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Abstract

Vertical motions associated with mesoscale ocean eddies modulate the light and nutrient environment, stimulating anomalies in

phytoplankton biomass and chlorophyll. Phytoplankton populations can be subsequently trapped by the horizontal circulation

or laterally diluted. In a time-varying flow, Lagrangian methods can be used to quantify eddy trapping, also known as Lagrangian

coherency. From two decades of remote sensing observations in the North Pacific Subtropical Gyre, we compared coincident

Eulerian and Lagrangian eddy atlases to assess the impact of eddy trapping on chlorophyll concentration. We found higher

chlorophyll within Lagrangian coherent boundaries than in Eulerianeddies and outside-eddy waters. Yet, there are differences

regionally and seasonally. For example, chlorophyll is most enriched within coherent boundaries of the Hawaiian Lee eddies

and to the south of 23N in fall and winter. Our results suggest that by not accounting for lateral dilution, Eulerian analyses

may underestimate the role of mesoscale eddies in enhancing chlorophyll.
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Key Points:

• Cumulatively, Lagrangian coherent eddies have anomalously high surface chloro-
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• Coherent Hawaiian Lee eddies have the most extreme chlorophyll anomalies year-
round relative to outside-eddy waters.
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Abstract
Vertical motions associated with mesoscale ocean eddies modulate the light and nutri-
ent environment, stimulating anomalies in phytoplankton biomass and chlorophyll. Phy-
toplankton populations can be subsequently trapped by the horizontal circulation or lat-
erally diluted. In a time-varying flow, Lagrangian methods can be used to quantify eddy
trapping, also known as Lagrangian coherency. From two decades of remote sensing ob-
servations in the North Pacific Subtropical Gyre, we compared coincident Eulerian and
Lagrangian eddy atlases to assess the impact of eddy trapping on chlorophyll concen-
tration. We found higher chlorophyll within Lagrangian coherent boundaries than in Eu-
lerian eddies and outside-eddy waters. Yet, there are differences regionally and season-
ally. For example, chlorophyll is most enriched within coherent boundaries of the Hawai-
ian Lee eddies and to the south of 23◦N in fall and winter. Our results suggest that by
not accounting for lateral dilution, Eulerian analyses may underestimate the role of mesoscale
eddies in enhancing chlorophyll.

Plain Language Summary

Eddies are ubiquitous rotating ocean currents up to hundreds of kilometers in di-
ameter. While some eddies continuously mix with their surroundings, others trap their
constituents that do not escape until the eddy dissolves. We refer to the former eddy be-
havior categorically as leaky or dispersive, while the latter is coherency. Phytoplankton
are microscopic, free-floating microbes subject to the whims of ocean currents, includ-
ing eddies. They contain the pigment chlorophyll within their cells that allows them to
photosynthesize and subsequently alter the color of the ocean. In this study, we used satel-
lite datasets and simulations of currents in the North Pacific to examine the effect of eddy
coherency on local concentrations of phytoplankton, estimated by the greenness of the
surface ocean. We found little difference in chlorophyll concentration in leaky and co-
herent eddies north of the Hawaiian Islands. To the south, we observed significantly greener
waters in coherent eddies than in their leaky counterparts in the winter and fall. We sug-
gest that, in some regions, studies may underestimate the role of leaky eddies in stim-
ulating plankton blooms if they are quickly mixed with surrounding waters, which has
implications for the ocean carbon budget.

1 Introduction

The North Pacific Subtropical Gyre (NPSG) has low phytoplankton biomass but
is subject to high ecosystem variability (Karl & Church, 2017). Mesoscale eddies con-
tribute to this variability, bringing nutrient-rich deep waters to the oligotrophic surface
of the gyre via eddy-wind interactions and eddy pumping that stimulates phytoplank-
ton growth (McGillicuddy Jr, 2016). Eddies in the NPSG including Station ALOHA and
the Hawaiian Lee eddies are the focus of seminal works capturing biophysical interac-
tions. For example, observations reveal that eddies affect biogeochemical cycling by en-
hancing primary production (Falkowski et al., 1991; Allen et al., 1996; Nicholson et al.,
2008), altering phytoplankton community structure (Olaizola et al., 1993; Vaillancourt
et al., 2003; Brown et al., 2008; Fong et al., 2008; Barone et al., 2019; Harke et al., 2021),
and intensifying carbon export (Bidigare et al., 2003; Benitez-Nelson et al., 2007; Rii et
al., 2008; Zhou et al., 2021). The NPSG is Earth’s largest ecosystem, thus the integrated
effects of mesoscale biophysical interactions therein may play a significant role in the global
carbon cycle.

Ocean eddies also influence the horizontal advection of phytoplankton, potentially
acting to isolate communities (Provenzale, 1999) and preserve them across ocean basins
(Lehahn et al., 2011; Villar et al., 2015). Further, lateral trapping can modulate trophic
interactions (d’Ovidio et al., 2013) and generate plankton patchiness by localizing blooms
(Gower et al., 1980; Fennel, 2001). In this study, we refer to eddies that trap for months
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or longer as “coherent”. Mesoscale eddies that are detected from the Sea Level Anomaly
(SLA) by assuming geostrophic balance (Chelton, Schlax, & Samelson, 2011; Chelton,
Gaube, et al., 2011) are not necessarily coherent through time (Beron-Vera et al., 2013;
Wang et al., 2015). To accurately measure eddy coherency in a time-varying flow, a La-
grangian perspective is needed (Haller, 2015). Interpreting biophysical interactions from
a Lagrangian perspective naturally follows since phytoplankton experience a moving frame
of reference (Woods & Onken, 1982; Lehahn et al., 2018).

Satellite remote sensing of SLA and chlorophyll-a (chl-a; a proxy for phytoplank-
ton biomass) reveals significant relationships between ocean color anomalies and mesoscale
eddies in subtropical waters (Gaube et al., 2014; Dufois et al., 2016; He et al., 2016; Huang
et al., 2017; Xu et al., 2019; Travis & Qiu, 2020). However, these studies employ Eule-
rian methods and cannot determine the contribution of eddy trapping toward altering
chl-a concentrations. By comparing complementary Lagrangian and Eulerian eddy at-
lases, we tested the hypothesis that the waters within coherent vortices more effectively
maintain anomalous chl-a concentrations than leaky eddies (Figure S1). This is illus-
trated by the following idealized model that describes surface chl-a concentration in an
eddy (Bin):

dBin

dt
= µBin −Ψ(Bin −Bout). (1)

Here Bout is the outside-eddy concentration, µ is the biological rate of change (e.g., growth,
mortality, photoacclimation) in the eddy, and Ψ is the lateral fluid exchange rate at the
eddy boundary. Chl-a concentrations increase inside an eddy when µBin > Ψ(Bin −
Bout). A coherent eddy minimizes Ψ over the timescale of interest. Thus, dBin

dt will be
greater in a coherent eddy than in a dispersive eddy with the same µ and Bout, result-
ing in relatively higher chl-a. Our analysis of two decades of satellite data in the NPSG
indeed reveals “hot spots” of chlorophyll (Calil & Richards, 2010) in Lagrangian coher-
ent eddies and we uncover regional and seasonal differences in the biological signature
of eddy trapping.

2 Materials and Methods

The domain includes 2000-2019 and the region 15-30◦N, 180-230◦. The spatial bounds
reduce the degrees of freedom introduced by large-scale environmental variability from
the ultra-oligotrophic western NPSG, Transition Zone Chlorophyll Front (Glover et al.,
1994), California Current System, and equatorial currents (Figure S2). Moreover, focus-
ing on a small area afforded a comprehensive evaluation of sub-regional and seasonal pat-
terns. We used CMEMS 1/4◦ daily satellite geostrophic current and SLA data for eddy
identification. 8-day average satellite chl-a data were obtained from OC-CCI with a spa-
tial resolution of 4km at the equator (Sathyendranath et al., 2019).

2.1 Eddy Atlases

We used the OceanEddies software to generate an Eulerian eddy atlas from daily
SLA (Faghmous et al., 2015). The algorithm identifies an eddy boundary as the outer-
most closed contour containing a single SLA extremum and tracks features through time.
We required eddies to have a minimum lifetime of 32 days and contain at least twelve
1/4◦ grid cells. The smallest SLA eddy has an area of 8, 048km2 with a radius ≈ 50km,
consistent with the Rossby radius of deformation in the region of interest (Chelton et
al., 1998). We set the eddy disappearance parameter to 3 days to account for noise in
the data and prevent prematurely “killing” an eddy. We reduced the temporal resolu-
tion of the SLA atlas to an 8-day frequency for the ensuing analysis. In total, we tracked
6,846 SLA eddies (52,553 polygons), including 3,322 anticyclones characterized by SLA
maxima and 3,524 cyclones by SLA minima.
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Haller et al. (2016) introduced the Lagrangian Averaged Vorticity Deviation (LAVD),
a measure of the integrated vorticity of a Lagrangian particle over a timescale of inter-
est. An LAVD field is produced by mapping the LAVD for a grid of Lagrangian parti-
cles at their initialization locations. A fluid set in rigid-body rotation is identified as a
closed contour surrounding a local maximum in the LAVD field, referred to as a Rota-
tionally Coherent Lagrangian Vortex (RCLV) (Haller et al., 2016; Tarshish et al., 2018).
Specifically tailored to biogeochemical applications, Jones-Kellett and Follows (in review,
2023) identified and tracked 32-day RCLVs in the NPSG at an 8-day resolution using
backward-in-time particle simulations synchronized with the OC-CCI 8-day chl-a prod-
uct (Figure S3). The atlas follows RCLVs from age 32 days and onward. Here, we ex-
panded the dataset to capture RCLV genesis because young eddies are associated with
biological anomalies (Gaube et al., 2013). To do so, we initialized Lagrangian particles
in 32-day-old RCLVs and tracked them backward-in-time with the OceanParcels soft-
ware (Delandmeter & van Sebille, 2019). At each 8-day “timestep” (ages 24, 16, and 8),
we drew closed contours to encompass the particle set (Figure S4). The atlas contains
11,855 tracked RCLVs (75,445 polygons), including 5,592 anticyclones characterized by
a negative sign of relative vorticity and 6,263 cyclones by a positive sign.

2.2 Chlorophyll Anomalies

We categorized each pixel from the satellite chl-a fields as background (i.e., outside-
eddy) or inside an eddy. Some, though not all SLA eddies overlap with an RCLV, and
vice versa. Thus, the in-eddy pixels are within an SLA eddy, RCLV, or both. We refer
to the pixels inside an SLA eddy boundary but not an RCLV as “SLA excluding RCLV”
(Figure S5). This includes the most dispersive regions of the eddy. The “SLA eddy” cat-
egory includes all pixels within the eddy boundaries irrespective of whether it contains
an RCLV.

The climatological chl-a anomaly is a temporal metric defined

δcclim(x, y, t) = c(x, y, t)− 1

M

M∑
t′=0

c(x, y, t′) (2)

where c(x, y, t) is the chl-a at location (x, y) and time t. 1
M

∑M
t′=0 c(x, y, t

′) describes the
2000-2019 mean chl-a in the month corresponding to the date t (i.e., the monthly cli-
matology; Figure S6). A positive δcclim indicates that chl-a is higher than average for
that location and month. We used δcclim to identify changes in chl-a related to the mesoscale
activity that were distinct from the seasonal cycle.

We define the relative difference in the eddy and background probability density
distributions (PDD) of δcclim as

f(δcclim) =
pE(δcclim)− pB(δcclim)

pB(δcclim)
(3)

where pE(δcclim) is the PDD of the climatological chl-a anomalies in an eddy type and
pB(δcclim) is the PDD of anomalies in the background ocean. f(δcclim) is interpreted
as the likelihood of observing a given chlorophyll anomaly in the eddy type compared
to the background. For example, f(δcclim) > 0 means the value of δcclim is more likely
to be observed in an eddy than outside an eddy.

The local chl-a anomaly is a spatial metric defined

δcloc =
1

Ain

∮
I

c(x, y) dI − 1

Aout

∮
O

c(x, y) dO. (4)

I is the eddy polygon with area Ain and O is the “donut” polygon from the eddy bound-
ary to double the eddy radius with area Aout. Thus,

1
Ain

∮
I
c(x, y) dI is the average chl-

a inside the eddy, and 1
Aout

∮
O
c(x, y) dO is the average in the immediate surroundings
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Figure 1. Probability density distributions (PDD) of the climatological chl-a anomalies

(δcclim; Equation 2) in (a) anticyclones and (c) cyclones from the 1 − 99% quantiles. The dotted

gray lines depict the quantiles of the background distribution, and the dots show the equivalent

quantiles for each eddy category. f(δcclim) is the relative difference in the eddy PDD from the

background PDD (Equation 3) for (b) anticyclones and (d) cyclones.

of the eddy. A positive δcloc indicates that the mean chl-a concentration in the eddy is
higher than surrounding waters.

3 Results

We address the hypothesis that coherent, isolated eddies will maintain anomalous
chl-a longer than their dispersive counterparts. First, we address the cumulative impacts
of eddy trapping. Next, we examine seasonal and sub-regional differences in the biolog-
ical signature of eddy coherency.

3.1 Cumulative Effect of Eddy Trapping

Cumulatively, surface chl-a is higher per unit area in RCLVs than in SLA eddies
for both polarities (Table S1). On average, there is more surface chl-a in anticyclones
than in the background and less in cyclones. Figure 1 shows the probability density dis-
tributions of the chl-a anomaly relative to the local, seasonal climatology (δcclim; Equa-
tion 2) for anticyclones (a) and cyclones (c). The quantiles of the distributions (indicated
by the dots) show a consistent shift toward anomalously high chl-a in RCLVs (Figure
1a,c). An exception is the 99% quantile for anticyclones, which is lower than the back-
ground. This indicates that positive anomalies are more likely to occur in anticyclonic
eddies than in the background (f > 0; Equation 3) except at extremely high δcclim (Fig-
ure 1b). Coherent cyclones have f > 0 for all positive δcclim (Figure 1d). Conversely,
cyclonic SLA eddies have positive anomalies less frequently. 21% of chl-a in anticyclonic
SLA eddies (Table S2) and 23% in cyclonic SLA eddies (Table S3) are also contained within
an RCLV. We isolate the leakiest eddy zones when excluding RCLV-associated contri-
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butions (“SLA excluding RCLVs” in Figure 1). Fewer positive chl-a anomalies are at-
tributed to these zones in both polarities. Eddies are less likely than the background to
have negative chl-a except for low-magnitude anomalies in cyclones.

3.2 Regional and Seasonal Subdomains

We examined the distributions of δcclim seasonally and regionally to explore vari-
ations in how eddy trapping shapes chl-a in the NPSG. We determined mesoscale-driven
subdomains by the eddy polarity probability (P) (Chaigneau et al., 2009), defined

P (x, y) =
FA(x, y)− FC(x, y)

FA(x, y) + FC(x, y)
. (5)

FA(x, y) ( FC(x, y) ) is the number of times the pixel at location (x, y) was inside an an-
ticyclone (cyclone) from 2000-2019. Anticyclonic eddy polarity is more frequent than cy-
clonic when P > 0. Figure 2a depicts the geographic distribution of P for RCLVs, re-
vealing more anticyclonic activity north of 23◦N, cyclonic domination to the southeast
of Hawai‘i, and Lee eddy signatures to the west.

There are distinctive chl-a signatures between northern and southeastern eddies
(Figure 2). In the north, cyclones are less likely than the background to have positive
δcclim in all seasons except the summer. Northern cyclones are more likely to have a neg-
ative δcclim than the background in winter and fall when domain-average chl-a concen-
trations are at the annual maximum (Figure S6, S7). According to Equation 1, a decrease
in chl-a concentration (Bin) may occur when µBin < Ψ(Bin−Bout). In an RCLV where
Ψ is minimized, it is likely that a low population growth rate, µ, results in lower chl-a.
For example, low nutrient supply rates may decrease growth rates, mortality may increase,
or the cellular chlorophyll-to-carbon ratio can decrease due to increased light availabil-
ity (Geider, 1987; MacIntyre et al., 2000). Northern anticyclones exhibit nearly oppo-
site signatures than cyclones, with f > 0 for positive δcclim (except for extreme anoma-
lies) in fall and winter. Anticyclonic RCLVs (and not SLA eddies) are likelier to have
a negative chl-a anomaly relative to the summer and fall background. Leaky anticyclones
uniquely have f > 0 for highly positive δcclim in the summer when mixing with sur-
rounding chl-a elevated waters (high Ψ and high Bout) may increase concentrations in-
side SLA anticyclones.

In the southeast province, the distributions of δcclim in cyclones are inordinately
different from that of the north. All types of cyclones have f < 0 for negative δcclim
year-round, suggesting cyclones in this region enhance chl-a. In the fall and winter, cy-
clonic RCLVs are likelier to have a positive δcclim than the background and SLA eddies.
Because the chl-a signatures of cyclonic SLA eddies excluding RCLVs are like the back-
ground, positive anomalies in cyclonic SLA eddies are mostly contained within nested
RCLVs. Thus, eddy trapping plays a significant role in the elevated chl-a in cyclones of
the southeast province. Anticyclones in the southeast have f > 0 for low magnitude
positive δcclim in the winter and spring. The distributions of δcclim differ between RCLVs
and SLA anticyclones during these seasons, suggesting that eddy trapping plays a dis-
tinctive role. Anticyclones are more likely than the background to host negative δcclim
in the fall. Anticyclones are less prevalent in the southeast province, so these observa-
tions play a small role in the cumulative effect in the gyre.

In summary, there are latitudinal biophysical differences within the NPSG. Anti-
cyclones have high chl-a anomalies in the north during fall and winter and eddy trap-
ping plays a minimal role in altering chl-a concentrations. In the southeast, cyclones fos-
ter high chl-a in fall and winter and chl-a is significantly higher in Lagrangian coherent
vortices than in Eulerian eddies.
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Figure 2. (a) RCLV polarity probability. Red (blue) indicates that anticyclones (cyclones)

are more common at the location. The black lines delineate mesoscale-driven provinces. (b-i)

The relative difference in the probability density distribution of the climatological chl-a anomaly

from the background (f (δcclim)) for each eddy type. Each row corresponds with a season (win-

ter includes December to February). Figures S8 and S9 show the underlying probability density

distributions.
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Figure 3. (a) Schematic of the currents that sustain the Hawaiian Lee eddies. The region

dominated by cyclones (anticyclones) is blue (red). Two RCLV boundaries plotted every 16 days

show the common propagation pathways westward from the islands. (b-f) The relative differ-

ence in probability density distributions of the climatological chl-a anomaly from the background

(f (δcclim)). Note that the y-axis differs from Figure 2 to accommodate larger values. Figure S10

depicts the underlying probability density distributions. Panel (c) includes the same information

as (b) with a different y-axis to expose the curves.
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3.3 Hawaiian Lee Eddies

The “Hawaiian Lee eddies” are large, long-lived features formed in the Lee of the
Hawaiian Islands (Figure 3a). The shear instability between the eastward-flowing Hawai-
ian Lee Countercurrent and the westward-flowing North Equatorial Current generates
anticyclones (Calil et al., 2008; Yoshida et al., 2010; Y. Liu et al., 2012). A wind stress
curl anomaly associated with blocking trade winds by the islands produces cyclones (Lumpkin,
1998; Yoshida et al., 2010). The Hawaiian Lee Countercurrent to the south and the westward-
flowing Hawaiian Lee Current to the north sustain the cyclonic vorticity.

RCLVs and SLA eddies of both polarities have f > 0 for positive δcclim year-round
(Figure 3b-f). Trapping also plays a significant role in the chl-a signature of the Hawai-
ian Lee eddies. RCLVs have more positive chl-a anomalies than SLA eddies and the back-
ground ocean. We found a similar chl-a response to cyclonic and anticyclonic RCLVs in
the summer and fall. However, anticyclones are more likely to have positive anomalies
than cyclones in the winter and spring. Even the leakiest anticyclonic features (i.e., SLA
excluding RCLVs) host positive δcclim during these seasons. In the winter, anticyclonic
RCLVs can be up to 15 times more likely than the background to have a positive δcclim,
whereas cyclonic RCLVs are up to 2 times as likely.

3.4 Chlorophyll Evolution of Long-lived Eddies

The Lagrangian eddy atlas enables the examination of chl-a patches as they evolve
through time in quasi-isolated systems. Accordingly, we analyzed the in-eddy chl-a anomaly
compared to the immediate surroundings, δcloc (Equation 4), as a function of age for 245
RCLVs (109 anticyclones, 136 cyclones; Figure 4) that maintained coherency for 150 or
more days. Figure S11 illustrates the westward propagation of these features. The mag-
nitudes of δcloc complement the results of Sections 3.2 and 3.3. For example, RCLVs in
the north minimally alter chl-a compared to their surroundings except for wintertime
anticyclones. In that case, the largest anomalies occur early in the lifetime. Cyclonic RCLVs
foster heightened chl-a that declines with eddy age in the winter and fall in the south-
east. Hawaiian Lee RCLVs dramatically localize chl-a, and this is the only domain where
RCLVs have increasing δcloc with eddy age. The results show that there is not a uni-
form slope of change in chl-a as a function of eddy age. Rather, chl-a evolves in coher-
ent eddies depending on the region, season, and eddy polarity.

We apply the model of chl-a concentrations in eddies (Equation 1) to interpret the
rate of change in δcloc with RCLV age such that

d

dt
(δcloc) =

dBin

dt
− dBout

dt
. (6)

Consider the case where µ is equivalent in and out of the eddy. This is likeliest to oc-
cur toward the end of an eddy’s life when the effects of eddy pumping and Ekman pump-
ing are reduced (Huang et al., 2017). The change in chl-a concentration outside of the
eddy is

dBout

dt
= µBout +Ψ

(
Ain

Aout

)
(Bin −Bout). (7)

Substituting Equations 1 and 7 into Equation 6,

d

dt
(δcloc) = (µ− 4

3
Ψ)(Bin −Bout) (8)

for a circular eddy (Ain = πr2). Equation 8 suggests that a larger Ψ (i.e., a leakier bound-
ary) will cause elevated chl-a in an eddy to dilute more rapidly (Text S1). A positive
d
dt (δcloc) is sustained when µ > 4Ψ

3 and Bin > Bout. Since chl-a is anomalously high
in Hawaiian Lee RCLVs, these features are most likely to meet both of these conditions,
as exhibited in Figure 4. In most cases, however, an eddy-associated chl-a anomaly will
decay via lateral dilution without sustained growth and low death rates.
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Figure 4. Local chl-a anomalies (δcloc) in RCLVs with lifespans of 150+ days. Each column

corresponds to a mesoscale-driven province and each row with the season. Cyclonic (anticyclonic)

eddies are in blue (red). The solid lines show the median δcloc by RCLV age, and the shaded

areas are the ranges of the 25% to 75% quantiles.

4 Discussion

Harnessing the temporal and spatial coverage of satellite observations, we measured
the effects of mesoscale eddy trapping on chl-a concentrations in the NPSG. We com-
pared Lagrangian (RCLV) and Eulerian (SLA) eddy atlases to distinguish signatures of
chl-a in coherent eddies, dispersive eddies, and the background. Positive climatological
chl-a anomalies are observed more in RCLVs than in SLA eddies or outside-eddy wa-
ters of the NPSG (Figure 1). However, trapping does not significantly shape the biolog-
ical response to eddies everywhere. In northern latitudes (> 23◦N), the chl-a signatures
of coherent and leaky eddies are nearly indistinguishable (Figure 2). On the other hand,
eddy trapping enhances chl-a signatures in the southeast (< 23◦N) to varying amounts
that depend on season and polarity. The response to coherency is strongest overall in
the Hawaiian Lee eddies, where chl-a is enhanced year-round in RCLVs (Figure 3). The
region and season also affect the slope of the chl-a anomaly as a function of the eddy age,
which can be positive, negative, or constant (Figure 4).

Chl-a in the NPSG is more highly concentrated on average in anticyclonic RCLVs
and SLA eddies than in cyclones and the background ocean (Table S1). In contrast, He
et al. (2022) found anomalously high chlorophyll in Lagrangian coherent cyclones and
low chlorophyll in anticyclones of the Northwest Pacific. Their results reflect particu-
lar biological signatures of warm and cold-core rings formed in the Kuroshio Current that
translate into the gyre. Localized eddy features in the central gyre are far from such strong
environmental gradients. In our study, we note that anticyclones are over-represented
in the north (Table S2), the largest province within the domain, where they tend to el-
evate chl-a. Table S3 shows that cyclones are highly present in both the north and south-
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east provinces, where chl-a anomalies in cyclones can be opposing. Our findings empha-
size the complexity in the regional variations of the chl-a response to eddies of different
polarities (Gaube et al., 2014). We also show definitive regional variations in the rela-
tionships of chl-a with eddy trapping.

A broad interpretation of the changes in chl-a at the mesoscale remains enigmatic.
While Dufois et al. (2016) suggests that phytoplankton in subtropical gyre anticyclones
are more productive in winter, others argue that changes in the chlorophyll-to-carbon
ratio due to photoacclimation drive the signature (He et al., 2021). However, higher fish
catch occurs in anticyclones compared to cyclones around the Hawaiian Islands (Arostegui
et al., 2022), which may suggest that increased phytoplankton productivity supports higher
trophic levels. Changes in chl-a may also indicate a change in community structure. Waga
et al. (2019) used a size structure ocean color algorithm to infer that anticyclones in sub-
tropical gyres support larger phytoplankton cells than cyclonic eddies. Eddy trapping
may act to further alter community structure by separating populations and sheltering
them from competition (Bracco et al., 2000). Interpreting whether the underlying phy-
toplankton communities differ in RCLVs and SLA eddies would require targeted in situ
observations that could provide valuable insight into the observed relationships between
eddies and chl-a.

Although satellites are the only ocean observing systems that obtain nearly full spa-
tial coverage within days, a fundamental limitation is the restriction to the surface. The
biological response to eddies at depth may differ from the surface signature (Huang &
Xu, 2018; Zhao et al., 2021). Eddies affect subsurface chl-a in the NPSG by altering the
depth of the deep chlorophyll maximum (Gaube et al., 2019; Xiu & Chai, 2020) and the
vertical community structure (Olaizola et al., 1993; Brown et al., 2008; Fong et al., 2008;
Barone et al., 2019). Here we focused on lateral biophysical interactions, but vertical mix-
ing tied to the wind stress, heat exchange, and changes in the mixed layer depth will also
influence the surface chl-a concentration (Gaube et al., 2013; McGillicuddy Jr, 2016).
Moreover, the size of Lagrangian coherent boundaries may differ with depth (Nencioli
et al., 2008; Ntaganou et al., 2023). Another limitation of satellite chl-a observations is
missing data from cloud coverage including storms that can stimulate phytoplankton blooms
in eddies (X. Liu et al., 2009; Shang et al., 2015; Villar et al., 2015; Chacko, 2017; Mikaelyan
et al., 2020). Some of these limitations may be overcome by co-locating the bounds of
RCLVs with autonomous vehicles and targeted shipboard observations of eddies, a promis-
ing avenue of future exploration.

Phytoplankton have a complex relationship with mesoscale eddy activity and re-
spond depending on the polarity, trapping strength, location, season, and eddy age. By
tracking Lagrangian coherent eddy boundaries from two decades of data in the NPSG,
we show that eddy trapping can locally intensify chl-a. On the other hand, phytoplank-
ton blooms generated inside SLA eddies may be quickly laterally advected and thus miss
being associated with features once they leave the Eulerian bounds. It is important to
consider dispersive eddy-associated perturbations since vertical mixing associated with
submesoscale filaments stimulates primary production on eddy edges (Mahadevan, 2016;
Guo et al., 2019) and lateral dilution of a chl-a patch can enhance the anomaly (Ser-Giacomi
et al., 2023; Lehahn et al., 2017). We encourage future studies to employ Lagrangian met-
rics of coherency to support interpretations of biophysical interactions in eddies.

Open Research Section

This study has been conducted using E.U. Copernicus Marine Service Information,
namely the Level 4, 1/4◦ SLA and geostrophic velocity gridded global ocean dataset (Ver-
sion 008 047) distributed at https://doi.org/10.48670/moi-00148. 8-day average chl-
a is produced by OC-CCI (Version 6.0 used here) and distributed by the European Space
Agency at https://www.oceancolour.org/ (Sathyendranath et al., 2019). The OceanEd-
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dies MATLAB software that detects and tracks Eulerian SLA eddy contours is available
at https://github.com/ifrenger/OceanEddies (Faghmous et al., 2015). The Ocean-
Parcels v2.0 Python package used to run Lagrangian particle simulations is available at
https://oceanparcels.org/index.html (Delandmeter & van Sebille, 2019). All fig-
ures were created with Matplotlib 3.3.4 (Caswell et al., 2021; Hunter, 2007), available
under the Matplotlib license at https://matplotlib.org/.

The Python software developed for this study is available at https://github.com/
lexi-jones/RCLVatlas (Jones-Kellett, 2023b). The code includes a pipeline to run Ocean-
Parcels on Copernicus data, a custom kernel to calculate the relative vorticity along par-
ticle trajectories, and an RCLV tracking algorithm. The Jupyter notebook script https://
github.com/lexi-jones/RCLVatlas/blob/main/example usage.ipynb includes an ex-
ample usage code for the software. The NPSG RCLV dataset is publicly available, dis-
tributed by Simons CMAP at https://simonscmap.com/catalog/datasets/RCLV atlas

(Jones-Kellett, 2023a).
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Key Points:

• Cumulatively, Lagrangian coherent eddies have anomalously high surface chloro-
phyll relative to dispersive eddies and outside-eddy waters.

• The biological response to eddy trapping differs regionally, seasonally, by eddy age,
and polarity.

• Coherent Hawaiian Lee eddies have the most extreme chlorophyll anomalies year-
round relative to outside-eddy waters.

Corresponding author: Alexandra E. Jones-Kellett, jonesae@mit.edu

–1–



manuscript submitted to Geophysical Research Letters

Abstract
Vertical motions associated with mesoscale ocean eddies modulate the light and nutri-
ent environment, stimulating anomalies in phytoplankton biomass and chlorophyll. Phy-
toplankton populations can be subsequently trapped by the horizontal circulation or lat-
erally diluted. In a time-varying flow, Lagrangian methods can be used to quantify eddy
trapping, also known as Lagrangian coherency. From two decades of remote sensing ob-
servations in the North Pacific Subtropical Gyre, we compared coincident Eulerian and
Lagrangian eddy atlases to assess the impact of eddy trapping on chlorophyll concen-
tration. We found higher chlorophyll within Lagrangian coherent boundaries than in Eu-
lerian eddies and outside-eddy waters. Yet, there are differences regionally and season-
ally. For example, chlorophyll is most enriched within coherent boundaries of the Hawai-
ian Lee eddies and to the south of 23◦N in fall and winter. Our results suggest that by
not accounting for lateral dilution, Eulerian analyses may underestimate the role of mesoscale
eddies in enhancing chlorophyll.

Plain Language Summary

Eddies are ubiquitous rotating ocean currents up to hundreds of kilometers in di-
ameter. While some eddies continuously mix with their surroundings, others trap their
constituents that do not escape until the eddy dissolves. We refer to the former eddy be-
havior categorically as leaky or dispersive, while the latter is coherency. Phytoplankton
are microscopic, free-floating microbes subject to the whims of ocean currents, includ-
ing eddies. They contain the pigment chlorophyll within their cells that allows them to
photosynthesize and subsequently alter the color of the ocean. In this study, we used satel-
lite datasets and simulations of currents in the North Pacific to examine the effect of eddy
coherency on local concentrations of phytoplankton, estimated by the greenness of the
surface ocean. We found little difference in chlorophyll concentration in leaky and co-
herent eddies north of the Hawaiian Islands. To the south, we observed significantly greener
waters in coherent eddies than in their leaky counterparts in the winter and fall. We sug-
gest that, in some regions, studies may underestimate the role of leaky eddies in stim-
ulating plankton blooms if they are quickly mixed with surrounding waters, which has
implications for the ocean carbon budget.

1 Introduction

The North Pacific Subtropical Gyre (NPSG) has low phytoplankton biomass but
is subject to high ecosystem variability (Karl & Church, 2017). Mesoscale eddies con-
tribute to this variability, bringing nutrient-rich deep waters to the oligotrophic surface
of the gyre via eddy-wind interactions and eddy pumping that stimulates phytoplank-
ton growth (McGillicuddy Jr, 2016). Eddies in the NPSG including Station ALOHA and
the Hawaiian Lee eddies are the focus of seminal works capturing biophysical interac-
tions. For example, observations reveal that eddies affect biogeochemical cycling by en-
hancing primary production (Falkowski et al., 1991; Allen et al., 1996; Nicholson et al.,
2008), altering phytoplankton community structure (Olaizola et al., 1993; Vaillancourt
et al., 2003; Brown et al., 2008; Fong et al., 2008; Barone et al., 2019; Harke et al., 2021),
and intensifying carbon export (Bidigare et al., 2003; Benitez-Nelson et al., 2007; Rii et
al., 2008; Zhou et al., 2021). The NPSG is Earth’s largest ecosystem, thus the integrated
effects of mesoscale biophysical interactions therein may play a significant role in the global
carbon cycle.

Ocean eddies also influence the horizontal advection of phytoplankton, potentially
acting to isolate communities (Provenzale, 1999) and preserve them across ocean basins
(Lehahn et al., 2011; Villar et al., 2015). Further, lateral trapping can modulate trophic
interactions (d’Ovidio et al., 2013) and generate plankton patchiness by localizing blooms
(Gower et al., 1980; Fennel, 2001). In this study, we refer to eddies that trap for months
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or longer as “coherent”. Mesoscale eddies that are detected from the Sea Level Anomaly
(SLA) by assuming geostrophic balance (Chelton, Schlax, & Samelson, 2011; Chelton,
Gaube, et al., 2011) are not necessarily coherent through time (Beron-Vera et al., 2013;
Wang et al., 2015). To accurately measure eddy coherency in a time-varying flow, a La-
grangian perspective is needed (Haller, 2015). Interpreting biophysical interactions from
a Lagrangian perspective naturally follows since phytoplankton experience a moving frame
of reference (Woods & Onken, 1982; Lehahn et al., 2018).

Satellite remote sensing of SLA and chlorophyll-a (chl-a; a proxy for phytoplank-
ton biomass) reveals significant relationships between ocean color anomalies and mesoscale
eddies in subtropical waters (Gaube et al., 2014; Dufois et al., 2016; He et al., 2016; Huang
et al., 2017; Xu et al., 2019; Travis & Qiu, 2020). However, these studies employ Eule-
rian methods and cannot determine the contribution of eddy trapping toward altering
chl-a concentrations. By comparing complementary Lagrangian and Eulerian eddy at-
lases, we tested the hypothesis that the waters within coherent vortices more effectively
maintain anomalous chl-a concentrations than leaky eddies (Figure S1). This is illus-
trated by the following idealized model that describes surface chl-a concentration in an
eddy (Bin):

dBin

dt
= µBin −Ψ(Bin −Bout). (1)

Here Bout is the outside-eddy concentration, µ is the biological rate of change (e.g., growth,
mortality, photoacclimation) in the eddy, and Ψ is the lateral fluid exchange rate at the
eddy boundary. Chl-a concentrations increase inside an eddy when µBin > Ψ(Bin −
Bout). A coherent eddy minimizes Ψ over the timescale of interest. Thus, dBin

dt will be
greater in a coherent eddy than in a dispersive eddy with the same µ and Bout, result-
ing in relatively higher chl-a. Our analysis of two decades of satellite data in the NPSG
indeed reveals “hot spots” of chlorophyll (Calil & Richards, 2010) in Lagrangian coher-
ent eddies and we uncover regional and seasonal differences in the biological signature
of eddy trapping.

2 Materials and Methods

The domain includes 2000-2019 and the region 15-30◦N, 180-230◦. The spatial bounds
reduce the degrees of freedom introduced by large-scale environmental variability from
the ultra-oligotrophic western NPSG, Transition Zone Chlorophyll Front (Glover et al.,
1994), California Current System, and equatorial currents (Figure S2). Moreover, focus-
ing on a small area afforded a comprehensive evaluation of sub-regional and seasonal pat-
terns. We used CMEMS 1/4◦ daily satellite geostrophic current and SLA data for eddy
identification. 8-day average satellite chl-a data were obtained from OC-CCI with a spa-
tial resolution of 4km at the equator (Sathyendranath et al., 2019).

2.1 Eddy Atlases

We used the OceanEddies software to generate an Eulerian eddy atlas from daily
SLA (Faghmous et al., 2015). The algorithm identifies an eddy boundary as the outer-
most closed contour containing a single SLA extremum and tracks features through time.
We required eddies to have a minimum lifetime of 32 days and contain at least twelve
1/4◦ grid cells. The smallest SLA eddy has an area of 8, 048km2 with a radius ≈ 50km,
consistent with the Rossby radius of deformation in the region of interest (Chelton et
al., 1998). We set the eddy disappearance parameter to 3 days to account for noise in
the data and prevent prematurely “killing” an eddy. We reduced the temporal resolu-
tion of the SLA atlas to an 8-day frequency for the ensuing analysis. In total, we tracked
6,846 SLA eddies (52,553 polygons), including 3,322 anticyclones characterized by SLA
maxima and 3,524 cyclones by SLA minima.
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Haller et al. (2016) introduced the Lagrangian Averaged Vorticity Deviation (LAVD),
a measure of the integrated vorticity of a Lagrangian particle over a timescale of inter-
est. An LAVD field is produced by mapping the LAVD for a grid of Lagrangian parti-
cles at their initialization locations. A fluid set in rigid-body rotation is identified as a
closed contour surrounding a local maximum in the LAVD field, referred to as a Rota-
tionally Coherent Lagrangian Vortex (RCLV) (Haller et al., 2016; Tarshish et al., 2018).
Specifically tailored to biogeochemical applications, Jones-Kellett and Follows (in review,
2023) identified and tracked 32-day RCLVs in the NPSG at an 8-day resolution using
backward-in-time particle simulations synchronized with the OC-CCI 8-day chl-a prod-
uct (Figure S3). The atlas follows RCLVs from age 32 days and onward. Here, we ex-
panded the dataset to capture RCLV genesis because young eddies are associated with
biological anomalies (Gaube et al., 2013). To do so, we initialized Lagrangian particles
in 32-day-old RCLVs and tracked them backward-in-time with the OceanParcels soft-
ware (Delandmeter & van Sebille, 2019). At each 8-day “timestep” (ages 24, 16, and 8),
we drew closed contours to encompass the particle set (Figure S4). The atlas contains
11,855 tracked RCLVs (75,445 polygons), including 5,592 anticyclones characterized by
a negative sign of relative vorticity and 6,263 cyclones by a positive sign.

2.2 Chlorophyll Anomalies

We categorized each pixel from the satellite chl-a fields as background (i.e., outside-
eddy) or inside an eddy. Some, though not all SLA eddies overlap with an RCLV, and
vice versa. Thus, the in-eddy pixels are within an SLA eddy, RCLV, or both. We refer
to the pixels inside an SLA eddy boundary but not an RCLV as “SLA excluding RCLV”
(Figure S5). This includes the most dispersive regions of the eddy. The “SLA eddy” cat-
egory includes all pixels within the eddy boundaries irrespective of whether it contains
an RCLV.

The climatological chl-a anomaly is a temporal metric defined

δcclim(x, y, t) = c(x, y, t)− 1

M

M∑
t′=0

c(x, y, t′) (2)

where c(x, y, t) is the chl-a at location (x, y) and time t. 1
M

∑M
t′=0 c(x, y, t

′) describes the
2000-2019 mean chl-a in the month corresponding to the date t (i.e., the monthly cli-
matology; Figure S6). A positive δcclim indicates that chl-a is higher than average for
that location and month. We used δcclim to identify changes in chl-a related to the mesoscale
activity that were distinct from the seasonal cycle.

We define the relative difference in the eddy and background probability density
distributions (PDD) of δcclim as

f(δcclim) =
pE(δcclim)− pB(δcclim)

pB(δcclim)
(3)

where pE(δcclim) is the PDD of the climatological chl-a anomalies in an eddy type and
pB(δcclim) is the PDD of anomalies in the background ocean. f(δcclim) is interpreted
as the likelihood of observing a given chlorophyll anomaly in the eddy type compared
to the background. For example, f(δcclim) > 0 means the value of δcclim is more likely
to be observed in an eddy than outside an eddy.

The local chl-a anomaly is a spatial metric defined

δcloc =
1

Ain

∮
I

c(x, y) dI − 1

Aout

∮
O

c(x, y) dO. (4)

I is the eddy polygon with area Ain and O is the “donut” polygon from the eddy bound-
ary to double the eddy radius with area Aout. Thus,

1
Ain

∮
I
c(x, y) dI is the average chl-

a inside the eddy, and 1
Aout

∮
O
c(x, y) dO is the average in the immediate surroundings
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Figure 1. Probability density distributions (PDD) of the climatological chl-a anomalies

(δcclim; Equation 2) in (a) anticyclones and (c) cyclones from the 1 − 99% quantiles. The dotted

gray lines depict the quantiles of the background distribution, and the dots show the equivalent

quantiles for each eddy category. f(δcclim) is the relative difference in the eddy PDD from the

background PDD (Equation 3) for (b) anticyclones and (d) cyclones.

of the eddy. A positive δcloc indicates that the mean chl-a concentration in the eddy is
higher than surrounding waters.

3 Results

We address the hypothesis that coherent, isolated eddies will maintain anomalous
chl-a longer than their dispersive counterparts. First, we address the cumulative impacts
of eddy trapping. Next, we examine seasonal and sub-regional differences in the biolog-
ical signature of eddy coherency.

3.1 Cumulative Effect of Eddy Trapping

Cumulatively, surface chl-a is higher per unit area in RCLVs than in SLA eddies
for both polarities (Table S1). On average, there is more surface chl-a in anticyclones
than in the background and less in cyclones. Figure 1 shows the probability density dis-
tributions of the chl-a anomaly relative to the local, seasonal climatology (δcclim; Equa-
tion 2) for anticyclones (a) and cyclones (c). The quantiles of the distributions (indicated
by the dots) show a consistent shift toward anomalously high chl-a in RCLVs (Figure
1a,c). An exception is the 99% quantile for anticyclones, which is lower than the back-
ground. This indicates that positive anomalies are more likely to occur in anticyclonic
eddies than in the background (f > 0; Equation 3) except at extremely high δcclim (Fig-
ure 1b). Coherent cyclones have f > 0 for all positive δcclim (Figure 1d). Conversely,
cyclonic SLA eddies have positive anomalies less frequently. 21% of chl-a in anticyclonic
SLA eddies (Table S2) and 23% in cyclonic SLA eddies (Table S3) are also contained within
an RCLV. We isolate the leakiest eddy zones when excluding RCLV-associated contri-
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butions (“SLA excluding RCLVs” in Figure 1). Fewer positive chl-a anomalies are at-
tributed to these zones in both polarities. Eddies are less likely than the background to
have negative chl-a except for low-magnitude anomalies in cyclones.

3.2 Regional and Seasonal Subdomains

We examined the distributions of δcclim seasonally and regionally to explore vari-
ations in how eddy trapping shapes chl-a in the NPSG. We determined mesoscale-driven
subdomains by the eddy polarity probability (P) (Chaigneau et al., 2009), defined

P (x, y) =
FA(x, y)− FC(x, y)

FA(x, y) + FC(x, y)
. (5)

FA(x, y) ( FC(x, y) ) is the number of times the pixel at location (x, y) was inside an an-
ticyclone (cyclone) from 2000-2019. Anticyclonic eddy polarity is more frequent than cy-
clonic when P > 0. Figure 2a depicts the geographic distribution of P for RCLVs, re-
vealing more anticyclonic activity north of 23◦N, cyclonic domination to the southeast
of Hawai‘i, and Lee eddy signatures to the west.

There are distinctive chl-a signatures between northern and southeastern eddies
(Figure 2). In the north, cyclones are less likely than the background to have positive
δcclim in all seasons except the summer. Northern cyclones are more likely to have a neg-
ative δcclim than the background in winter and fall when domain-average chl-a concen-
trations are at the annual maximum (Figure S6, S7). According to Equation 1, a decrease
in chl-a concentration (Bin) may occur when µBin < Ψ(Bin−Bout). In an RCLV where
Ψ is minimized, it is likely that a low population growth rate, µ, results in lower chl-a.
For example, low nutrient supply rates may decrease growth rates, mortality may increase,
or the cellular chlorophyll-to-carbon ratio can decrease due to increased light availabil-
ity (Geider, 1987; MacIntyre et al., 2000). Northern anticyclones exhibit nearly oppo-
site signatures than cyclones, with f > 0 for positive δcclim (except for extreme anoma-
lies) in fall and winter. Anticyclonic RCLVs (and not SLA eddies) are likelier to have
a negative chl-a anomaly relative to the summer and fall background. Leaky anticyclones
uniquely have f > 0 for highly positive δcclim in the summer when mixing with sur-
rounding chl-a elevated waters (high Ψ and high Bout) may increase concentrations in-
side SLA anticyclones.

In the southeast province, the distributions of δcclim in cyclones are inordinately
different from that of the north. All types of cyclones have f < 0 for negative δcclim
year-round, suggesting cyclones in this region enhance chl-a. In the fall and winter, cy-
clonic RCLVs are likelier to have a positive δcclim than the background and SLA eddies.
Because the chl-a signatures of cyclonic SLA eddies excluding RCLVs are like the back-
ground, positive anomalies in cyclonic SLA eddies are mostly contained within nested
RCLVs. Thus, eddy trapping plays a significant role in the elevated chl-a in cyclones of
the southeast province. Anticyclones in the southeast have f > 0 for low magnitude
positive δcclim in the winter and spring. The distributions of δcclim differ between RCLVs
and SLA anticyclones during these seasons, suggesting that eddy trapping plays a dis-
tinctive role. Anticyclones are more likely than the background to host negative δcclim
in the fall. Anticyclones are less prevalent in the southeast province, so these observa-
tions play a small role in the cumulative effect in the gyre.

In summary, there are latitudinal biophysical differences within the NPSG. Anti-
cyclones have high chl-a anomalies in the north during fall and winter and eddy trap-
ping plays a minimal role in altering chl-a concentrations. In the southeast, cyclones fos-
ter high chl-a in fall and winter and chl-a is significantly higher in Lagrangian coherent
vortices than in Eulerian eddies.
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Figure 2. (a) RCLV polarity probability. Red (blue) indicates that anticyclones (cyclones)

are more common at the location. The black lines delineate mesoscale-driven provinces. (b-i)

The relative difference in the probability density distribution of the climatological chl-a anomaly

from the background (f (δcclim)) for each eddy type. Each row corresponds with a season (win-

ter includes December to February). Figures S8 and S9 show the underlying probability density

distributions.
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Figure 3. (a) Schematic of the currents that sustain the Hawaiian Lee eddies. The region

dominated by cyclones (anticyclones) is blue (red). Two RCLV boundaries plotted every 16 days

show the common propagation pathways westward from the islands. (b-f) The relative differ-

ence in probability density distributions of the climatological chl-a anomaly from the background

(f (δcclim)). Note that the y-axis differs from Figure 2 to accommodate larger values. Figure S10

depicts the underlying probability density distributions. Panel (c) includes the same information

as (b) with a different y-axis to expose the curves.
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3.3 Hawaiian Lee Eddies

The “Hawaiian Lee eddies” are large, long-lived features formed in the Lee of the
Hawaiian Islands (Figure 3a). The shear instability between the eastward-flowing Hawai-
ian Lee Countercurrent and the westward-flowing North Equatorial Current generates
anticyclones (Calil et al., 2008; Yoshida et al., 2010; Y. Liu et al., 2012). A wind stress
curl anomaly associated with blocking trade winds by the islands produces cyclones (Lumpkin,
1998; Yoshida et al., 2010). The Hawaiian Lee Countercurrent to the south and the westward-
flowing Hawaiian Lee Current to the north sustain the cyclonic vorticity.

RCLVs and SLA eddies of both polarities have f > 0 for positive δcclim year-round
(Figure 3b-f). Trapping also plays a significant role in the chl-a signature of the Hawai-
ian Lee eddies. RCLVs have more positive chl-a anomalies than SLA eddies and the back-
ground ocean. We found a similar chl-a response to cyclonic and anticyclonic RCLVs in
the summer and fall. However, anticyclones are more likely to have positive anomalies
than cyclones in the winter and spring. Even the leakiest anticyclonic features (i.e., SLA
excluding RCLVs) host positive δcclim during these seasons. In the winter, anticyclonic
RCLVs can be up to 15 times more likely than the background to have a positive δcclim,
whereas cyclonic RCLVs are up to 2 times as likely.

3.4 Chlorophyll Evolution of Long-lived Eddies

The Lagrangian eddy atlas enables the examination of chl-a patches as they evolve
through time in quasi-isolated systems. Accordingly, we analyzed the in-eddy chl-a anomaly
compared to the immediate surroundings, δcloc (Equation 4), as a function of age for 245
RCLVs (109 anticyclones, 136 cyclones; Figure 4) that maintained coherency for 150 or
more days. Figure S11 illustrates the westward propagation of these features. The mag-
nitudes of δcloc complement the results of Sections 3.2 and 3.3. For example, RCLVs in
the north minimally alter chl-a compared to their surroundings except for wintertime
anticyclones. In that case, the largest anomalies occur early in the lifetime. Cyclonic RCLVs
foster heightened chl-a that declines with eddy age in the winter and fall in the south-
east. Hawaiian Lee RCLVs dramatically localize chl-a, and this is the only domain where
RCLVs have increasing δcloc with eddy age. The results show that there is not a uni-
form slope of change in chl-a as a function of eddy age. Rather, chl-a evolves in coher-
ent eddies depending on the region, season, and eddy polarity.

We apply the model of chl-a concentrations in eddies (Equation 1) to interpret the
rate of change in δcloc with RCLV age such that

d

dt
(δcloc) =

dBin

dt
− dBout

dt
. (6)

Consider the case where µ is equivalent in and out of the eddy. This is likeliest to oc-
cur toward the end of an eddy’s life when the effects of eddy pumping and Ekman pump-
ing are reduced (Huang et al., 2017). The change in chl-a concentration outside of the
eddy is

dBout

dt
= µBout +Ψ

(
Ain

Aout

)
(Bin −Bout). (7)

Substituting Equations 1 and 7 into Equation 6,

d

dt
(δcloc) = (µ− 4

3
Ψ)(Bin −Bout) (8)

for a circular eddy (Ain = πr2). Equation 8 suggests that a larger Ψ (i.e., a leakier bound-
ary) will cause elevated chl-a in an eddy to dilute more rapidly (Text S1). A positive
d
dt (δcloc) is sustained when µ > 4Ψ

3 and Bin > Bout. Since chl-a is anomalously high
in Hawaiian Lee RCLVs, these features are most likely to meet both of these conditions,
as exhibited in Figure 4. In most cases, however, an eddy-associated chl-a anomaly will
decay via lateral dilution without sustained growth and low death rates.
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Figure 4. Local chl-a anomalies (δcloc) in RCLVs with lifespans of 150+ days. Each column

corresponds to a mesoscale-driven province and each row with the season. Cyclonic (anticyclonic)

eddies are in blue (red). The solid lines show the median δcloc by RCLV age, and the shaded

areas are the ranges of the 25% to 75% quantiles.

4 Discussion

Harnessing the temporal and spatial coverage of satellite observations, we measured
the effects of mesoscale eddy trapping on chl-a concentrations in the NPSG. We com-
pared Lagrangian (RCLV) and Eulerian (SLA) eddy atlases to distinguish signatures of
chl-a in coherent eddies, dispersive eddies, and the background. Positive climatological
chl-a anomalies are observed more in RCLVs than in SLA eddies or outside-eddy wa-
ters of the NPSG (Figure 1). However, trapping does not significantly shape the biolog-
ical response to eddies everywhere. In northern latitudes (> 23◦N), the chl-a signatures
of coherent and leaky eddies are nearly indistinguishable (Figure 2). On the other hand,
eddy trapping enhances chl-a signatures in the southeast (< 23◦N) to varying amounts
that depend on season and polarity. The response to coherency is strongest overall in
the Hawaiian Lee eddies, where chl-a is enhanced year-round in RCLVs (Figure 3). The
region and season also affect the slope of the chl-a anomaly as a function of the eddy age,
which can be positive, negative, or constant (Figure 4).

Chl-a in the NPSG is more highly concentrated on average in anticyclonic RCLVs
and SLA eddies than in cyclones and the background ocean (Table S1). In contrast, He
et al. (2022) found anomalously high chlorophyll in Lagrangian coherent cyclones and
low chlorophyll in anticyclones of the Northwest Pacific. Their results reflect particu-
lar biological signatures of warm and cold-core rings formed in the Kuroshio Current that
translate into the gyre. Localized eddy features in the central gyre are far from such strong
environmental gradients. In our study, we note that anticyclones are over-represented
in the north (Table S2), the largest province within the domain, where they tend to el-
evate chl-a. Table S3 shows that cyclones are highly present in both the north and south-
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east provinces, where chl-a anomalies in cyclones can be opposing. Our findings empha-
size the complexity in the regional variations of the chl-a response to eddies of different
polarities (Gaube et al., 2014). We also show definitive regional variations in the rela-
tionships of chl-a with eddy trapping.

A broad interpretation of the changes in chl-a at the mesoscale remains enigmatic.
While Dufois et al. (2016) suggests that phytoplankton in subtropical gyre anticyclones
are more productive in winter, others argue that changes in the chlorophyll-to-carbon
ratio due to photoacclimation drive the signature (He et al., 2021). However, higher fish
catch occurs in anticyclones compared to cyclones around the Hawaiian Islands (Arostegui
et al., 2022), which may suggest that increased phytoplankton productivity supports higher
trophic levels. Changes in chl-a may also indicate a change in community structure. Waga
et al. (2019) used a size structure ocean color algorithm to infer that anticyclones in sub-
tropical gyres support larger phytoplankton cells than cyclonic eddies. Eddy trapping
may act to further alter community structure by separating populations and sheltering
them from competition (Bracco et al., 2000). Interpreting whether the underlying phy-
toplankton communities differ in RCLVs and SLA eddies would require targeted in situ
observations that could provide valuable insight into the observed relationships between
eddies and chl-a.

Although satellites are the only ocean observing systems that obtain nearly full spa-
tial coverage within days, a fundamental limitation is the restriction to the surface. The
biological response to eddies at depth may differ from the surface signature (Huang &
Xu, 2018; Zhao et al., 2021). Eddies affect subsurface chl-a in the NPSG by altering the
depth of the deep chlorophyll maximum (Gaube et al., 2019; Xiu & Chai, 2020) and the
vertical community structure (Olaizola et al., 1993; Brown et al., 2008; Fong et al., 2008;
Barone et al., 2019). Here we focused on lateral biophysical interactions, but vertical mix-
ing tied to the wind stress, heat exchange, and changes in the mixed layer depth will also
influence the surface chl-a concentration (Gaube et al., 2013; McGillicuddy Jr, 2016).
Moreover, the size of Lagrangian coherent boundaries may differ with depth (Nencioli
et al., 2008; Ntaganou et al., 2023). Another limitation of satellite chl-a observations is
missing data from cloud coverage including storms that can stimulate phytoplankton blooms
in eddies (X. Liu et al., 2009; Shang et al., 2015; Villar et al., 2015; Chacko, 2017; Mikaelyan
et al., 2020). Some of these limitations may be overcome by co-locating the bounds of
RCLVs with autonomous vehicles and targeted shipboard observations of eddies, a promis-
ing avenue of future exploration.

Phytoplankton have a complex relationship with mesoscale eddy activity and re-
spond depending on the polarity, trapping strength, location, season, and eddy age. By
tracking Lagrangian coherent eddy boundaries from two decades of data in the NPSG,
we show that eddy trapping can locally intensify chl-a. On the other hand, phytoplank-
ton blooms generated inside SLA eddies may be quickly laterally advected and thus miss
being associated with features once they leave the Eulerian bounds. It is important to
consider dispersive eddy-associated perturbations since vertical mixing associated with
submesoscale filaments stimulates primary production on eddy edges (Mahadevan, 2016;
Guo et al., 2019) and lateral dilution of a chl-a patch can enhance the anomaly (Ser-Giacomi
et al., 2023; Lehahn et al., 2017). We encourage future studies to employ Lagrangian met-
rics of coherency to support interpretations of biophysical interactions in eddies.

Open Research Section

This study has been conducted using E.U. Copernicus Marine Service Information,
namely the Level 4, 1/4◦ SLA and geostrophic velocity gridded global ocean dataset (Ver-
sion 008 047) distributed at https://doi.org/10.48670/moi-00148. 8-day average chl-
a is produced by OC-CCI (Version 6.0 used here) and distributed by the European Space
Agency at https://www.oceancolour.org/ (Sathyendranath et al., 2019). The OceanEd-

–11–



manuscript submitted to Geophysical Research Letters

dies MATLAB software that detects and tracks Eulerian SLA eddy contours is available
at https://github.com/ifrenger/OceanEddies (Faghmous et al., 2015). The Ocean-
Parcels v2.0 Python package used to run Lagrangian particle simulations is available at
https://oceanparcels.org/index.html (Delandmeter & van Sebille, 2019). All fig-
ures were created with Matplotlib 3.3.4 (Caswell et al., 2021; Hunter, 2007), available
under the Matplotlib license at https://matplotlib.org/.

The Python software developed for this study is available at https://github.com/
lexi-jones/RCLVatlas (Jones-Kellett, 2023b). The code includes a pipeline to run Ocean-
Parcels on Copernicus data, a custom kernel to calculate the relative vorticity along par-
ticle trajectories, and an RCLV tracking algorithm. The Jupyter notebook script https://
github.com/lexi-jones/RCLVatlas/blob/main/example usage.ipynb includes an ex-
ample usage code for the software. The NPSG RCLV dataset is publicly available, dis-
tributed by Simons CMAP at https://simonscmap.com/catalog/datasets/RCLV atlas

(Jones-Kellett, 2023a).
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Acronyms

Chl-a Chlorophyll-a

CMEMS Copernicus Marine Service

LAVD Lagrangian Averaged Vorticity Deviation

NPSG North Pacific Subtropical Gyre

OC-CCI Ocean Color Climate Change Initiative

PDD Probability Density Distribution

RCLV Rotationally Coherent Lagrangian Vortex

SLA Sea Level Anomaly
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Table S1. Cumulative contributions to chl-a from 2000-2019 8-day averagesa

Chl-a Fraction of Area Fraction of 1∑
i
Ai

∑
i Chli · Ai

(mg ·m−3) Domain Chl-a (km2) Domain Area (mg ·m−3)
Domain 23,035,545 100% 6,790,256,191 100% 0.0671
Outside-eddy 19,083,498 82.880% 5,613,465,829 82.669% 0.0671
Anti RCLV 620,088 2.692% 181,066,346 2.667% 0.0678
Anti SLA 1,656,661 7.192% 487,216,799 7.175% 0.0672
Cyc RCLV 711,649 3.089% 214,517,840 3.159% 0.0661
Cyc SLA 1,711,740 7.431% 516,342,064 7.604% 0.0659

a Does not include area covered by clouds where chl-a is unknown.

Table S2. Number of pixels with available chl-a in each anticyclonic feature type.a

Anti SLA Anti RCLV Anti SLA % of Anti SLA
excluding RCLVs data in RCLVs

Full Domain (all seasons) 24,611,335 9,145,426 19,472,926 20.88%
North Winter 2,573,257 888,074 2,154,500 16.27%
North Spring 2,989,498 1,233,772 2,297,869 23.14%
North Summer 3,537,936 1,482,487 2,675,426 24.38%
North Fall 3,035,172 1,059,554 2,498,944 17.67%
Southeast Winter 1,314,247 411,546 1,115,867 15.09%
Southeast Spring 1,374,094 456,698 1,120,926 18.42%
Southeast Summer 1,925,764 644,587 1,511,821 21.50%
Southeast Fall 1,658,451 544,226 1,356,411 18.21%
Lee Winter 1,599,300 639,110 1,218,971 23.78%
Lee Spring 1,347,659 522,509 1,055,755 21.66%
Lee Summer 1,648,147 636,421 1,249,902 24.16%
Lee Fall 1,607,810 626,442 1,216,534 24.34%
a Does not include area covered by clouds where chl-a is unknown.

Table S3. Number of pixels with available chl-a in each cyclonic feature type.a

Cyc SLA Cyc RCLV Cyc SLA % of Cyc SLA
excluding RCLVs data in RCLVs

Full Domain (all seasons) 25,960,826 10,758,238 19,943,322 23.18%
North Winter 2,369,956 784,780 2,015,018 14.98%
North Spring 2,438,519 1,036,121 1,986,213 18.55%
North Summer 3,257,596 1,247,902 2,604,223 20.06%
North Fall 2,678,662 895,421 2,263,668 15.49%
Southeast Winter 2,055,452 957,498 1,474,531 28.26%
Southeast Spring 2,072,384 977,892 1,434,013 30.80%
Southeast Summer 2,451,786 1,265,777 1,608,160 34.41%
Southeast Fall 2,057,854 1,046,325 1,441,224 29.96%
Lee Winter 1,383,511 519,921 1,105,519 20.09%
Lee Spring 1,607,596 709,743 1,185,369 26.26%
Lee Summer 1,981,864 772,515 1,499,457 24.34%
Lee Fall 1,605,646 544,343 1,325,927 17.42%
a Does not include area covered by clouds where chl-a is unknown.
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Figure S1. Schematic of the “hot spot” hypothesis. Here a jar is a metaphor for

a perfect Rotationally Coherent Lagrangian Vortex (RCLV) where there is no exchange

between the eddy and surrounding waters. a) The eddy spins up, and an initial phy-

toplankton population is trapped in the eddy. b) A phytoplankton bloom may occur

in response to an environmental perturbation and is subsequently trapped and localized

within the eddy bounds. c) A bloom decay or negative biological response would also be

trapped in the vortex due to dilution limitation. d) When the eddy loses coherency, the

in-eddy population mixes and interacts with the outside-eddy population.
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Figure S2. Average surface satellite chl-a from 2010-2020 in the North Pacific. The

solid black box delineates the domain of this study.

Figure S3. Temporal alignment between 32-day backward-in-time Lagrangian trajec-

tories, RCLV detection, and the 8-day average OC-CCI observations. The blue colors

match the RCLV detection dates and the collocated chlorophyll-a 8-day averages.

Figure S4. The [Jones-Kellett and Follows 2023] dataset tracked RCLVs forward in

time starting with age 32 (date 09/22), shown in black. To simulate the RCLV genesis,

we tracked Lagrangian particles contained with 32-day-old RCLVs backward-in-time. The

green contours were drawn around the particle sets to represent the RCLV boundaries at

ages 24 (09/14), 16 (09/06), and 8 days old (08/29).
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Figure S5. An eddy on October 24th, 2019, with boundaries overlaid on the a) SLA and

b) LAVD fields. The black dotted line represents the SLA eddy boundary, and the black

solid line is the RCLV boundary. c) Initialization of the Lagrangian particles contained

inside the SLA (gray and black) and RCLV (black) boundaries on October 24th, 2019. In

this study, the gray particles are categorized as “SLA excluding RCLV”. d) The particle

locations after advection 16 days backward-in-time and e) 32 days backward-in-time.
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Figure S6. Monthly mean chl-a derived from 2000-2019 OC-CCI 8-day averages.
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Figure S7. Monthly mean chl-a by province, calculated from 2000-2019 OC-CCI 8-day

averages.

Figure S8. Probability density distributions of the climatological chl-a anomaly for

anticyclonic eddies in the north and southeast provinces. The vertical dotted gray lines

depict the quantiles of the distribution of the background for that province and season,

and the dots show the equivalent quantiles for each eddy category.
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Figure S9. Same as Figure S8 but for cyclonic eddies.
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Figure S10. Same as Figure S8 and S9 but for the Hawaiian lee eddies.
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Figure S11. Trajectories of the eddy centers for long-lived (150+ day) RCLVs from

2000-2019. The cyclonic trajectories are in blue and the anticyclonic trajectories are in

red. The dots and stars show the location of the eddy genesis, where the stars are color-

coded by the birth season. The black lines show the boundaries of the mesoscale provinces

used for the analysis in this study.
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Figure S12. Solutions for Equation 8 of the main text. The top panel varies µ while

holding Ψ constant, and the bottom varies Ψ while holding µ constant.

Text S1.

Equation 8 in the main text is a linear, 1st-order differential equation with the solution

δcloc(t) = δcloc(0)e
(µin− 4

3
Ψ)t (1)

where cloc(0) is the initialization time. In Figure S12, we tested this model by holding

the lateral exchange rate Ψ constant and varying the biological rate of change µ, and

vice versa. We find that both a high µ and a low Ψ is needed in order to have an

increase in cloc with time.
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