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Reduced trapping efficiency ofmesoscale
eddies under eddy-eddy interactions
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Oceanic mesoscale eddies are commonly assumed to act as coherent structures that trap and
transport water masses over long distances. However, recent Lagrangian studies suggest that long-
lived coherent structures in the ocean are much more limited than implied by Eulerian eddy
boundaries. In this study, surface drifters are used to examine the material transport capabilities of
mesoscale eddies, and it is found that drifters initially enclosed by eddies tend to rapidly leak out after
only a few days on average, indicating that these drifters are not effectively trapped and coherently
transported bymesoscale eddies. Furthermore, a series of numerical experiments suggests that while
an isolated eddy can effectively transport initially enclosed water parcels, significant water leakage
occurs in the presence of multiple eddies, whichmay be associatedwith eddy–eddy interactions. And
thedegreeof this leakage is found tobepositively correlatedwith the intensity of thebackgroundstrain
field. Our results suggest that, in realistic multi-eddy environments, eddy stirring may contribute more
significantly to material transport than eddy trapping, with broad implications for heat and
biogeochemical tracer redistribution and for the representation of eddy transport in climate models.

Oceanic mesoscale eddies, ranging from tens to hundreds of kilometers in
size and lasting from several weeks tomonths, are pervasive throughout the
global ocean and are considered the most prominent feature of the upper
ocean circulation system1. These eddies dominate the ocean’s kinetic energy
and can transport oceanic tracers such as heat, salt, potential vorticity, and
biochemical components2–6, thereby significantly impacting the ocean’s heat
budget7,8, large-scale circulation patterns9, and climate variability10. There-
fore, understanding the physical processes andmagnitude of eddy transport
is crucial for accurately parameterizing the effect of mesoscale eddies in
coarse-resolution climate models that cannot explicitly resolve these tur-
bulent features.

As rotating structures, mesoscale eddies influence the distribution of
oceanic tracers in two ways: eddy trapping and eddy stirring4,11. Eddy
trapping refers to the ability of mesoscale eddies to trap and transport the
internal water mass during their lifespan due to strong nonlinearity, a
process also known as coherent transport. Eddy stirring refers to the
advection process around mesoscale eddies induced by their rotation and
propagation. Due to the different physical meanings of eddy stirring and
eddy trapping, their corresponding parameterization methods also differ12.
Althoughnumerous studies have sought to examine eddy transport8,13,14, the
extent and relative contributions of eddy trapping and eddy stirring remain
unclear, posing a challenge for eddy transport parameterization.

Previous studies have generally assumed that oceanicmesoscale eddies
can maintain a coherent structure throughout their lifecycle and transport
the water mass within them1,13. This has been widely regarded as a key
characteristic of mesoscale eddies over the past decades, especially for sea
surface height (SSH) eddies defined based on the Eulerian framework.
Under this paradigm, the outermost closed SSH contour is commonly used
as a practical eddy boundary for identifying eddies and estimating transport.
However, such an instantaneous Eulerian boundary does not necessarily act
as a material barrier that isolates the eddy core from the surrounding flow.
Recent studies based on the Lagrangian framework indicate that long-lived
coherent structures in the ocean are quite rare and that Eulerian boundaries
frequently fail to conserve water mass over time. For example, while the
SouthernOcean contains rich SSH eddieswith large amplitudes, very fewof
these eddies maintain a coherent structure15,16 (ref. 16 referred to as LA23).
In addition, particle simulations based on numerical models and altimeter-
inferred geostrophic flows suggest that the initial water parcels enclosed by
SSH eddies can leak significantly into the surrounding backgroundflow17–19.
This leaky nature suggests that the mere presence of a closed SSH contour
does not guarantee the existence of a Lagrangian coherent core.

Two different theoretical frameworks reveal significant disparities in
coherent transport induced by mesoscale eddies. Based on the Eulerian
method, westward zonal eddy mass transport in the subtropical gyre has
been estimated at 30–40 Sv13, surprisingly comparable to wind-driven gyre
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transport. In contrast, the Lagrangian diagnostic reveals that coherent
transport across each longitude amounts to only 1 Sv20. This discrepancy lies
in how the boundaries of coherent eddies are defined. TheEulerianmethod,
based on instantaneous flow fields (e.g., the widely used SSH contour
method), cannot ensure water mass retention due to active water
exchange21,22. In contrast, the Lagrangianmethod tracks particle trajectories
to determine whether a water mass is truly trapped and transported23.
Moreover, recent numerical and observational studies have revealed the
three-dimensional nature of mesoscale eddy boundaries, suggesting that
coherent structures may be primarily concentrated below the ocean
surface24–28. These discrepancies and uncertainties highlight the need for a
deeper understanding of the features and mechanisms governing eddy
transport.

In light of the aforementioned uncertainties among existing studies
regarding material transport by mesoscale eddies, this study has two main
objectives. First, we evaluate whether Eulerian SSH eddies can trap and
transport water parcels using observational drifter data. Second, we seek to
elucidate the physical mechanisms responsible for the limited number of
coherent eddies in theocean.Ourmainfinding is that surfacedrifters arenot
effectively trapped and coherently transported bymesoscale eddies, and the

coherent structure of an eddy is significantly reduced when multiple eddies
are present and interact with each other. These results have important
implications for improving the representation of mesoscale eddy transport
in climate models, particularly for the redistribution of heat, carbon, and
biogeochemical tracers in the ocean.

Results
Observational evidence
We first conduct the statistical analysis using observations to examine
whether surface drifters could be trapped by mesoscale eddies in the North
Pacific (140°E–160°W, 15°–40°N). The climatological EKE (Fig. 1a) shows
two high-value bands: one located in the Kuroshio Extension (KE) region
and the other in the subtropical countercurrent (STCC) region. These two
regions correspond to the two main eddy-active bands in the North Pacific
and represent contrasting background-flow conditions. The KE region is
strongly influenced by the energetic western boundary current and its
extension, whereas the STCC region is characterized by westward-
propagating eddies embedded in a weaker background current. Surface
drifters and mesoscale eddies are matched based on date and location.
Mesoscale eddies are obtained from the global mesoscale eddy trajectory

Fig. 1 | Eddy activity and drifter leakage from sea surface height (SSH) eddies.
a Climatological eddy kinetic energy in the North Pacific from 1993 to 2020 (colors;
cm² s⁻²). (b) Instantaneous sea level anomaly (SLA; colors; m) and surface drifter
locations (black dots) in the black box shown in (a). c Locations of surface drifters at
the initial time (blue dots) and final time (purple dots) in eddy-centered coordinates
normalized by the eddy radius. d Mean distance between surface drifters and the
centers of anticyclonic eddies (red; km) and mean eddy radius (green; km) over

90 days. Shading represents one standard deviation over all samples. e Same as (d),
but for cyclonic eddies. f–h Trapping time as a function of f initial distance from the
eddy center normalized by eddy radius, g initial eddy radius, and h initial eddy
lifecycle stage. Red and blue boxplots represent anticyclonic and cyclonic eddies,
respectively. Boxes indicate the interquartile range, central lines denote the median,
and whiskers extend to 1.5 times the interquartile range. This figure was generated
using Python 3.10.
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atlas29, inwhich eddies are identifiedusing anSSHcontour-basedmethod. If
a drifter is locatedwithin an eddy on the sameday, it is recorded as a sample.
We identify a total of 5403 anticyclonic eddy samples and 5853 cyclonic
eddy samples from 1993 to 2020. The positions of the eddy centers and
drifters are then recorded during the remaining lifespan of the eddies, and
the distances between them are calculated.

Figure 1c–e presents the statistical results for theKE and STCC regions
(black box in Fig. 1a). At the initial time, all drifters are located within one
eddy radius, in accordancewithour criteria.At thefinal time, corresponding
to either eddy disappearance or the end of the 90-day trackingwindow, only
about 6% of the drifters remain enclosed by SSH eddies. The vast majority
have moved outside the eddy boundary, and over 50% are located at dis-
tances beyond five times the eddy radius. This result aligns with previous
research in the South China Sea, where the leakage of initial water for SSH
eddies exceeds 80%30. For both cyclonic and anticyclonic eddies, the average
remaining lifespan is about 90 days, and the average radius is approximately
100 km. Interestingly, the surface drifters can be enclosed by the eddies for
only a few days, after which they rapidly leak out from the eddies. The
distance between the drifter and the eddy center linearly increaseswith time.
It should be emphasized that the trapping time reported here is a statistical
measure rather thanaprecise residence time for every individual eddy, as the
actual SSH contours may be irregular. Nevertheless, the ensemble statistics
consistently indicate that long-term trapping of surface drifters by SSH
eddies is limited. The overall trends are similar for drogued and undrogued
drifters, althoughundrogueddrifters generallymoved farther away from the
eddy center (not shown). This is expected because undriven drifters are
more strongly affectedbywindandwave-drivenmotions and therefore tend
to have larger velocities.Moreover, trapping time varies little with the initial
normalized drifter–eddy distance, initial eddy radius, or eddy lifecycle stage
(Fig. 1f–h), indicating that rapid leakage is robust across different eddy
properties.

Separate analyses of the KE (27.5°–40°N) and STCC (15°–27.5°N)
regions show qualitatively consistent leakage patterns, with substantially
more rapid drifter dispersion in the KE region (Supplementary Fig. 1).
Under the influence of the intense Kuroshio jet, drifters are not only ejected
from the eddy boundaries but are also advected significantly farther from
their originating structures. By the end of the 90-day tracking period, the
average distance between the drifters and the eddy centers exceeds 800 km
in theKE region, comparedwith approximately 650 km in the STCCregion.
Leaked drifters in the KE region are also preferentially displaced to the east
of the eddy centers, consistent with eastward advection by the Kuroshio jet.
These results suggest that conventionally defined Eulerian eddies are largely
leaky and ineffective at long-termmaterial trapping, particularly in regions
with strong background flows.

Impact of eddy–eddy interactions
Mesoscale eddies are generally considered rotating structures that are nearly
in geostrophic balance, and they are thought to trap the interior water
parcels within their lifespans13. However, observations show that mesoscale
eddies are significantly leaky. This discrepancy between theory and obser-
vations can be further examined through the numerical experiments
reported below.

Figure 2 shows instantaneous surface temperature anomalies and SSH
fields on the initial, 90th, and 180th days for four experiments. In EX1, the
anticyclonic eddy moves westward and equatorward relative to its initial
position (due to the beta effect), covering a distance of approximately
300 km westward within 180 days. This propagation feature is consistent
with observations and simulations1,31. In EX2, after eddy-eddy interaction,
the anticyclonic eddy still can live for 180 days, while the cyclonic eddy
dissipates after around 90 days. The anticyclonic eddy exhibits a westward
motion greater than that in EX1, covering approximately 500 km. This is
attributed to the formation of a westward jet between the anticyclonic and
cyclonic eddies. In addition, the anticyclonic eddy appears noticeably
elongatedon the180thday,withdetachingfilamentary structures indicating
a structural change influenced by the cyclonic eddy. In EX3, under the

influence of the stronger cyclonic eddy, thefilamentary structures detaching
from the anticyclonic eddy becomemore pronounced. In EX4, the intensity
of the anticyclonic eddy significantly weakens after 180 days under the
influence of surrounding eddies, and its direction of motion is completely
different from that in the other experiments. These results suggest that,
beyond its intrinsic westward propagation, the eddy’s movement is sig-
nificantly influenced by the background flow field, as noted by previous
studies32–34.

The evolution of particles and tracers can effectively represent changes
in coherent transport across different experiments. Previous studies have
indicated that the outermost SSH contour cannot be considered as the
material boundary for mesoscale eddies (e.g., refs. 17,30). EX1 also vividly
illustrates this process, where particles initially enclosed by the SSH contour
(green dots) are not consistently trapped (Fig. 3a, e, i). The actual coherent
structure (blue dots in EX1) is identified using the Lagrangian-averaged
vorticity deviationmethod23. In EX2 andEX3, the presence of a background
cyclonic eddy disrupts the coherent structure identified in EX1, with EX3
exhibiting a higher degree of particle dispersion. In a random eddy field
(EX4), only a small number of particles initially inside the anticyclonic eddy
are consistently trapped and carried by the eddy, while a large number of
blueparticlesmoveoutof the eddyand into thebackgroundflowfield. In the
region of interest, the tracer is initially set with cool colors on the west side
and warm colors on the east side. If mesoscale eddies can effectively
transport interior water parcels, as suggested in previous studies (e.g.,
refs. 8,13), we would expect this region to exhibit a predominantly warm-
colored tracer distribution after some time, given that eddies primarilymove
westward. However, our results reveal intense water exchange from both
sides, indicating that filamentary structures (eddy stirring) play a primary
role in material transport, rather than eddy trapping.

Response of eddy trapping to enhanced strain fields
To quantify the degree of material coherency of an eddy, the coherency
index (CI) is used here35, measuring the degree of particle aggregation and
dispersion (Eqs. 1 and 2).

σ2ðtÞ ¼ < jXðtÞ � <XðtÞ > j2 > ð1Þ

CI ¼ σ2 0ð Þ � σ2 tð Þ
σ2 0ð Þ ð2Þ

Here X is particle position, jj denotes the standard Euclidean distance, and
< > represents the ensemble mean. In an ideal scenario, where an eddy
remains perfectly coherent without any expansion or contraction, the CI
shouldbe equal to 0.AmorenegativeCI indicates a greater degree of particle
dispersion. In the following analysis, the CI is calculated using particles that
remain coherent inEX1, inorder to examinehow the same initially coherent
particle group evolves under different experimental conditions.

As shown in Fig. 4, the anticyclonic eddy well maintains a coherent
structure inEX1, evidencedby aCIvalue close to zero.However, in theother
experiments, CI consistently falls below −10 at the final time, especially in
the ten random experiments, indicating that particles undergo significant
dispersion under the influence of the background flow field. The reduced
eddy coherency fromEX1 to EX4 is associatedwith the increase in straining
and deformation as a result of eddy-eddy interactions, which can be
quantified by the strain rate averaged within the eddy area (also see Sup-
plementary Fig. 3). It is evident that, throughout almost the entire lifecycle,
the strain rate within the anticyclonic eddy in EX2–EX13 is much higher
than in EX1. The time-averaged strain rates in EX3 and the ensemble of
EX4–EX13 are approximately twice as high as those in EX1 (not shown).
This feature is evident at both the surface and subsurface (200m), suggesting
that the degradation of eddy coherence may extend vertically and be asso-
ciated with eddy–eddy interactions.

To examine the influence of background flow intensity on eddy
coherent transport, we compare the results of EX14 and EX15 against the
control case (Supplementary Fig. 4). In the weak background field of EX14,
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the anticyclonic eddy maintains high coherency throughout the 180-day
period, exhibiting CI values similar to the isolated case of EX1. However,
under the intensified background conditions of EX15, the particles undergo
severe dispersion, with CI values plummeting below−50 and the strain rate
remaining significantly higher than those in both EX1 and EX14 during the
initial 50 days. And the eddy structure becomes virtually indiscernible after
approximately 100 days. These findings demonstrate that the eddy’s capa-
city for coherent transport is closely related to the ambient flow strength.
Specifically, when intense eddy–eddy interactions are accompanied by
severe eddy deformation, the trapped water mass tends to leak out rapidly
and is assimilated into the surrounding background flow.

The intense deformation within high-strain environments typically
signifies regions where water masses are subjected to significant stretching,
shearing, and filamentation, often giving rise to potent ageostrophic
motions, particularly along eddy peripheries36–38. In such dynamics, initially
proximal particles diverge exponentially, leading to a rapid collapse of
material coherency. This physical intuition motivates a global investigation
into the relationship between background strain rates and the spatial dis-
tribution of coherent eddies.

By analyzing the population of eddies with lifetimes exceeding 30 days
from the LA23 dataset within 2° × 2° grids, we identify a significant negative
spatial correlationbetween the climatological geostrophic strain rate and the
density of coherent structures, with a spatial Pearson correlation coefficient
of −0.45 (Fig. 5). In high-strain regions, such as the Western Boundary
Currents (e.g., Kuroshio Extension, Gulf Stream) and the Antarctic Cir-
cumpolar Current, the number of coherent eddies per grid cell is markedly
low, often falling below 100. In contrast, eddy populations are more
abundant in the eastern basins, where the background flow is relatively

quiescent. The bin-averaged statistics in Fig. 5c reveal a clear monotonic
decrease in the number of coherent eddies as the background strain rate
increases. A similar decreasing relationship remains evident when the
number of coherent eddies is normalized by the number of SSH eddies
within each grid cell. Although this global statistical analysis is qualitative, its
consistency with the preceding numerical experiments supports the inter-
pretation that high-strain environmentsmight be less favorable for eddies to
maintain coherent structures, potentially limiting eddy trapping as a
mechanism of material transport in these regions.

It is crucial to emphasize that a lower count of coherent eddies does not
imply a lack of mesoscale energy. Instead, it suggests that eddies may play a
different role in energetic regions, where strong strain is associated with
reduced eddy coherence and less effective long-term material trapping,
while lateral stirringmaybecomemore important.These results suggest that
the strain rate serves as a critical indicator of coherent transport by
mesoscale eddies, providing a more nuanced understanding of eddy
material transport in the global ocean.

Discussion
In this study, we investigate the ability of mesoscale eddies to maintain a
coherent structure and the underlying physical mechanisms through
observational analysis and numerical experiments. We find that surface
drifters initially inside SSH eddies could only be trapped for the first few
days, after which they rapidly leak out, with only about 10% of the drifters
remaining enclosed by eddies throughout their lifecycle. Observational data
demonstrate the strong leakage of mesoscale eddies and the rarity of
coherent structures in the ocean. Moreover, numerical experiments show
that an isolated eddy can effectively trap and transport water parcels during

Fig. 2 | Evolution of idealized eddy experiments. Instantaneous surface tem-
perature anomalies (colors; in °C) and sea surface height (SSH) fields (black con-
tours; in cm) on the initial, 90th, and 180th day for four experiments. The initial SSH

field indicates only the boundary of the anticyclonic eddy. The SSH contour interval
is 1 cm. The green line represents the trajectory of the eddy center over 180 days. This
figure was generated using Python 3.10.
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its lifetime. However, in the presence of a crowded eddy field, eddy–eddy
interactions are associated with increased strain and deformation around
the eddies, accompanied by the detachment of the originally trapped water
from the eddy. And the degree of this leakage is found to be positively
correlatedwith the intensity of thebackground strainfield. Furthermore, the
distribution of the geostrophic strain rate is negatively correlated with the
number of coherent eddies on the global scale, implying that strain ratemay
be a useful indicator for measuring coherent eddy transport.

Previous studies considering SSH or potential vorticity contours as
material boundaries for internal water parcels are primarily based on the
perspective of isolated eddies8,13. However, isolated eddies are uncommon in
the ocean, whereas observations show that amore realistic scenario involves
crowded eddies1,4. Although our experiments are idealized and results may
slightly vary depending on specific parameter choices (e.g., eddy radius,
polarity, or intensity), we have provided a clear physical understanding by
comparing the differences among a series of numerical experiments. This
comparative analysis suggests that eddy–eddy interactions may represent a
potential mechanism influencing material transport, consistent with the
observational statistics.

We should acknowledge that while the model resolution (~5 km) is
sufficient for resolving mesoscale processes, it is inadequate for resolving
submesoscale motions, which also play a role in modulating lateral
transport39,40. Apart from eddy–eddy interactions, future studies should also
consider the effects of near-inertial waves, submesoscale instabilities, and
Ekman flows induced by winds in the realistic ocean34,38,39,41–43. These small-
scale processes and wind-driven dynamics are expected to further energize
the deformation field, potentially leading to even higher rates of material

leakage than those estimated in the eddy-only framework. We also
acknowledge that strain is not varied independently, as the experiments
differ in backgroundkinetic energy,flowgeometry, eddy number, and other
dynamical properties.Moreover, because thepresent experiments arehighly
idealized, the effects of realistic ocean conditions, including bathymetry,
stratification, and background flows, require further investigation. These
environmental factors may produce substantial regional variations in eddy
trapping and leakage. For example, strong Agulhas rings can maintain
efficient material transport even in crowded eddy environments24,44.

It is important to note that our experiments only examine the move-
ment of particles at the surface and subsurface (200m). Considering the
strong baroclinicity of ocean eddies45, the extent to which the relative con-
tributions of eddy trapping and eddy stirring change at greater depths
requires further investigation. As the intensity of background flow changes
with depth, the trapping efficiencymight differ in the deeper layers. Indeed,
previous studies have identified pronounced coherent structures below the
ocean surface24,26,28,46. Exploring the three-dimensional structure of these
leaky eddies using high-resolutionmulti-layer simulations andobservations
will be essential for a comprehensive understanding of how the ocean
redistributes tracers throughout the water column.

Our results suggest that Eulerian eddy boundaries should be inter-
preted with caution when estimating coherent transport, especially in the
upper ocean. Although alternative criteria, such asOkubo–Weiss or relative
vorticity, may identify more compact eddy cores and yield different quan-
titative estimates, Eulerian boundaries are not necessarilymaterial barriers9.
We further evaluate thematerial coherence of the eddies identified in LA23
using surface drifter observations. Although these eddies retain drifters

Fig. 3 | Passive tracer evolution in idealized experiments. Instantaneous surface
passive tracer (colors; dimensionless), sea surface height (SSH) fields (black con-
tours; in cm), and Lagrangian particle locations (green and blue dots) on the initial,
90th, and 180th day for four experiments. The initial SSH field indicates only the

boundary of the anticyclonic eddy. The SSH contour interval is 1 cm. The green dots
represent water particles enclosed by the SSH eddy boundary at the initial time. The
blue dots represent water particles that can maintain a coherent structure in EX1.
This figure was generated using Python 3.10.
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slightlymore effectively than SSHeddies (Supplementary Fig. 5), substantial
leakage still occurs. The coherent eddies in LA23 are identified from geos-
trophic flow and therefore do not include the ageostrophic motions that
influence surface drifter trajectories. These results indicate that truly
coherent eddies may be even more limited in the real upper ocean than
suggested by geostrophic flow-based diagnostics.

It is also important to emphasize that a smaller number of coherent
eddies does not imply that mesoscale eddies are unimportant in material
transport. Rather, it suggests that the relative contribution of eddy trapping
is limited17,47, andmore attention should be paid to the contribution of eddy
stirring in future research. These findings suggest that future climate model
parameterizations should better account for eddy interactions and asso-
ciated deformation. Incorporating dynamic indicators such as strain rate
may help represent the relative contributions of eddy trapping and stirring
more realistically, thereby improving projections of heat, carbon, nutrient,
and tracer redistribution under climate change.

Methods
Observational data
The observational data used in this study include surface drifters, satellite
altimetry, and derived eddy datasets. Surface drifter data from the Global
Drifter Program (GDP) of the National Oceanic and Atmospheric
Administration (NOAA) provide drifter locations and velocities estimated
at hourly intervals48. The drifter locations from dataset Version 1.04c
spanning from 1993 to 2020 are used here to verify whether mesoscale
eddies are indeed capable of trapping and transporting water parcels. GDP
drifters are designed with a subsurface drogue centered at approximately
15m depth, which reduces direct wind slip and allows the drifter to better
follow near-surface currents. Drifters whose drogues remain attached are
referred to as drogueddrifters, whereas those that have lost their drogues are
referred to as undrogueddrifters andmaybemore strongly affected bywind
and wave-driven motions.

Satellite altimetry data (ID: SEALEVEL_GLO_PHY_CLIMA-
TE_L4_MY_008_057) distributed by the CopernicusMarine Environment
Monitoring Service provide daily sea level anomaly (SLA), surface geos-
trophic velocity ðug ; vg Þ, and geostrophic velocity anomalies ðu0g ; v0g Þ. The

surface geostrophic strain rate Sg is calculated as

Sg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂ug
∂x

� ∂vg
∂y

� �2

þ ∂vg
∂x

þ ∂ug
∂y

� �2
s

; ð3Þ

where x and y are zonal and meridional coordinates. The surface eddy
kinetic energy (EKE) in the North Pacific is calculated as

EKE ¼ 1
2 u02g þ v02g
� �

(Fig. 1a).

The global mesoscale eddy trajectory atlas29 (META3.1exp) derived
from satellite data is employed to provide eddy-related information
(spanning from 1993 to 2020), including eddy center, radius, and location.
The eddies in this atlas are identified based on the conventional SSH closed-
contour method. The eddy radius used here is the time-varying equivalent
radius provided by the atlas. In this study, we combine surface drifter tra-
jectories with the SSH eddy dataset to evaluate the trapping capacity of
Eulerian eddies. In our analysis, drifters and eddies are first matched
according to their positions on the same day. A sample is defined when a
drifter enters the area within one equivalent radius of an eddy center. To
avoid repeated sampling, only the first encounter between each drifter and
each eddy is retained. The distance between the drifter and the initially
matched eddy is then calculated over the following 90 days when complete
records for both are available. Therefore, if a drifter leaves one eddy and
subsequently enters another eddy, this process is included in our statistics as
two separate samples.

Furthermore, the global Lagrangian eddy dataset (LA23) is used to
show the general features of coherent eddies. Unlike the conventional SSH
method, the LA23 dataset is constructed using the Lagrangian-averaged
vorticity deviation23 (LAVD) method. By advecting millions of virtual
particles with satellite-derived geostrophic velocities, this Lagrangian
approach captures the coherent cores of eddies that are capable of trapping
and transporting water masses over their entire lifetimes.

Numerical experiments
The MITgcm (checkpoint 67c) is employed to conduct a series of idealized
numerical experiments. The model domain is a rectangular basin spanning
25° in longitude (from 0°E) and 30° in latitude (from 5°N). The horizontal
grid resolution is 1/20°, sufficiently fine to resolve mesoscale eddies. The

Fig. 4 | Evolution of eddy coherence and strain.
Time series of a, c the coherency index of particles
initially enclosed by the coherent structure identified
in EX1 and b, d the mean strain rate within the
anticyclonic eddy at the surface (a, b) and 200 m
depth (c, d). The black, blue, and teal lines represent
EX1, EX2, and EX3, respectively. The red line shows
the ensemble mean of the ten random experiments
(EX4–EX13), and the shaded region denotes ±1
standard deviation.
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basin bottom is set to a constant depth of 3000m. There are 64 unevenly
spaced vertical layers, with the upper 1000m divided into 50 layers. In
addition, sponge layers have been applied to all four open boundaries to
eliminate the impact of reflected gravity waves on the model interior cir-
culation. Other specific configurations not detailed here are adopted from
the eddy-resolving simulation framework described in refs. 9,17. The

detailed numerical parameters are provided in Supplementary Table 1 to
ensure reproducibility.

Although some studies have examined vertical characteristics of
mesoscale eddies using numerical simulations and observations28,46,49,50, a
unified understanding of eddy vertical structure remains limited, with
substantial regional variations. To simplify the problem, the horizontal and
vertical structures of the initial eddies are described by Eqs. (4) and (5),
similar to those used in refs. 51,52. Supplementary Figure 6 depicts the
horizontal and vertical temperature anomalies of an anticyclonic eddy. This
is a surface-intensified eddy (Tm ¼ 1:5�C) with a radius of approximately
100 km and a maximum vertical depth of 1000m. We consider the evolu-
tion of eddies in the subtropical region, and thus set the initial latitude to
20°N.

Ta x; y; z
� � ¼ Tme

� x�x0ð Þ2þ y�y0ð Þ2½ �
R2 IðzÞ ð4Þ

I zð Þ ¼ 1; z ≤ 100m

sin z�100
1800 π þ π

2

� �
; 100m < z < 1000m

(
ð5Þ

Here, we aim to examine how the capability of an anticyclonic eddy to
trap water parcels changes with increasing complexity of the flow field
(Table 1). In EX1, only an isolated anticyclonic eddy serves as the control
case (Fig. 2a). In EX2, a cyclonic eddy with the same intensity and size is
placed to the south of the anticyclonic eddy (Fig. 2b) to investigate changes
in the coherent structure under the influence of the cyclonic eddy. In EX3,
the temperature anomaly of the cyclonic eddy is doubled compared to EX2
(Fig. 2c) to examine material transport under the influence of a stronger
cyclonic eddy. In EX4, the background field is set to a random eddy field
(Fig. 2d), resembling the multi-eddy field observed in the real ocean. To
reduce randomness, we repeat EX4 experiments nine times (EX5–EX13). It
should be noted that EX2 and EX3 represent only one idealized eddy-pair
configuration, while other possible eddy combinations are included in the
random eddy-field experiments.

The temperature anomaly for the randomeddyfield is synthesized by a
superposition of two-dimensional sinusoidal waves:

Trandomðx; y; zÞ ¼ A
X
i;j

Gi;j sin
2πkix
Lx

þ ϕi

� �
sin

2πkjy

Ly
þ ϕj

 !
IðzÞ;

ð6Þ

where A is a scaling factor that modulates the maximum amplitude of the
temperature anomalies; Lx and Ly denote the zonal andmeridional spans of
the model domain, respectively; ϕi and ϕj are random phases. The spectral
weighting function is defined as:Gi;j ¼ e�

ðk�kc Þ2
2 × 3:52 , where k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2i þ k2j

q
is the

radial wavenumber and the peak wavenumber is set to kc ¼ Lx=320.
For the experiments from EX4 to EX13, A is set to 1:5�C, which is

consistent with the temperature anomaly of the anticyclonic eddy to
simulate a balanced interaction environment. In EX14, A is reduced to
0:5�C to represent a scenariowhere a relatively strong eddy is embedded in a

Fig. 5 | Global relationship between strain and coherent eddy occurrence.
a Number of coherent eddies in 2° × 2° grids based on global Lagrangian eddy
dataset; b climatological geostrophic strain rate (in s−1); c statistical relationship
between strain rate and eddy counts. Within each strain rate bin, the box represents
the interquartile range between the 25th and 75th percentiles, while the horizontal
black line indicates themedian.Whiskers extend to the 5th and 95th percentiles. The
red line denotes the bin-averaged mean. This figure was generated using
Python 3.10.

Table 1 | Experiment designation

ID Description Objective
EX1 An anticyclonic eddy Control run

EX2 An anticyclonic eddy and a cyclonic eddy Increase the complexity of the background flow field

EX3 An anticyclonic eddy and a stronger cyclonic eddy

EX4 An anticyclonic eddy in a random eddying field

EX5-EX13 Repeat EX4 nine times

EX14 An anticyclonic eddy in a weak random eddying field Modify the relative intensity of eddies and the background flow field

EX15 An anticyclonic eddy in a strong random eddying field
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weak background field. Conversely, in EX15, A is increased to 2:5�C to
simulate a weak eddy under the influence of a strong background field. All
numerical experiments are integrated for a total duration of 180 days, and
the model attains steady conditions after roughly 30 days (Supplemen-
tary Fig. 2).

Both Lagrangian particles and a passive tracer are employed in the
model. The Lagrangian particles with a resolution of 1/20° × 1/20° are
released at the sea surface and at a depth of 200m, and integrated online
with the MITgcm velocity field using a fourth-order Runge–Kutta scheme.
These particles can move horizontally and vertically. The passive tracer is
initialized with normalized values (ranging from 1 to 2) derived from the
initial longitude. The 200m level is chosen as a representative subsurface
layer of the modeled eddy, allowing us to compare the trapping efficiency
near the surface and in the subsurface eddy interior.

Data availability
The altimeter data is available at https://data.marine.copernicus.eu/
products. The surface drifter data is available at https://www.aoml.noaa.
gov/phod/gdp/. The globalmesoscale eddy trajectory atlas (META3.1exp) is
available at https://www.aviso.altimetry.fr/en/data/data-access.html. The
global Lagrangian eddy dataset is available at https://zenodo.org/records/
7349753.

Code availability
The code used in this study is available on Zenodo at https://doi.org/10.
5281/zenodo.22249459.
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