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Earth’s oceans contain large numbers of cyclonic eddies, 10 to 25 kilometers in diameter and unresolved in climate
simulations. However, we lack observations of these features due to their small size and fast evolution. Here, we
present in situ observations of one such cyclonic eddy with intense chlorophyll at its center as it spontaneously
splits into two smaller cyclonic eddies over a few days. This splitting rapidly transports surface waters to depth,
with sustained vertical velocities of 60 meters per day, primarily from the center of the eddy where carbon concen-
trations are largest, facilitating efficient transfer of phytoplankton carbon to depth, below the well-mixed, sunlit
surface layer. We reproduce the splitting process in an idealized ocean model and find that splitting is controlled
by the initial elliptical eddy shape, size, and intensity. Our observations uncover a mechanism for subduction in
the upper ocean and highlight the need for quantifying its global prevalence.

INTRODUCTION

Cyclonic ocean eddies, 10 to 25 km in diameter, are observable with
the naked eye from space, manifesting as spirals in the sunglitter
reflected from the ocean surface (1). Notably, oceanographer and
astronaut Paul Scully-Power commented, after the space shuttle
Challenger mission in 1984, that these cyclonic spiral eddies “are
perhaps the most fundamental entity in ocean dynamics at this
scale” (2). Subsequent studies of submesoscales (i.e., 1 to 30 km) in
the ocean have confirmed that there is indeed a pronounced asym-
metry between the prevalence of cyclonic and anticyclonic eddies
(3, 4). Cyclonic eddies are often associated with dense water anoma-
lies, where nutrient-rich water is elevated from depth into the photic
zone and exposed to solar radiation (5-7). In nutrient-limited re-
gions, this phenomenon can trigger phytoplankton blooms, often
detectable as peaks in surface chlorophyll fluorescence when ob-
served from satellite (8).

The exchange of properties, such as heat and CO,, between the
ocean and atmosphere is vital for Earth’s climate and biosphere.
Much of this exchange is controlled by the rate at which surface wa-
ters, able to interact with the atmosphere, move beneath the surface
well-mixed layer, replaced by water from below, rich in nutrients
(6, 9, 10). This movement of surface water to depth is our working
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definition of subduction throughout this paper. The edges of meso-
scale (30 to 100 km) anticyclonic eddies have been implicated as im-
portant sites of subduction: The sharp lateral density gradients along
the eddy edges are thought to create the necessary conditions for mixed-
layer instabilities, which transport the light water vertically and later-
ally over the dense water, restratifying the density gradient (11). A
parameterization of this process suggests that 25% of the total organic
carbon export flux from the North Atlantic spring bloom could be ex-
plained by eddy-driven restratification (12) comparable to the amount
exported via the sinking of particulate organic carbon (POC) (13).

Vertical velocities are enhanced at submesoscales, suggesting
that subduction could occur at these scales through a multitude of
processes, beyond just mixed-layer instabilities. However, the growth
and decay of phytoplankton, the production and size distribution of
POC (14), and its spatial distribution are also key to determining the
contribution of eddies to the subduction of POC, as it is the covari-
ance between vertical velocity and small (nonsinking) POC that
determines its vertical advective flux (15, 16). Here, we describe a
different mechanism for eddy-driven carbon export in which a
submesoscale eddy subducts POC in the process of splitting into
two smaller eddies, coupling together a region of high carbon con-
centration with large vertical velocities.

The splitting of eddies has been observed at the mesoscale
[O(100 km)] from satellite altimetry (17-20) and sometimes found
to be associated with topographical interaction (21, 22). However, the
tendency of large-scale eddies is to merge, forming larger structures,
giving rise to an up-scale energy transfer, where energy is moved to
larger scales (23, 24). At mesoscales, vertical velocities are typi-
cally weak, and so eddy splitting has not been implicated as a major
source of vertical fluxes. However, at the submesoscale, gradients in
horizontal velocity become much more intense, and eddy rotation
becomes of a similar magnitude to Earth’s rotation, and as a result,
vertical velocities are intensified, allowing substantial fluxes of
heat and small POC to occur (25). The integrated global impact of
mesoscale versus submesoscale fluxes depends on their prevalence
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and their intensity. Recent studies have demonstrated that submeso-
scales are prevalent where lateral buoyancy gradients and deep-
mixed layers are present, particularly in winter time, leading to their
dominant role in vertical heat fluxes (26).

Here, we present in situ observations of a submesoscale ocean
cyclone in the Mediterranean Sea that split into two distinct cy-
clones over a period of 5 days in February 2022. The observed eddy
was identified on the basis of its anomalously high chlorophyll in
satellite imagery (Fig. 1B). Subsurface observations revealed a rapid
drop in density surfaces associated with the splitting, which suggests
transport of the chlorophyll-rich surface water to depth. This has
been verified with in situ water sampling. We subsequently devel-
oped an idealized model that captures the essence of this splitting
behavior based only on the geometry of the initial observations of
the eddy. The idealized model eddy splits on the same timescale as
the observed eddy, and we obtain consistent estimates of the as-
sociated POC flux between observations and model, confirming
that the splitting of submesoscale cyclones can provide a substan-
tial flux of carbon below the photic zone. The idealized model
captures prescient features of the observed splitting, so it allows
us to analyze the mechanism underlying eddy splitting. We show
that cyclogeostrophic balance, i.e., the force balance between the

pressure gradient, Coriolis, and centrifugal forces, driven by the in-
tense curvature of the flow around the narrow ends of the ellipti-
cally shaped eddy, can lead to a flow convergence that results in a
positive feedback that intensifies the cyclonic vorticity in two dis-
tinct patches. These two regions of intensified cyclonic vorticity grow
into the two 5-km eddies that result from the split. We explore a
range of eddy intensities, sizes, and ellipticities within our idealized
model to determine the conditions under which submesoscale ed-
dies will split. The conditions required for splitting of elliptical ed-
dies are commonly found at the submesoscale.

In the first section, we will describe the observations of the ocean
cyclone and its subsequent splitting. In the second section, we will give
details of the idealized model. Then, we will attempt to answer the ques-
tions: How do eddies split? When do eddies split? How much carbon
transport does eddy splitting cause? Finally, we will discuss the poten-
tial implications of cyclone splitting for subduction in the upper ocean.

RESULTS

Observations

Our observational program took place in the Balearic Sea, between
mainland Spain and the Balearic Islands in the Mediterranean Sea

Fig. 1. Location of measurements made during the 2022 CALYPSO Field Campaign. (A) Context map with magenta box showing the study region in the Mediterranean
Sea. (B) Satellite chlorophyll a fluorescence image from NASA's Visible Infrared Imaging Radiometer Suite (VIIRS) (77) on 23 February 2022. Magenta box inset shows the
high-chlorophyll ocean cyclone considered in this study. (C) Same as (B) with profile locations during the study period marked in gray. Profiles from a sample section
shown in (D) and (E) highlighted in magenta. Plotted against depth and alongtrack distance are the subsurface (D) temperature, (E) chlorophyll (in color), and potential
density (contours) measured along a shiptrack [indicated in (C)] south to north through the eddy. The front in temperature to the south is outlined using white density

contours in (D) and (E).
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(Fig. 1A). Although our field campaign took place in February,
the observed mixed layers were very shallow, on average, less than
20 m (see the Supplementary Materials). During our observation-
al campaign, we encountered a front between strongly stratified,
low chlorophyll Atlantic Water (AW) from the south, and the weak-
ly stratified, high-chlorophyll Winter Intermediate Water (WIW)
(27). Beneath the surface, the density was primarily controlled by
the high salinity Levantine Intermediate Water (LIW) (Fig. 2D)
formed in the Eastern Mediterranean and transported to our re-
gion by eddies shed from the North Current, which carries mod-
ified waters from the Gulf of Lion to the Balearic Sea and has
relatively high chlorophyll due to upwelling of nutrients along the
northern boundary.

Between 24th February 2022 and the 1st March 2022, we inten-
sively observed the evolution of a high-chlorophyll, 10-km radius,
cyclonic eddy that was shed from the North current. During this
period, the eddy elongated and stretched into a thin filament, visible
in satellite chlorophyll (Fig. 2A), before splitting into two smaller cy-
clonic eddies. The more southern of the newly formed eddies (~5 km
in radius) was tracked by our drifters and remained coherent for a
period of weeks after the splitting event. The more northern of the
two eddies was not as well sampled (Fig. 1C), which is why its chlo-
rophyll signature does not appear as strongly in our mapped fields
(Fig. 2B). These suggested dynamics from satellite are confirmed by
our subsurface observations, illustrated by our mapped chlorophyll
and velocity fields at 20-m depth shown in Fig. 2B. Our subsurface

Fig. 2. Surface evolution of high-chlorophyll ocean cyclone from multiple data sources, context on water masses, and model setup. (A) Time evolution of surface
chlorophyllin images from NASA's satellite VIIRS (77) and sea surface height anomaly contours in gray from NASA's satellite Integrated Multi-Mission Ocean Altimeter Data
for Climate Research (72), at three time points, showing the eddy thinning and splitting into two smaller eddies. (B) Chlorophyll a fluorescence at 20 m from a variational
map of the observations (see Materials and Methods), at the same time points as the satellite data, with gray contours representing streamlines of the mapped velocity
field. (C) Evolution of chlorophyll modeled as a passive tracer at the surface of an idealized model, with gray streamlines based on model velocities superimposed. The
idealized model is initialized to match the observations using a Gaussian density distribution shown in (E). The passive tracer is initialized to match chlorophyll a concen-
trations in the observations, with a Gaussian shape shown in (F). (D) Temperature/salinity diagram of our observed vertical profiles, colored by chlorophyll. Three water
masses are labeled: AW, LIW, and WIW.
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observations reveal a rapid drop in the density surfaces during the
split, carrying surface water down with them. The dropping density
surfaces suggest sustained vertical velocities of 60 m day ™", bringing
oxygen- and carbon-rich surface water into the upper ocean, beneath
the photic zone.

Our sampling plan was adaptive and responsive to our observa-
tions in real time, including data-assimilative regional ocean model-
ing and synoptic glider surveys. Sampling was achieved with underway
profilers (28, 29) that were repeatedly dropped (to ~250-m depth)
from both ships to measure vertical profiles of temperature and sa-
linity; one of these instruments, an EcoCTD (29), also measured
chlorophyll fluorescence and oxygen subsurface during rapid sur-
veys of the area (see Materials and Methods). The ships used a
variety of acoustic doppler current profilers (ADCPs) to measure
horizontal velocity as the ship moved, as detailed in Materials and
Methods. From these ships, we deployed 9 profiling floats (30), 2
drifting and profiling Wirewalkers (31), and 106 drogued drifters
(32-35).

Combining the subset of these data that fell within our study pe-
riod, we produce a synoptic picture of the eddy-splitting process.
To synthesize these large amounts of profiling data, we combine all
2812 profiles taken during the study period across the different in-
struments into a three-dimensional (3D) map of the splitting eddy,
evolving with time. We use variational mapping (36, 37) to create a
smoothed map of density, eastward and northward velocities (1 and
v), chlorophyll fluorescence, and oxygen concentration. The mapped
velocity is then used to calculate velocity gradients, including the
vertical component of vorticity C.

Over a period of 5 days, the cyclonic eddy, which had upward
doming density surfaces (Fig. 3A) accompanied by a core of cy-
clonic vorticity subsurface (Fig. 3B) stretched and split. As the eddy

elongated, the density surfaces were stretched into an elongated “ridge”-
like structure (second column of Fig. 3). The center of the ridge then
collapsed at an average rate of 60 m day™" as the two smaller eddies
intensified and separated. The vorticity intensified as the eddy elon-
gated and extended deeper as the eddy split into two, leaving the two
smaller cyclones with deeper cores of vorticity than the initial cyclone.
These salient features of the observations (Fig. 3, A and B) are repro-
duced by our simplified idealized model (Fig. 3, C and D).

Idealized model

There are multiple possible causes for the splitting of the observed
eddy. Candidates include intense winds during the observed period
that may have altered the surface vorticity balance; interactions be-
tween the eddy and the surface temperature front, visible in the sec-
tion in Fig. 2D; or the influence of large-scale straining, as observed
in the satellite sea surface height contours depicted in Fig. 2A.
Instead, our findings indicate that the necessary conditions for the
splitting process are just the initial shape of the eddy on 24 February,
which is generically unstable. To show this, we conducted simula-
tions of an idealized elliptical eddy in an ocean model, initialized to
match the shape and size of the observed eddy (Fig. 2, E and F). Our
modeled eddy reproduces the splitting process as shown in Fig. 2C,
without the inclusion of winds, a front, or large-scale strain. The
initial elliptical shape may be created by mesoscale strain, but once
the eddy is elliptical, mesoscale strain is no longer required. In baro-
tropic flows, it has been previously observed (38) that large-scale
strain is not a necessary component to force cyclonic eddies to split.
This observation is useful, as there are multiple potential causes for
the elliptical shape of eddies within a fully developed field of eddies.
The merging or interaction between distinct regions of vorticity (as
observed in the initial stage of Fig. 3A) is another potential cause of

Fig. 3. Subsurface evolution of the cyclonic eddy from an observational map and an idealized model, across four time points throughout the splitting process.

(A and C) Evolution of surfaces of constant potential density 6, = 28.98 kg m ™ (isopycnals) throughout the eddy splitting. Both color and elevation of the surface indicate
ov
ax
each colored by its normalized vorticity value. The first time point shows a single domed isoypcnal “hill’, with corresponding intensified vorticity at the center. The hill
stretches into a “ridge” in the second time point, and vorticity intensifies and elongates. The center of the ridge drops in time points 3 and 4, and the vorticity separates

into two separate cores, associated with two smaller domed isopycnals.

the depth of the isopycnal. (B and D) Evolution of surfaces of constant vorticity { = = — g—‘y’ normalized by the Coriolis parameter f. Multiple vorticity surfaces are plotted,
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ellipticity. The eddy formation mechanism itself may also cause ed-
dies to become elliptical, as in “cat’s eye” pattern created by horizon-
tal shear instability (1). Satellite observations show that elliptical
shaped eddies are common at the submesoscale (8). Therefore, the
conditions required for eddy splitting may be a natural part of eddy
dynamics at these scales.

We initialized the idealized model using an elliptical Gaussian
eddy, with stratification and initial vorticity consistent with our
mapped observational fields. We assume the Coriolis parameter (f)
is a constant due to the small spatial scale of our observations. We
also initialized a passive tracer with an elliptical Gaussian distribu-
tion fit to the observed chlorophyll field. Cross sections of the mod-
el initial condition are shown in Fig. 2 (E and F). The idealized eddy
elongates and splits on the same timescale as the observations and
creates daughter eddies of a similar size and intensity to the observa-
tions (Fig. 3). In our idealized model, the elliptical eddy precesses
about its axis, in keeping with a classic theory regarding elliptical
eddies (39). However, in our observations, there is little evidence of
eddy precession. We hypothesize that the lack of precession is due
to the presence of a mesoscale strain field (apparent in sea surface
height contours from satellite altimetry; Fig. 2A), which coincides
with the observed temperature front. Although the exact details of
the simulation and observations may differ, the model’s eddy split-
ting behavior, on time and length scales that are consistent with the
observations, lead us to believe that we have successfully distilled
the relevant aspects of the eddy-splitting process.

How do eddies split?
In both the model and observations, the formation of two smaller
eddies during the splitting process is due to an intensification of cy-
clonic vorticity in two distinct patches. This intensification can be
thought of as a form of frontogenesis, where velocity gradients are
increasing, along with buoyancy gradients, as seen in the thinning
of the ridge in Fig. 3. It should be noted that nonsplitting elliptical
eddies, discussed below, also undergo a similar frontogenetic in-
tensification; however, in nonsplitting cases, the frontogenesis is ar-
rested by the resymmetrizing of the eddy, rather than by splitting
into two daughter eddies. Nevertheless, the frontogenetic process is
an important precursor to splitting, so we have given a description
of it here.

In our observational map and our idealized model, the evolution
of vorticity is dominated by vortex stretching, so the approximate
dynamical balance is given by

Dg
Dt -8(¢+f)
——
v . (1)
Rate of change Vortex stretching
of vorticity
where the vorticity { = ? - % and divergence d = % + g—;. In Fig. 4D,
x

we have plotted the domain averaged terms from the simulation
evolving in time, which shows that changes in the vorticity are dom-
inated by vortex stretching. Vortex stretching intensifies cyclonic
(€ > 0) vorticity in the presence of convergence. The presence of the
Coriolis force creates an asymmetry, whereby cyclonic vorticity
¢ > 0 is intensified, but anticyclonic vorticity ¢ < 0 is not. The two
smaller eddies that result from the split have intensifying cyclonic
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vorticity because they are associated with regions of convergence
(€ < 0). Vortex stretching is evident in the deepening of the core of
vorticity of the smaller eddies (Fig. 3, B and D).

In Fig. 4, we have plotted the average pattern of normalized
divergence 8/f in the model (Fig. 4A) and observations (Fig. 4B)
averaged over the first day of evolution. The divergence forms a
quadrupole pattern, with alternating patches of convergence and di-
vergence around the eddy. The regions of convergence (8 < 0) are
where the cyclonic vorticity preferentially intensifies due to vortex
stretching, creating the two daughter eddies, resulting from the split
(Fig. 3, B and D). Assuming a constant convergence 8y = —0.1, we
can solve Eq. 1 following a water parcel by integrating in time (40).
This gives an exponential growth of vorticity in time

C=Coe™ @)
following water parcels. We can show that this vorticity feedback
does indeed occur by calculating the averaged rate of change of vor-
ticity and vortex stretching, as defined above. If the vorticity is expo-
nentially growing, so will these terms, without the need to follow
water parcels. We have shown this growth in both the simulation
and observations in Fig. 4D, as compared with the theoretical pre-
diction of exponential growth.

The pattern of divergence in Fig. 4 (A and B) that causes vortex
stretching and subsequent eddy splitting is due to the elliptical shape
of the eddy. There is an additional centrifugal force that combines
with the pressure gradient force to balance the Coriolis force in
highly curved flows, creating what is known as cyclogeostrophic
balance (41), an adjustment to the standard geostrophic balance.
This can be written

V2 op
Po R + pfV = on
—— n
N——" Corioli N—— (3)
Centrifugal OTOUS  pressure gradient
force force force

for the flow speed V, radius of curvature of streamlines R, the normal
direction to the flow n, and pressure p. Note that this balance may
hold with a varying R in complex flows and is not limited to cir-
cular eddies. For the model initial condition of an elliptical Gaussian
eddy, we can derive a cyclogeostrophically balanced velocity from Eq. 3
and then calculate a divergence (Fig. 4C). The pattern and magni-
tude of the cyclogeostrophic divergence is similar to that of the full
model (Fig. 4A), suggesting that cyclogeostrophic balance is re-
sponsible for the pattern of divergence. Unlike geostrophic balance,
cyclogeostrophic balance is not necessarily divergence free. We can
understand the quadrupole pattern in divergence (Fig. 4, A and B) by
considering the acceleration of water as it circumnavigates the eddy.
As the flow nears the narrow ends of the elliptical eddy, it slows down
due to the additional compensation of the pressure gradient by the
centrifugal force, creating a convergence. Then, as the flow passes
the narrow end, it accelerates once more, creating a divergence.
Cyclogeostrophic balance does not capture the entire force bal-
ance, which can be seen in the differences between the initial
model divergence and the cyclogeostrophically balanced divergence
in Fig. 4 (A and C). However, the full velocity can be broken into
a cyclogeostrophically balanced part and a noncyclogeostrophical-
ly balanced part, similar to the classic decomposition of velocity
into geostrophic and ageostrophic components. The part of the
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Fig. 4. Demonstration of the typical velocity divergence patterns underlying the intensification that leads to eddy splitting. The pattern of divergence is similar
between observations, model, and the predictions of cyclogeostrophic balance. Regions of convergence then lead to a feedback via vortex stretching that leads to an
exponential growth in vorticity. (A) Normalized divergence &/f smoothed spatially with a 10-km filter, averaged over the top 60 m of the idealized model and averaged
over the first two inertial periods (37 hours) of the simulation. (B) Normalized divergence &/f smoothed spatially with a 10-km filter, averaged over the upper 60 m of the
variational map and over the first two inertial periods (37 hours) of the study period. (C) Normalized divergence &/f calculated from cyclogeostrophic balance as applied
to the idealized model initial condition, smoothed with a 10-km filter and averaged over the top 60 m. (D) Variation in time of the horizontally averaged rate of change of
vorticity (blue) and the vortex stretching term (red) in both observations (thick lines) and idealized model (dashed lines) from Eq. 1. The theoretical prediction of a constant

convergence is given with a black dashed line.

velocity that is in cyclogeostrophic balance dominates enough of
the divergence to explain the growth in vorticity via vortex stretch-
ing (Fig. 4D), even when using a constant value for the divergence
& from the initial cyclogeostrophic balance.

In the idealized model, internal gravity waves are initially radiated
as the eddy adjusts from geostrophic balance to cyclogeostrophic bal-
ance (42). Then, as the eddy intensifies and splits, there is further
radiation of internal gravity waves, as previously hypothesized in the
case of a splitting mesoscale eddy (20). To average over unresolved

Middleton et al., Sci. Adv. 11, eadu3221 (2025) 23 July 2025

internal waves in the divergence fields in Fig. 4 (A and B), we ap-
ply a spatial smoothing with a filter window of 10 km and average
over twice the inertial period, given by 2n/f~ 18.5 hours, in both the
observational map and the model.

The idealized model demonstrates that cyclogeostrophically bal-
anced elliptical eddies have patterns of convergence and divergence
due to the changes in speed implied by a strong centrifugal force at
the two ends of the eddy. The convergence causes vortex stretching
in two distinct patches. Feedback from the adjusting flow results in
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exponentially growing cyclonic vorticity and the creation of two
smaller eddies. These two eddies then separate, leading to a drop in
the isopycnal surface that originally connected them and comple-
tion of the splitting process.

When do eddies split?

We have observed how an initially elliptic eddy can split into two
daughter eddies and shown with an idealized model that this behav-
ior is a generic feature of the eddy shape, size, and intensity. How-
ever, not all elliptical eddies split. Cyclones commonly go through a
process of resymmetrization, often discussed in the atmosphere to
describe the behavior of tropical cyclones (43, 44). By changing the
initial conditions of the elliptical eddy in our idealized model, we
can generate eddies that do not split. Example contours of sea sur-
face height for simulated eddies that do not split are compared with
those that do split in Fig. 5 (A and B). Nonsplitting eddies go through
a similar process of elongation and intensification. However, instead
of splitting into two daughter eddies, nonsplitting eddies collapse
back into a single, more circular eddy. As the elliptical eddy rotates,
it inhibits the intensification process, and vorticity filaments are shed

from the edges, allowing the core to resymmetrize (45). Our obser-
vations do not show the same rotation as within the idealized model,
so we may expect that the dynamics of resymmetrization make look
somewhat different in the presence of large-scale strain.

The differences between splitting and resymmetrizing eddies
have been previously explored for barotropic cyclones (38) using
the rotating shallow water approximation. However, in our case,
the dynamics are modified by the effects of a dynamically varying
stratification using the full primitive equations (see Materials and
Methods). In the shallow water equations (38), splitting was found
empirically to occur for eddies with sufficiently large intensity or
ellipticity. We find a qualitatively similar result, but to compare
quantitatively to (38), we define the baroclinic Rossby radius of de-

formation Rp = NH/f for the buoyancy frequency N = 4/ % and the

eddy height H (defined in Materials and Methods). Simulations with
the same normalized eddy radius R/Rp and stratification profile will
evolve in the same way, even if the actual radius R is modified. We
define the eddy radius, R, as the geometric mean of the radii in
the major and minor directions of the ellipse, assuming a Gaussian

Fig. 5. Schematic representation of the difference between splitting and nonsplitting eddies and mapping out the parameter space that distinguishes between
the two cases. (A and B) Typical streamlines from idealized eddy simulations that show splitting and nonsplitting behaviors. (C and D) Parameter space in which the splitting/
non-splitting simulations sit, marked with circles and crosses, respectively. (C) Variations in eddy radius R normalized by the radius of deformation Rp, both defined in
Materials and Methods, and the Rossby number Ro = U/fR for maximum eddy speed U, Coriolis parameter f, and eddy radius R. Regions where simulated eddies either split
(blue) or do not split (red) are schematically colored. Parameter ranges where elliptical Gaussian eddies with exponentially decaying stratification are statically unstable
(i.e., dense water on top of light water) are shaded in gray. The ellipticity of all simulations in (C) is A = 2, and the parameters of the observed eddy are marked with a star.
In (D), the eddy radius is held at a constant value of R/Rp = 1, so the observations do not sit in this cross section of parameter space.
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shape (see Materials and Methods). This does not give the radius of
the outer-most eddy contour, so reported radius values are not the
same as the maximum eddy radius. For example, the observed eddy
fits a 10-km radius Gaussian eddy with an ellipticity of 2 despite the
bowed isopycnals extending further than 10 km (Fig. 1, D and E).
The radius of deformation in the observations is around 7 km, so we
get a normalized radius of around 1.4.

We have run a series of simulations to determine which pa-
rameters are likely to result in splitting. We vary the eddy radius,
normalized by the radius of deformation Rp; the density anomaly
associated with the eddy; and the ellipticity of the eddy. In Fig. 5C,
we show simulations with a fixed ellipticity of A = 2 but varying the
eddy radius and density anomaly, and in Fig. 5D, we show simula-
tions with a fixed eddy radius of R/Rp = 1 but varying the ellipticity.
The eddy intensity can be measured using the Rossby number
Ro = U/fR for maximum speed U, eddy radius R, and Coriolis pa-
rameter f. The stratification profile varies between the center of the
eddy and the exterior. To ensure comparability across different pa-
rameter ranges, we used a simplified exponentially decaying strati-
fication (see Materials and Methods) for simulations in which we
vary the eddy parameters. One implication of this choice is that
certain parameter ranges create a statically unstable density profile
within the eddy (i.e., heavier water on top of lighter water), as the
density changes horizontally at different rates across different depth
levels. We have shaded out the statically unstable region within Fig. 5
(Cand D).

For a given eddy radius, there is a critical threshold of intensity
required to force splitting, as in the barotropic case (38). As you de-
crease the radius of the eddies, you need a higher critical intensity to
tear them apart. At larger scales in the ocean, Rossby numbers rap-
idly decrease. So, we may not expect to find eddies of high-enough
intensity at the mesoscale for splitting to occur. For example, Rossby
numbers calculated from satellite altimetry in the Mediterranean Sea
averaged at Ro = 0.05 for an average eddy radius of twice the radius
of deformation (46) compared to the threshold for splitting of ~0.5
from our simulations for eddies that size. Submesoscales are defined
by having order 1 Rossby numbers (47), and Rossby numbers sub-
stantially larger than 1 are often observed (4). Reaching the neces-
sary Rossby number for a given eddy radius is therefore possible at
the submesoscale, suggesting that eddy splitting may be more likely
at these small scales.

Taking the analogous regime diagram from (38), we can com-
pare directly their empirical prediction for the boundary of values
that will force splitting to our own empirical fit. Figure 5C shows the
comparison of the shallow water prediction, which fails to predict
that our observed eddy would split, and overestimates the propen-
sity to split for eddies with a small radius. From this comparison, we
can infer that the missing physics from the shallow water equations
could be important.

We also vary the ellipticity of the eddies while keeping the eddy
radius constant (Fig. 5D). At small ellipticities, no splitting behavior
was observed, across all statically stable Rossby numbers. Eddies that
are sufficiently elliptical to split require high Rossby numbers to in-
duce splitting. This suggests that in regions of large mesoscale strain,
where elliptical-shaped eddies are more pronounced, we would ex-
pect more of them to undergo splitting. Ellipticity is a proxy for an
eddy’s internal strain. Therefore, we might expect that eddies with a
high internal strain rate to behave similarly to our elliptical Gaussian
eddies as suggested by our observations.
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It is important to note that the Fig. 5 (C and D) is regime dia-
gram, rather than probability diagrams: The relatively small size of
the splitting regime in this space is not indicative of a low probabil-
ity of occurrence. Instead, to understand the prevalence of eddy
splitting, we must also understand the distribution of Rossby num-
bers, eddy ellipticity, and deformation radii for submesoscale ed-
dies in the global oceans. Quantifying these distributions and the
prevalence of eddy splitting is beyond the scope of this manuscript.
However, we have made steps toward understanding what would be
required to assess the stability of submesoscale eddies to this form
of instability.

In summary, using parameters representative of the ocean subme-
soscale in our model, we find that elliptical eddies split when they
have a large Rossby number or, in other words, when they are par-
ticularly intense. The intensity required to split an eddy varies,
depending on the size of the eddy measured relative to the eddy
stratification and Earth’s rotation, quantified by the Rossby radius of
deformation. Eddies also require a sufficient ellipticity to split; in our
case, the ellipticity needs to exceed 1.5 for R/Rp = 1. We have marked
the observed eddy in our regime space in Fig. 5C, where it suitably
falls within the splitting region.

How much carbon do splitting eddies transport?

As the eddy elongates, the domed isopycnals subsurface stretched into
a ridge-like structure separating two regions of high vorticity (Fig. 3).
During splitting, we observed that the density surfaces in the center of
the ridge dropped, while the density surfaces were uplifted in the two
daughter eddies as they formed. At the center of the ridge, where the
chlorophyll concentrations were the largest, the isopycnal dropped
the furthest, resulting in a transport of water from the surface to the
interior. To show the potential effect of this transport on carbon flux-
es, we plot the horizontally averaged chlorophyll profile before and
after the splitting process in Fig. 6A. The average chlorophyll drops
near the surface and increases at depth, in both the observations and
model. This change is suggestive of vertical fluxes leading to a net sub-
duction of chlorophyll and an obduction of lower-chlorophyll waters
from below. However, horizontal advection, plankton photoacclima-
tion, and biological production and respiration may play a role here.
So, we estimate the local vertical POC flux (wC) implicated by the
splitting, where w is the vertical velocity, C is the small POC concen-
tration across the mapped region and within the model, and (-) is
an average across the mapped region and within the corresponding
buoyancy contour within the model, shown in Fig. 6.

To estimate the small POC concentration across the study region,
we use chlorophyll fluorescence as a proxy. We took measurements of
small POC from water samples during the cruise (see Materials and
Methods) and then fit a curve POC = 64chi®? to the calibrated
chlorophyll fluorescence (48). This proxy accounts for the effects
of photoacclimation, which changes the carbon-to-chlorophyll ratio
with depth and includes both living and dead (detrital) POC. We then
use our map of chlorophyll a (Fig. 2) and an estimate of w to infer a
flux of POC. To estimate the vertical velocity, we use the change in the
height of the isopycnal. The isopycnal vertical velocity works well as a
proxy for the full vertical velocity in the idealized model (see Materi-
als and Methods). Alternative methods, such as the omega equation
(49), require vertical velocity estimates in the near-surface layer as a
boundary condition, which varies substantially at submesoscales (50).
The assumptions of quasi-geostrophy, often required for the omega
equation, are also strongly violated at the submesoscale. For example,

8of 14

9202 ‘2T Arenice4 uo seiuswILIBdS BOS1J099) I 8 e1elBoueso) Ip ajeuoizeN oINiis| e 610°80us oS MMM//SO1Y WO papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 6. The contribution of eddy splitting to vertical fluxes of POC. (A) Horizontally averaged chlorophyll profile from the observations (thick lines) and the model
(dashed lines), before (blue) and after (red) the eddy splitting. The horizontal dashed line marks the 60-m depth at which we present time and spatial flux variability.
(B) Evolution of the POC flux (derived from chlorophyll, calibrated with water samples) from the observations (thick lines) and the model (dashed lines) at 60-m depth. We
show the flux correlation (wC)/+/(w?)(C?) between the vertical velocity and chlorophyll in purple for model and observations. Error bars on the observational values in
(A) and (B) are SEs derived from mapping uncertainty (C). (D) Snapshots of vertical POC flux from the observations and model respectively. Averaging regions are shown
with a gray contour, and streamlines are shown with black contours. Magenta line shows location of example sections shown in (E) and (F). (E) Chlorophyll and (F) appar-

ent oxygen utilization (AOU). Contours in (E) and (F) are of potential density.

the quadrupolar pattern of divergence in Fig. 4 would not be repro-
duced using the quasi-geostrophic approximation.

To understand the impact of eddy-subducted small POC, we re-
port the flux at a given depth horizon. Water subducted beyond the
mixed layer, beyond the photic zone, or beyond certain depth hori-
zons will have qualitatively different effects on the biology and po-
tential for re-entrainment into the surface layer. We choose to report
vertical POC fluxes at 60 m as our depth horizon, below both the
photic zone and the mixed layer. At 60 m, the photosynthetically
available radiation (PAR) has fallen below 0.1% of the surface value,
and there is no significant daily modulation of chlorophyll fluores-
cence (see the Supplementary Materials), so the effects of nonphoto-
chemical quenching or biological production are limited.

In Fig. 6B, we show the horizontally averaged vertical flux of
POC at 60 m depth as it varies in time, calculated from the observa-
tions and the idealized model. The vertical POC flux decreases as the
eddy strains and intensifies before peaking as the eddy splits, reach-
ing maximum values of 126 + 24 mgC m™* day ™" averaged across
the map (Fig. 6B) and 992 + 4 mgC m 2 day ™! locally (Fig. 6C). The
spatial pattern of this flux shown in Fig. 6 (C and D) demonstrates
the peak flux in the center of the splitting eddy, where the central
isopycnal ridge drops, leading to large fluxes. In the model, there
are also substantial fluxes along the edges of the eddy as it spins.
However, we cannot be sure if these fluxes exist within our observa-
tions, as they are out of the range of our map, and the observed eddy
does not spin substantially. For the observations, we only include
segments of our map that have less than a 30% mapping error. To
compare between the observations and model, we have averaged the
vertical POC flux across a region of the simulations outlined in gray,
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defined using a buoyancy contour, chosen to cover similar buoyancy
classes as those resolved in our observational map.

Further evidence of the substantial flux caused by the eddy split-
ting is provided by EcoCTD profiler data (29) taken after the split-
ting occurred. These transects profile through the region where the
eddy’s center was previously located. We show transects of oxygen
and calibrated chlorophyll fluorescence along with density contours.
There was high chlorophyll a concentration and low apparent oxy-
gen utilization observed at depth immediately after the splitting,
well below the photic zone (see the Supplementary Materials). The
low apparent oxygen utilization at depth is suggestive that physical
subduction has occurred recently.

In summary, the splitting of a high-chlorophyll eddy in our obser-
vations is associated with large vertical fluxes of carbon, as estimated
using interpolated chlorophyll fields, calibrated using measurements
of POC, and using isopycnal height changes to estimate the vertical
velocity. This carbon transport is quantitatively and qualitatively
similar to the idealized model, where we do not have to rely on ap-
proximations for the vertical velocity. The average flux is also consis-
tent with both the net change in the averaged chlorophyll profile and
the observations of elevated chlorophyll and oxygen below the pho-
tic zone, directly after the splitting took place.

DISCUSSION

Eddy splitting represents a coupled physical-biological mechanism
for the subduction of carbon because there is a strong covari-
ance between the region of elevated vertical velocity and the re-
gion of high chlorophyll (and POC) concentration. The center of
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the cyclonic eddy, with upward doming isopycnals, is a hotspot
for phytoplankton productivity. The largest flux occurs during the
splitting of the eddy due to the sinking of the ridge-like isopycnal
surfaces formed by the stretching of the initial eddy. The center
of the ridge is where the chlorophyll concentrations and vertical
velocities were the largest. To illustrate this point, we have included a
plot of the flux correlation (wC)/y/{(w?){(C?) in Fig. 6B. The flux
correlation shows that vertical velocities and chlorophyll concen-
tration are highly correlated (0.56 + 0.16 in the observations and
0.5 in the idealized model) during the splitting itself. After the eddy
has split, there are large vertical velocities and fluxes around the re-
sulting submesoscale coherent vortices (SCVs). However, the cor-
relations between chlorophyll and vertical velocities are weaker after
the split, so the motions are ineffective at delivering carbon to depth.

The horizontally averaged downward POC fluxes peak at 126 +
24 mgC m™* day ™ in the observations and 172 mgC m™* day™" in
the model at 60-m depth, which is of a similar magnitude to scaling
estimates of ~150 mgC m > day™' during the North Atlantic spring
bloom (12) at 100-m depth, attributed to mixed-layer eddy over-
turning. The maximum horizontally averaged small POC concen-
trations that we measured (~80 mgC) are similar to those in the
North Atlantic (~40 to 100 mgC), suggesting that, depending on
their rate of occurrence, splitting eddies could make a substantial
contribution toward the averaged organic carbon flux comparable to
that of mixed-layer instabilities. Although not discussed here, there
are also a multitude of other mechanisms for subduction, likely pres-
ent within our observations. The change in curvature of the flow path
along the elliptical eddy also leads to subduction and is examined in
an upcoming manuscript. Other mechanisms such as symmetric in-
stability, nonlinear Ekman pumping, the interaction of near-inertial
waves, and fronts of O(1) Rossby number are topics for future work.

We have not included any turbulent feedbacks, wind effects, or
biological feedbacks within the idealized model, which may alter
the flux estimates. Near-inertial internal waves are generated during
splitting within the model, and if these result in locally increased
turbulent mixing, then it that could enhance the downward flux of
small POC at depth. There was a wind event during the eddy split-
ting (see the Supplementary Materials), which enhanced turbulent
mixing in the surface mixed layer during the splitting. The mixed
layer depth went from varying spatially between 0 and 20 m to be-
tween 20 and 50 m during the wind event, which enhanced the
downward flux of small POC. The obduction of water from below
the surface layer during splitting (Fig. 6, E and F), enriched in nutrients,
may have led to enhanced biological production, increasing the pool
of organic carbon available to be transported to depth. Recent work
has also shown the importance of submesoscale dynamics to the ex-
port of medium-size POC (14), where the sinking speed is compa-
rable to the vertical velocities at the submesoscale (~100 m day_l),
suggesting that eddy splitting may also enhance the sinking POC
flux. These possibilities allow for a substantially larger flux of carbon
associated with eddy splitting than we have estimated.

Other tracers are also correlated with the occurrence of subme-
soscale cyclonic eddies, which may lead to enhanced fluxes during
splitting. For instance, the eddy was associated with a cold tempera-
ture anomaly, and so splitting also induced a maximum heat flux of
34 + 20 W m ™ (see the Supplementary Materials). This is compa-
rable in magnitude to previous estimates from frontal regions (49),
but the flux associated with the splitting of a given eddy will be
heavily affected by the magnitude of heat anomalies associated with
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the eddy. Our observations were limited to 200 m; however in
the idealized model, there was an increase in RMS vertical velocities
during the split down to ~500 m in a 1000-m-depth model. We have
not explored the potential impacts of eddy splitting at depth, but
there is a deepening of the vorticity core of the daughter eddies dur-
ing their formation due to vortex stretching (Fig. 3, B and D), which
could lead to enhanced eddy stirring at depth. The evolution of the
coherent eddies created by the splitting process are also not exam-
ined here but have implications for lateral transport of tracers.

We have only discussed the splitting process as it applies to cy-
clonic vortices. However, our observations point to a substantial
asymmetry between cyclonic and anticyclonic splitting (38). For an
anticyclonic split, the isopycnals would rise after the split, rather
than drop, potentially leading to a net obduction, rather than sub-
duction. This potential asymmetry in the effect of splitting eddies
suggests a mechanism linking the cyclonic/anticyclonic asymmetry
observed at submesoscales, particularly in the mixed layer (3), to the
prevalence of subduction. Low potential vorticity anomalies (more
anticyclonic) at depth are often thought to be indications of sub-
duction; however, here, we have observed a high potential vorticity
(more cyclonic) anomaly subducting. This is in keeping with theo-
retical and modeling studies where mixed layers are relatively shal-
low compared to the eddy scale (51, 52).

At large scales in the ocean, there is an up-scale kinetic energy
cascade, where eddies tend to merge, collecting motions into larger
and larger structures, where kinetic energy is then dissipated primar-
ily by bottom drag (53). At submesoscales on the other hand, we have
the possibility of a downscale kinetic energy cascade, where energy is
concentrated in successively smaller structures that are eventually
dissipated by ocean turbulence and lastly viscosity. The downscale
cascade has been directly observed using drifter measurements, and
the transition occurs at ~10 km in active submesoscale flows (54).
Naively, this downscale kinetic energy cascade could be interpreted as
a tendency for eddies to split rather than to merge. However, previ-
ous studies on the downscale energy cascade have implicated sharp
fronts as the primary regions of downscale energy transfer (55, 56).
Our observations suggest that eddy splitting could indeed play a role
in the down-scale kinetic energy cascade: we have observed kinetic
energy moving from the original eddy scale to the smaller scale of
two daughter eddies. This is consistent with the downscale enstrophy
cascade, i.e., vorticity distributions moving to smaller scales that
happens at the mesoscale, but the coherence of the eddy structures
that result from splitting implies kinetic energy has been transferred
to the smaller structures. If eddy splitting is more likely at submeso-
scales, then it is possible that eddy splitting could play a role in the
energy cascade, although further work is needed to quantify the con-
tribution of eddy splitting to the average over a field of eddies.

Furthermore, we have shown that the conditions required to split
an eddy are generic (moderate ellipticity, and high intensity relative
to eddy radius), and potentially more likely at submesoscales, due to
the high Rossby numbers that are possible in this range. However, in
the splitting process we have outlined, the daughter-eddies them-
selves do not split, rather they remain coherent for an extended pe-
riod of time. The lack of splitting of the daughter eddies is consistent
with our characterization of splitting, as although they have high
Rossby numbers, they do not have a substantial ellipticity, which is a
necessary condition for splitting.

The two daughter eddies created by the splitting process are suit-
ably identified with the term SCVs, which are small vorticies that
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remain coherent for long periods of time (months to years) (57).
Many of the observed SCVs have been anticyclonic, and various
formation mechanisms have been suggested (58, 59). Here, we have
demonstrated a formation mechanism for cyclonic SCVs, which we
observed lasting for at least 2 months. These cyclonic SCVs may
be responsible for substantial lateral transport of tracers, which is a
topic for future study.

In describing the evolution of our idealized model and its path to
splitting, we illustrated the importance of cyclogeostrophic balance.
Previous authors have also implicated regions with heavily curved
velocity fields as important sites of subduction (60-62). Highly curved
velocity fields are a natural part of submesoscale dynamics due to
their small spatial scales and large velocity gradients. Parameteriza-
tions of submesoscale subduction should account for the occur-
rence of highly curved regions, of which submesoscale eddy splitting
is a prime example. While we do not quantify the frequency of oc-
currence of eddy splitting, we provide evidence that the conditions
that permit this splitting are generic at the submesoscale. Future
work is required to quantify the global frequency of eddy splitting
and its large scale contribution to carbon fluxes.

MATERIALS AND METHODS

Instrumentation and processing

Two ships, the N/O Pourquoi Pas? and R/V Pelagia were used during
the CALYPSO campaign for deployment of assets, water sampling,
and underway profiling. Full accounts of the CALYPSO dataset, the
instruments, and the cruise narrative are given in the cruise reports
from the N/O Pourquoi Pas? (63) and R/V Pelagia (64). The N/O
Pourquoi Pas? was equipped with 38-, 150-, and 300-kHz Teledyne
ADCPs that measured down to 840-, 300-, and 120-m depths with
resolutions of 12, 8, and 2 m, respectively. Underway profiling was
achieved using the EcoCTD (810 profiles) and a traditional pumped
CTD rosette system (24 profiles), which both measured conductivity,
temperature, pressure, oxygen, and chlorophyll. The R/V Pelagia was
equipped with a 75-kHz RDI ADCP measuring to 650-m depth with
a resolution of 8 m. Underway profiling of conductivity and tem-
perature was achieved with a mixture of Seabird and Valeport UCTD
systems (870 profiles). Twenty-two SVP (33) drifters, 32 CODE
(34) drifters, and 52 CARTHE (35) drifters were deployed and used as
pointwise velocity measurements. We deployed two drifting and profil-
ing WireWalker buoys (31), measuring conductivity and tempera-
ture and down to ~200-m depth, profiling every 20 min (553 profiles).
One of the two WireWalkers also measured PAR, as reported in
the Supplementary Materials. Also deployed were nine floats (eight
SOLO-II and one Apex) measuring conductivity, temperature, and
depth and profiling down to 250 m every hour (514 profiles).

For intercalibration, all instruments measuring conductivity, tem-
perature, chlorophyll, or oxygen were referenced back to the CTD
rosette system aboard the N/O Pourquoi Pas?, which was considered
the gold standard due to its stable, high-quality sensors that were
calibrated before and after the cruise to correct for any measurement
drift. Simultaneous casts for calibration purposes were made where
possible, and where not possible, we compared the most alike near-
by casts in temperature/salinity space. Gain offsets were made to
the conductivity cells where the differences were substantial (>0.01 mS
cm™") between the given instrument and the CTD rosette. Likewise,
gain offsets were made to the EcoCTD oxygen and chlorophyll fluo-
rescence sensors to align them with the CTD Rosette sensors.
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Water sampling

To make estimates of carbon fluxes, we directly measured POC us-
ing 49 water samples taken using Niskin bottles attached to the CTD
Rosette. Four sets of triplicate samples were taken to constrain the
measurement error across depths of 5 to 360 m. POC samples
were collected on precombusted GF/F filters aboard the ship and
then stored frozen at —20°C, before the filters were acid-fumed and
dried at 60°C for 48 hours and then processed at the UCSB Analyti-
cal Laboratory using an automated organic elemental analyzer fol-
lowing the Dumas combustion method. All water samples used for
calibration were taken during the night to avoid our calibration be-
ing biased by effects of nonphotochemical quenching. At all stages,
samples were protected from light.

To calibrate the chlorophyll fluorescence optical measurements,
we compared our near-surface samples to satellite estimates of
chlorophyll concentration using a multisensor regional L3 ocean
color product for the Mediterranean Sea. This gives chlorophyll val-
ues that are consistent with biogeochemical argo floats in the Balearic
Sea and the repeat Mediterranean Ocean Observing System for
the Environment (MOOSE) hydrographic glider section, which are
both independently calibrated. We then derive a chlorophyll-to-
POC ratio, as shown in the Supplementary Materials. The carbon
flux estimates are independently calibrated with POC measure-
ments, so are not sensitive to the calibration of the chlorophyll
fluorescence sensor.

Variational mapping

To create 3D spatial maps of the temperature, salinity, density, veloc-
ity, chlorophyll concentration, and oxygen concentration that evolve
in time, we variational mapping using the program DIVAnd (Data-
Interpolating Variational Analysis in n dimensions) (36). As an al-
ternative approach to optimal interpolation [e.g. (49)], this method
uses a minimization to find a 4D (3D + time) surface that is both
smooth and close to the observations. Minimization allows for the
application of physical constraints such as geostrophy (37), which
we have not applied here, as we aim to capture ageostrophic splitting
dynamics. We map the departure of the required fields from some
constant background state, which we construct to mimic the front
between the two water masses. We do this by taking the average pro-
file for each variable in our initial surveys on 22 February, to the
north and south of the front, and constructing a tanh function that
smoothly moves between the two at each depth level. The mapping
is insensitive to the orientation and slope of this chosen background
state. To control the smoothness of the mapped surface and the
proximity to observations, the user inputs two variables: a correla-
tion scale in each dimension and a signal-to-noise ratio for the ob-
servations. Across the variety of sensors, the noise-to-signal ratio
averages out at ~1%. The mapping technique allows for the estima-
tion of mapping error covariances (65), which we propagate through
the vertical velocity estimate and POC estimate to give a standard er-
ror for our mean flux measurements, shown with error bars in Fig. 6.
The standard mapping error associated with our mean chlorophyll
profiles are also given as error bars.

For the correlation lengths, some authors attempt an optimiza-
tion over the data, withholding test data and optimizing for the best
fit between the mapped data and the withheld data (37). However,
in our case, we have specific dynamics (eddy splitting) that we
are attempting to analyze, and so we choose our mapping based
on the scales at which we would like to observe the dynamics.
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Specifically, one ship was maintaining a repeat section every 9 hours,
half an inertial period, to allow for internal waves within our ob-
servations. Setting our time correlation scale to 9 hours then gives
us natural choices for our spatial correlation lengths. We use a
varying horizontal correlation length, chosen based on our esti-
mate for velocity. For tracers being advected, we would expect the
spatial correlation length to vary depending on the velocity. Using
dimensional arguments, this suggests a spatial correlation length
Ax = UAt. This choice is similar to the Courant-Friedrichs-Lewy
(CFL) condition in numerical methods (66) that provides a bound
on the temporal resolution required to resolve waves of a certain
wavelength. This condition gives a correlation length that varies in
space and time throughout the map. We make a first guess of
the correct correlation length by mapping the velocities with a
constant horizontal correlation length of L = 5 km, and then
using that estimate of velocities [uy(x, 7,2, t), vy (%, 3, 2,1)], we
set the correlation length in each direction for the final mapping as
(Lo Ly = [lug (%, 7,2, £) | Aty |vy(x,y, 2, t)| At] for At =9 hours the
temporal correlation scale. In the vertical, we have an average mea-
surement resolution of 5 m, so we choose the vertical correlation
length as 20 m to preserve our high vertical resolution, with some
smoothing to prevent spurious overturns in density.

Model setup

The idealized model solves the nonhydrostatic Boussinesq equations
in a periodic box with a free surface on top and a no-flux boundary
condition at the base. We use Oceananigans (67), which is based on
the architecture of the Massachusetts Institute of Technology gen-
eral circulation model (68), we used an adaptive timestep using the
CFL condition and a fifth-order weighted essentially nonoscillatory
(WENO) advection scheme (69). We use 48 vertical levels reaching
down to 1000-m depth, staggered to provide greater surface reso-
lution, from 35 to 1 m at the surface. Horizontally, we use 500-m
resolution to fully resolve the resulting vortex motions. The initial
condition is an idealized elliptical Gaussian eddy given below. In the
vertical, we use a background vertical buoyancy profile fit to obser-
vations outside of the eddy and an eddy vertical buoyancy profile fit
to observations within the eddy. We use the variational map detailed
above to fit the idealized eddy parameters, giving an ellipticity of 2,
an eddy radius of 10 km, and a buoyancy anomaly of 0.0035 m s™°,
In the experiments where we vary the governing parameters (Fig. 5,
C and D), we use an exponentially decaying buoyancy profile in-
stead of the profile fit to observations.

The idealized Gaussian eddy with prescribed ellipticity can be
described as a buoyancy anomaly, where velocity field u and v are
constructed to be in thermal wind balance. The initial condition for
buoyancy anomaly that we choose is

2 y?
b(x,y,2,t) = by(z) + Ab b (2) exp [ - —=—— 4
mremt) = by 1 p( e e ) @
where
e (£ )by e (£
by(z)=N Hexp(H>,b1(z) exp(H) (5)

for the idealized cases included in the regime diagram in Fig. 5 (C
and D). Here, the buoyancy anomaly of the eddy is Ab, the vertical
eddy decay rate is H, the eddy radius is R, and the ellipticity is de-
fined by A, i.e., the radius in one direction divided by the radius in
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the other direction. Then, A, = \/X and A, =1/ \/7» are derived
from the ellipticity A. For the case matched to observations, b,(z) is
the mean buoyancy profile across the mapped buoyancy field, and
b,(z) is the mean buoyancy profile across the center of the eddy. To
derive the parameters Ab, H, R, and A, we find the minimum root
mean squared difference between the observational map of the eddy
buoyancy and the idealized Gaussian model eddy above. We initial-
ized the horizontal velocity using geostrophic balance; however, we
experimented with initializations using cyclo-geostrophic balance
and found qualitatively similar results. Our geostrophic initializa-
tion matched the observations more closely in terms of time taken
to split, so we used this initialization for our intercomparison.

Vertical velocities

To calculate vertical velocities that can be used for flux calculations,
as in Fig. 6, we use the changes in isopycnal height in time (49). This
relationship can be derived by starting with the equation for the evolu-
tion of buoyancy and transforming into thickness-weighted coordi-
nates (70). Neglecting advection and diabatic effects, we can estimate

oh o 0h
w= E+uh- V b + diffusion = m

(6)

To verify that our estimates of w are reasonable, we have plotted
the true vertical velocity from the idealized model compared with
the vertical velocity inferred from the isopycnal motion alone.
In Fig. 7, we show cross sections of vertical velocity taken at 60 m
and magnitude of the absolute vertical velocities averaged between 0
and 200 m to show the variability. After smoothing the velocity in
time with a 5-hour window, we find a good agreement between the
observed vertical velocity and the prediction based on isopycnal height.
Considering the spatial variations, there are some minor differences,
but the overall patterns are well captured.

Fig. 7. The efficacy of the isopycnal approximation of w within the idealized
model. (A) Snapshot of the vertical velocity at 60-m depth on 28 February 2022.
(B) Same as in (A) but with a 5-hour smoothing in time. (C) Snapshot of the isopycnal
approximation to vertical velocity at 60-m depth on 28 February 2022. (D) Hori-
zontal averaged vertical velocity magnitude [W| evolving through time, includ-
ing the full velocity (blue), smoothed in time velocity (red), and isopycnal-only
velocity (yellow).
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