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higher trophic predators [8—13], highlighting their
significant roles in the marine ecosystem and biogeo-
chemical cycling.

The satellite-derived chlorophyll (Chl) concentra-
tion is widely used as a proxy for phytoplankton bio-
mass in the global ocean [14, 15]. Numerous stud-
ies have shown higher Chl associated with cyclonic
eddies (CEs) than anticyclonic eddies (AEs) [9, 16,
17]. Oppositely, AEs were observed with enhanced
Chl concentration in the subtropical oceans [2, 16,
18-20], as well as the Southern Ocean [21-23]. This
phenomenon has been widely discussed, whether it
is due to eddy modulation stimulating phytoplank-
ton growth [19, 20, 24] or phytoplankton increasing
their intracellular pigments in response to dynamic
modulations [18, 25], so-called photoacclimation.
The former can either be caused by eddy-induced
upwelling or deeper mixing that increases nutrient
levels, while the latter results from eddy downwelling,
which decreases light availability. Based on a numer-
ical model, Dufois et al revealed that deeper mixing
of winter AEs facility nutrients in the upper ocean,
thus leading AEs to be more productive than CEs [19].
Gaube et al pointed out that the eddy-induced Ekman
upwelling is partly responsible for sustaining positive
Chl anomalies in AEs of the South Indian Ocean [20].
Rohr et al pointed out that iron availability is elevated
in AEs of Southern Ocean, both due to their eddy-
induced Ekman pumping and deeper mixing [26].
Conversely, He et al explained the enhanced Chl in
subtropical AEs by photoacclimation to the low-light
environment caused by deeper mixing [18].

The complexity of eddy mechanisms poses chal-
lenges in exploring their influences on phytoplank-
ton, solely through satellite-observed Chl. In such
cases, sea surface temperature (SST) serves as a
dynamic tracer, offering signals modulated by eddy
mechanisms. SST has been utilized for identifying
normal/abnormal mesoscale eddies [27-29], estim-
ating eddy heat transportation [30, 31], and explor-
ing eddy air-sea interactions [4, 32], suggesting their
close connection with eddy dynamics. Joint obser-
vations of SST and Chl have been employed to
establish multi-observation eddy datasets and multi-
parameter index for eddy tracking [33, 34]. They
have also been applied to investigate shelf-open
sea exchange in individual eddies [35]. Dawson
et al discussed the seasonal and geographical vari-
abilities in the eddy-induced physical and bio-
logical characteristics, focusing exclusively on the
Southern Ocean [23]. To the best of our know-
ledge, there are few studies applying collaborat-
ive observations of surface Chl and SST to explore
eddy dynamics and their associated phytoplankton
response. This approach provides insight into explor-
ing and modeling the impact of eddies in marine
ecosystems.
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Mesoscale eddies can influence the marine envir-
onment via horizontal and vertical dynamical mech-
anisms (figure S2). Horizontally, (1) eddies stir sur-
face Chl through azimuthal advection, leading to
dipole patterns of chlorophyll anomalies (CHLA) and
sea surface temperature anomalies (SSTA) along the
eddy peripheries [36, 37]. (2) Eddies trap surface
heat, Chl and nutrients during their formation, and
maintain them over their lifetime, making the SSTA
and CHLA monopoles [16, 38]. Vertically, (3) CEs
induce upwelling, causing positive CHLA and negat-
ive SSTA signals. In contrast, AEs cause downwelling,
a mechanism known as eddy pumping [8, 9], which
only functions during eddy formation and intensific-
ation. (4) The relative motion between surface air and
currents generates sustained Ekman upwelling and
downwelling in the cores of AEs and CEs through-
out their lifetimes, known as eddy-induced Ekman
pumping [39, 40]. This mechanism can induce sur-
face signals opposite to eddy pumping, with negative
CHLA and positive SSTA within CEs. It slowly atten-
uates the eddy but coexists with the upwelling/down-
welling induced by eddy pumping. (5) Eddies can
modulate the mixed layer depths (MLD) by deform-
ing isopycnals, which in turn influences the availab-
ility of light and nutrients for phytoplankton growth
[41]. This modulation can be driven by eddy pump-
ing and sustained by the rotating eddies, resulting
in deeper MLD within AEs and shallower MLDs
within CEs. From a biological perspective, eddy-
induced upward motion transports nutrients into the
euphotic zone and increases light availability, thereby
promoting phytoplankton growth. Conversely, eddy-
induced downward motion can inhibit phytoplank-
ton growth by reducing nutrient and light levels.
However, in oligotrophic regions, the enhanced mix-
ing associated with downwelling can elevate nutrient
concentrations within the mixed layer, thereby stim-
ulating phytoplankton growth.

Our study primarily analyzes the collaborative
signals of eddy-affected SST and Chl to investig-
ate eddy dynamical-biological mechanisms, with a
focus on the North Atlantic Ocean. The region is
ideal for marine biological studies, benefiting from
the accumulated Argo floats and the zooplankton
observations of the Continuous Plankton Recorder
project, which are used in a subsequent paper
addressing eddies’ effect on zooplankton. The North
Atlantic is also one of the regions most affected by
ocean warming [42]. Clarifying its eddy dynamical-
biological processes is of fundamental importance for
future marine ecosystem investigations.

2. Data and method

Section 2 provides details about the satellite data and
Argo floats used in this study, as well as the data
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Figure 1. Geographical distribution of satellite-observed SST and log-Chl characteristics in the North Atlantic from 01/01/1998 to
31/12/2018. Panels (a) and (b) represent the climatology of SST and Chl, respectively. Panels (c) and (d) show SSTA and CHLA of
AEs minus CEs, based on observations within eddy boundaries. The processing of SSTA and CHLA is detailed in section 2.3.2.

processing and analyzing methods. A sketch map
illustrating the major steps of the data processing is
presented in figure S3.

2.1. Study area definition

The distribution of SST in the North Atlantic
decreases with increased latitude, displaying a
primary gradient direction from northeast to south-
west (figure 1(a)). The Chl in the North Atlantic
is characterized by a circulatory pattern, with low
concentrations in the centre of the subtropical gyre
(figure 1(b)). Relatively, the mid-latitude surface
is marked by high Chl levels, with phytoplankton
growth in the deeper waters being controlled by the
availability of sunlight [43].

To explore the eddy dynamical and biological
influences, we focus on two sub-regions of the North
Atlantic according to eddy-induced SSTA and CHLA.
Figures 1(c) and (d) show SSTA and CHLA derived
from AEs minus CEs. We identify two broad regions
(shown by black lines) for analysis and comparison.
The mid-latitude region (from 40° N to 55° N) has
high eddy kinetic energy (EKE) and contains Gulf
Stream eddies and the North Atlantic Current, and it
is well-mixed in winter. In contrast, the subtropical
region (from 12° N to 28° N) is relatively quiescent
and permanently stratified with a deep Chl maximum
[44].

2.2. Eddy tracking, identifying and matching with
observations

The sea level anomaly (SLA) data utilized in this
study are derived from multiple altimeter missions
including TOPEX/Poseidon, ERS-1/2, Envisat, Jason-
1/2/3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat2,

and GFO, as released by AVISO [45]. The daily ‘all-
satellite’ SLA dataset is provided on a 0.25° longit-
ude x latitude grid, making full use of all the available
altimeters while also providing additional informa-
tion. To align with Chl products, the all-satellite SLA
from 01/01/1998 to 31/12/2018 were employed to
produce the eddy dataset. The AVISO two-satellite
product is based solely on missions flying on the 10 d
and 35 d (or 27 d) sampling patterns (see figure 1 of
Quartly et al [46]) to provide homogeneous spatial
coverage throughout the analysis period, and is util-
ized to verify the consistency of the ‘all-satellite’ eddy
tracking.

Based on the improved eddy identifying and
tracking methods developed by Tian et al [47], an
eddy dataset of the North Atlantic has been created.
For the eddy identification, a high-pass filter was ini-
tially applied to global SLA data using a half-power
Gaussian filter to effectively identify eddy seed points,
which are local maxima or minima. Subsequently,
SLA contours were computed at 0.25 cm intervals.
The closed SLA contour with the maximum average
geostrophic current speed was defined as the eddy
boundary and was required to contain no more than
one eddy seed. When tracking was performed, for
each eddy identified on Day-1, eddies from the next
day occurring within a radius of 0.5° from the Day-
1 eddy centroid were considered. If multiple Day-
2 eddies fall into the search range, the target eddy
was determined based on a set of similarity para-
meters, including kinetic energy, distance, amplitude,
and area of the eddy.

To mitigate imperfections in the detection and
tracking procedure and ensure the eddy qualities,
only robust eddies with lifetimes longer than 30 d
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were retained for further analysis [48]. The appar-
ently low occurrence of eddies in the Gulf Stream
is due to the fact that most of its eddies have life-
times shorter than 30 d (figure 6(c) of Chen and Han
[49]). Additionally, eddy boundaries were required
to include more than 8 SLA grid points, with amp-
litudes larger than 1 cm and water depths deeper than
1000 m.

The selected mesoscale eddies were matched with
in-situ or gridded observations. The relative radius
(Rr) of each observation associated with an eddy
snapshot ranges from 0 when it coincides with the
eddy centroid to 2 when it is twice the irregular
eddy boundary. The azimuth () from the eddy-
centroid to the observation direction was also calcu-
lated. Therefore, the position of an observation relat-
ive to an eddy snapshot can be described by its polar
coordinates (Rr, 6).

2.3. Satellite products and composite analyzes
2.3.1. Satellite data

The multi-satellite merged Chl product from
01/01/1998 to 31/12/2018 was generated by Plymouth
Marine Laboratory as a part of the Ocean Colour
CCI programme [50], funded by the European Space
Agency. We utilized v5.0 data, which comprise daily
composites from merged sensor products (MERIS,
MODIS-Aqua, SeaWiFS, VIIRS) with a spatial resol-
ution of 4 km.

The 0.25° daily optimally interpolated sea surface
temperature (OI-SST) product version 2.0, utilizing
AVHRR, is distributed by NOAA Physical Sciences
Laboratory to provide SST from 01/01/1998 to
31/12/2018. It has been employed to explore dynamic
effects related to eddies near the ocean surface.

2.3.2. Data anomalies

To mitigate the impact of gaps resulting from clouds
and short-term variability, satellite observations of
Chl and SST were subject to temporal and spatial fil-
tering. This process also discerns the Chl response
to eddies in comparison to water areas outside the
eddies. Anomalies in Chl and SST were subsequently
derived through the following methods:

(1) The Chl observations were fitted on a
0.25° x 0.25° grid and base 10 logarithm-
transformed (log-Chl) due to their tendency
to exhibit a log-normal distribution [36, 51].

(2) The Chl and SST time series for each location
was running averaged with an 18 d window to
attenuate variability shorter than 30 d [36]. The
adoption of an 18 d window size proved to be
effective in minimizing data gaps (see details
in Supporting Information text S1). Following
Chelton et al [36], the time series were then high-
pass filtered to attenuate variability with periods
longer than 400 d (1 yr and 1 month).
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(3) The time-filtered fields underwent additional
spatial processing, specifically a high-pass filter
removing wavelength scale larger than 6° x 6°
(longitude x latitude). This procedure was
applied to generate anomaly fields. The gener-
ated anomalies of log-Chl will be referred to as
CHLA, and anomalies of SST will be referred to
as SSTA in subsequent discussions.

2.3.3. Eddy-centric composite analyses

Observations within two times eddy boundaries are
composited to show eddy-affected spatial patterns.
The eddy-centric composite analyses, based on spa-
tially filtered fields, involve the following steps:

(1) For each daily eddy snapshot, a standard array
with 21 rows and 21 columns was established.
The centre of the standard array represents the
eddy centroid, and the polar coordinates (Rr, 6)
of each grid can be determined:

) ER{(L) (i)}

Rr(i,j 0 i,j=0,1,2...20)
(1)

0 = Az{(i,j) , (io,jo) } (i,j = 0,1,2...20)
(2)

where iy = 10, jo = 10. ER represents Euclidean
distance, and Az represents the azimuth coordin-
ate from (ip, jo) to (3, j).

(2) The observations within two times eddy bound-
aries were assigned to standard arrays according
to polar coordinates (Rr, #). Those points within
Rr =2 had a 3 x 3 moving average filter applied
to reduce gaps.

(3) For eddy composites, all eddy snapshots were
aligned within a translating and rotating frame
of reference, determined by the orientation of
the large-scale Chl or SST gradient. The large-
scale fields were defined as 14 times the eddy
radii from the monthly climatology. The ambi-
ent gradient vector was rotated to align the large-
scale gradient vector from south to north.

(4) The standard arrays were aggregated and
averaged according to eddy polarity, regions,
months, EKE, and other relevant factors to gen-
erate the final composite results.

2.3.4. Decomposition of CHLA/SSTA composites

To analyze the influence of various eddy mechanisms
on SSTA and CHLA, their composites were decom-
posed into dipole (Tp) and monopole (T);) compon-
ents. Following the approach outlined by [21, 52], the
T of the eddy composites were derived by averaging
composites (T¢):

Ta (Rr) = Tc (Rr) (3)
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where Rr represents radial coordinate ranging from 0
to 2. Then, the Tp of SSTA/CHLA can be obtained:

Tp (Rr70) =Tc (Rr70) —Tum (RI',H) : (4)

2.3.5. The structure index and explained variance

The structure index (a) used by Lv et al [5] is
introduced to evaluate pattern similarities between
eddy composites and their components. The
index ayp; and ap of the monopole and Tp are
defined by:

ay =PC(Ty (Rr,0),Tc(Rr,0)) (5a)
Qap :PC(TD (Rr,@),TC(Rr,G)) (Sb)

where PC indicates the calculation of the Pearson cor-
relation coefficient; T¢ indicates the composite field;
Tp and Ty represent the dipole and Ty of T¢; (Rr, )
represents polar coordinates of T, Ty and Tp, with
Rr ranging from 0 to 2. Besides structure index «,
the explained variance (EV) indicator is introduced to
quantify the contributions of Ty and Tp to the eddy
composites [21]. For Ty, the EV is defined:

N = Z?:l (xi — N)z
n
AM

" it

(6)

EV x 100%. (7)

Equation (6) calculates the variance A, where x
represents observations, y is the expectation, and n
indicates the number of observations. In equation (7),
Am and Ap indicate the variance of Ty, and Tp
respectively.

2.4. Core Argo data and processing

The Argo project is responsible for the deployment
of thousands of autonomous profiling floats in the
global ocean. Within the Core Argo program, floats
return sea temperature (ST) and salinity profiles from
the surface to a depth of 2000 m every 10 d. The pro-
gram has successfully reached and maintained the tar-
get of 3000 operating floats since late 2007.

When processing temperature profiles, a mov-
ing median filter (with a window size of 5) was
employed to eliminate noisy spikes. The profiles were
subsequently linearly interpolated with a vertical res-
olution of 5 m. Then, the ST profiles are aggregated
monthly onto a 2° x 2° grid to generate local mean
profiles, The sea temperature anomalies for each pro-
file were derived by referencing these mean profiles.

Holte et al [53] produced a database of MLD
derived from Argo floats; in our analysis, we use the
MLD calculated according to a density threshold rel-
ative to surface waters. The MLD dataset is well-
sampled, comprising 62 122 observations collected
within eddies from 1998 to 2018. To derive MLD
anomalies (MLDA), the monthly climatology was
subtracted from each 2° x 2° grid cell.
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Figure 2. The composite of near-surface CHLA (upper
rows) and SSTA (lower rows) affected by eddies of the
subtropical North Atlantic, for the period
01/01/1998-31/12/2018. The inner and outer circles
indicate one and two-times normalized eddy boundaries.
The composite patterns are decomposed into monopole
and dipole components, and I, II, III and IV indicate
quadrants.

3. Result and discussion

3.1. Composite structures of eddy-induced SSTA
and CHLA

Through an analysis of a satellite-derived eddy dataset
spanning 21 yr, along with SST and Chl observations,
we were able to monitor thousands of eddies in the
North Atlantic. The composite patterns of their asso-
ciated CHLA and SSTA are depicted in figure 2 (sub-
tropical) and figure 3 (mid-latitude) respectively.

The subtropical eddies exhibit dipole patterns
both in CHLA and SSTA (figures 2(a), (b), (g) and
(h)). In contrast, mid-latitude eddies exhibit shifted
monopole patterns (figures 3(a), (b), (g) and (h)).
The patterns of these observed composites suggest
that they are comprehensively affected by various
eddy mechanisms.

The CHLA and SSTA composites were decom-
posed using the method outlined in section 2.3.4.
The Ty and Tp are depicted in the second and
third columns for subtropical eddies in figure 2,
and for mid-latitude eddies in figure 3. With regard
to the polarity of component signals, Tp of CHLA
and SSTA exhibit similarities. The negative values
of AEs (CEs) are observed in the II (I) quadrants,
and positive (negative) poles of AEs (CEs) appear in
the IV (III) quadrants. These patterns are determ-
ined by directions of background gradients and eddy
rotation, with similar effects on surface SST and
Chl, consistent with eddy stirring as the dominant
process.
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Figure 6. Scatter diagrams of eddy-induced MLDA versus CHLA of various seasons. Colors represent the density of observations.
The linear fits were overlaid, with k and p representing their slope and significance. DJF, MAM, JJA and SON represent winter,
spring, summer and autumn respectively. Only data within boundaries (Rr < 1) of AEs and CEs were utilized.

to phytoplankton growth, in agreement with Dufois
et al [19]. Meanwhile, it can be inferred that dur-
ing spring, summer, and autumn when MLD val-
ues are shallower (figure S7), the higher Chl in AEs
compared with CEs may be due to the phytoplank-
ton photoacclimation [18], or increased MLD allow-
ing higher-pigment phytoplankton to reach the sur-
face to be observed by satellites [18]. However, this
needs to be further explored considering the effects
of eddy-induced Ekman pumping.

4. Summary

Eddies provide a critical component in the transport
of water, heat, salt and nutrients across the ocean.
Vertically, they affect mixing, upwelling/downwelling
and isopycnals, with resultant changes in the MLD.
Their effects on phytoplankton are complex with
often competing mechanisms due to eddy trapping,
stirring as well as eddy pumping and Ekman pump-
ing, with effects varying regionally and seasonally. In
this paper, we explored the physical and biological
data associated with CEs and AEs in two contrasting
regions of the North Atlantic. The first region is the
mid-latitudes, characterized by a deep mixed layer,
nutrient-rich waters, and numerous highly energetic
eddies. The second region is the subtropics, noted for
less vigorous eddies, oligotrophic waters, and stable
stratification throughout the year.

This paper concentrated on the phytoplankton
using surface estimates of Chl derived from satel-
lite radiances; a subsequent paper will examine the
zooplankton data. Although fluorescence is often
used as a proxy for biomass, it should be recalled that
a number of factors affect the relationship between

fluorescence and Chl, and between Chl and biomass,
which are discussed in section 2.4 of Quartly et al
[44]. Our spatial filtering process i.e. comparing data
inside and outside eddies should minimize some of
these effects, but short-time physiological responses,
such as photoacclimation are an aspect of our
results.

Our study primarily explored the dominant
eddy mechanisms in the mid-latitude and subtrop-
ical North Atlantic, as well as the differences in
eddy dynamical-biological processes between the two
regions. We conducted a collaborative analysis of
satellite SST and Chl observations, treating the eddy-
induced SSTA as tracers of eddy dynamics. The com-
posite patterns of CHLA and SSTA were decom-
posed into Ty and Tp and evaluated as functions
of region, time of year and EKE. For the subtrop-
ics, the dipole component exhibited the highest EV
(figure 2), which is indicative of eddy stirring being
the main cause of the anomaly pattern. The mono-
pole component of subtropical eddies was weak and
varied little with EKE (figures 5(c) and (d)). In con-
trast, the monopole component dominated at mid-
latitudes (figure 3), and increased substantially with
EKE (figures 5(a) and (b)). The polarity of the mono-
poles agreed with the paradigm of intense down-
ward (upward) modulation of AEs (CEs), but the
magnitude showed minimal evolution through the
eddy lifetime (figure S4). Surprisingly, in the sub-
tropics, the polarity of the weak CHLA monopole
was reversed compared to that at mid-latitudes, even
at inception (figure S4(c)), implying that other pro-
cesses may have contributed to the anomaly signal.
Argo data confirmed that AEs generally had deeper
MLD than CEs throughout the year for both regions
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(figure 4). However, for mid-latitudes, an increase in
MLD was significantly correlated with a decrease in
CHLA, whereas for the subtropics, a positive correla-
tion was observed in winter, with no correspondence
in other seasons (figure 6). A possible interpretation
is that at mid-latitudes, the phytoplankton are mixed
deeper and get less sunlight when MLD increases,
while in the subtropics, an increase in MLD permits
access to a larger reservoir of nutrients.

Our work offers a method to estimate eddy
dynamics and their biological impacts on phyto-
plankton using satellite-observed SST and Chl. This
approach proved valuable in investigating regional
and seasonal eddy effects when subsurface obser-
vations are limited. Meanwhile, our findings make
certain contributions to the development of global
biogeochemical models.

Data availability statement

For satellite products, the sea level anomalies data-
set (1998-2018) distributed by AVISO [45] can be
accessed at https://resources.marine.copernicus.eu/
products.

The mesoscale eddy dataset (1998-2018) pro-
duced by Tian et al [47] is public at https://data.
casearth.cn/en/sdo/detail/5fa668ad1f4600005e005
ba3.

The Ocean Coulour CCI product (1998-2018)
is distributed by Plymouth Marine Laboratory [50]
at https://climate.esa.int/en/projects/ocean-colour/
data/.

Sea surface temperature product (OI SST V2,
1998-2018) distributed by NOAA Physical Sciences
Laboratory [56] can be available at: https://psl.noaa.
gov/data/gridded/data.noaa.oisst.v2.highres.html.

For Argo floats [57] from 1998 to 2018 can be
found at ftp://ftp.ifremer.fr/ifremer/argo.

The mixed layer database using Argo profiles [53]
is available at http://mixedlayer.ucsd.edu/.

All data that support the findings of this study are
included within the article (and any supplementary
files).
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