottom row).
Shown in satellite altimetry (first column), HYCOM (second column), NEMO (third column), and
ocean color of Chl-a data (fourth column). Eddy trajectory is plotted in the (first row).
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Figure 7 compares the eddy tracking results of a 2019 LCE separation event of the
four datasets. The LCE named Sverdrup shed from the LC on 6 July 2019, migrating west
into the GoM. Of the eddies detected in Chl-a, anticyclonic features were predominantly
identified, with the LCE maintaining the strongest consistent signature over the entire eddy
field. This is most likely due to the strong downwelling associated with its anticyclonic
rotation, as well as the oligotrophic waters entrained in the LCE from the Caribbean Sea.
CEs are mostly identified along the coast where Chl-a concentrations are highest.
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Figure 7. Eddy tracking of 2019 LCE (Sverdrup) when LC is in extended position (top row), LCE
separation date (second row), after LCE separation (third row), and LCE migration (bottom row).
Shown in satellite altimetry (first column), HYCOM (second column), NEMO (third column), and
ocean color of Chl-a data (fourth column). Eddy trajectory is plotted in the (first row).

Other LCE-shedding events were less well-identified (Figure 8). LCE Thor is tracked
throughout its entirety in altimetry, and HYCOM is tracked before and after separation in
NEMO (but not on the separation date itself) and only after separation in ocean color. In
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December and January 2019, the basin-wide Chl-a gradient was low, and the LCE signal
was undetectable.
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Figure 8. Eddy tracking of 2020 LCE (Thor) when LC is in extended position (top row), LCE separation
date (second row), after LCE separation (third row), and LCE migration (bottom row). Shown in
satellite altimetry (first column), HYCOM (second column), NEMO (third column), and ocean color
of Chl-a data (fourth column). Eddy trajectory plotted in (first row).

For LCE Wilde (Figure 9), all SSH products correctly identified Wilde’s edge. The
Chl-a product identified Wilde on all dates except for its separation date. Prior to sep-
aration, when the LC was in a significantly extended condition almost to the coast of
Louisiana, atmospheric conditions paved the way for Hurricane Ida. Hurricane Ida (Cat-
egory 4, 26 August-5 September 2021) dramatically impacted the surface Chlorophyll-a
concentrations in the GoM and is the likely driver of the Chl-a field seen on 10 November
(Figure 9).
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Figure 9. Eddy tracking of 2021 LCE (Wilde) when LC is in extended position (top row), LCE
separation date (second row), after LCE separation (third row), and LCE migration (bottom row).
Shown in satellite altimetry (first column), HYCOM (second column), NEMO (third column), and
ocean color of Chl-a (fourth column). Eddy trajectory plotted in (first row).

LCE Wilde II (Figure 10) was identified in ocean color during the LC extension period
with a two-AE structure like that in HYCOM (likely indicating a split), while that in CMEMS
and NEMO are still elongated along the LC. The three SSH products are in agreement
during the separation date, where the signal in ocean color is weak due to the weakened
horizontal basin-wide gradient. All four products agree during separation and migration
(Figure 10). For LCE X (Figure 11), the LCE is identified during all stages, albeit with a
smaller radius, except on 28 September, where it is very similar in appearance to the LCE
identified in altimetry.
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Figure 10. Eddy tracking of 2022 LCE when LC (Wilde II) is in extended position (top row), LCE
separation date (second row), after LCE separation (third row), and LCE migration (bottom row).
Shown in satellite altimetry (first column), HYCOM (second column), NEMO (third column), and
ocean color of Chl-a (fourth column). Eddy trajectory plotted in (first row).

The eddy-tracking algorithm does not always detect the LCE well. Table 1 displays the
performance of Chl-a data in identifying the LCE compared to altimetry identification. The
results are divided by season to convey the effects of seasonal changes on the horizontal
Chl-a gradient. Winter is not included in the analysis because the LCE Chl-a signature is not
present in the uniform gradient, and there is no data from the spring of 2022 because there
was no LCE shedding event present until summertime. In 2018, the LCE was identified in
Chl-a data on 16.30% of the days it was identified in altimetry data in the spring (MAM),
81.52% in the summer (JJA), and 93.41% in the fall (SON). The LC remained in its extended
phase until early August, so the lower values exhibited in spring and summer can be partly
attributed to the algorithm trying to identify an eddy before the eddy breaks away from the
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LC. Spring percentage is lowest because the horizontal Chl-a gradient is not well defined
until May, so the algorithm cannot identify a cohesive anticyclonic feature.
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Figure 11. Eddy tracking of 2022 LCE (X) when LC is in extended position (top row), LCE separation
date (second row), after LCE separation (third row), and LCE migration (bottom row). Shown in
satellite altimetry (first column), HYCOM (second column), NEMO (third column), and ocean color
of Chl-a (fourth column). Eddy trajectory plotted in (first row).

Table 1. Percentage of days a LCE is detected in ocean color data out of the number of days the LCE
was identified in altimetry data. The average values for all LCE events from 2018-2022 are included

in the last column.

2018: Revelle 2019: Sverdrup 2020: Thor 2021: Wilde  2022: Wilde II 2022: X 2018-2022 Total
Spring (MAM) 16.30% 1.09% 79.35% 39.13% 55.43% N/A 30.43%
Summer (JJA) 81.52% 63.04% 100% 56.52% 100% 79.35% 80.07%

Fall (SON) 93.41% 95.60% 47.25% 65.38% 91.21% 71.43% 77.38%
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4. Discussion

Chlorophyll-a is highly sensitive to nutrient availability. The upper-ocean GoM, mostly
composed of Gulf Common Water, is relatively oligotrophic, receiving nutrients from river-
ine outflow [44], mixed layer depth variations [14], modulated mesoscale activity caused
by the LCE’s activity [24,51,52], and circulation features [53]. However, the upper portion
of the LC, composed of North Atlantic Subtropical Underwater, water mass characteristic
of the Caribbean, is even more oligotrophic than the Gulf water (e.g., [12]). Consequently,
a relatively strong chlorophyll gradient is present in the LC front, separating LC water
from Gulf water (Figures 1 and 2), which is in agreement with previous studies [12,27].
Furthermore, LCEs are Lagrangian coherent vortices, and because of that, they conserve
the water mass properties as they translate across the Gulf of Mexico [26] and can also be vi-
sually identified in ocean color maps. In this work, we test if the signature is strong enough
to be tracked via a closed-contour eddy-tracking algorithm. Six shedding events were
studied. For these six events, the Chl-a -based eddy-tracking approach only performed well
in summer (identifying the LCE 80% of the time) and fall (77%). In winter, local primary
production in LCEs is larger than the average basin-wide rate, thus offsetting its otherwise
negative Chl-a anomaly and making it difficult to detect algorithmically [28].

In the GoM, surface Chl-a’s highest concentrations occur during winter between
December and March, and the lowest values occur in summer between July and September.
The large wintertime biomass increase is caused by the mixed layer response to winter
convective mixing that lifts deep, nutrient-rich waters [28]. The observed mixed layers
are deeper in AEs than CEs [20,21], and vertical nutrient fluxes in the euphotic zone are
potentially enhanced in AEs during wintertime due to convection. Seasonal and interannual
Chl-a variability in the GoM is mainly affected by the variability of atmospheric fluxes and
mesoscale dynamics caused by the LCEs, as described in [54]. The winter deepening of the
mixed layer, nutrient injection by mixing, and major river discharge from the Mississippi
River also play a major role in the seasonal variation of Chl-a [55-57]. In this study, we
showed that Chl-a is also useful for tracking the Caribbean water extension into the GoM.
The physical processes that help the distribution and extension of the Chl-a from Caribbean
waters into the GoM depend on estuarine fluxes, nutrients with depth, wind stress, thermal
stratification, and eddy advection.

5. Conclusions

This work explored the possibility of utilizing ocean-color Chl-a data to identify LCEs,
verified via traditional eddy tracking along surface topography fields (ADT from altimetry
and SSH from HYCOM and NEMO). As the LC intrudes into the central GoM, it advects
warmer, saltier, and lower Chl-a-containing waters compared to the Gulf waters. When
the instability of the main LC results in an LCE shedding event, the resulting Lagrangian-
coherent LCE retains its anomalous water mass characteristics throughout its lifespan.
However, the background Chl-a field and its gradients are sensitive to air-sea interactions
induced by seasonal variability (as well as synoptic events), resulting in a notable difference
in Chl-a LCE identification during wintertime and summertime. Local nutrient inputs due
to winter mixing raise the local LCE Chl-a such that the negative Chl-a anomalies, present
in the summer in the LC and LCESs, are masked in the wintertime.

When applied to the full GoM, the median number and radius of anticyclonic eddies
detected in ocean color were similar to that of the surface topography products and lower
for cyclonic eddies. The most similar parameter relationship between ocean color-detected
eddies and that of altimetry is that of Chl-a anomalies in cyclonic eddies. Chlorophyll-a
anomalies in cyclonic eddies align well, while Chl-a anomalies skew towards higher values
in those identified by applying the eddy-tracking algorithm directly to ocean color.

Six LCE shedding events were compared from 2018 to 2022 (Revelle, Sverdrup, Thor,
Wilde, Wilde II, X) and were analyzed during their extension, separation, post-separation,
and migration periods. Some were well-characterized by the Chl-a eddy-tracking method-
ology throughout their full lifespan (Revelle, Sverdrup), though others were only identified
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References

after shedding (Thor, Wilde) due to a low basin-wide Chlorophyll-a gradient. LCE identifi-
cation via application of a tracking algorithm to ocean color data was significantly more
successful in summer (80%) and fall (77%) than spring (30%). In this study, we used NOAA
DINEOF3 Chl-a gap-filled data. In future work, we hope to use the recently launched
Plankton, Aerosol, Cloud, Ocean Ecosystem (PACE) mission, which is a pathfinder mis-
sion using a hyperspectral imager, Ocean Color Instrument (OCI) Chl-a data, to better
understand the LC eddies, frontal eddies, and mesoscale and sub-mesoscale dynamics in
the GoM. PACE’s swath width is large enough to cover the full GoM and is particularly
useful in cloud-free conditions. Its unprecedented spectral coverage global ocean color
measurements can be merged with other flying ocean color sensors (VIIRS, MODIS, OLCI)
to develop more advanced merged products and detect both mesoscale and submesoscale
features. Additionally, as Agulhas Current eddies form under similar processes via pinch-
ing off the Agulhas Current with a westward propagation, the Chl-a approach could also
be used in this region. It is expected that similar results may be achieved in regions of the
world with similar or greater Chl-a gradients. Future studies would benefit from following
this method to remap the higher-resolution Chl-a product to the same resolution as that of
the surface topography field (in this case, 0.25°).
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