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Abstract

The oceanic general circulations in the Ross Sea, where the southernmost ocean is located, play an important role in the
climate system. Yet, the energy cycle of oceanic circulations in the Ross Sea is still unclear. By employing an eddy-
permitting coupled regional ocean-sea ice-ice shelf model, this study investigates the oceanic energy cycle in the Ross
Sea. Based on the Lorenz Energy Cycle framework, the spatiotemporal distributions of kinetic energy and available
potential energy within the Ross Sea are quantitatively analyzed. The power pathways and magnitudes of energy
conversion are also quantified. The simulated results show that the Mean Available Potential Energy (MAPE) is the
largest energy reservoir of about 527.62 PJ (1 PJ = 1013 J), followed by the Eddy Available Potential Energy (EAPE),
the Mean Kinetic Energy (MKE), and the Eddy Kinetic Energy (EKE) of about 19.20 PJ, 1.04 PJ, and 0.82 PJ,
respectively. In the sub-ice-shelf cavity, the maximal MAPE is up to about 177.81 PJ, and the EAPE, MKE, and EKE
are about 2.58 PJ, 39.87 TJ (1 TJ = 102 J), and 23.05 TJ, respectively. The inputs to the regional energy reservoirs are
mainly from the sea surface momentum and buoyancy fluxes. The baroclinic pathway plays a dominant role in the
conversion of energy to EKE, both in the open ocean and in the sub-ice-shelf cavity. The energy conversion from EAPE
to EKE in the open ocean and the sub-ice-shelf cavity is about 2.86 GW (1 GW = 10° J) and 162.18 MW(1 MW = 10°017),
respectively. In addition, the kinetic energy is directed from EKE to MKE in the Ross Sea, and such an energy flow in
the barotropic pathway is opposite from that in the Southern Ocean.
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1 Introduction atmospheric and oceanic circulations (Lorenz, 1955; Oort
and Peixo6to, 1983). Oort et al. (1994) computed energy

Quantitative descriptions of the oceanic energy cycle budgets using ocean surface observations, encompassing
can enhance our understanding of oceanic circulation dy- terms for energy generation, conversion, and dissipation.
namics. The Lorenz Energy Cycle (LEC) has been recog- Wunsch and Ferrari (2004) estimated major energy reser-
nized as a useful research method for investigating both  voirs and transfers toward dissipation in the global ocean,
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and then Ferrari and Wunsch (2009, 2010) put forward an
updated energy budget framework that is focused on the
Kinetic Energy (KE) of oceanic circulations. Tailleux
(2009) proposed a framework of Available Potential Ener-
gy (APE) based on the fully compressible Navier-Stokes
equations, and Tailleux (2010) highlighted the influences
of buoyancy power input on the oceanic energy cycle.
Yet, Huang (2004) proposed that the mechanical energy
input of wind stress plays a more important role in driv-
ing oceanic circulations, although an accurate definition of
APE remains a challenge (Huang, 2005).

Previous observational studies have greatly improved
our understanding of the Ross Sea and provided an
amount of hydrography observations, including in-situ ob-
servations from moorings, equipment seals, borehole sites,
voyages and flights, and remote sensing from satellites
(Castagno et al., 2017, 2019; Biddle and Swart, 2020;
Stevens et al., 2020; Rack et al., 2021). However, moor-
ing and borehole observations deployed at fixed stations
cannot provide data with a broad spatial extension, and
measurements from seals and voyages cannot provide da-
ta with long-term periods. Satellite observations mainly
measure the surface layer of the ocean. Therefore, previ-
ous studies tended to explore the oceanic energy cycle
with the aid of numerical models (Cox, 1985; Olbers
et al., 2012; von Storch et al., 2012; Chen et al., 2014,
Kang and Curchitser, 2015; Wu et al., 2017; Jiiling et al.,
2018). By utilizing a global simulation with a resolution
of about 0.1°, von Storch et al. (2012) found that the global
energy generation rates are about 6.6 TW, with about
4.0 TW and 2.6 TW attributed to wind stress and buoyan-
cy flux, respectively. The global energy dissipation rates
are about 4.4 TW and 2.3 TW attributed to KE dissipa-
tion and APE dissipation, respectively (von Storch et al.,
2012). Ssebandeke et al. (2024) examined the sensitivity
of global LEC to different atmospheric forcing, and they
suggested that the Eddy Kinetic Energy (EKE) is insensi-
tive to elevated wind stress due to the enhanced dissipa-
tion at the sea surface. Based on the Estimating the Circu-
lation and Climate of the Ocean, phase 2, high-resolution
global-ocean and sea ice data synthesis (ECCO2; Mene-
menlis et al., 2008) state estimate (18 km resolution),
Chen et al. (2014) found that the energy conversion be-
tween KE and APE in the subtropical region is much
weaker than in the Southern Ocean. By conducting sensi-
tivity experiments with ECCO2, Wu et al. (2017) exam-
ined the impacts of intensified westerlies on the LEC in
the Southern Ocean, and Wu et al. (2017) identified sig-
nificant increases in energy reservoirs and enhanced ener-
gy conversions over significant topographic features when
the ocean is driven by intensified westerlies. Furthermore,
by using the simulated results from the ocean general cir-
culation model for the Earth Simulator (0.1°; Masumoto
et al.,, 2004), Matsuta and Masumoto (2023) also high-
lighted that standing meanders associated with significant
topographic features are responsible for the pronounced
energy transfer among reservoirs downstream.
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In contrast to the oceanic energetics at lower latitudes,
the oceanic energy cycle in the Antarctic marginal seas
may have substantially different characteristics due to the
vigorous atmospheric forcing, the sea ice evolution, and
the existence of ice shelves. Due to gravity, cold air above
the Antarctic Ice Sheet can converge and descend to the
sea surface in the austral winter, with wind speed often
exceeding 20 m/s and air temperature below —25C
(Thompson et al., 2020). Such strong and cold atmospher-
ic forcing is expected to induce drastic air-sea momentum
and heat flux and the production of sea ice. The sea ice
plays an important role in insulating the underlying ocean
from the atmosphere, suppressing air-sea exchange fluxes
in winter. Yet, the katabatic winds around the Antarctic
margins can blow sea ice offshore to form polynyas that
are the opening areas with low sea ice concentration in
winter. Therefore, air-sea momentum and heat flux are
still remarkable within polynyas, with very high sea ice
production (Tamura and Ohshima, 2011; Tamura et al.,
2011). Ice shelves are thick masses of floating ice fed by
land glaciers extending from the land into the ocean. Gen-
erally, the ice temperature at the basal surface of ice
shelves is much lower than the sea surface freezing point
(Herraiz-Borreguero et al., 2013), and thereby profound
fresh water and heat exchanges can occur at the ocean-ice
shelf interface in the sub-ice-shelf cavity (Rignot et al.,
2013). Accordingly, the generations of KE and APE in the
Antarctic marginal seas are expected to be substantially
different from those at lower latitudes.

Apart from the studies focused on the energy cycles in
global ocean basins, a detailed description of oceanic en-
ergetics around the Antarctic marginal seas can improve
our understanding of the complex climate system in polar
regions. On the one hand, due to logistical challenges,
field observations are insufficient to study the LEC over
the Antarctic marginal regions directly. On the other hand,
global general circulation models with relatively coarse
resolutions may not be able to properly simulate the EKE
over the Antarctic shelf seas at such higher latitudes.
Therefore, it is necessary to study the LEC over the
Antarctic marginal seas with the aid of a high-resolution
regional coupled ocean-sea ice-ice shelf model. So far,
Wu et al. (2021) are the first to study the LEC in the sub-
ice-shelf cavity of the Amery Ice Shelf in Prydz Bay, East
Antarctica. To our knowledge, this study is the first to
analyze the energetics of eddy-mean flow interactions in
the Ross Sea and the cavity beneath the Ross Ice Shelf
(RIS), which is the largest ice shelf in the world. As such,
an investigation of the LEC in the Ross Sea could provide
insights into our understanding of the complex oceanic
circulations around Antarctica and their corresponding in-
fluences.

The organization of this paper is as follows. Section 2
provides a brief description of the model configuration.
Section 3 outlines the definitions of four energy reser-
voirs, along with the derivation of energy generation, con-



132

version, and boundary flux. Based on Section 3, Sections
4-6 present the analysis of the energy reservoirs and cor-
responding generation and conversion terms. Section 7
provides an overall picture of LEC in the Ross Sea and the
sub-ice-shelf cavity. Section 8 gives the summary and
concluding remarks. Some details are provided in the sup-
plementary imformation (Figs S1-S36).

2 Model description

The Massachusetts Institute of Technology general
circulation model (MITgem) (Marshall et al., 1997a,
1997b) is used to configure a coupled regional ocean-sea-
ice-shelf model for the Ross Sea (Yan et al., 2023). The
MITgcem is based on the Navier-Stokes equations with the
Boussinesq approximation, and this regional model adopts
the hydrostatic assumption. A dynamic and thermodynam-
ic sea ice model (Zhang and Hibler III, 1997; Zhang and
Rothrock, 2000) and a thermodynamic ice shelf model
(Losch et al., 2010) are coupled to the ocean model.

Figure 1 shows the model domain that includes the
deep ocean and the continental shelf in the Ross Sea and
the RIS, with a uniform horizontal resolution of about
5 km x 5 km (Fig. 1b). It is worth noting that such a high-
resolution horizontal grid spacing may still not be able to
fully resolve mesoscale eddies over the continental shelf
where the first baroclinic Rossby deformation radius
could be only a few kilometers (see Fig. S30). The first
baroclinic Rossby deformation radius is the length scale
of baroclinic variability longer than which the internal
vortex stretching would be more important than the rela-
tive vorticity (Chelton et al., 1998). Therefore, it is ex-
pected that this coupled regional ocean-sea ice-shelf mod-
el is still an eddy-permitting model, and it may underesti-
mate corresponding mixing and heat and salt transport.
The vertical layers have 70 unevenly spaced intervals,
with the layer thickness ranging from 10 m at the surface
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to 600 m at the sea floor (Fig. 1c). The partial cell is used
to improve the representation of topography that is adopt-
ed from the Refined Topography Data Set 2 (RTopo-2;
Schaffer et al., 2016) to represent the depth of the seafloor
and the geometry of sub-ice-shelf cavities. RTopo-2 is a
combined bathymetric data set based on the International
Bathymetric Chart of the Southern Ocean (IBCSO; Arndt
et al., 2013) and the Bedmap-2 (Fretwell et al., 2013),
with a resolution of 500 m. The IBCSO complies with the
bathymetric data from single-beam/multibeam echo
sounding and digitized depths from nautical charts (Arndt
et al,, 2013). Bedmap-2 incorporates bathymetric data
from satellite observations, airborne radar surveys, over-
snow radar, and seismic sounding data (Fretwell et al.,
2013). However, since there is still an amount of data
gaps in the in-situ observations that are used to construct
IBCSO and Bedmap-2 (Fretwell et al., 2013), uncertain-
ties in the RTopo-2 may still be relatively large (Sun et al.,
2022).

The open boundary conditions, including the veloci-
ties, temperatures, and salinity, are derived from the
Southern Ocean State Estimate (Mazloff et al., 2010;
Verdy and Mazloff, 2017) and the World Ocean Atlas
2018 (WOAI1S8, Locarnini et al., 2019; Zweng et al.,
2019). Tidal forcing on the open boundaries, including 10
major tidal constituents, is derived from the Circum-
Antarctic Tidal Simulation (Padman et al., 2002, 2003,
2009). The open boundary conditions of the sea ice, in-
cluding snow thickness, sea ice thickness, sea ice concen-
tration, and sea ice velocity, are obtained from the South-
ern Ocean State Estimate and the National Snow and Ice
Data Center (Fetterer et al., 2017). Since the open bound-
ary conditions may increase the uncertainties of our analy-
sis, we only conduct the LEC analysis within the selected
region shown in Fig. 1 rather than the entire model do-
main (the inset of Fig. 1). In addition, the LEC in the RIS
cavity has also been analyzed separately.
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Focused region of the LEC analysis in this study (a), the horizontal grid resolution (b), and the vertical grid

configuration (c). In a, the red box in the inset shows the entire model domain; the color shading represents the topo-
graphic features of the Ross Sea; the red line shows the coastline and the ice shelf calving front; the grey region de-
notes the land, and the semitransparent region denotes the ice shelves region; the thin grey lines represent the 500 m,
1 000 m, and 4 000 m isobaths; DT, Drygalski Trough; JT, Joides Trough; GCT, Glomar Challenger Trough; MMS,
McMurdo Sound; RIS, Ross Ice Shelf; TNB, Terra Nova Bay.
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The model employs the European Centre for Medium-
Range Weather Forecasts Reanalysis v5 as the atmospher-
ic forcing (Hersbach et al., 2020), with a temporal resolu-
tion of 1 h and a spatial resolution of 0.25° x 0.25°. The
model is initialized when the ocean is at rest. The initial
conditions of potential temperature and salinity are hori-
zontally uniform vertical profiles. The values of the verti-
cal profiles are derived from the area-averaged values of
WOA 18 within the model domain. The model integration
ranges from 1979 to 2015, and the daily model outputs in
the last ten years are saved for the LEC analysis in this
study. The model configuration and model validation have
been described in Yan et al. (2023) in details, and the sim-
ulated velocity (associated with KE) and potential density
(associated with APE) have been further compared with
hydrographic observations to assess the ability of the
model for the LEC analysis in this study (see Figs SI—S25
for the details).

3 Terms of the LEC framework

There are four energy reservoirs in the LEC, includ-
ing Mean Kinetic Energy (MKE, Kk.,), EKE (k.), Mean
Available Potential Energy (MAPE, P,,), and Eddy Avail-
able Potential Energy (EAPE, P.). The seasonal cycle in
the Antarctic marginal seas is so strong that it can exert a
strong influence on the calculation of K. and P.. Since we
are very interested in the long-term mean state of oceanic
energy and the mesoscale variability. So, in this study, the
time-mean components refer to the temporal average over
the last ten years (2005-2015), and the time-varying com-
ponents are the deviation of model daily outputs from the
time mean.

The MKE and EKE are as follows:

K = fvépo(ﬁ2 +7)dv, (1)

— 1 ’2 ,2
Ke—jvzpo(u v )dv, )

where p, is a constant reference density (1 038 kg/m3), u
is the zonal velocity, and v is the meridional velocity. The
overbar denotes the time mean (2005-2015), and the
prime denotes the deviation from the time-mean value.
Hereafter, the subscript V is the volume of the interested
region in the Ross Sea (Fig. 1a). Following von Storch
etal. (2012), P, and P, are defined as follows:

—_ g %2

P = fv—zm)p av, 3)
— _ T8 72

P.= JV 20V, (4)

where g =9.8 m/s? is the gravitational acceleration, and ng
represents the vertical gradient of the time and area
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mean of local potential density. p is the local density,
Py 7 D=px,y, 2, 1) —<p(x,y, 2 )>,and <>  repre-
sents the area mean at a given depth. <p(x, y, z, 1) > is the
reference density defined by the area average (Fig. 1) of
the time-mean density.

The oceanic energy budget equations are as follows
(von Storch et al., 2012):

dd% =G(Kp) + C(Ke, Ki) + C(Pr, Kin) + B(Km) — D(Kp),  (5)
dK,
wr = G(Ke) — C(Ke, Kin) + C(Pe, Ke) + B(Ke) — D(K.),  (6)
dPn,
T G(Pp) +C(Pe, Pry) — C(Pm, Kin) + B(Pr) — D(Pr), (7))
dp.
i G(Pe) — C(Pe, Py) — C(Pe, Ke) + B(Pe)— D(Pe),  (8)

where G represents the generation terms, C represents the
conversion terms, B represents the boundary flux terms,
and D represents the dissipation terms.

G(Kn) and G(K.) denote the generation terms of MKE
and EKE, induced by time-mean wind stress and time-
varying wind stress, respectively. When the direction of
the wind is the same as the orientation of the current, the
wind tends to export power to the ocean, and vice versa.
G(Py) and G(P.) denote the generation terms of MAPE
and EAPE induced by the surface buoyancy fluxes, re-
spectively. Adding (extracting) freshwater to (from) rela-
tively light (heavy) water masses can result in the genera-
tion of APE, and so does by heating (cooling) relatively
light (heavy) water masses.

The rates of generation terms are as follows:

G(Km) = [ (Taslls +T5m5)dS, ©)
G(K.) =J5(ﬁ_u;+m)dS (10)
G(Pm) = —L%B_od& an
G(Po) = — L%ds, (12)

where 1, and 7, are the surface wind stress, and u, and
v denote the ocean surface velocity. B = %(”C—?: +00BS E*),
and « and g are the temperature and salinity expansion co-
efficients, respectively. C, denotes the heat capacity of
seawater, and S denotes the salinity. Q* is the net air-sea
heat flux, and E* is the net air-sea freshwater flux.

The conversion terms are given by

C(Ke.Km) :fv(poﬁ. Vii+povu’ - Vv)dV, (13)
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C(PeKe) = [ 8o W V., (14)
C(PmKm) = — ngEWdV, (15)
CPePm) =~ %p’u; VpprdV, (16)

where Vv, is the horizontal nabla operator, w denotes the
vertical velocity, u and u;, are three-dimensional and hori-
zontal velocity vector. C(X,Y) represents conversion rate
from Xto Y, and C(X,Y) = ~C(¥,X).

On open boundaries of the interested domain, energy
flux arises from the advection of water masses and pres-
sure work (Jiling et al., 2018). The boundary fluxes terms
are given by

B(Kum) = 959 (@K + TP ) - nd, (17)
B(K.) = 869 (uh%po(u’z +v'2))+F)4ndQs, (18)
B(Pp) = @rPm)- nd2", (19)

B = (~unPo)-nde, (20)

where P*(x,y,z0) = P(xy,z0) —<P(z)>, and <P(z)> is the
area average of the time-mean hydrostatic reference pres-
sure, n denotes the unit normal vector of the boundary
surface @, and ©* represents the area of the boundary sur-
face.

The dissipation terms D(Ky,), D(Ke), D(Pn), and D(P.)
are computed as the residual from the corresponding
Eqs (5)—(8), respectively. Therefore, the LEC analysis
here represents an approximate balance.

The open ocean is influenced by the atmospheric forc-
ing and the sea ice evolution, while the ocean in the sub-

N
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ice-shelf cavity is isolated from the atmosphere, and hence
we conduct the LEC analysis over the open ocean and in
the RIS cavity, respectively.

4 Energy reservoirs

According to Eqgs (1)—(4), we calculated the terms of
energy reservoirs Ky, Ke, Pe, and Py,.

Figure 2 clearly shows that depth-averaged energy
densities of K, and K. exhibit distinctly different spatial
distributions. The large value of K, is confined within
narrow filaments (Fig. 2a), implying that the paths of the
time-mean currents are consistent over time. In contrast,
K. reveals a much smoother spatial pattern than the K,
(Fig. 2b), implying that the spatial positions of time-vary-
ing flows often change.

For the time-mean circulations (Fig. 2a), K;,, strong
KE are concentrated along the calving front of the RIS,
the submarine troughs (the deep seabed enclosed by the
500 m isobaths in the Ross Sea), and the continental
slope. Large values of K, on the continental shelf are
along the 500 m isobaths that are the bounds of subma-
rine troughs, and strong K, along the coastal lines and the
continental slope also fluctuate with the spatial position of
the RIS front and the 1 000 m isobaths. Such a spatial pat-
tern of K, implies that the temporal averaged circulations
should be mainly dominated by the topography. The max-
imal value of K, is identified over the northwestern conti-
nental slope where the dense shelf water overflows from
the continental shelf into the deep ocean to form Antarc-
tic Bottom Water. The value of K, in the western and
middle flanks of the RIS cavity is larger than in the east-
ern flank (Fig. 2a). Since K,, is mainly concentrated in the
relatively stable oceanic circulations, the distribution of
KE in the RIS cavity also reflects that the predominant
gyres are determined by the geometry of the sub-ice-shelf
cavity and the effects of “ice pump” (Lewis, 1985), which

[=]
Depth-averaged energy density of K./(J-m™)

Fig. 2. Distributions of the depth-averaged energy density of K, (a) and K. (b). The solid green lines represent the
coastline and the ice shelf calving front. The thin grey lines represent the 500 m, 1 000 m, and 4 000 m isobaths.



Liu Kechen et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 3, P. 130-146

is induced by the basal melting of the ice shelves.

A zonal band of large k. is identified along the RIS
front and spread out offshore away from the coastline
(Fig. 2b), and large K. is also identified over the north-
western continental slope. Large values of K. extend into
the northwestern flank of the RIS cavity where warm sur-
face water can flow into the RIS cavity (Malyarenko
et al., 2019), but such strong K. do not extend much far-
ther into the RIS cavity, implying the suppressing effects
of the ice cavity on the time-varying circulations. Overall,
the spatial distributions of kX, and K. in the Ross Sea re-
gion are very different, yet K, and K. are both strong over
the northwestern continental slope.

In order to assess the vertical structure of KE, Fig. 3
shows the area-averaged K, and K.. From the sea surface
to the seafloor, the volume-integrated K, is found to be
about 1.04 PJ (1 PJ = 10!5 J), while the total K, amounts
to about 0.82 PJ. In the sea surface layer, K. (about
2.11 J/m?3) is much larger than K, (about 0.91 J/m3). Both
Ky and K. decrease rapidly with increasing depth within
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Fig. 3. Vertical profiles of the area-averaged energy den-
sities of K, (red) and K. (blue) over the Ross Sea.
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the 1 000 m upper layer, yet the decreasing of K. is
stronger than K. At the 1 000 m depth, k. (about
0.17 J/m3) is already weaker than K, (about 0.30 J/m?3).
Beneath the 1 000 m depth, both k;, and kK. show a much
slower decreasing rate. So, K, and K. have a general simi-
larity in the deep layer. Therefore, it is interesting to know
the differences of the KE distribution between the water
column in the upper 1 000 m and below the 1 000 m
depth. Volume-integrated K, and K. from the sea surface
to 1 000 m are about 0.53 PJ and 0.57 PJ, while volume-
integrated K, and K. from 1 000 m depth to the sea floor
are about 0.51 PJ and 0.25 PJ, respectively. The energy of
the K, in the upper 1 000 m is almost the same as that be-
low the 1 000 m depth. Yet, the integrated K. in the upper
1 000 m layer is almost twice as the energy in the deeper
depths.

For the APE of time-averaged and time-varying circu-
lations, P, and P., are shown as the depth-averaged val-
ues in Fig. 4. The spatial pattern of P,, shows that the APE
of time-averaged circulations in the western Ross Sea is
much higher than in the eastern Ross Sea (Fig. 4a). Over
the continental shelf, the maximal P,, is identified in the
southwestern region where intensive brine rejection oc-
curs in the polynya in winter due to the production of sea
ice (Tamura and Ohshima, 2011; Tamura et al., 2011).
Beneath the RIS, P, in the western and middle cavity are
also much stronger than in the southeastern flank, imply-
ing that the relatively larger Py, in the sub-ice-shelf cavity
may be closely associated with the intrusion of Dense
Shelf Water (Holland et al., 2003; Mack et al., 2019; Yan
et al., 2023), which is produced by the brine rejection.

The spatial distribution of P. is similar to K., with
larger values identified along the RIS front and in the
northwestern continental slope (Fig. 4b), implying that the
spatial distribution of K. may be dominated by P. rather
than K,,. The similarities between the horizontal structure
of P, and K. have also been usually found in global
oceans (Roullet et al., 2014; Wu et al., 2017). It is also ev-

50
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Depth-averaged energy density of P/(J-m™)

80°

Fig. 4. Distributions of the depth-averaged energy densities of P, (a) and P. (b). The solid green lines represent the

coastline and the ice shelf calving front.
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ident that the APE associated with time-varying circula-
tions is considerably lower north of the 1 000 m isobaths,
akin to the distribution of P,,. Beneath the RIS, the maxi-
mal P, is found in the northwestern flank where strong K.
extends into the RIS cavity (Fig. 2b), suggesting that P,
may still be intimately related to K. in the sub-ice-shelf
cavity.

In order to assess the vertical structure of APE, the
area-averaged energy densities of P, and P, are shown in
Fig. 5. In contrast to the vertical structure of KE, Fig. 5 il-
lustrates that the APE of time-mean and time-varying cir-
culations are mostly concentrated in the upper layer, coin-
ciding with the lower values of APE to the north of
1 000 m isobaths shown in Fig. 4. It is also evident that
P, peaks at both the sea surface and about 550 m depth,
whereas P, predominantly concentrates at the sea surface.
On average, Py, is larger than P. throughout the water col-
umn.

From the sea surface to the seafloor, the volume-
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Fig. 5. Vertical profiles of the area-averaged energy den-
sities of P, (red) and P, (blue) over the Ross Sea.
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integrated Py, is up to about 527.62 PJ, while the total P,
only amounts to about 19.20 PJ. Different from KE of the
time-mean and time-varying circulations, P, (about
381.76 J/m3) is much larger than P, (about 248.80 J/m?) at
the surface layer. Both P,, and P. decrease drastically to
about 88.58 J/m3 and 25.45 J/m3 at the 30 m depth, re-
spectively. Yet, P, increases towards the deeper depth
and reaches the second maximum at 550 m depth, with an
extreme of about 2 465.88 J/m3. Compared to the KE of
time-mean and time-varying circulations, P, gradually
decreases to about 0 J/m3 at about 3 000 m depth, and P,
almost vanishes at 1 000 m depth. Volume-integrated Py,
from the sea surface to 3 000 m depth is about 524.95 PJ,
and volume-integrated P, from the sea surface to 1 000 m
depth is about 17.95 PJ.

5 Generation of KE and APE

In this section, according to Eqs (9)—(12), we calculat-
ed the terms of energy reservoirs G(Ky), G(K.), G(Py,), and
G(P.).

Figure 6 illustrates the spatial distributions of the KE
provided by the wind stress. The time-mean wind stress
supplies the power of G(K,,) to the time-mean circulations,
with an area-integrated value of about 0.36 GW (1 GW =
10° W). The power supplied by the time-varying winds
to the time-varying circulations, G(K.), is up to about
2.84 GW.

Alternative positive and negative values of G(k,,) are
shown over the continental shelf (Fig. 6a), implying that
the circulation structure is steered by the complex topo-
graphic features rather than the local wind. It is worth not-
ing that positive values are often identified over the east-
ern flanks of submarine troughs, while negative values
generally occupy the western flanks of submarine troughs.
Such a spatial pattern is consistent with the local offshore
winds and the onshore currents along the eastern flank and

175°E
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G(K)/(10° W-m?)

80°

Fig. 6. Horizontal distributions of the power input to the time-mean circulations by time-mean wind stress G(K,) (a)
and the power input to the time-varying circulations by the time-varying wind stress G(K.) (b). The solid green lines

represent the coastline and the ice shelf calving front.
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offshore currents along the western flank of submarine
troughs. G(K;,) has relatively large negative values north
of 1 000 m isobath and west of 173°E. The wind stress is
generally northward over the northwestern Ross Sea, yet
there is a current loop existing north of 1 000 m isobath
and west of 175°E. Thus, G(K,,) shows a strong zonal gra-
dient over the northwestern Ross Sea. Therefore, the
strong K, shown over the northwestern region (Fig. 2a)
should not be attributed to the power input of the local
wind stress G(K,,,) (Fig. 6a).

Since G(K.) generally shows positive values in the
Ross Sea, with the exception of the northwestern conti-
nental shelf region (Fig. 6b). Generally, the direction of
time-varying circulations should be dominated by the ori-
entation of time-varying winds (Zhang et al., 2023), with
the maximal G(K.) of more than 8 x 1073 W/m? occurring
over the northwestern deep ocean. In contrast, with the
minimal G(K.) of less than —2 x 1073 W/m?2 occurring over
the western continental shelf region, and G(K.) is relative-
ly weak along the RIS front and even shows small nega-
tive values close to McMurdo Sound (MMS). The differ-
ences of the spatial distributions between K. and G(K.)
suggest that K. along the RIS front originates not only
from the external time-varying wind stress but also inter-

G(P,)(10° W-m™)

G(P,)/(10° W-m™)
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nal oceanic processes (Fig. 2b). Wang and Huang (2004)
proposed that most wind energy input into general ocean-
ic flows dissipates within the Ekman layer, and thereby
G(K.) is not expected to be able to drive deep-ocean cur-
rents and internal mixing. So, K. is largely confined with-
in the surface layer (Fig. 3).

Figure 7 shows the spatial distributions of the APE
provided by the buoyancy flux at the sea surface and the
ocean-ice shelf interface. At the sea surface, the time-
mean and time-varying buoyancy flux supplies the power
of G(P,,) and G(P,) to the time-mean and time-varying cir-
culations, with an area-integrated value of about 1.47 GW
and 2.11 GW, respectively. In the sub-ice-shelf cavity, the
area-integrated power by G(P,,) tends to provide APE to
the ocean, amounting to about 24.65 MW (1 MW = 100 W).
G(P.) also provides APE into the ocean, amounting to
about 183.77 MW.

G(Py,) is almost positive on the continental shelf, with
remarkable large values along the RIS front, in the MMS,
and the TNB (Fig. 7a). Such a strong contribution of
G(Py,) near the coastal region is expected to be correlated
with the Ross Sea Polynya and the Terra Nova Bay
Polynya where brine rejection and heat loss occur in win-
ter (see Figs S2—S5, S10—S17, S22—S23, and S25). The

G(P)/(107° W-m™)

G(PY(10° W-m™?)

Fig. 7. Distributions of G(P,,) (a and ¢) and G(P.) (b and d): a and b. in the open ocean; ¢ and d. in the sub-ice-shelf
cavity. The solid green lines represent the coastline and the ice shelf calving front.
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area-integrated contribution of freshwater flux to G(P,,) is
about 1.46 GW, and that is much larger than the area-inte-
grated contribution from heat flux of about 0.01 GW, im-
plying the effects of the sea ice on the ocean by isolating
the impacts of cold air in winter. G(P,) is determined by
the surface buoyance and the density variance. In the Ross
Sea, the positive area-integrated G(P,,) indicates that the
generation of density difference is in excess of the re-
moval of density difference, and the contribution of the
freshwater flux (brine rejection) is much more efficient
than the heat flux.

In contrast, the major differences between G(P.) and
G(Py) are that G(P.) has values larger than 2 x 1073 W/m?2
over a broad region, with maximum values along the RIS
front and in the TNB (Fig. 7b). Yet, G(P.) does not have
strong power input in the MMS as G(P,,), and the spatial
extension of lager G(P.) along the RIS front is also small-
er than G(P,). The area-integrated contribution of fresh-
water flux to G(P.) is about 2.10 GW, and that is also larg-
er than the area-integrated contribution from heat flux of
about 0.01 GW, implying that the influences of brine re-
jection are stronger than heat loss. So, the freshwater flux
plays a dominant role in the generation of both P, and P,
in the Ross Sea.

In the sub-ice-shelf cavity, the circulations are mainly
driven by the buoyancy, i.e., the “ice pump” (Lewis,
1985). In the RIS cavity, the basal melting of the RIS is
predominant (Rignot et al., 2013; Yan et al., 2023) (see
Figs S32 and S34), and thereby a negative value is expect-
ed to dominate the spatial pattern of G(P,,) at the ocean-
ice shelf interface (Fig. 7c). The minimal G(P,,) occurs in
the northwestern flank of the RIS cavity, with a negative
band extending to the deep southern grounding line. Yet,
positive value is also identified over the northeastern flank
of the RIS, and such positive G(P,,) should be attributed to
the local negative p* (see Fig. S36).

Compared to G(Py,), G(P.) is much smaller in the sub-
ice-shelf cavity (Fig. 7d), with a maximum shown in the

Vertically integrated conversion rate
of C(P,, P)/(107° W-m™)
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northwestern flank and along the western and middle RIS
front (note the differences of color bars). The position of
the maximum of G(P.) is largely inconsistent with the
minimum of G(P,) (Fig. 7¢c), and the northwestern flank
of the RIS cavity is the key region where the surface
warm water can intrude into the sub-ice-shelf cavity by
the wedge mechanism (Malyarenko et al., 2019) (Fig. 7d).
Overall, the freshwater flux component of G(P,,) beneath
the RIS provides the energy to P,, by the area-integrated
power of about 24.64 MW, and the freshwater flux com-
ponent of G(P.) provides the energy to P. by the area-inte-
grated power of about 183.76 MW. Analogous to the con-
tribution over the continental shelf, the freshwater flux
still plays a dominant role in both G(P,,) and G(P.) in the
RIS cavity.

6 Conversions between the four energy
reservoirs

In this section, according to Eqs (13)—(16), we calcu-
lated the terms of energy reservoirs C(Py,P.), C(Pe.Ke),
C(Pm.Km) and, C(Ke,Kp).

Figure 8 presents the vertical integrations of C(Py,,P.)
and C(P.,K.) that represent the conversion in the baroclin-
ic production. When the direction of the eddy density flux
(o'w,) is parallel with the mean density gradient, energy
conversion occurs between P, and P.. C(P,,P.) in the
Ross Sea region mostly occurs along the RIS front and
north of the 4 000 m isobaths (Fig. 8a), with large posi-
tive values implying that the conversion is predominantly
from P, to P.. Along the RIS front, the coastal current is
generally westward, and the zonal gradient of p* (8p*/0x)
is often negative (see Fig. S35). Since positive C(Py,P.)
indicates that the energy is converted from P,, to P., based
on Eq. (16), the p'u’ is expected to be the down-gradient
zonal eddy density flux along the RIS front, with positive
values along the RIS front.

Figure 8b illustrates the vertical integration of

165°W
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®

Vertically integrated conversion rate
of C(P., K.)/(107 W-m2)

Fig. 8. Vertically integrated conversion rate of C(P,.P.) (a) and C(P.,K.) (b). The solid green lines represent the coast-

line and the ice shelf calving front.
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C(P.,K.). According to Eq. (14), the conversion between
P. and K. depends on the covariance between p’ and w'.
Downward movement of positive p’ (denser water mass-
es) and upward movement of negative p' (lighter water
masses) result in the positive value of C(P., K.), and vice
versa. C(P.,K.) represents the conversion from P, to K. in
the baroclinic pathway, and the spatial distribution of
C(Pe.,K.) indicates that baroclinicity prevails along the RIS
front and spread northward within the submarine troughs.
There is a good consistency between K. and C(P.,K.) near
the coastal region, as indicated by large K. along the RIS
front (Fig. 2b). The strong K. is also related to baroclinici-
ty over the northwestern slope where C(P.,K.) is positive.

Beneath the RIS, both ¢(P,.P.) and C(P.,K.) are rela-
tively weak. Yet, C(Py,Pe) still can occur in the south of
the RIS front, while C(P.,K.) is generally confined to the
north of the RIS front, except in the northwestern flank of
the RIS cavity. By the baroclinic production, the total vol-
ume-integrated conversion is directed from P, to P, and
amounts to about 2.82 GW, and the volume-integrated
C(Pn,P.) in the RIS cavity is about 269.81 MW. The total
volume-integrated conversion from P, to K. amounts to
about 2.86 GW, and the volume-integrated C(P¢,K.) in the
RIS cavity is about 162.18 MW.

Figure 9 shows the vertical integrations of C(Py,Kp)
and C(K..K;) that represent the conversions in the
barotropic production. When relatively light (dense) wa-
ter masses are moved upwards (downwards), energy con-
version occurs from P, to K, and vice versa. C(K.,Km)
can be decomposed into two terms. The first term,
Wu’ Vi, is related to the horizontal gradient of #, and the
second term, vu'- V7, is related to the horizontal gradient
of v.

Along the continental slope, large values of C(Py,,Kp,)
change their sign within a short distance (Fig. 9a). Since
p* does not change its sign within such a small scale (see
Fig. S35), the alternatively positive and negative values of
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C(Pm,Kn) should be attributed to the abrupt sign change in
the vertical velocity. Over the continental slope, vertical
transport is usually associated with cross-slope exchanges
of water masses, implying that cross-slope overflows and
intrusions may occur intensively. There are also large pos-
itive and negative values in the TNB polynya and along
the western RIS front polynya. The deep convection in
polynyas brings Dense Shelf Water downward, while the
buoyant Ice Shelf Water upwells and flows out from the
ice shelf front. Therefore, the complex vertical velocity
field along the front of ice shelves may be responsible for
the intensive conversion between P, to K. In the RIS
cavity, active C(Pn,Kn) 1s concentrated on the western and
middle flank (Fig. 9a), consistent with the spatial pattern
of K, in the RIS cavity (Fig. 2a). In the sub-ice-shelf cavi-
ty, as the atmospheric forcing vanishes, the KE of the
oceanic circulations are mainly determined by C(Py,Kp)
and C(K.,Kn). The similarity of C(P,.K,) and K, implies
that C(Pm.Kn) should play a dominant role in driving KE
in the RIS cavity.

Similarly, C(K.,Ky) is also dominated by small scale
structures of positive and negative values (Fig. 9b), yet the
magnitude of C(K.,Ky) is much smaller than C(Pp,Kp).
Large values of C(K.,Ky,) are located mainly along the RIS
front and over the northwestern slope where K. is also rel-
atively large. In the two terms of C(K.,K.), the positive
W'/ Vi (about 0.03 GW), makes a larger contribution than
the negative Vi -V¥ (about —0.01 GW), indicating the
dominant role of shear instability related to the mean zon-
al flows. In the RIS cavity, active C(K.,Ky) is concentrat-
ed on the northwestern flank, consistent with the spatial
pattern of K. in the RIS cavity (Fig. 2b). The similarity of
the spatial distributions between C(K.,K;,) and K. implies
that K, may also convert energy from the time-mean cir-
culations to the time-varying circulations in the RIS cavity.

In previous studies that focused on the global ocean
and the Southern Ocean, KE are generally converted from
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Fig. 9. Vertically integrated rates of C(Pn,Knm) (@) and C(K..Kn) (b). The solid green lines represent the coastline and the

ice shelf calving front.
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Kn to K. (von Storch et al., 2012; Chen et al., 2014; Wu
et al., 2017). However, in the Ross Sea, K. changes from a
KE sink to a KE source, transferring power to K, through
the barotropic pathway. Such an inverse energy cascade
pathway has also been identified in the Weddell Sea
(Juling et al., 2018). By the barotropic production, the to-
tal volume-integrated conversion is directed from P, to
Kn and amounts to about 4.57 GW, and the volume-inte-
grated C(Py,,Ky,) in the RIS cavity is about 265.75 MW.
The total volume-integrated conversion from K. to K
amounts to about 0.02 GW, and the volume-integrated
from C(K.,Ky,) in the RIS cavity is about —4.88 MW.

7 LEC in the Ross Sea and in the RIS cavity

Considering the different surface forcing between the
open ocean and the RIS cavity, the LEC are analyzed
within the open ocean and the RIS cavity, respectively.

The LEC for the Ross Sea is shown in Fig. 10. Simi-
lar to previous studies (von Storch et al., 2012; Wu et al.,
2017; Jiling et al., 2018; Ssebandeke et al., 2024), since
P, depends on the choice of reference density, the energy
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Fig. 10. LEC for the Ross Sea (a) and LEC for the RIS
cavity (b). Energy reservoirs are in units of PJ, and rates
of generation, conversion, dissipation, and boundary flux-
es are either in units of GW. Energy reservoirs are in units
of PJ or TJ (1 TJ = 10'2 J), and rates of energy input and
transfer are in units of MW. Arrows indicate the energy
transfer directions.

Liu Kechen et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 3, P. 130-146

in P, is much larger than the other three energy reser-
voirs. Disregarding P, (527.62 PJ), P. is the largest
and amounts to about 19.20 PJ, followed by K, of about
1.04 PJ and K. of about 0.82 PJ.

Regarding the conversion rate in the Ross Sea
(Fig. 10a), the energy cascade is mainly through the baro-
clinic pathway P, — P. — K.. The conversion from P, to
K. is almost two times larger than the conversion from Py,
to P.. As a result, both P, and G(P.) are important power
suppliers to P, and then the time-varying circulations are
generated by the baroclinic pathway P.— K.. In the
barotropic pathway, the conversion between P, and K, is
much stronger than that between K, and K.. Fueled by the
buoyancy flux, P, converts its APE into the KE of k;, by
vertical transport, and strong vertical velocity mostly oc-
curs along the continental slope and the RIS front. In addi-
tion, easterlies around the Antarctic marginal seas tend to
be associated with downward Ekman pumping, and the
consequent mean vertical velocity can also result in the
positive value of area-mean C(P,,Kn). In the Ross Sea,
C(K.,Kp) 18 weak and directed toward K, and such an in-
verse energy cascade is different from that in the broad
Southern Ocean (Wu et al., 2017; Jiling et al., 2018). Ky,
is mainly supplied by G(K,) and C(Pn,Kn), and G(Py,) is
the only energy source of P,. Therefore, the time-mean
circulations in the Ross Sea are determined by the surface
momentum forcing directly and the buoyance forcing in-
directly. Overall, the time-mean circulations are mainly
generated by the barotropic pathway Py, — Ky « K.

In the Ross Sea, the power input is mainly supplied by
the buoyancy forcing (Fig. 10a). The total power input
is about 6.78 GW, with the buoyancy forcing of about
3.58 GW and the wind forcing of about 3.20 GW, respec-
tively. More than half of the KE of the oceanic circula-
tions needs to invoke the buoyancy forcing rather than be-
ing forced by the winds only. Such strong power supplied
by G(Pn) and G(P.) around the Antarctic marginal seas is
substantially different from that in the broad Southern
Ocean (Wu et al., 2017; Jiilling et al., 2018). The energy
flows at the open boundaries of the selected region are
much weaker than the conversion rate in the interior re-
gion. Regarding energy reservoirs in the interested region,
the rates of production and dissipation are relatively larg-
er than the rate of conversion (Fig. 10a), implying that the
energy generation and boundary fluxes essentially bal-
ance the energy dissipation.

In contrast to the oceanic circulations driven by the at-
mospheric forcing, the circulations in the RIS cavity are
much weak. Regarding the energy reservoirs in the RIS
cavity (Fig. 10b), P, is the largest in the RIS cavity
(177.81 PJ), followed by P, of about 2.58 PJ, k,, of about
39.87 TJ, and K. of about 23.05 TJ.

Regarding the conversion rate in the RIS cavity
(Fig. 10b), the energy cascade is also dominated by the
baroclinic pathway P, — P.— K.. C(Pm,P.) amounts to
about 269.81 MW, and then the APE of P. is converted to
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KE of k. by the power of about 162.18 MW. In the
barotropic pathway, C(Py.Kn) of about 265.75 MW is
much stronger than C(K.,K,) of about —4.88 MW. In the
absence of atmospheric forcing in the RIS cavity, P, is
the only dominant energy supplier of K,,. In contrast to
C(K.,Ky) 1n the selected region (Fig. 10a), KE is weakly
directed from K, toward K. in the RIS cavity. Thus, the
time-varying circulations in the RIS cavity can also be fu-
eled by the barotropic pathway P, — K, — K. In the RIS
cavity, the power input is only supplied by the buoyancy
forcing (Fig. 10b). G(P,,) supplies power of about 24.65
MW to P, and G(P.) supplies power of about 183.77
MW to P..

8 Summary and discussion

A coupled regional ocean-sea ice-shelf model is used
to study the LEC in the Ross Sea and the RIS cavity.
Based on the simulated results of this eddy-permitting
model, we focused on the characteristics of the energy
reservoirs, energy generations, and energy conversions.

Ky is highly inhomogeneously distributed and
amounts to a total of about 1.04 PJ, with energetic cur-
rents concentrated along the RIS front, submarine troughs,
and the continental slope. The total K, in the RIS cavity is
about 39.87 TJ, and K, in the western and middle flanks
of the RIS cavity is relatively larger than in the eastern
flank. The spatial pattern of K. is smoothly spread out
from the RIS front and amounts to a total of about
0.82 PJ. The total k. in the RIS cavity is about 23.05 TJ,
with large values extending into the northwestern flank.
P, is concentrated in the southwestern continental shelf,
with a total of about 527.62 PJ. In the RIS cavity, P, is
relatively large in the western flank and amounts to about
177.81 PJ. Strong P. occurs along the RIS front and the
northwestern slope, with a total of about 19.20 PJ. Be-
neath the RIS, P, is confined around the RIS front and on-
ly amounts to about 2.58 PJ.

In the Ross Sea, the power is transferred away from
Pn, mainly via the pathway K, « Pp, — P — K.. The baro-
clinic pathway is the main path to convert P, to K. in the
ocean, and the total rate amounts to about 2.86 GW. In the
RIS cavity, the energy conversion pathway is the same as
in the Ross Sea, with the conversion from P, to K. reach-
ing about 162.18 MW. In contrast, the energy conversion
in the barotropic pathway in the Ross Sea is opposite to
that in the Southern Ocean (Wu et al., 2017; Jiiling et al.,
2018). K, tends to source energy from P, and K. via the
barotropic pathway P, — K, « K., with the inverse ener-
gy cascade from K. to K, of about 0.02 GW. Beneath the
RIS, the KE is directed from Kk, to K., with a relatively
weak rate of about 4.88 MW. Such a barotropic pathway
from the time-mean circulations to the time-varying circu-
lations is similar to that in the Amery Ice Shelf cavity (Wu
etal., 2021).

The total power input to the ocean is about 6.78 GW,
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of which about 3.58 GW comes from the buoyancy forc-
ing and 3.20 GW from the winds. The total dissipation of
K., and K. amounts to about 13.02 GW, and D(K.) is about
three times more than D(K,,). In the RIS cavity, without
the atmospheric forcing, only the buoyance forcing con-
tributes to about 208.42 MW.

This study still has some limitations. First, the uncer-
tainties in the topography and geometry of the sub-ice-
shelf cavity may result in uncertainties in our simulation.
The basal melting rate of ice shelves is closely related to
the depth of the ice draft, yet the uncertainties of the
grounding lines are still relatively large due to limited ob-
servations (Fretwell et al., 2013). Second, the horizontal
resolution of this coupled model is still not fine enough to
fully resolve mesoscale eddies in the Ross Sea (Mack
et al., 2019). Based on the simulated results from this ed-
dy-permitting model, our analysis may still underestimate
K. and corresponding conversion terms. Third, the verti-
cal resolution of this coupled model is relatively coarse in
the deep layers. Since a finer vertical resolution can re-
markably decrease the overestimation of the simulated
basal melting of ice shelves (Schodlok et al., 2016), the
increase in the vertical resolution may improve the LEC
analysis in the RIS cavity. Fourth, this coupled model has
not introduced the simulation of frazil ice. Frazil ice has
been found to be important in regulating the basal melt-
ing/freezing rate of ice shelves (Galton-Fenzi et al., 2012;
Cheng et al., 2019). The lack of the simulation of frazil
ice may influence the simulated basal melting/freezing
and the characteristics of Ice Shelf Water.

Future studies focused on the LEC in the Ross Sea
would benefit from an increase in both horizontal and ver-
tical resolution of a regional coupled model. The inclu-
sion of a frazil ice model could improve the simulation in
the sub-ice-shelf cavity. By using the eddy-resolving
models in future studies, the assessments of the properties
and three-dimensional characteristics of mesoscale eddies
may also provide insights into the influences of the time-
varying circulations.
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Supplementary information:

Fig. S1. Location of observation sites. The dots with color shading show the location of observation sites from the MEOP. Col-
or coding denotes the seasons of the spring (September, October, and November), the summer (December, January, and February),
the autumn (March, April, and May), and the winter (June, July, and August). The two yellow lines represent the locations of two se-
lected cross-sections (165°E and 175°E). The yellow and red triangles are the location of mooring sites (CA107, 71.46°S, 172.30°E;
CA208, 71.42°S, 172.38°E) from the CALM. The black triangle denotes the location of a coastal mooring site (C1, 74.59°S,
165.23°E) provided by the Zhejiang University.

Fig. S2. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column), MEOP data (the middle column), and the differences (the right column, model minus
observation) at the 165°E cross-section (the western yellow line in Fig. S1) in spring. RMSE denotes the Root Mean Square Error be-
tween model result of observations.

Fig. S3. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column), MEOP data (the middle column), and the differences (the right column, model minus
observation) at the 165°E cross-section (the western yellow line in Fig. S1) in summer. RMSE denotes the Root Mean Square Error
between model result of observations.

Fig. S4. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column), MEOP data (the middle column), and the differences (the right column, model minus
observation) at the 165°E cross-section (the western yellow line in Fig. S1) in autumn. RMSE denotes the Root Mean Square Error
between model result of observations.

Fig. S5. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column), MEOP data (the middle column), and the differences (the right column, model minus
observation) at the 165°E cross-section (the western yellow line in Fig. S1) in winter. RMSE denotes the Root Mean Square Error
between model result of observations.

Fig. S6. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column), MEOP data (the middle column), and the differences (the right column, model minus
observation) at the 175°E cross-section (the eastern yellow line in Fig. S1) in spring.

Fig. S7. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column), MEOP data (the middle column), and the differences (the right column, model minus
observation) at the 175°E cross-section (the eastern yellow line in Fig. S1) in summer.

Fig. S8. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column), MEOP data (the middle column), and the differences (the right column, model minus
observation) at the 175°E cross-section (the eastern yellow line in Fig. S1) in autumn.

Fig. S9. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column), MEOP data (the middle column), and the differences (the right column, model minus
observation) at the 175°E cross-section (the eastern yellow line in Fig. S1) in winter.

Fig. S10. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column) and MEOP data (the middle column), and the differences (the right column, model re-
sults minus observational values) at 100 m depth in spring.

Fig. S11. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column) and MEOP data (the middle column), and the differences (the right column, model re-
sults minus observational values) at 100 m depth in summer.

Fig. S12. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column) and MEOP data (the middle column), and the differences (the right column, model re-
sults minus observational values) at 100 m depth in autumn.

Fig. S13. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
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row) between model results (the left column) and MEOP data (the middle column), and the differences (the right column, model re-
sults minus observational values) at 100 m depth in winter.

Fig. S14. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column) and MEOP data (the middle column), and the differences (the right column, model re-
sults minus observational values) at 215 m depth in spring.

Fig. S15. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column) and MEOP data (the middle column), and the differences (the right column, model re-
sults minus observational values) at 215 m depth in summer.

Fig. S16. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column) and MEOP data (the middle column), and the differences (the right column, model re-
sults minus observational values) at 215 m depth in autumn.

Fig. S17. Comparisons of the salinity (the upper row), potential temperature (the middle row), and potential density (the lower
row) between model results (the left column) and MEOP data (the middle column), and the differences (the right column, model re-
sults minus observational values) at 215 m depth in winter.

Fig. S18. Spearman correlation analysis between model results and observations from MEOP at the 165°E cross-section. Scat-
ter colors denote the depths at which 6 and S data pairs were collected. a and b. Comparison of 6 and S in spring, respectively. ¢ and
d. Comparison of # and S in summer, respectively. e and f. Comparison of # and S in autumn, respectively. g and h. Comparison of 8
and S in winter, respectively.

Fig. S19. Spearman correlation analysis between model results and observations from MEOP at the 175°E cross-section. Scat-
ter colors denote the depths at which 6 and S data pairs were collected. a and b. Comparison of § and S in spring, respectively. ¢ and
d. Comparison of # and S in summer, respectively. e and f. Comparison of € and S in autumn, respectively. g and h. Comparison of 0
and S in winter, respectively.

Fig. S20. Spearman correlation analysis between model results and observations at 100 m depths. Scatter colors denote the
depths at which 8 and S data pairs were collected. a and b. Comparison of § and S in spring, respectively. ¢ and d. Comparison of 8
and S in summer, respectively. e and f. Comparison of # and S in autumn, respectively. g and h. Comparison of 6 and S in winter, re-
spectively.

Fig. S21. Spearman correlation analysis between model results and observations at 215 m depths. Scatter colors denote the
depths at which 0 and S data pairs were collected. a and b. Comparison of § and S in spring, respectively. ¢ and d. Comparison of 0
and S in summer, respectively. e and f. Comparison of § and S in autumn, respectively. g and h. Comparison of § and S in winter, re-
spectively.

Fig. S22. Comparisons of S between model results (red lines) and mooring observations (cyan lines) at various depths. The
mooring position is shown by the black triangle in Fig. S1.

Fig. S23. Comparisons of 8 between model results (red lines) and mooring observations (cyan lines) at various depths. The
mooring position is shown by the black triangle in Fig. S1.

Fig. S24. Comparison of the velocity magnitude between model results and observations. a. Time series at the CA107 site (the
yellow triangle in Fig. S1) and the model outputs. b. Time series at the CA208 site (the red triangle in Fig. S1) and the model outputs.

Fig. S25. Comparisons of the sea ice concentration between model results and satellite observations from the University Bre-
men. a and c. The sea ice concentration from the model results in the austral summer and in the austral winter, respectively. b and d.
The sea ice concentration from the satellite observations from the University Bremen in the austral summer and in the austral winter,
respectively. ¢ and f. The differences in the sea ice concentration between model results and observations in summer (model results
minus observations) in the austral summer and in the austral winter, respectively.

Fig. 826. Distribution of the simulated time-mean buoyancy flux.

Fig. S27. Distribution of the simulated time-mean buoyancy flux in the sub-ice-shelf cavity.

Fig. S28. Time-mean velocity of the surface layer. The color shading indicates the magnitude of current velocities. Black ar-
rows denote the current velocity vectors.

Fig. S29. Distribution of wind vectors. The color shading indicates the magnitude of the wind velocity. Black arrows denote the
wind velocity vectors.

Fig. S30. Distribution of the simulated first baroclinic Rossby deformation radius.

Fig. S31. Distribution of freshwater flux. Positive values represent increased salinity.

Fig. S32. Distribution of freshwater flux. Positive values represent increased salinity, but for the sub-ice-shelf cavity.

Fig. S33. Distribution of heat flux. Positive values represent ocean lose heat.

Fig. S34. Distribution of heat flux. Positive values represent ocean lose heat, but for the sub-ice-shelf cavity.

Fig. S35. Distribution of p*.
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Fig. S36. Distribution of p*, but for the sub-ice-shelf cavity.

The supplementary information is available online at https://doi.org/10.1007/s13131-025-2478-0 and http://www.aosocean.com/.
The supplementary information is published as submitted, without typesetting or editing. The responsibility for scientific accuracy
and content remains entirely with the authors.


https://doi.org/ 10.1007/s13131-025-2478-0
https://doi.org/ 10.1007/s13131-025-2478-0
https://doi.org/ 10.1007/s13131-025-2478-0
https://doi.org/ 10.1007/s13131-025-2478-0
https://doi.org/ 10.1007/s13131-025-2478-0
https://doi.org/ 10.1007/s13131-025-2478-0
https://doi.org/ 10.1007/s13131-025-2478-0
http://www.aosocean.com/

	1 Introduction
	2 Model description
	3 Terms of the LEC framework
	4 Energy reservoirs
	5 Generation of KE and APE
	6 Conversions between the four energy reservoirs
	7 LEC in the Ross Sea and in the RIS cavity
	8 Summary and discussion
	Acknowledgement
	References

