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Key Points
* Aneddy event associated with deep convection is identified off Prydz Bay, linking surface
forcing to subsurface ocean variability.

* The vertical dynamics are sustained by combined surface divergence and eddy-driven

vertical energy fluxes from depths > 1000 m.

*  The resulting deep-ocean responses exhibit a zonally asymmetric circulation in the

subpolar region, modulated by eddies.
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Abstract

A remarkable deep-convection event developed off Prydz Bay in the Indian sector of the
Southern Ocean during the austral autumn-winter of 2017, coinciding with a previously
documented anomalous accumulation of eddy kinetic energy. During this event, warm
Circumpolar Deep Water (CDW) shoaled toward the upper ocean despite strong surface
stratification typically associated with sea-ice meltwater that suppresses vertical mixing. Using
an eddy-resolving reanalysis data set and an energetics-based diagnostic framework, we
investigate the processes linking atmospheric forcing, eddy variability, and deep convection.
The results suggest a dynamic system in which anomalous surface forcing initiates upper-ocean
divergence and preconditioning, followed by intensified mesoscale eddy activity and vertical
energy redistribution. These processes together contribute to the development of deep
convection and CDW uplift. Enhanced CDW intrusion is accompanied by intensified
baroclinic conversion near the continental slope, consistent with eddy growth and enhanced
vertical energy convergence. The associated eddy-mean flow interactions correspond to
isopycnal steepening and pronounced southward transport anomalies, producing a zonally
asymmetric circulation pattern in the subpolar region. These results highlight that, in addition
to atmospheric forcing, energetic eddies play a key role in sustaining vertical exchange and
enabling convection to extend to depths approaching 2000 m. Such intense events can
substantially modify regional circulation and water-mass properties and influence heat and salt
redistribution in polar oceans. Understanding these dynamics is essential for improving climate

models and predicting future changes in subpolar ocean circulation.
Plain Language Summary

In 2017, an anomalously strong eddy event occurred near Prydz Bay in East Antarctica, a
region where warm Circumpolar Deep Water (CDW) interacts with colder shelf waters and
influences regional ocean circulation. During this event, intense ocean eddies coincided with
signals of deep convection, indicating enhanced vertical exchange between the deep ocean and
upper layers. Normally, melting sea ice makes the ocean surface fresher and stabilizes the water
column, which limits vertical mixing. During this event, however, changes in wind patterns
together with intensified ocean eddies helped maintain the uplift of CDW. Using high-
resolution reanalysis data, we show that atmospheric disturbances triggered changes at the
surface layer that were linked to deeper ocean processes through mesoscale eddies. These
eddies redistributed heat and energy within the water column and contributed to convection

reaching depths of nearly 2000 m. These findings highlight the important role of eddies in
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connecting upper ocean variability with deep dynamics in the subpolar Southern Ocean. These
eddies are poorly represented in coarse-resolution climate models but are essential for

understanding and predicting future changes in ocean circulation and climate.
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1. Introduction

The Antarctic continental margin is a region of intense oceanic activity where large-scale
circulation, mesoscale processes, and climate variability interact to regulate cross-shelf
exchange and water-mass distribution [Whitworth III et al., 1985; Thompson et al., 2018]. In
the Southern Ocean, Circumpolar Deep Water (CDW) is transported southward toward the
Antarctic continental slope, where it shoals along the shelf break and influences heat and salt
distributions near the continental margin, sustaining coastal polynya activity and ice-shelf basal
melt [Nunes Vaz and Lennon, 1996; Thompson et al., 2014; Morrison et al., 2020].
Strengthened and poleward-shifted westerlies in recent decades have enhanced CDW
upwelling near the continental slope, contributing to increased subsurface warming [Spence et
al., 2014; Schmidtko et al., 2014]. These changes are essential for both ice-sheet mass balance
and the regulation of nutrient supply and biological productivity. However, these cross-shelf
exchange processes vary significantly among Antarctic sectors [Thompson et al., 2018],
highlighting the need for localized investigations to resolve the specific dynamics governing

regional circulation.

The Prydz Bay region (Figure 1), including the Cooperation Sea (60°-80°E), in the Indian
sector of the Southern Ocean, is recognized as one of the major hotspots of Antarctic Bottom
Water (AABW) formation [Ohshima et al., 2013; Williams et al., 2016; Silvano et al., 2023].
Regional gyre circulation and slope processes shape a dynamically connected system in which
dense shelf water (DSW) formed in the Cape Darnley polynya and the inflow of CDW interact
to regulate cross-shelf exchange. To the west, the Cape Darnley polynya (65°—69°E) produces
cold, saline DSW through intense winter cooling and brine rejection, which cascades off the
continental slope to ventilate the abyssal ocean and contribute to AABW formation [Williams
et al., 2016; Blanckensee et al., 2024]. In contrast, in the eastern sector near Prydz Bay, CDW
shoals to the continental slope and mixes with shelf waters to form modified Circumpolar Deep
Water (mCDW). Once onto the shelf, mCDW interacts with cold shelf waters, influencing sea-
ice production, sub-ice shelf melting, and dense water formation [Smith et al., 1984; Liu et al.,

2017; Guo et al., 2022].

Cross-shelf exchange and vertical heat redistribution in this region are strongly mediated
by mesoscale eddies and turbulent mixing, which act along energetic fronts and steep density
gradients near the shelf break [Nost et al., 2011; Thompson et al., 2014; Stewart and Thompson,
2015]. Recent observations have shown marked interannual variability in CDW intrusion

pathways and water-mass properties near Prydz Bay, with wind forcing and eddy activity
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identified as key modulators [Rintoul, 2018; Zu et al., 2022]. Intensified summer winds can
enhance mCDW shoaling along bathymetric features, while buoyancy-driven upwelling and
winter convection associated with surface cooling and sea ice formation further lift intruded
waters and weaken the stratification of shelf waters through vertical mixing [Guo et al., 2019;
Guo et al., 2022]. These processes highlight the importance of mesoscale variability and
vertical mixing in modulating cross-shelf exchange and the redistribution of intruding CDW in
this region. However, previous studies have emphasized wind-driven variability and the
pathways of CDW intrusions within the continental shelf region. In contrast, the outer
continental slope region, where mesoscale eddy activity is more energetic, remains less
explored. In particular, the role of eddy energetics and their interaction with deep convection
processes remains poorly understood. This study addresses this gap by examining an
anomalous event and investigating how eddies interact with convection processes to

redistribute heat vertically and modulate CDW uplift near Prydz Bay.

Building on the regional background, a strong eddy event occurred near Prydz Bay in 2017
(Figure 1), providing a unique case for investigating the coupled processes. This event followed
the pronounced 2016-2017 Antarctic sea-ice decline, during which sea-ice extent decreased
rapidly from September 2016 and reached a record low in December, coinciding with
anomalously warm surface waters surrounding much of Antarctica [Stuecker et al., 2017,
Meehl et al., 2019; Wang et al., 2019]. This abrupt sea-ice retreat has been interpreted as a
potential shift in Southern Ocean climate variability [Purich et al., 2023]. Enhanced mesoscale
eddy activity has also been associated with regional ocean warming, suggesting that similar
processes may become more relevant under future climate change [He et al., 2023]. In the
Indian sector of the Southern Ocean, regional warming and associated hydrographic anomalies
were also reported near Prydz Bay [Meehl et al.,, 2019; Sabu et al., 2021]. During the
subsequent autumn and winter of 2017 (seasons here follow the Southern Hemisphere
convention: austral summer refers to January—March), regionally intense enhancement of eddy
kinetic energy (EKE) developed near the Prydz Bay continental slope. The oceanic anomaly,
therefore, provides an opportunity to examine how mesoscale processes respond to large-scale

climatic perturbations.

Using an energetics framework, He et al. [2024] showed that this anomalous eddy activity
was primarily generated through baroclinic conversion from mean potential energy to eddy
energy, associated with anomalous CDW intrusions and enhanced Ekman pumping. The results

indicated that internal baroclinic processes dominated in energizing mesoscale variability
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during this event. However, identifying the source of the anomalous eddy energy does not
explain its broader impact on the water column. It remains unclear how this large reservoir of
eddy energy interacts with stratification and how heat and energy are redistributed vertically.
Addressing these questions is essential for understanding how mesoscale variability influences
vertical exchange and water-mass structure near the continental margin. In this study, we
extend the energetics framework of He et al. [2024] by incorporating diagnostics of vertical
pressure-flux divergence to examine vertical energy redistribution and applying a convective
proxy to quantify the depth of mixing. The results reveal a dynamically linked sequence of
processes in which anomalous surface forcing initiates upper-ocean divergence and
preconditioning, while enhanced mesoscale eddies and associated vertical energy fluxes

sustain vertical exchange and enable deep convection in this climatically sensitive region.
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Figure 1. Spatial distribution of eddy kinetic energy (EKE) in 2017 in the Kerguelen-Indian
sector of the Southern Ocean, overlaid with bathymetric contours and schematic positions of
major oceanic fronts and currents. Colors are shown on a logarithmic (log10) scale to
highlight the visibility of high-energy regions. The Cooperation Sea and Prydz Bay form the
key focus region of this study (dashed gray box), covering the Antarctic continental margin
where mesoscale eddies, slope currents, and subpolar gyre circulation interact. EKE derived

from the GLORYS12V1 reanalysis data highlights elevated mesoscale activity downstream
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of the Kerguelen Plateau and along the Southern ACC Front (SACCF), with emphasis here
on the margin region. The 66°S transect (60°E—80°E) used for the transport calculation in
Figure 4 is marked by a pink line, located near the 1000 m isobath along the continental
slope. Bathymetry is shown in black contours at 500 m intervals, with the 2000 m isobath
emphasized in light gray based on the ETOPO 2022 15 Arc-Second Global Relief Model
(NOAA National Centers for Environmental Information, 2022). Major hydrographic fronts
are indicated by green solid lines, including the SACCF, and the Southern Boundary of the
ACC (SB), following Park et al. [2019]. The winter and summer sea ice extent are denoted by
the white dot-dashed line and white dashed line, following Comiso et al. [2003]. The Princess
Elizabeth Trough (PET; 63°-66° S, ~85° E) acts as a major bathymetric gateway for cross-

shelf exchange.

2. Data and Methods
2.1. Data

The oceanic dataset used in this study is the Global Ocean Reanalysis and Simulation 12v1
(GLORYSI12V1) product from the Copernicus Marine Environment Monitoring Service
(CMEMS), with a horizontal resolution of 1/12° (~4.2 km in the adjacent Cooperation Sea
region) and 50 vertical levels covering the altimetry era (1993-2021). This resolution is
comparable to the first baroclinic Rossby radius (~ 5 km) in many parts of the Southern Ocean
(Huntley & Niiler, 1995), allowing mesoscale variability to be represented at regional scales.
As the present analysis focuses on regional eddy variability and energetics rather than
individual eddy structures, the resolution is considered sufficient for the analysis. The
GLORYS12V1 has been applied in studies of Southern Ocean energetics and Antarctic coastal
water-mass transformation, and its performance has been validated in reproducing the energy
structure near the Prydz Bay region [Oelerich et al., 2022; He et al., 2024]. The reanalysis is
based on the Nucleus for European Modelling of the Ocean (NEMO, version 3.6) model,
initially forced by the European Center for Medium-Range Weather Forecasting interim
reanalysis (ERA-Interim, 1993-2018) atmospheric fields and later transitioned to ERAS
(2019-2021).
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To represent surface forcing, we employed 10-m wind fields from the ERAS reanalysis,
covering the period from 1993 to 2021 with a spatial resolution of 0.25°. These wind data were
used to calculate wind stress and wind stress curl, and, in combination with GLORYS12V1
sea-ice concentration fields, to derive Ekman divergence (i.e., Ekman pumping/suction). For
the wind-related analysis, ocean variables were bilinearly interpolated onto the ERAS grid to
ensure spatial consistency with the atmospheric fields. Sea ice modulates air-sea momentum
transfer by altering the effective surface stress [Timmermann et al., 2009]. To account for this
effect, total surface stress over regions partially covered by sea ice is represented as a
combination of wind stress over open water (7,,) and ice-ocean stress (7j,). This approach
distinguishes the open-water wind stress from the total atmospheric surface stress [Wu et al.,

2021; Wang et al., 2023].
The wind stress over open water is estimated using the quadratic drag law, derived from
fao = paCD,ao|U10|U10' (1)

where p,= 1.29 kg m? is the air density, and L710 = (U9, V10) 1S the 10-m wind vector. The

air-ocean drag coefficient Cp ,, follows a piecewise formulation [Wang et al., 2023]:

_ {1.2 x 1073, |Upp| < 11 ms™? @
P27 (049 + 0.065|U,0|) x 1073, 11m 571 < |Uyo| < 25 m s~
The ice-ocean surface stress is calculated as:
fio = prD,io|Uice - le(Uice - Uw): (3)

where the seawater density is taken as p,, = 1026kg - m~3. The vectors U,.e = ( Uice , Vice )

and l7w = (uy, 1) represent the velocities of sea ice and surface ocean currents, respectively.
The influence of the turning angle between stress and velocity was considered negligible. The
ice-ocean drag coefficient is set as Cpj, = 3.0 X 1073, which accounts for ice concentration,

thickness, floe size, surface and basal roughness, and the presence of ridges.

The overall ocean surface stress over regions partially covered by sea ice is then computed
as the area-weighted sum of wind-driven stress and ice-driven stress based on the sea ice

concentration A (0—1) [Timmermann et al., 2009]. It is computed as follows:
izozA'fio-l'(l_A)'izao’ (4)

Based on the total stress field, the Ekman vertical velocity (i.e., Ekman pumping/suction)

is calculated as the divergence of the Ekman transport:

8
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Wei = 0/ 9x (27 /(01)) = 0/ 0y (2 /(01)) = k- VX Gofpf), (9)

where k is the vertical unit vector, and f'is the Coriolis parameter. In the Southern Hemisphere
(where < 0), negative wind stress curl induces Ekman upwelling (suction), while positive curl
induces downwelling. Anomalies in this study are referenced to the 2010-2020 monthly
climatology, excluding 2017 to avoid contaminating the baseline with the extreme year on

which the study focuses.

Hydrological variables, including potential temperature 6, practical salinity S, and neutral
density (y,,) are used to identify water masses. Following Meijers et al. [2010], CDW is defined
within a neutral density (y,) range of 28.03 <y, <28.27 (kg m™).

2.2. Energetics Framework

To investigate the dynamics underlying the anomalous upwelling of CDW and associated
deep convection, we adopt the energetics framework as used by He et al. [2024] and extend it
by incorporating vertical pressure flux divergence to quantify the dynamic process of energy
transfer in the subsurface and deeper layers [Kang and Curchitser, 2015; Jiiling et al., 2018;
Matsuta and Masumoto, 2023].

We consider a variable x decomposed into its temporal mean and eddy perturbation as x =
X + x', where X denotes the temporal (e.g., monthly) mean and x' is the deviation from that
mean. This Reynolds decomposition underpins the energetics framework applied in this study.
The full energy budget consists of both kinetic energy and available potential energy (APE)
components, which can be further separated into mean and eddy parts: mean kinetic energy
(MKE), EKE, mean potential energy (MPE), and eddy potential energy (EPE). Although
establishing a complete energy budget that includes all reservoirs and their interactions is
complex, our analysis focuses on the key conversion terms that are dynamically most relevant

to the anomalous convection process. Total seawater density p(x, y, z, t) is defined as:

p(x,y,z,t) = pr(2) + pa(x,y,21), (6)

where p,-(z) is the reference density, the spatial and temporal mean of selected subregion at
each depth, and p, is the perturbation component. A constant reference density py = 1026 kg

m™ is used for normalization. The squared buoyancy frequency is calculated by:

2 = _93dpr
N®= po dz’ )
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where g is gravitational acceleration. A sensitivity test confirmed that using a regional constant
N at each depth is sufficient to capture stratification patterns in the study area. With these

definitions, energy components are estimated as follows:

MKE =~ (@ + 7?), (8)
EKE =~ (w2 +v'2), )
MPE = Ziz—z’_’;z (10)
EPE = Zf;fgsz, (11)

where the overbar (—) denotes a time average over one month in this study, and prime (')
denotes departures of daily variables from their respective monthly means. We adopt a 1-month
averaging window, ensuring that MKE reflects the monthly mean flow energy, while EKE
captures contributions from transient eddies and submonthly disturbances. To standardize units,
all energy expressions are normalized by p,, yielding values in m? s (reported in cm? s2).
Following the orthogonal decomposition approach of Kang and Curchitser [2017], this
framework reliably separates the physically consistent mean and eddy energy components [He

et al., 2024].

The conversion from potential to kinetic energy is a fundamental process sustaining
mesoscale and submesoscale variability in the Southern Ocean. In the baroclinic pathway,
available MPE is released through isopycnal tilting and eddy buoyancy fluxes, transferring
energy from MPE to EPE via the baroclinic conversion term (BCR), and subsequently from
EPE to EKE through the vertical eddy density flux (VEDF). The barotropic pathway reflects
the direct extraction of kinetic energy from the mean flow through horizontal shear instabilities,
quantified by the barotropic conversion term (BTR). These energy conversions are diagnosed
as
MPE — EPE: BCR = — gzzm- Vo,

Baroclinic: PN (13)
EPE — EKE: VEDF = —pipa'w',
0

Barotropic: MKE — EKE: BTR = —[u'u’ - Vi + v'u’ - V7], (14)

10
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where u’ = (u’,v') is the horizontal eddy velocity components, and w' is the time-varying
component of vertical velocity derived from the continuity equation following the Boussinesq

approximation.
2.3. Vertical Pressure Flux and Divergence

To examine the vertical exchange of energy associated with deep convection and eddy-
induced processes, and to establish a dynamical link between subsurface eddy activity and
surface-layer anomalies observed during the 2017 event, we further diagnose the three-
dimensional eddy pressure flux within the established energy framework, following Matsuta

and Masumoto [2023]. The divergence of this flux,
V@, =T, - (u'p’) +0,(w'p"), (15)

quantifies the divergence by the eddy pressure flux, where p’ is the pressure perturbation. The
first term on the right represents the divergence of horizontal eddy pressure flux, while the
second term indicates the vertical energy exchange between ocean layers [Zhai and Marshall,
2013; Matsuta and Masumoto, 2023]. This term reflects the vertical divergence of eddy
pressure work, indicating whether energy is locally redistributed within the water column.
Positive values of d,(w'p") correspond to energy divergence (loss from the layer), whereas
negative values indicate energy convergence (gain within the layer), associated with eddy-
driven vertical buoyancy fluxes or energy release from deeper layers. The divergence of eddy
advection, —V - [MEKE + u'EKE], is also examined as an additional diagnostic check of EKE

redistribution.
2.4. Volume and Heat Transport

In the present study, we focus on the poleward transport of water masses and associated
heat content across the Antarctic continental slope. Poleward volume and heat transports across
selected sections are evaluated by integrating meridional velocity and potential temperature
over the selected vertical range. These diagnostics allow us to quantify both monthly variability

and interannual anomalies associated with deep processes.

The meridional volume transport Qy, is defined as:

Qv = J[ vdzdx, (16)

11
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where v is the meridional velocity, and the integration is taken over depth z and zonal distance

x. The results are expressed in Sverdrups (1 Sv = 10° m3s™1).

The meridional heat transport Qy is estimated following the classical heat budget

formulation:

Qu=Copo | v+ (8 —bredzdl, (17)

where Cp is the heat capacity of seawater taken as 3990 J kg ! K™! in this study, v is the
meridional velocity component, @ is the potential temperature, and d! is the unit distance along
selected lateral boundaries. The reference potential temperature 6,..f is taken as 0 °C. Eddy
heat fluxes from daily anomalies are reference independent. This formulation captures the net
enthalpy flux relative to a background state, allowing attribution of heat convergence to
variability in velocity, temperature, or both. Monthly values of Qy and @y are computed to
analyze temporal variability. Zonal-mean vertical profiles of heat flux are then derived to reveal

the vertical structure of meridional heat transport.
2.5. Subsurface Convection Metric

To assess the vertical extent of convective mixing beneath the surface layer, Subsurface
Convection Depth (SCD) is defined as the depth below 500 m at which the vertical gradient of
neutral density reaches a local maximum. It indicates the deepest point of significant vertical

homogenization associated with convection:

0Vn

SCD = max ( -

z>500m

). (18)

This metric provides an estimate of the lower boundary of active vertical convection by
detecting the depth of the strongest vertical density transition beneath the upper stratified layer.
It is particularly useful in subpolar gyre systems such as Prydz Bay, where subsurface
convection is influenced by both buoyancy forcing and interactions between warm CDW and
cold shelf waters. Although temperature-based criteria are commonly used to identify
convection, we found that vertical temperature gradients are primarily concentrated in the
upper 200 m, where seasonal stratification and surface heating dominate. Since our focus is on
deeper convective processes and their role in subsurface water mass transformation, the use of
density offers a more reliable indicator of dynamic stability at depth, independent of salinity-
compensated temperature variations. The 500 m threshold was thus selected to exclude surface-
layer variability and isolate convective signals associated with deep overturning, particularly

during austral winter when CDW-DSW interactions intensify. Seasonal and spatial variations

12
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in SCD are used in this study to track the penetration of deep convection and its modulation by

mesoscale eddies and bathymetric features.

3. Results
3.1. Anomalous Uplift of Subsurface Warm Water

In 2017, concurrent with enhanced EKE (Figure 1), pronounced uplift of density surfaces
occurred along the continental slope region between 60° and 80°E, accompanied by a
subsurface warm anomaly originating from the north (Figure 2). The three-dimensional view
illustrates the vertical hydrographic structure (Figure 2a). Along the meridional section at
72.5°E and zonal sections at 65°S (Figures 2b—i), isopycnals within the upper 500 m bulge
upward compared with the climatology, with co-located warm anomalies in potential
temperature. Systematic shoaling is pronounced during the austral autumn. The y» = 28.03 kg
m* surface, commonly used to mark the upper boundary of CDW [Meijjers et al., 2010; Guo
et al., 2022], is several hundred meters shallower than its climatology (excluding 2017). The
full seasonal variation of potential temperature along 72.5°E is shown in Figure S1. Here, we
focus on April-July, when the anomaly develops. These hydrographic changes indicate a

substantial restructuring of the subsurface stratification during 2017.
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Figure 2. Hydrographic structure associated with the 2017 anomaly in the region indicated
by the gray box in Figure 1. (a) Three-dimensional distribution of potential temperature in
June 2017 across five depth layers from the surface to 1600 m. The light-red vertical planes
mark the locations of the meridional section at 72.5°E and the zonal section at 65°S. (b—i)
Vertical sections of potential temperature (color shading) with neutral density contours along
72.5°E (left column: b, d, f, h) and 65°S (right column: ¢, e, g, 1) from April to July 2017.
Black contours indicate neutral density (y*) in 2017, and magenta contours represent the
2010-2020 climatology (excluding 2017). The y» = 28.03 kg m™3 contours indicate the upper

boundary of CDW.

3.2. Surface Forcing: Wind-Driven Divergence and Upwelling

The subsurface uplift described above coincided with anomalous atmospheric forcing over
the study region. Previous work [He et al., 2024] identified anomalous Ekman pumping as an
important trigger for the enhanced EKE during 2017. However, that analysis did not consider
the potential role of sea-ice variability or the broader related processes operating across the
regional system. Here, we revisit the atmospheric forcing within a broader air-ice-ocean
context, examining how surface forcing anomalies interact with subsurface stratification and
mesoscale dynamics. Beginning in March, wind anomalies developed over the continental
slope region and northern open ocean, characterized by enhanced northward and
northwestward wind components (Figure 3). By May, a pronounced cyclonic wind pattern was
observed, associated with negative stress curl and enhanced Ekman upwelling along the
continental slope. This upwelling weakened later in July and became less spatially coherent by
August. The resulting Ekman divergence and associated transport favored the uplift of
subsurface water masses. The temporal alignment supports a dynamical link between
atmospheric forcing and interior ocean adjustment. Ekman-induced upwelling likely facilitated
the shoreward intrusion of modified CDW near the continental slope (Figure 2), creating

favorable conditions for subsequent mesoscale eddy activity and vertical exchanges.
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Figure 3. Monthly variations of 10-m wind vectors (arrows, m s~ ') and Ekman divergence
anomalies (color shading, m day ') derived from surface stress including both wind and sea-

ice contributions over the study region in 2017. Anomalies are relative to the monthly

-1

climatology. A reference vector of Sm s~ is shown in panel (1). Gray contours denote 2000 m

and 3000 m isobaths.

3.3. Interior Ocean Response: Eddy Activity and Vertical Instability

To investigate the interior-ocean signature of the 2017 event, we analyzed meridional
volume transport across 66°S, a section intersecting the convective region near Prydz Bay and
lying just south of the most energetic eddy field, where cross-slope exchange is expected to
influence the transport of warm water toward the bay (Figure 4). The transport integrated over
500-2000 m (Figure 4a) shows pronounced seasonal and interannual variability during 2010—
2020, with the strongest anomaly in June 2017 (-5.8 Sv southward), the most intense poleward
event within the analyzed record. Rather than implying a uniform zonal structure, Figures 4b-

c show that the June 2017 circulation differs from the climatological mean by exhibiting
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stronger and more spatially organized zonal contrasts, with differences between the 60°—70°E
and 70°-80°E sectors. In particular, the integrated southward signal is mainly contributed by
the 70°-80°E region. The results thus provide the transport-based signature of the event,
showing that the 2017 anomaly was associated with a strong intermediate-depth meridional
circulation signal. We next examine the corresponding CDW-layer hydrographic anomalies to

explore the water-mass conditions associated with that anomaly.

(a) Volume transport across 66°S (500-2000 m)
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(b) Meridional velocity at 66°S (June climatology)
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Figure 4. Meridional volume transport and velocity pattern across 66°. Volume transport is
integrated across the transect between 60°E and 80°E. (a) Monthly (red line) and annual
(purple bars) transport within a 500-2000 m depth range during 2010-2020. Black error bars
denote the standard deviation of monthly values within each year, and the dashed line
indicates the multiyear mean. The minimum (-5.8 Sv) occurred in June 2017 (green
annotation). (b) Zonal distribution of meridional climatological velocity (m s™') at 66°S in

June. (¢) Same as (b), but for June 2017.
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To characterize the variability of CDW, we isolated the neutral density range of y» = 28.03-
28.27 kg m3, representative of the water-mass layer. Hydrographic anomalies during April-
June 2017, relative to the climatology, indicate substantial modification of this layer over the
southwestern Kerguelen Plateau and adjacent Prydz Bay sector (Figure 5), with temperature
and salinity anomalies exceeding +0.3 °C and +0.05, respectively. These anomalies are
pronounced across much of the 60°-80°E domain and suggest enhanced heat and salt transport,
together with a lateral expansion of the CDW layer toward the continental slope, especially
from April to July. This is consistent with the isopycnal shoaling and surface divergence
described in Sections 3.1 and 3.2. The thickness of the CDW layer also expanded shoreward
during winter (JAS).

Enhanced mesoscale activity accompanied these hydrographic changes (Figure 6). At
CDW depths, the Rossby number (Ro = {/f) exhibits marked increases from March to June,
particularly over northern Prydz Bay, signaling intensified eddy activity (Figure 6a). A broad
region of elevated EKE (> 300 cm? s72) develops on the eastern flank of the plateau (60°—80°E)
(Figure 6b), co-located with persistent positive Ro anomalies (Ro > 0.06). In June, a dome-like
isopycnal structure near 64°S, 73°E (Figures 2f, g) coincides with a localized Ro maximum,
suggesting strong regional eddy activity. Although the Ro field appears spatially complex, the
thermohaline sections (Figures 2 and S1) consistently show subsurface warming associated
with uplifted isopycnals. These structures indicate shoreward intrusion and upward
restructuring of warm CDW, bringing subsurface heat closer to the thermocline. Consistent
with these hydrographic and mesoscale anomalies, the diagnosed convection depth (SCD) in
June 2017 exceeds 2000 m near Prydz Bay (Figure 6¢), which is deeper than the climatological
range of approximately 700—1000 m and among the strongest values in the available record.
The full monthly evolution of SCD is shown in the Supporting Information (Figure S2). This
deep convection, likely associated with the combined effects of Ekman divergence and eddy-
mediated vertical transport, points to weakened stratification and enhanced overturning.
Together, these results suggest that mesoscale eddies and convection co-occur during the 2017
event, and that enhanced eddy-mean flow interaction and vertical energy redistribution
contribute to both the deepening of convection and the upward restructuring of the CDW layer.

We therefore next examine the underlying dynamical processes using energetics diagnostics.

17



420

421
422
423
424
425
426

427

Journal of Geophysical Research - Oceans

A0 [C|
0.8
0.4

-0.4
-0.8

AS

0.08
0.04

-0.04
-0.08

(¢) Thickness Anomaly

T

AH [m]
800
400

60°S

65°s FRRRTE
-400

-800

70°S

60°E 70°E 80°E 90°E  60°E 70°E 80°E 90°E  60°E 70°E 80°E 90°E  60°E 70°E 80°E 90°E

Figure 5. Seasonal anomalies of Circumpolar Deep Water (CDW) layer properties in 2017
relative to the 2010-2020 climatology (excluding 2017). Columns show anomalies of potential
temperature (a), practical salinity (b), and thickness of CDW layer (c) of austral season:
January—March (JFM), April-June (AMJ), July—September (JAS), and October—December
(OND). The CDW layer is defined based on neutral density surfaces (). Black contours

indicate isobaths with a contour interval of 1000 m.
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Figure 6. Monthly evolution of mesoscale dynamics and convective activity from March to
June. (a) Rossby number (Ro) is calculated from relative vorticity at a depth of approximately
1500 m. (b) EKE at the same depth as Ro, displayed using a logarithmic (log10) color scale
as Figure 1. Red dashed boxes indicate the region of enhanced mesoscale activity, and the
area is divided zonally into two distinct sectors. (¢) Subsurface Convection Depth (SCD) is
defined by the maximum density gradient below 500 m, highlighting convection signals.

White contours denote the 50% sea-ice concentration boundary.

3.4. Energy Conversion and Vertical Redistribution

The following analysis examines the vertical structure and regional contrasts of the energy
pathways associated with the 2017 event, linking energy conversion more directly to the
underlying processes and observed convective signals. In this framework, surface anomalies
(Section 3.2) provide the relatively large-scale forcing that steepens isopycnals and
preconditions the water column, while enhanced baroclinic conversion and eddy pressure-flux
terms diagnosed here describe how the forcing is communicated into the subsurface and deeper

layers.

Based on the spatial patterns of eddy activity shown in Figure 6, the energetics analysis
focuses on two dynamically active longitude bands, 60°-~70°E and 70°-80°E, which capture a
strong contrast in baroclinic conversion and CDW-related overturning processes during the
event. To investigate the distinct responses of these two regions, we conduct separate analyses
of the regional energy budget and its vertical structure. Figure 7 compares the monthly variation
of key energy components, and Figure 8 presents the corresponding energy conversion terms
at representative depths. In the 70°-80°E sector, both MPE and EPE exhibit elevated values
from March to June, particularly near 1000 m, consistent with the depth of the CDW core.
Although both sectors show an increase in EKE during May-June, the 70°-80°E sector exhibits
a substantially larger amplitude (Figures 7e—f), reflecting stronger eddy activity and enhanced
release of potential energy through baroclinic processes. MKE shows a relatively steady
enhancement from May to August in both sectors (Figures 7g—h), with slightly greater values
in the 70°-80°E sector, likely reflecting strengthened currents modulated by local topography

and seasonal atmospheric forcing.
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The sectoral energy conversion analysis further clarifies the mechanisms driving this
variability. In the 70°-80°E sector, baroclinic conversion (BCR: MPE — EPE) peaks sharply
in May (Figure 8b), concentrated at 500—1000 m, indicating rapid release of potential energy
stored in tilted isopycnals. This peak coincides with enhanced vertical eddy density flux (VEDF:
EPE — EKE, Figure 8d), showing efficient conversion of potential energy into EKE in late
autumn and supporting intensified eddy activity that promotes isopycnal deformation and
upward restructuring of CDW. In contrast, the 60°~70°E sector shows weaker and more
vertically confined BCR and VEDF signals (Figures 8a and 8c), implying relatively stable
stratification. A localized BCR maximum near 2000 m suggests deep-layer instabilities,
potentially associated with bottom-intensified shear linked to the DSW outflow along the
continental slope. Barotropic conversion (BTR: MKE — EKE) remains comparatively small
in both sectors (Figures 8e—f), although negative values in the eastern sector during autumn
and winter imply episodes of energy transfer from eddies back to the mean flow, potentially
modulating the slope current. Overall, these diagnostics (Figures 7 and 8) identify the 70°—
80°E sector as the dominant region of baroclinic energy conversion during the event. Enhanced
eddy activity across multiple depths in this region coincided with strong signals of CDW
upwelling and deep convection. However, the conversion terms alone do not explain how the
energy generated at depth is redistributed vertically to sustain the anomalous state. To address

this question, the vertical structure of eddy energy fluxes is examined.

20



477

478
479
480
481
482
483
484

Journal of Geophysical Research - Oceans

(a) MPE | 6070 °E (b) MPE | 70-80 °E
6000 + 6000 +

4000 4000 +

[em? s

2000 2000 -
L

[em? s

F M

[—e—50m —o—200m 500m —e— 1000m —e— 2000m —e— 3500m |

Figure 7. Monthly variations of energy components averaged over two sectors (60°—80°E)
delineated by red dashed boxes in Figure 6: the 60°—70°E sector (left column) and the 70°—
80°E sector (right column). Panels (a-b), (c—d), (e—f), and (g—h) illustrate mean potential
energy (MPE), eddy potential energy (EPE), eddy kinetic energy (EKE), and mean kinetic
energy (MKE), respectively. In each panel, curves denote time series at six representative

depths: 50 m, 200 m, 500 m, 1000 m, 2000 m, and 3500 m.
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Figure 8. Monthly variations of energy conversion terms at representative depths for the two
selected sectors, same as Figure 7. Panels (a—b): baroclinic conversion (BCR: MPE — EPE);
(c—d): vertical eddy density flux (VEDF: EPE — EKE), which indicates eddy generation

directly; (e—f): barotropic conversion (BTR: MKE — EKE).

Vertical distributions of eddy energy flux components from April to July 2017 for the two
sectors are analyzed (Figures 9 and 10). In the 70°-80°E sector (Figure 9), strong vertical eddy
density flux (VEDF) is evident in May, centered between 500 and 1500 m, coinciding with the
depth range of the CDW core. This signal is accompanied by negative vertical pressure-flux
divergence (Figure 9c) within the depth range at around 1000 m, indicating convergence of
eddy energy into this layer. This convergence suggests an accumulation of energy at
intermediate depths, which may support enhanced convective activity. The horizontal pressure-
flux divergence (Figure 9b) shows lateral energy redistribution that is dynamically linked to
the vertical energy exchange. The 60°~70°E sector (Figure 10) displays a different vertical
structure. Here, the strongest VEDF signals occur closer to the continental slope, with a deeper

and more localized enhancement in June (Figure 10a), likely associated with DSW export. The
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vertical pressure-flux convergence (negative values) in this region is distributed at greater
depths than those in the 70°—80°E sector, closer to the depth range of the outflow. These results
reinforce the earlier interpretation that the 70°-80°E sector is dynamically more active,
exhibiting stronger eddy-driven vertical energy redistribution within the CDW layer, whereas
the 60°~70°E domain is dominated by more localized, bottom-intensified processes associated
with DSW export. Although the EKE advection term was also examined, it is characterized by
localized positive and negative anomalies and does not show a coherent structure associated
with CDW intrusion or deep convection. Therefore, our discussion focuses on the pressure-
work term, which provides a clearer diagnosis of vertical eddy energy redistribution during the

2017 event.
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Figure 9. Vertical distributions of eddy energy flux components from April to July 2017,

zonally averaged over the 70°—-80°E sector, adjacent to Prydz Bay, where eddy activity and
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CDW upwelling are more prominent. (a) Vertical eddy density flux (VEDF, —gp,'w’),
representing the conversion from eddy potential energy to eddy kinetic energy (EPE — EKE).
(b) Horizontal eddy pressure-flux divergence (V - u'p’), and (c) the vertical derivative of the
vertical eddy pressure-flux (0,w'p’), both indicating redistribution of eddy energy. Positive
values (warm colors) represent energy divergence, while negative values (cool colors)
indicate energy convergence. Units are 1078 m2s~3 for VEDF and 10~* W m™3 for the

pressure-flux divergence terms.
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Figure 10. Same as Figure 9, but for the 60°~70°E sector.

3.5. Volume-Heat Transport Asymmetry and Eddy Contributions
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While Section 3.4 diagnosed the energetic pathways responsible for mesoscale variability,
this section examines how these dynamical processes are reflected in regional circulation and
property fluxes. To place the Prydz Bay anomaly in a broader regional context, we extend the
analysis here to three longitude bands: 50°—60°E, 60°-70°E, and 70°-80°E. This comparison
highlights the zonal asymmetry of circulation and property fluxes. The mechanistic analysis of
eddies and convection in the previous section remains focused on the 60°—80°E region, while
the additional western band provides context for the broader spatial structure. Meridional
volume transports across these sectors are analyzed to identify depth-dependent and zonally

asymmetric patterns (Figure 11).

Consistent with the poleward transport anomaly within the CDW layer identified in Figure
4, the expanded sector analysis reveals clear zonal contrasts in transport structure. The 70°—
80°E sector (Figure 11c¢) is dominated by persistent southward transport within both the upper
(0-500 m) and intermediate (500-2000 m) layers, indicating sustained inflow of relatively
warm water toward the slope. The intermediate layer shows a particularly strong southward
anomaly in June (Figure 4a), the strongest in the 11-year record. In contrast, the 50°~60°E
sector (Figure 11a) shows northward transport across all depth ranges, consistent with export
of dense shelf water away from the continental margin. At depths greater than 500 m, the 50°—
60°E sector shows persistent northward transport after April that reinforces its role as a
pathway for water export. The 60°—70°E sector between these two (Figure 11b) exhibits weaker
and more variable transport signals, suggesting that it acts as a transitional zone between the
DSW-dominated outflow regime in the west and the CDW-inflow regime in the east. Together,
these zonal differences reveal an asymmetric overturning structure: CDW inflow dominates
the 70°-80°E sector, while northward export of dense water is most evident in the 50°—60°E
sector. These contrasting volume transports provide the dynamical context for the subsequent
analysis of heat fluxes (Figures 12 and 13), highlighting the interplay between mean flows and

eddy activity in shaping vertical heat redistribution.
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Figure 11. Monthly meridional volume transport in 2017 across three longitude sectors: (a)
50°-60°E, (b) 60°-70°E, and (c) 70°-80°E. Each panel shows transport integrated over three
depth ranges: 0-500 m, 500-2000 m, and 2000 m—bottom. Positive values indicate northward
transport, and negative values indicate southward (poleward) transport. Dashed horizontal
lines denote the annual mean for each depth range.

Monthly mean and eddy components of regional heat flux are separated to characterize
vertical and temporal variability to further explore how the observed recirculation affects
property exchange (Figures 12 and 13). In the upper ocean (0—1000 m), southward heat flux
dominates during austral summer and autumn. This pattern coincides with periods of
intensified Ekman divergence (Figure 2) and surface heat loss, indicating that surface forcing
and Ekman-driven upwelling jointly modulate the upper-ocean heat distribution during the
preconditioning phase. At intermediate depths, the heat flux becomes more regionally distinct
(Figure 12). The eastern 70°-80°E sector shows intermittent signals, with occasional
southward pulses that suggest CDW inflow but limited vertical coupling. In contrast, in the
western 50°—60°E sector, persistent negative heat flux values appear during autumn and winter
(from April), reflecting the northward export of cold, dense water, which in heat-flux terms is
equivalent to a southward transport of heat. This signal is consistent with localized activity and

dense water export, underscoring its role in ventilating the abyss as a key site of AABW export.
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The central 60°—70°E sector shows weaker and more variable signals, reinforcing its role as a
transitional region between the two regimes. Figure 13 isolates the eddy-driven component of
heat transport, highlighting the contribution of transient eddies in redistributing heat within the
water column. Eddy heat convergence intensifies below ~500 m between April and June, with
a maximum in May, especially in the 70°-80°E sector. This timing and depth range coincide
with enhanced vertical energy conversion diagnosed in Figures 9 and 10, confirming that
mesoscale eddies play a key role in redistributing heat upward from the CDW layer into the

mid-depth ocean during the 2017 event.

Overall, these results suggest a coherent mechanism in which anomalous surface forcing
induces upper-ocean divergence and stratification preconditioning, followed by intensified
mesoscale eddy activity and enhanced eddy-mean flow interactions that drive vertical energy
redistribution. These processes facilitate deep convection and the uplift of CDW. The proposed

mechanism and its vertical structure are synthesized schematically in Figure 14.
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583  Figure 12. Hovmoller diagrams of zonally integrated monthly mean ocean heat flux (TW) in
584  three sectors adjacent to Prydz Bay in 2017: (a, d, g, j) 50°-60°E, (b, e, h, k) 60°-70°E, and
585  (c, f,1,1) 70°-80°E, computed relative to a reference temperature of 0 °C. Each panel shows
586  depth-integrated values over a specific depth interval: (a—c) 0-500 m, (d—f) 500-1000 m, (g—
587 1) 1000-2000 m, and (j—1) 2000-3000 m. Negative values indicate southward transport; in the
588  50°-60°E sector, these values also reflect the northward export of cold, dense water in the
589  regional heat budget. White areas denote masked regions without valid data due to

590  bathymetric constraints.
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592  Figure 13. Hovmoller diagrams of zonally integrated meridional eddy heat flux over the
593  same regions and depth intervals as in Figure 12. Eddy fluxes are derived from daily

594  anomalies and are independent of the reference temperature.
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597  Figure 14. Schematic summary of the processes associated with the 2017 deep-convection
598  event in the study region. Anomalous surface stress pattern induces Ekman divergence near
599 the continental slope, promoting upward displacement of subsurface water masses. This
600  surface forcing preconditions the upper ocean by steepening isopycnals. Concurrently,

601  enhanced mesoscale eddy activity intensifies baroclinic energy conversion and strengthens
602  vertical eddy heat fluxes within the CDW layer. The resulting vertical energy redistribution,
603  with eddy-driven mixing, facilitates the uplift of CDW and further weakens stratification,
604  enabling convection to extend to depths exceeding 2000 m. The combined effects of surface
605 forcing, eddy energetics, and vertical exchange sustain an anomalous regional circulation,
606  characterized by CDW inflow along the slope and shelf water export, forming a zonally
607  asymmetric overturning structure influenced by regional bathymetry.

608
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4. Discussion

This study highlights a dynamically coupled set of processes that contributed to the
anomalously strong deep convection observed in the Cooperation Sea and adjacent Prydz Bay
region during the austral autumn-winter of 2017 (summarized schematically in Figure 14). By
integrating diagnostics of surface forcing, eddy energetics, and vertical heat redistribution, we
present a framework showing how transient atmospheric perturbations propagate downward,
interact with enhanced mesoscale activity, sustain vertical exchange, and enable deep

convection.

Although the event was initially triggered by anomalous atmospheric forcing that enhanced
Ekman divergence, our diagnostics show that mesoscale eddies played a key role in sustaining
vertical exchange and enabling deep convection. Enhanced baroclinic conversion and vertical
eddy density fluxes during May—June indicate that eddies actively intensified buoyancy
transfer and weakened stratification, enabling convection to extend well below 2000 m despite
surface freshening and record-low sea ice [Wang et al., 2019; Sabu et al., 2021]. Persistent
deep convective signals suggest a dynamically coupled wind-eddy-convection mode of
variability. Jiiling et al. [2018] showed that multidecadal Southern Ocean variability, termed
the Southern Ocean Mode, emerges through a Lorenz-energy-cycle pathway in which wind
work on the mean flow steepens isopycnals, baroclinic conversion energizes eddies, and deep
convection coincides with enhanced eddy activity, surface warming, and release of deep heat.
The energetics diagnosed here confirm that the anomaly in 2017 may represent a regional
example of this Southern Ocean mode, with local topography (e.g., the Kerguelen Plateau and

downstream troughs) shaping regional patterns of CDW inflow and DSW outflow.

The sector-resolved flux analysis reveals a clear zonal asymmetry: persistent southward
CDW inflow in the east and northward DSW export in the west. This configuration resembles
a coupled overturning cell in which eddy-mediated inflow balances shelf-driven outflow.
Comparable structures have been described in the Ross Sea, where troughs along the
continental shelf support DSW export on one side and CDW inflow on the other [Lanham et
al., 2025]. Jendersie et al. [2018] further showed that Ross Sea circulation intensifies in winter
through density forcing and shelf-slope interaction, demonstrating that buoyancy-driven
processes can couple with wind and eddy dynamics. Similarly, in the Amundsen and
Bellingshausen Seas, Nakayama et al. [2018] found that large-scale circulation and boundary
water properties control CDW pathways and shelf intrusions. Our findings extend these results

to Prydz Bay, showing how regional bathymetry projects large-scale modes onto a zonally
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confined recirculation system. A novel aspect of this study is the simultaneous identification

of both overturning branches across the Prydz Bay region during this anomalous year.

The 2017 anomalies may thus reflect both transient surface forcing and broader shifts in
Southern Ocean circulation. While such processes are consistent with emerging Southern
Ocean modes, the magnitude of the 2017 event was unusually strong within the available record.
In the depth range of CDW, volume transport showed a record southward anomaly, and
convection extended to depths exceeding 2000 m, substantially deeper than the climatological
mean. These characteristics raise the question of whether the event was expected under ongoing
climate trends or represents a rare outlier. Freshwater input has long been recognized to
enhance upper-ocean stratification and inhibit deep-water formation in the Southern Ocean
[Richardson et al., 2005; Swingedouw et al., 2009]. More recently, Li et al. [2023] suggested
that increased Antarctic meltwater fluxes further freshen the surface ocean, strengthen upper-
ocean stratification, and suppress the formation of AABW, thereby slowing abyssal
overturning. The anomalies observed in 2017 challenge this expectation, suggesting either an
exceptional departure from typical conditions or the influence of concurrent processes, such as
surface salinification and reduced sea ice cover, that temporarily weakened stratification and

allowed deep convection to occur.

Recent observations suggest that the Southern Ocean may be entering a new stratification
regime. Silvano et al. [2025] reported a widespread and abrupt increase in surface salinity
across the Southern Ocean since 2015, reversing decades of freshening and coinciding with
record-low sea ice. This salinification weakened the upper-ocean stratification, favoring
vertical heat exchange and the reemergence of open-ocean polynyas. Purich and Doddridge
[2023] likewise point to a shift in ice-ocean interactions toward a new state. Our findings
expand on this emerging view. We show that the event cannot be explained by surface
anomalies alone; rather, it likely reflects the interaction of this forcing with a pre-existing
weakened stratification. This interaction likely increased the ocean’s sensitivity, combined
with the vertical extension of eddy activity reaching over 2000 m. It facilitated the extreme
overturning event. Taken together, the results indicate that although long-term warming
generally suppresses deep convection, episodic events such as those in 2017, perhaps when
wind stress, sea ice retreat, and local bathymetry align, could act as triggers, indicating that
threshold controlling vertical exchange may be more variable and potentially lower than
assumed in many current models. The Southern Ocean may become more prone to deep

convection events, with profound implications for the formation of AABW, ventilation of deep
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carbon reservoirs, and global heat redistribution [Heywood et al., 2014; Silvano et al., 2023;

Blanckensee et al., 2024].

Collectively, our results support a framework in which surface stress-driven divergence and
deep eddy-induced convergence jointly regulate the timing, depth, and intensity of convection.
This coupling governs CDW and DSW pathways, shapes local recirculation, and links surface
forcing with deep overturning. The 2017 event thus provides rare evidence that extreme wind
and eddy perturbations can overcome stratification thresholds. Sustained observations (e.g.,
mooring arrays and Biogeochemical-Argo floats) together with eddy-resolving models will be
essential to test whether the linkage diagnosed here is systematically triggered under climate

change.

5. Conclusions

In this study, we applied an energetics-based diagnostic framework to the 2017 deep-
convection anomaly off Prydz Bay and identified a coherent mechanism linking surface forcing
to deep-ocean responses (Figure 14). Analyses of neutral density structure, energy conversions,
and vertical eddy energy fluxes indicate that intensified mesoscale eddy activity, together with
changes in stratification, contributed to sustaining the deep overturning observed during the
event. This case illustrates how eddy-mean flow interactions can sustain a surface-to-depth
response that involves both atmospheric forcing and internal ocean dynamics. Surface forcing
anomalies induce Ekman divergence and modify upper-ocean stratification, while enhanced
eddy-mean flow interactions promote baroclinic energy conversion and vertical eddy energy
fluxes within the CDW layer. These processes sustain vertical exchanges that propagate the
signal into the deep ocean and modulate interior heat redistribution. Our results highlight the
role of mesoscale energy pathways in regulating vertical exchange in the subpolar ocean, a
process that remains unresolved in coarse-resolution climate models. Consequently, although
Earth system models are sensitive to deep convection in the Southern Ocean, they may not
fully capture the mesoscale processes described here and may therefore underestimate the
sensitivity of overturning variability to atmospheric forcing. Further observations and high-
resolution simulations are needed to evaluate the recurrence, spatial variability, and climatic
impacts of such self-amplifying events. Understanding these mechanisms is essential for

improving projections of Southern Ocean overturning and its role in global climate regulation.
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