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Abstract Mesoscale eddies provide critical links between the atmosphere and the ocean interior modulating
the exchanges of key climatic tracers across the air-sea and mixed-layer interface. Mesoscale eddies, widespread
in the Southern Ocean, are unresolved by Earth System Models; to what extent they modify contemporary and
future heat and CO, uptake remains unknown. The missing contribution of mesoscale eddies and their effects
on properties and fluxes of heat and CO, are investigated in the South-East Atlantic using a mesoscale resolving
(1/12°) physical biogeochemical model. Unsupervised Self-Organizing Maps are used to separate anticyclonic
and cyclonic eddies into distinct sub-categories based on spatial characteristics in relative vorticity. Thermal
drivers dominated over non-thermal on partial pressure of ocean CO, (pCO,,,,) leading to a weaker CO, sink in
anticyclonic eddies and a stronger CO, sink in cyclonic eddies relative to the climatological mean. Magnitudes
and depth extents of tracer anomalies scale with eddy size but are also dependent on background tracer
gradients. Resolving only the largest (>50 km radii) eddies leads to underestimations in total magnitude of heat
storage by 52% and 77%, and underestimations of 61% and 77% in dissolved inorganic carbon (C;) storage for
anticyclonic and cyclonic eddies respectively. The inclusion of smaller eddy features (<50 km) also offsets the
asymmetry in heat and C; storage between anticyclonic and cyclonic eddies. Resolving eddies explicitly or
improvements in existing parameterizations that fail to sufficiently include eddy effects are crucial to improving
estimates of heat and CO,.

Plain Language Summary Mesoscale eddies, abundant in the ocean, are coherent vortices of
length scales 10-100 km and persist for days to months. Eddies modify water properties by trapping water in
their core at formation and through horizontal and vertical motions due to their rotation. These features provide
links between the atmosphere and ocean influencing local heat and CO, exchanges between the atmosphere and
ocean. Mesoscale eddies are inadequately represented in Earth System Models (ESMs) due to computational
expense and parameterizations that fail to capture their effects. Here, we use a high-resolution ocean model

and data analysis techniques to investigate the influence of different eddy types on heat and CO, in the South—
East Atlantic Ocean. Smaller eddies, more numerous than large eddies, were found to produce smaller tracer
anomalies extending to shallower depths but the local environment also played a role. Anticyclonic and cyclonic
eddies took up less and more CO,, respectively. Only including the effects of larger eddies (>50 km radii) leads
to underestimations in heat and CO, storage as well as an asymmetry between anticyclonic and cyclonic eddies
highlighting the need for smaller features to be represented in ESMs for current and future climate projections.

1. Introduction

The Southern Ocean plays an essential role in mitigating the rate of climate change through its globally dispro-
portionate uptake of anthropogenic carbon dioxide (CO,) and the associated excess planetary heat (Friedlingstein
et al., 2022; Frolicher et al., 2015). However, the processes controlling heat and CO, uptake remain poorly
understood as evidenced by the divergence in projected estimates by state-of-the-art Earth System Models
(ESMs) (Fox-Kemper et al., 2021; Friedlingstein et al., 2022; Frolicher et al., 2015; Hauck et al., 2020; Meijers
et al., 2023; Sallée et al., 2023). There is much debate regarding the spatio-temporal scales of motion required to
be explicitly resolved by ESMs, and whether resolving finer scales will result in model convergence (Fox-Kemper
et al., 2019; Hewitt et al., 2020). Given the high computational cost of running long simulations at high spatial
resolutions, most fully coupled models have coarse average resolutions of 1° (Hewitt et al., 2020), and hence
do not resolve mesoscale to sub-mesoscale features. Mesoscale ocean dynamics is a source of ocean variability
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occurring on spatial scales of 10-100 km and time scales of days to months, manifesting as swirling deviations
of the mean flow including eddies, jets, fronts, and meanders. Previous studies have demonstrated that climate
projections are sensitive to the inclusion of these features and their feedback, either through increased horizontal
resolution and/or eddy parameterization (Hewitt et al., 2020, 2022; D. P. Marshall & Zanna, 2014; Morrison
et al., 2016; Seo et al., 2023; G. Wang et al., 2022). Despite the significant influence of the Southern Ocean
on global heat and CO,, ESMs have significant temporal and spatial biases in both heat and CO, fluxes (Chen
et al., 2019; Hyder et al., 2018; Kessler & Tjiputra, 2016). Thus, understanding the characteristics and influence
of mesoscale dynamics may be essential to improve estimates and help constrain processes influencing heat and
CO, uptake in the Southern Ocean, thereby improving global climate projections.

The Southern Ocean experiences high eddy kinetic energy along the fronts of the Antarctic Circumpolar Current
(ACC) and in Western Boundary Currents such as the Agulhas Current (Griffies et al., 2015). Mesoscale
eddies in the Southern Ocean are primarily generated through the conservation of potential vorticity arising
from baroclinic and barotropic instabilities and through interaction with bottom topography (Constantinou &
Hogg, 2019; Hogg et al., 2015; J. Marshall & Speer, 2012; Thompson & Sallée, 2012; Treguier et al., 2007;
Yung et al., 2022). Eddies modify the distribution and gradients of tracers such as heat and CO, (Chelton
et al., 2011; Dong et al., 2014; Gaube et al., 2013; Sallée, 2018) through horizontal advection by stirring and
trapping, vertical advection by eddy pumping and eddy-induced Ekman pumping and vertical mixing (Gaube
et al., 2013, 2014; McGillicuddy, 2016). Eddies can have significant impacts on mixed-layer depths (MLDs),
a key conduit controlling the uptake and transfer of properties across the air-sea and mixed-layer base interface
(Gaube et al., 2019; Hausmann et al., 2017).

The conservation of potential vorticity alters the relative vorticity field leading to the formation of different
eddy types: anticyclonic eddies (AEs) and cyclonic eddies (CEs), which exhibit different properties and play
different roles in heat and CO, uptake. AEs are associated with positive relative vorticity (anti-clockwise in the
Southern Hemisphere), warmer temperatures and downwelling of isopycnals and CEs with negative relative
vorticity (clockwise in the Southern Hemisphere), colder temperatures and upwelling of isopycnals (Hausmann
& Czaja, 2012; Klein & Lapeyre, 2009; McGillicuddy et al., 1998); this so-called eddy pumping mechanism also
modifies dissolved inorganic carbon (C;). Air-sea heat fluxes in eddies are influenced by surface temperature
where AEs tend to release heat to the atmosphere while CEs take up additional heat (Pezzi et al., 2021; Villas Boas
et al., 2015). The impact of eddies on air-sea CO, fluxes is more complex and is dependent on competing effects

on the partial pressure of CO, (pCO,,,) including temperature, C, air-sea fluxes, and biology. CO, fluxes in

25w
eddies can exhibit geographical and temporal variability (Liu et al., 2023; Prend et al., 2022; Song et al., 2016).
Our focus is the South-East Atlantic region which plays an important role in heat storage (Huguenin et al., 2022)
and CO, uptake by eddies (Ford et al., 2023; Jones et al., 2017; Orselli et al., 2019). Observations-based studies
of large eddies in the South Atlantic have shown both AEs and CEs to enhance the CO, sink (Ford et al., 2023;
Jones et al., 2017; Orselli et al., 2019), other studies include an AE in the South West Atlantic (Pezzi et al., 2021)
and a CE in the South West Pacific (Moreau et al., 2017) that both released CO, to the atmosphere. However,

these studies are limited to only large eddies where and when observations are available.

Substantial effort has been carried out in investigating mesoscale eddies using satellite altimetry observations
(Chaigneau et al., 2008; Chelton et al., 2011; Frenger et al., 2015; Hausmann et al., 2017; Martinez-Moreno
et al., 2022; Schiitte et al., 2016; Souza et al., 2011), but due to limited resolution (1/4° ~ 25 km) they are only
able to resolve the largest eddies (radii >50 km), neglecting a significant part of the mesoscale spectrum of
smaller and shorter-lived eddy features. High-resolution regional ocean models are thus a useful tool to simulate
finer-scale processes not resolved by observations or more complex ESMs.

Our hypothesis is that distinguishing different eddies within AE and CE types will provide more insight into
their roles in tracer distributions and air-sea fluxes of heat and CO, and that the numerous smaller (<50 km) and
shorter-lived eddies may contribute in equal proportions to the fewer larger (>50 km) eddies to heat and CO,
uptake and storage. We aim to provide a characterization of different eddy types and their effects on tracers and
air-sea fluxes using an eddy-rich high-resolution ocean model by (a) identifying mesoscale eddies in the South—
East Atlantic using the Okubo—Weiss parameter, (b) introducing the Self Organizing Maps (SOMs) methodology
to objectively classify eddies based on their relative vorticity revealing the dominant eddy types, (c) explore
each eddy type using composite maps to determine their effects on tracer distributions, (d) determine the relative
contributions of the eddy types to heat and C budgets, and (e) investigate eddy effects on air-sea heat and CO,

fluxes, performing a decomposition of pCO,_, to determine the dominant drivers of the CO, flux in eddies.

2sw
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Figure 1. (a) Snapshot of relative vorticity on 17 September 2005 over the South—East Atlantic Ocean domain from BIOPERIANT12-CNCLNGO!. Black contours
are average frontal positions (Orsi et al., 1995) from North to South: Sub-Tropical Front (STF), Sub-Antarctic Front (SAF), and Polar Front (PF), the dashed black
line is the ice edge. Our study domain is depicted in the black box. (b) Annual mean climatology of surface temperature 2000-2009. (c) Annual mean climatology of
temperature through depth at 5°E. (d), (e) same as (b), (c) for dissolved inorganic carbon (Cy).

2. Methodology
2.1. Model Overview

This study makes use of a sub-domain of ‘BIOPERIANT12-CNCLNGO01’, a mesoscale resolving ocean model
spanning the Southern Ocean south of 30°S. Our study domain is restricted to the South-East Atlantic from
37°S to 60°S and 11°W to 15°E (Figure la), encompassing different zones separated by the ACC fronts, and
experiences strong meridional and vertical variations in tracers (Figures 1b—1e). BIOPERIANT12 is a coupled
ocean-ice-biogeochemical numerical regional model run using Nucleus for European Modeling of the Ocean
(Madec et al., 2013) with biogeochemistry from PISCES (Pelagic Interaction Scheme for Carbon and Ecosystem
Studies) (Aumont et al., 2015) at 1/12° (~8 km) horizontal resolution, containing 46 vertical levels with 10 (24)
levels in the upper 100 m (1,000 m).

The model is forced by a prescribed atmosphere derived from ERA-interim reanalysis (Dee et al., 2011) for the
model run duration. The feedback of the ocean to the atmosphere is therefore not simulated in the model, for
example, eddy-wind interactions and eddy-induced Ekman Pumping (Gaube et al., 2015; Lovecchio et al., 2022;
McGillicuddy, 2016). The model is run from 1989 to 2009 which includes a 5-year spin-up with 5-day mean
outputs. We analyze the last 5-year period from 2005 to 2009.

The size of eddy features scales with the Rossby radius of deformation (Chelton et al., 1998). The model reso-
lution (1/12°) is able to resolve the majority of mesoscale features. Assuming five grid points to fully resolve a
feature, at 60°S the length scale of resolved features is approximately 20 km while at 37°S it increases to 30 km.

2.2. Eddy Identification

The Okubo—Weiss parameter (W) was used to identify coherent mesoscale eddies by observing regions in which
relative vorticity ({) dominates over strain (Okubo, 1970; Weiss, 1991). A domain-specific threshold (W)
defined as —0.26,, where o, is the standard deviation of W (Frenger et al., 2015; Isern-Fontanet et al., 2006) is
applied where eddies emerge as connected regions where W < W, (Figure S1 in Supporting Information S1).
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Potential eddies are further constrained by shape, size, and amplitude adapting the eddy identification algorithm
(Oliver, 2015) based on criteria outlined in Chelton et al. (2011). Identified eddies were accepted for further anal-
ysis under the following conditions: (a) a minimum radius of 7 km at 60°S and a maximum of 132 km at 37°S
based on area, (b) a local minimum (maximum) for CEs (AEs) based on Sea Surface Height (SSH) anomalies
calculated from the SSH field using a Gaussian filter (SSHy, .,
maximum linear dimension of 300 km to eliminate long frontal features from being identified as eddies. Follow-

), (¢) eddy amplitude of at least 1 cm, and (d) a

ing this criteria, the smallest identified eddies have diameters of approximately 25 km. Eddy size is limited by
available resolution and no minimum eddy lifetime was prescribed.

The center of each detected eddy was calculated using the eddy's center of mass, and the radius (r) was calcu-
lated using a circle of the same area (A), r = \/z , the amplitude is as described in the detection criteria,
amp = SSH — SSH,

‘min/max filter*

2.3. Eddy Classification Using Self Organizing Maps

SOMs is an objective unsupervised machine learning technique used to simplify multi-dimensional data to
discover relationships not easily identified (Kohonen, 1995). This method has been widely used by the atmos-
pheric science community to characterize synoptic weather systems that are analogous to ocean mesoscale eddies
‘the weather of the ocean’ (Cheneka et al., 2021; Engelbrecht et al., 2015; Hewitson & Crane, 2002; Skific &
Francis, 2012). Despite the success of this application in these research domains, the ability of SOMs to char-
acterize ocean eddies remains uninvestigated. Here, we use the SOM (SOMPAK 3.1; Kohonen et al., 1996) to
classify different types of eddies based on their surface relative vorticity. The SOM input is a two-dimensional
map of relative vorticity centered around each eddy, as detected by Okubo—Weiss (see Figure S2 in Supporting
Information S1), and then flattened into a one-dimensional vector. To avoid errors in distance and grid stretching,
we re-gridded the domain to equal area grid points of 7.5 X 7.5 km using XESMF (Zhuang et al., 2021). The
spatial area used in the SOM input for each eddy (217.5 x 217.5 km) was chosen to fit the largest detected eddy.

The number of different eddy classes referred to henceforth as ‘nodes’ is subjective and can be adjusted as
required. Too many nodes become difficult to visualize and may lead to the same type of eddy appearing across
multiple nodes (Figure S5 in Supporting Information S1), yet a choice of too few nodes may result in merging
multiple eddy types and the loss of emerging relationships (Figures S3 and S4 in Supporting Information S1). The
SOM arranges the extreme cases in opposing corners of the feature map (Figure 2 and Figure S2 in Supporting
Information S1); the remaining nodes are made up of transition states between the extremes. A map configura-
tion of 3 X 3 (9 nodes) was used for each eddy polarity. Node weight vectors were initialized randomly, the node
weights were used to calculate the closest matching node for each eddy input based on Euclidean distance. Node
weights are updated based on the input, surrounding nodes are also updated to a lesser extent. The process is
repeated over multiple iterations until convergence whereby each node represents a specific eddy type (see Figure
S2 in Supporting Information S1). Eddies were not rotated with the direction of the background gradient as it
is meridional such as in Frenger et al. (2015), where no substantial difference between rotated and non-rotated
eddies was found.

2.4. Metrics for Heat and CO,

The study focuses on the impacts of eddies on heat and CO, and their associated air—sea fluxes. We examine
direct model metrics of temperature and C; together with MLD which is influenced by vertical mixing and
impacts air—sea fluxes. MLD was calculated using a density difference of 0.03 kg/m? from a depth of 10 m (de
Boyer Montégut et al., 2004). Atmospheric model inputs of long (Q,) and short-wave radiation (Q_,) and heat are
transformed using CORE bulk formulae and saved by the model as atmosphere-ocean fluxes. From these outputs,
we use sensible (Q,) and latent heat fluxes (Q)) to calculate the net heat (Q, ) into the ocean from the atmosphere
(Equation 1). Positive (negative) fluxes are from the ocean (atmosphere) into the atmosphere (ocean) for heat
and CO,,.

Onet = Osw + Orw + Q1 + O; (D

The air—sea flux of CO, (FCO,) and the difference between atmospheric and ocean pCO, (ApCO,) are derived from
the PISCES model output. FCO, is the contribution of atmospheric pCO, from the input dataset, solubility, and
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Figure 2. Self-Organizing Maps (SOMs) output of average surface relative vorticity for (a) anticyclonic and (b) cyclonic eddies. White dots show the eddy centers.
White dashed circles are average eddy radii. Text title indicates frequency of each node expressed as a percentage of the total in each SOM, average radius and
amplitude are also shown.

the carbonate chemistry in the surface ocean, depending on gas exchange coefficients from (Wanninkhof, 1992)
using Schmidt number and piston velocity using model ocean surface temperature and wind speed. pCO,,; is
calculated from atmospheric CO, concentration and added back to ApCO, to approximate pCO

2sw"

As the model was forced with increasing atmospheric CO, it was necessary to detrend affected variables to
compare eddies over different temporal scales and create composite maps showing eddy effects on tracers without
the influence of an underlying trend.

2.4.1. Anomalies

The South-East Atlantic domain spans a large latitudinal range and exhibits different tracer gradients (Figure 1),
we aim to provide a composite analysis of eddies over the entire seasonal cycle. Anomalies are used to remove
the seasonal signal and separate the eddy response from the background state to compare the effect of different
eddies in different spatial and temporal regimes. However, this does not account for interannual variability in
the background state which may be significant where eddy anomalies are small. Anomalies were calculated
from monthly climatology over the 10-year period 2000 to 2009 for each grid point before regridding. Variable
anomaly (X’) is calculated by subtracting the monthly climatology at each grid point from the variable (X) where
(x,y,z) represent zonal, meridional, and depth coordinates, 7 is the time coordinate and m represents the month
(see Equations 2—4). All subsequent anomalies are calculated in the same manner.

T'(x,y,z,t) = T(x,y, z,1) — Taiim(x, y, 2, m) 2
Cr'(x,y,z,1) = Cr(x,y, 2,1) = Crejim(x, y, z, m) 3)
MLD'(x, y,t) = MLD(x, y,1t) — MLD¢jim(x, y, m) 4)

2.4.2. Heat and C, Storage

Eddies have an impact on tracers beyond their radius; the area to which this extends is referred to as the eddy
impact area (Frenger et al., 2015) taken as where eddy-induced tracer anomalies tend to zero. For consistency, we
have integrated metrics over two radii for all eddies (Frenger et al., 2015; Lovecchio et al., 2022) as a conservative
estimate. The average eddy impact area varies with eddy type and the overall average is between 2 and 2.5 times
the eddy radius.
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Heat (Equation 5) and C;. content (Equation 6) were calculated using time-mean composites of temperature and
C; anomalies restricted within two radii and the average depth extent of the anomaly. The density of seawater (p)
is 1,025 kg/m?® and the specific heat capacity of seawater (C,) is 3850 J/kg/m3.

z 2r
Heat Content = pC, / / T'drdz (5)
o Jo

z 2r
Cr Content = / / Cr'drdz (6)
o Jo

2.4.3. Decomposition of pCO

2sw

pCO,,, is a function primarily of thermal (temperature) and non-thermal (typically C and biological effects, salinity,

and total alkalinity playing minor roles) drivers. We decompose pCO,, into thermal and non-thermal drivers follow-

2sw
ing the linear approximation in Takahashi et al. (2002) (see Equations 7-9) where overbars represent time-mean

composites and 0T and dpCO,, are the surface temperature and pCO,,, anomalies. The decomposition together with

2sw
eddy tracer composites provides insight into how different eddies in the South-East Atlantic influence CO, fluxes.

1 0pCO;  dlnpCO;

= ~ (.0423°C™!
pCO, oT T )
(0PCOL, )y = 0-0423 X pCO,, X OT (8)
(apCOZSW)NON—THERM = 0pCO,,, — (apco2sw)THERM ©

3. Results
3.1. Eddy Nodes Emerging From SOM Analysis

A total of 26,150 eddies (snapshot) were identified between 2005 and 2009 in the South—East Atlantic model
domain with more CEs (13,435) than AEs (12,715). Observing larger eddies (radius >50 km) amounts to approx-
imately 10% of the total identified eddies (Figure S6 in Supporting Information S1) with more AEs (1,422) than
CEs (1,106) as similarly noted in Frenger et al. (2015) (their Figure 6).

The SOM output for AEs and CEs exhibits eddies with different sizes, shapes, and orientations (Figure 2). The
largest circular eddies appear in Node 1 in the upper left corner, diagonally opposite is Node 9 containing the
smallest circular eddies. The other corners (Nodes 3 and 7) are made up of moderately sized elliptical eddies
of opposing orientations (Figure 2 and Figure S6 in Supporting Information S1), and transition nodes are seen
between the extremes. The node frequencies between AE and CE nodes are found to be similar and evenly spread
with the exception of the smallest eddies in Node 9 accounting for 17% and 15% of AEs and CEs, respectively.

The intranode distributions of amplitude and radius show differences and similarities between the eddies (Figure
S6 in Supporting Information S1). There are node pairs within each SOM that exhibit similar amplitude distribu-
tions: Nodes 2 and 4, Nodes 3 and 7, and Nodes 6 and 9 (for CE only); Nodes 6 and 8 have similar radii distribu-
tions. The largest, highest amplitude eddies identified were AEs with a maximum radius of 113 km and amplitude
of 47 cm, entering the domain from the north-east likely originating in the Agulhas current region (Figure S7
Node 1 in Supporting Information S1). In comparison, the largest CE has a radius of only 83 km and an amplitude
of 42 cm. The largest eddies (Node 1) are exclusively found near and northward of the Sub-Antarctic Front (SAF),
Nodes 2 and 4 also predominantly contain eddies around the SAF region but extend down to the Polar Front (PF)
(Figure S7 in Supporting Information S1). Smaller eddies (Node 9) are concentrated south of the PF, other small
eddy Nodes 6 and 8 contain eddies in this region and are scattered throughout the domain. These findings are
congruent with the Rossby radius of deformation.

3.2. Spatial Characteristics of Heat and CO, Tracers Across Nodes
3.2.1. Temperature

The SOMs composite maps of surface temperature anomalies for AEs and CEs (Figure 3) are as expected: AEs
generate warm temperature anomalies and CEs produce cold anomalies (Frenger et al., 2015; Hausmann &
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Figure 3. Average surface temperature anomalies for each node in the Self-Organizing Maps for (a) anticyclonic and (b) cyclonic eddies. White dot shows the eddy
centers. White dashed circles are average eddy radii. Gray contours show the average background temperature field. Text title indicates the maximum (minimum)
anomaly in anticyclonic (cyclonic) eddies. Monopole and dipole contributions are indicated. Note the different scales shown in Figure 2.

Czaja, 2012) with magnitudes similar to variations in the seasonal cycle. The anomalies extend beyond the eddy
core two to three times the eddy radius (Figure 3). Anomalies increase with eddy size, but an asymmetry exists
between AEs and CEs of similar sizes with some AEs exhibiting magnitudes almost double that of their CE coun-
terparts (Figure 3). This could partly be attributed to 26% of the CEs having warm surface temperatures, whereas
only 15% of AEs exhibit cold surface anomalies.

The spatial patterns of surface temperature (Figure 3) closely resemble relative vorticity patterns (Figure 2) with
the exception of CE Nodes 4 and 7 which also exhibit larger dipole contributions (73% and 79%) compared to
the average monopole contribution for CEs of 60% (Figure S9 in Supporting Information S1). The AE nodes
appear more monopole dominant (Figure S8 in Supporting Information S1) with an average contribution of 83%.
Despite having similar amplitude and radius distributions, Nodes 2 and 4 have different spatial distributions of
temperature anomalies. CE Node 4 has a much larger dipole contribution than Node 2 (73% vs. 22%). Nodes 3
and 7 containing smaller eddies are analogous to Nodes 2 and 4, the surface footprint of Node 7 extends beyond
three radii, different from the contained anomaly of Node 3. Similar patterns are experienced in AE node pairs.

Larger sized eddy nodes have stronger temperature anomalies that penetrate deeper depths (Figure 4). The asym-
metry between AEs and CEs is less prominent at depth in most nodes apart from Node 1 which is accompanied by
a difference in eddy size. Maximum temperature anomalies are seen around 250 m with magnitudes greater than
their surface anomalies. All eddy nodes exhibit weak anomalies throughout the entire water column. A threshold
of 0.2°C is used to separate the subsurface anomaly from the background and determine the average depth extent
of approximately 1,100 m and 1,250 m for the largest CEs and AEs respectively similar to Dong et al. (2014).
Smaller eddies (Nodes 6, 8, and 9) see effects up to around 500 m. The average eddy impact area is confined to
approximately two eddy radii.

Eddy location also plays a role in the strength and extent of the anomalies (Dawson et al., 2018; Frenger
et al., 2015). The background temperature has strong meridional and vertical gradients, but near the PF and ice,
the gradient is much weaker (Figures 1b, 1c, 3, and 4). The depth extent to where eddies modify tracers is highly
dependent on the background state where eddies detected in the Sub-Antarctic Zone (SAZ) between the STF
and SAF have stronger vertical gradients near the surface and larger temperature anomalies extending to deeper
depths independent of the eddy size. Eddies in the Polar Upwelling Zone (PUZ) located between the SAF and PF
extend to shallower depths and further south in the Marginal Ice Zone (MIZ), between the PF and the ice, weaker
anomalies are limited to the subsurface (Figure S10 in Supporting Information S1).
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Figure 4. Zonal section through the eddy center showing temperature anomalies through depth for (a) anticyclonic and (b) cyclonic eddies. White dots indicate the
depth of maximum temperature anomaly. The vertical gray dotted line shows the eddy center. White dotted lines are average eddy radii from the center. The dotted
black line shows the 0.2°C contour. Gray contours show the average background temperature field.

3.2.2. Dissolved Inorganic Carbon (C,)

C; anomalies provide insight into how CO, is modified by eddies. The surface spatial patterns of C. are analo-
gous but of opposite sign to those of temperature for the various nodes (Figure 5).

Maximum anomalies occur between 250 and 300 m within all nodes. Node 1 for both AEs and CEs shows maxi-
mum anomalies significantly larger than the other nodes (—22.21 vs. 16.83 mmolC/m?), similar to C, seasonal
variations, Nodes 2 to 9 show similar magnitudes between AEs and CEs of similar sizes through depth (Figure 6).
Again, an asymmetry is observed in surface C; anomalies between corresponding AEs and CEs (Figure 5). The
C. anomalies extend to deeper depths than the temperature anomalies reaching around 1,700 m. A threshold of 2.5
mmol C/m? was used to separate the eddy subsurface response from weaker anomalies in the deeper water column.

C; has a strong background meridional gradient (Figures 1 and 5) but unlike temperature, it increases toward
the pole and with depth. Vertical C;. gradients in the SAZ are more uniform up to around 1,300 m but further
south near the MIZ there is a stronger gradient in the upper 500 m and a much weaker gradient below (Figures 1
and 6). Similar to temperature, larger eddy nodes are associated with larger C; anomalies, but differences emerge
when considering the smaller to medium sized eddies that exhibit similar maximum C; anomalies (Figure 6).
Considering eddies of a constant size, C; anomalies are seen to increase further south, weaker anomalies exist in
the SAZ, moderate anomalies in the PUZ extending slightly deeper, and the strongest anomalies in the MIZ from
200 m and below (Figure S10 in Supporting Information S1).

3.2.3. Mixed Layer Depth

Eddies impact MLD through vertical fluxes and mixing with implications for air-sea fluxes of heat and CO,.
MLD deepening is expected in AEs and shoaling in CEs (Gaube et al., 2019; Hausmann et al., 2017). There is
substantial variation in composite MLD anomalies associated with eddies (Figure 7) ranging from 2 m in smallest
Node 9 up to 65 m in the largest Node 1 in AEs. Excluding Node 1 eddies, the maximum MLD anomalies within
corresponding AE and CE nodes are comparable (Figure 7). Eddy induced changes in MLD have been found to
correlate with amplitude (Gaube et al., 2019; Hausmann et al., 2017). A weak linear relationship is seen between
amplitude and MLD anomaly for AEs (r = 0.49) driven by large Node 1 eddies, but an even weaker relationship
is seen for CEs (r = 0.25) (Figure S11 in Supporting Information S1).

MLD anomalies decay outward with distance from the maximum. Maximum MLD anomalies in AEs are located
just north of the eddy center and centered or slightly east and confined to the eddy core radius extending slightly
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Figure 5. Same as Figure 3 but for dissolved inorganic carbon (C;) in mmolC/m?.

north-east. Different patterns emerge in CEs where minimum MLD anomalies occur further south and east of
the eddy center with larger spatial extents (Figure 7). These patterns are distinctly different from the maximum
temperature and C;. surface anomalies that occur close to the eddy center.

3.3. Influence of Heat and CO, Fluxes Across Difference Nodes

3.3.1. Heat Fluxes

The eddy composites of the mean heat fluxes show positive Q
the surface ocean to the atmosphere (Figure 8). The CE nodes show negative Q
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2.5 mmolC/m? for (b) cyclonic eddies.
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ocean. The strongest fluxes are not always seen at the eddy center (not shown); the patterns of Q

¢ Are similar

to those of surface temperature (Figure 3). Larger fluxes are associated with larger sized eddy nodes for AEs,
however, the larger CE nodes have more modest fluxes of similar magnitudes (25-29 W/m?) (Figure 8 see Nodes
1, 3-5, and 7) corresponding with lower surface temperature anomalies in CEs (Figure 3) and influenced by the

background state.
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Figure 8. Zonal section through eddy centers showing radiative fluxes (Net (Q

net:

), shortwave radiation (Q,, ), longwave radiation (Q,, ), sensible heat (Q,) and latent

heat (Q,)) for (a) anticyclonic and (b) cyclonic nodes. Positive fluxes indicate a flux of heat from the ocean to the atmosphere. Title of each subplot shows the maximum

(minimum) values for Q

net

for anticyclonic (cyclonic) eddies.
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Figure 9. Zonal section through eddy centers showing thermal (orange) and non-thermal (purple) components of pCO,,, anomaly (pCO,,,’) (black), the CO, flux

(FCO,) (black dashed) for (a) anticyclonic and (b) cyclonic nodes. The maximum (minimum) FCO, in mmol/m?%day is shown in text.

3.3.2. CO, Fluxes

The eddy composites of mean air-sea fluxes of CO, show negative CO, fluxes in all nodes indicating an uptake
of CO, (Figure 9). However, the magnitude of the uptake is stronger in CEs (Figure 9). The decomposition of
pCO,,,, into thermal and non-thermal components reveals that thermal processes, while mostly compensated by
non-thermal, are dominant and explain the changes in uptake over both AEs and CEs (Figure 9).

3.4. Storage of Heat and CO, in Different Eddy Nodes

The additional heat and C; storage and deficits in eddies are expected to be greater in larger eddies due to their
increased anomaly magnitudes, larger impact area, and deeper depth extents (Figures 4 and 6). However, there are
far fewer larger eddies than smaller ones (Figure 2) so their cumulative effects need to be considered to determine
their overall relative importance and contribution to heat and CO, storage and deficit.

The three smallest nodes (Nodes 6, 8, and 9, average size 23-28 km see Figure 3 and Figure S6 in Supporting
Information S1) despite being numerous contribute very little (<10%) to the total eddy heat and C; contents and
deficits (Figure 10). Eddy heat contents are dominated by larger Node 1 AEs contributing more than half the heat
to the total. In contrast, CE Node 1 has a more modest effect. AEs store more heat (3.02 x 10 J) than the deficit
in CEs reaching only 60% of this magnitude (—1.81 x 10%* J). The distribution of C; storage and deficit is more
even between AEs and CEs. Nodes 2 to 9 make up a large contribution to total C;. deficit in AEs (—9.84 x 104
molC) and C; content in CEs (8.37 x 10! molC).

We separate the larger eddies (>50 km) that can be resolved in current high-resolution ESMs (1/4°) and deter-
mine the contribution of smaller unresolved eddies. Larger AEs (>50 km) contain 3.5 times more heat than the
deficit produced by CEs but after including smaller eddies the asymmetry between AEs and CEs is reduced to
only 1.7. Similarly for C,, the inclusion of smaller eddies reduces asymmetry in anomalous C; deficits driven
by AEs from 2 to 1.2. The anomalous heat content in eddies is equivalent to 1% of the mean heat content of the
domain in the upper 1,000 m; the anomalous C; eddy content makes up 0.02% of the mean C; content in the
upper 2,500 m.

4. Discussion

The uptake and storage of heat and CO, by eddies have implications for the global climate where heat directly
influences CO, through solubility. However, little is known quantitatively and mechanistically about how
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Figure 10. Cumulative heat (a), (b) and dissolved inorganic carbon (C;) (c), (d) content for anticyclonic (a), (c) and cyclonic (b), (d) eddy nodes. Nodes are added to
the cumulative total in increasing average eddy radius (see Figure S6 in Supporting Information S1). The last bar in each plot shows the contributions of each node to
the total. Values for each node are shown in the text above and total is shown in bold.

different eddies impact heat and CO,. There is substantial seasonal and geographical diversity in tracer distribu-
tions among mesoscale eddies in the Southern Ocean (Dawson et al., 2018; Frenger et al., 2015). We further add
to this complexity by quantifying the influence made by eddies in particular size (relative vorticity) categories
and determine the contribution of smaller “sub-grid scale” features to heat and CO,, identifying the scale at which
including these features provides diminishing returns. This approach provides a necessary lens to make a process
dynamics evaluation of the need for high resolution in models. In this study, a novel application of SOMs is used
in the South—East Atlantic Ocean encompassing a broad ‘mesoscale spectrum’ with the aims of (a) objectively
categorizing eddies using relative vorticity and (b) evaluating the influence of these different eddy categories on
the gradients, fluxes, and storage of heat and CO,.

4.1. Deconstructing the Influence of Diverse Mesoscale Eddy Types on Distributions of Temperature and
Dissolved Inorganic Carbon (C,)

Our results show that different eddy types have distinct impacts on tracer anomalies seen in the surface spatial
signatures (Figures 3 and 4) and depth sections of temperature and C; (Figures 5 and 6). Moreover, their influ-
ence on MLDs (Figure 7) through vertical mixing and its impacts on entrainment across the mixed layer base
has implications for air-sea fluxes of heat (Figure 8) and CO, (Figure 9) and subsequent feedback (Hausmann
et al., 2017; Nicholson et al., 2022). Eddy size and by default location emerge as a key characteristics in each
eddy node (Figure 3 and Figure S6 in Supporting Information S1). An increase in eddy size is accompanied by an
increase in anomaly magnitude and depth extent (Leyba et al., 2017; Villas Boas et al., 2015) by a stronger eddy
pumping mechanism and a larger area for advection (Figure 4). Moreover, the strength of the anomaly is depend-
ent on the eddy location and the background tracer state (Figure S10 in Supporting Information S1). Smaller CEs
in the south can create relatively large negative C; anomalies that extend to deeper depths (Figure 6) while their
temperature anomalies limited to the surface remain small due to the weak temperature gradients further south
(Figures 1b, 1c, and 4).
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Eddies of similar sizes and geographic distributions can produce different eddy orientations and varying spatial
signatures in tracers (Figures 3 and 5; Figures S6 and S7 in Supporting Information S1); these nuances would
otherwise be lost when producing a single eddy composite (Frenger et al., 2015; Hausmann & Czaja, 2012).
Both Wang et al. (2021) and Dawson et al. (2018) showed dipole eddies north of the ACC and monopole eddies
within the ACC, yet our results show that both monopole and dipole structures can occur in eddies of similar size
and geographic distributions (see CE Nodes 2 and 4 in Figure 3b and Figures S6 and S9 in Supporting Informa-
tion S1). Variations in spatial tracer distributions point to the possibility of different dominant mechanisms at play
within differently-orientated eddy nodes, which could be linked to seasonal or life stage characteristics.

Temperature and C anomalies are maximum near the eddy center decreasing with distance from the center up to
approximately two radii (Figures 4 and 6) (Dawson et al., 2018; Frenger et al., 2015; Lovecchio et al., 2022) with
variations within the nodes. Temperature and C have similar surface spatial distributions (Figures 3 and 5) allud-
ing to the same dominant mechanism. Unlike temperature and C; anomalies, MLD anomalies in AEs and CEs are
spatially asymmetric where MLD deepening in AEs occurs close to the eddy center limited to the eddy radius,
but CEs see a maximum shoaling extending beyond the eddy core (Figure 7). This contradicts the findings of
Hausmann et al. (2017) who described that the largest MLD changes in eddy centers extended to approximately
1.4 times the radius in both eddy types (in their study in figure 4).

Our eddy dataset is skewed by the inclusion of Agulhas AEs entering the north-east limits of the domain, consid-
erably larger in size and amplitude than ACC eddies that are smaller and less intense (Figure 3, Figures S6 and S7
in Supporting Information S1) (Souza et al., 2011). We observe a strong asymmetry in MLD magnitudes between
AE deepening and CE shoaling in large Node 1 eddies (Figure 7) combined with an asymmetry in other tracers
(Figures 4 and 6), size, and amplitude. Previous studies have observed this asymmetry in MLDs but without an
asymmetry in amplitude and other tracers (Hausmann & Czaja, 2012; Hausmann et al., 2017). It is worth noting
that our eddy composites include eddies from different seasons and life stages potentially contributing to the
scatter in MLD anomalies (Figure S11 in Supporting Information S1).

4.2. Implications of Eddy-Induced Temperature and C, Distributions on Air-Sea Heat and CO, Fluxes

Eddy tracer distributions and effects on MLD across the different nodes provide further insight into how the
underlying eddy processes impact the fluxes of heat and CO,. AEs in our study exhibit positive surface temper-
ature anomalies (Figure 3) causing a heat loss from the surface ocean to the atmosphere, they have increased
capacity for heat storage (Figure 4) due to downwelling and deeper MLDs (Figure 7), while CEs take up heat at
the surface due to their negative temperature anomalies but have limited capacity for storage due to shallower
MLDs. Additional vertical mixing can occur in AEs due to heat loss at the surface. The sign of the heat fluxes
is in good agreement with Villas Boas et al. (2015) in their South Atlantic study. The spatial patterns of Q,, are
closely linked to those seen in the surface temperature anomalies (Figure 3). A relationship between eddy size and
flux magnitude emerges for the AEs but is less evident in CEs with little variation amongst the nodes (Figure 8)
owing in part to their weaker surface temperatures (Figure 3b) that may be influenced by a combination of weaker
temperature gradients at the surface, air-sea fluxes, weaker eddy pumping mechanism and the higher frequency of
warm surface CEs (26%). Moreover, heat fluxes are further dependent on latitude and seasonality where incom-
ing radiation is greatest at lower latitudes and in Summer.

The controls on pCO,, can be separated into thermal (temperature) which influences solubility and non-thermal
(C,, biology, air-sea fluxes). The South Atlantic is a sink for CO, but eddies can influence this by acting as local
sinks or sources. The balance of competing effects of temperature and C; on pCO,, may be tipped depending on
eddy size, age, region, and season (Ford et al., 2023; Jones et al., 2017; Orselli et al., 2019; Song et al., 2016). The
CO, flux in the Southern Ocean is expected to follow changes in C; (Menviel et al., 2023), C; increases through
upwelling in CEs (Figure 5) but experiences a reduction at the surface in AEs through eddy stirring which
typically indicates decreased uptake or possible outgassing in CEs and increased CO, uptake in AEs (Keppler
et al., 2022). However, here we see the strength of the sink over eddies is modulated by temperature which
emerges as the dominant driver of pCO,, across all nodes for both AEs and CEs but was largely compensated
for by non-thermal processes (Figure 9).

In AEs the influence of temperature in reducing solubility was larger than the effect of reduced C; and other

non-thermal components resulting in higher pCO,, over the eddies and reduced CO, uptake (Figure 9a). In CEs,

25w
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the opposite occurs where cooler temperatures increase solubility which is mostly compensated by the increase in

C; resulting in a small decrease in pCO,, and therefore a small increase in CO, uptake (Figure 9b). Both surface

2sw
temperature and C anomalies in CEs are lower than corresponding AEs (Figures 3 and 5) despite their compara-

ble magnitudes at depth (Figures 4 and 6) leading to smaller changes in pCO,,, over CEs. Heat fluxes over eddies

2sw

can alter solubility and the thermal components of pCO,, feeding back onto CO, fluxes. The increase in pCO

2sw 2sw

in AEs tends to increase with eddy size across the nodes while the slight decrease in pCO,_ in CEs appears small

2sw

in all nodes (Figure 9b).

Similarly, Ford et al. (2023) reported increased CO, uptake in large South Atlantic CEs due to increased solubility
which persisted throughout the eddy lifetimes; Jones et al. (2017) observed the same increased CO, uptake in CEs
in the South-West Atlantic but attributed this to decreased C; due to increased biological production compen-
sating for upwelled C; rich waters. Other studies of large AEs attributed the increase in CO, uptake to lower
concentrations of C; (Ford et al., 2023; Jones et al., 2017; Orselli et al., 2019; Song et al., 2016). Ford et al. (2023)
observed a change in the drivers of pCO,,, in AEs over the eddy lifetime, becoming thermally dominant due to a
reduction in non-thermal contribution and temperature changes in AEs.

Average composite maps of eddies are limited to a time-mean providing no evolution of the CO, uptake in eddies
with season or age where different mechanisms dominate in different seasons and life stages which can impact
pCO,,,, (Ford et al., 2023; Song et al., 2016). The large AE Agulhas rings that propagate into our study region
are likely recently spawned eddies with strong surface temperature anomalies (Lutjeharms, 2007) and low C;
concentrations; they lose heat and can incorporate surrounding waters modifying their properties as they prop-
agate across the South Atlantic basin (Orselli et al., 2019; Villas Bdas et al., 2015). Further temporal analysis is
required to investigate the evolution of the drivers on pCO

2sw*

4.3. When Does Size Matter? Weighing up the Cost-Benefit of Computational Resources Required to
Resolve Sub-Grid Scale Eddies

Current satellite altimetry observations and high resolution (1/4°) global models would only resolve 10% of the
eddies in our domain (Figure 2; Figure S6 in Supporting Information S1), with coarse resolution models failing
to resolve any eddy features. We investigate the contributions of these unresolved yet numerous small scale,
short-lived eddies on anomalous heat and C;. content and deficit.

The heat and C; storage for AEs is controlled by the large sized (>50 km) eddies, yet there is a considerable
amount of heat contained in smaller eddies unaccounted for (Figure 10). Not resolving smaller eddies would
result in underestimations of heat storage by 52% in AEs and deficit by 77% in CEs; and underestimations in C;
deficit by 61% in AEs and storage by 77% in CEs.

A clear asymmetry is seen where AEs dominate over CEs for both heat and C} anomalies (Figure 10), including
smaller eddies that reduce the asymmetry in heat from 255% to 67% and in C; from 105% to 17%. The asymmetry
in heat is more pronounced owing to the larger number and size of anticyclonic rings of the South—East Atlantic
region (X. Wang et al., 2021) while distributions for CEs are more evenly spread amongst the nodes. A reduced
asymmetry is seen for C; storage and deficit due to more moderate vertical C; gradients (Figure 6 and Figure S10
in Supporting Information S1).

The smallest eddies in Nodes 6, 8 and 9 have a larger effect on the C; content than for heat, although their contri-
butions are still small (Figure 10), owing to weaker temperature gradients (Figures lc and 4) and stronger C;
gradients (Figures le and 6) near the surface at higher latitudes. However, these smaller eddies dominate the eddy
population further south near the PF and ice and their regional effects and fluxes need to be considered.

4.4. Limitations of the Study

The Okubo-Weiss method for identifying eddies has been known to over-identify eddies (Chaigneau et al., 2008;
Isern-Fontanet et al., 2006) and underestimate eddy diameters (Matsuoka et al., 2016; Souza et al., 2011) which
is less critical as we observe properties beyond the eddy core. However, since it is calculated directly from model
output and not altimetry false identifications should be reduced.

The objective SOM classification methodology facilitates the analysis of different eddy types but is not without
limitations. The SOM has only used one metric, relative vorticity, at the surface to classify eddies and the input
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is limited by the spatial extent of the largest eddy. Unfortunately, smaller features have a larger weighting of
surrounding non-eddy features which could be rectified with masking but would rely more heavily on accurate
identification. Adding a depth dimension may result in further eddy sorting and emerging vertical eddy shapes
(e.g., bowl, cone, lens). Surface relative vorticity alone fails to distinguish abnormal eddies (warm surface CEs
and cold surface AEs) affecting SOM composites. An alternative approach to the 2D input would be to use a
collection of multiple metrics in addition to relative vorticity such as amplitude, radius, orientation, circularity,
location, tracer extremes (surface and depth), depth extents, etc.

This methodology has been applied to a small domain in the South-East Atlantic. The asymmetry in the storage
of heat and C may be biased toward large young anticyclonic Agulhas rings. More testing across a larger domain
may yield different dominant eddy types from other basins exhibiting different effects on tracers, drivers of
fluxes, and different asymmetries in AEs and CEs.

This study heavily relies on our model's ability to resolve the full mesoscale range to characterize the impact of
these features. At the northern domain limit features of the length scale of the Rossby radius of deformation can
be resolved (30 km) but it is possible that smaller features in the SAZ cannot be fully resolved. However, at the
southern boundary, the Rossby radius (~10 km) (Chelton et al., 1998) is not resolved indicating that the smallest
mesoscale features are under-represented in our model (fully resolving ~20 km features) and a finer resolution
may be required. It is also worth repeating the limitations of our model in that it is not coupled to the atmosphere
and fails to simulate ocean-atmosphere feedbacks, as well as being known for its thermal bias with respect to
pCO, variability with implications for tracers, fluxes, and their drivers.

5. Conclusions

We provide here the first use of SOMs to characterize mesoscale eddies and their effects on scalars (tempera-
ture, C;, MLD) and air—sea fluxes of heat and CO, that we have tested in the South-East Atlantic using a 1/12°
high-resolution mesoscale resolving model simulation from 2005 to 2009. This study provided insights into the
effects of smaller eddies, previously overlooked due to the resolution capabilities of observations and current
ESMs, as well as shorter-lived eddies with no specified minimum lifetime.

Smaller amplitude and sized eddies, while more numerous, produce smaller temperature and C; anomalies that
extend to shallower depths than their larger eddy counterparts. However, not resolving smaller eddy features
would lead to a significant underestimation of total heat and C; contained within the mesoscale and alter the
asymmetry of this storage in anticyclonic and cyclonic eddies. This demonstrates the need for increasing resolu-
tion to capture mesoscale eddy effects and their influence on heat and CO,. Moreover, the insights gained may be
of value in the improved parameterization of smaller eddy effects on scalars and air-sea fluxes of heat and CO, in
models where these scales are not resolved.

Mesoscale eddies of similar size and location can have different effects on tracers and air-sea fluxes and further
research is required into the different dynamics driving these features. Our time-mean eddy composites have
revealed temperature as the main driver of pCO,,, over non-thermal processes in both anticyclonic and cyclonic
eddies in the model, but questions emerge on the seasonal characteristics of pCO,, over eddies, the dynamics
over the eddy life cycle; as well as further investigation into the various components affecting CO, within the
eddy (physics, bio, etc.).

The SOMs-based time-mean eddy composite study has provided a foundation for further analysis into the mech-
anisms of these different eddy types and opens questions into the seasonal and life cycle evolution of eddies
and their impacts on heat and CO,. Mesoscale eddy studies such as this aim to improve understanding of ocean
dynamics and their climate system impacts and can inform future parameterizations for these sub-grid scale
processes.

Data Availability Statement

Datasets used in this analysis are available at https://zenodo.org/record/8238586 (Smith et al., 2023) generated
from BIOPERIANT12-CNCLNGO1 NEMO PISCES model output. The code used to produce this analysis is
available at https://zenodo.org/record/10082476 (Smith, 2023).
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