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ABSTRACT: Surface and upper-ocean measurements of mesoscale eddies have revealed the central role they play in
ocean transport, but their interior and deep ocean characteristics remain undersampled and underexplored. In this study,
mooring arrays, sampling with high vertical resolution, and a high-resolution global atmosphere—ocean coupled simulation
are used to characterize full-depth mesoscale eddy vertical structure. The vertical structure of eddy kinetic energy, e.g., parti-
tioning of barotropic to baroclinic eddy kinetic energy or vertical modal structure, is shown to depend partly on bathymetric
slope and roughness. This influence is contextualized alongside additional factors, such as latitude and vertical density stratifi-
cation, to present a global landscape of vertical structure. The results generally reveal eddy vertical structure to decay with in-
creasing depth, consistent with theoretical expectations relating to the roles of surface-intensified stratification and buoyancy
anomalies. However, at high latitudes and where the seafloor is markedly flat and smooth (approximately 20% of the ocean’s
area), mesoscale eddy vertical structures are significantly more barotropic by an approximate factor of 2-5. From a climate
modeling perspective, these results can inform the construction, implementation, and improvement of energetic parameter-
izations that account for the underrepresentation of mesoscale eddies and their effects. They also offer expectation as to a
landscape of eddy vertical structure to be used in inferring vertical structure from surface measurements.

SIGNIFICANCE STATEMENT: This work addresses the question of how do ocean seafloor features (bathymetry)
affect the vertical structure of ocean currents and eddies? Seafloor features modify eddies in complex ways not often ac-
counted for in global ocean simulations. We analyze high-resolution velocity observations, find diverse structures at four
mooring sites, and consider how sloping and rough bathymetry change distributions of eddy kinetic energy throughout
the water column. Comparison to theory and model output reveals a relationship between vertical structure and bathym-
etry. These results show that vertical structures vary significantly with bathymetry, density stratification, and latitude and
contribute to model development efforts to reproduce the effects of eddy turbulence without explicit representation.
These results also enhance interpretations of more numerous surface observations.

KEYWORDS: Mesoscale processes; Ocean dynamics; Turbulence; Energy transport; In situ oceanic observations;
Climate models

1. Introduction typically encompasses motions with horizontal length scales
from tens to hundreds of kilometers evolving on time scales
of days to months and includes time-dependent motions such as
meanders and coherent vortices. Importantly, horizontal eddy
length scales decrease with increasing latitude (Klocker et al.
2016), presenting a contemporary challenge in ocean modeling
efforts to resolve and/or and parameterize key eddy processes
(Hallberg 2013; Fox-Kemper et al. 2019).

Past observations and studies of mesoscale eddies have often
focused on the surface or upper ocean (e.g., Chelton et al. 2011).
Where subsurface measurements have been collected, they
typically reflect short periods of intense vertical profiling or
long-term monitoring at fixed locations with limited vertical
resolution (Wunsch 1997; de La Lama et al. 2016). Historically,
long-term in situ observations (i.e., moorings) have been instru-
mented with only a handful of sensors spanning the full water
column (e.g., Rocha et al. 2014; Zhao et al. 2018b). This has lim-
ited our understanding of eddy vertical structure and the varia-
tions in mesoscale eddy kinetic energy with depth, as well as
complicated efforts to determine geographic variability and the
Corresponding author: Jacob Steinberg, jacob.steinberg@noaa.gov physical controls on vertical structure.

Since their first four-dimensional characterization in the Mid-
ocean Dynamics Experiment (MODE-Group 1978), mesoscale
eddies have been recognized as playing an important role in
ocean mixing (Groeskamp et al. 2020), ocean heat content
change (Kamenkovich et al. 2017; Jing et al. 2020; Siegelman
et al. 2020), meridional heat transport (Zhao et al. 2018a),
tracer advection [e.g., carbon transport/export (Harrison et al.
2018)], and the regulation of nutrient supply driving primary
productivity (Mahadevan et al. 2012; Patel et al. 2020). This re-
sults in part because the mesoscale eddy field contains a major-
ity of oceanic kinetic energy (Wunsch and Ferrari 2004),
converted from available potential energy via baroclinic insta-
bility (Gill et al. 1974; Smith 2007). The mesoscale eddy field
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Understanding the factors that set and control the vertical
structure of the mesoscale eddy field is, however, of significant
importance from an ocean energetics perspective, as their
turbulent interactions result in the transfer of kinetic energy
out of the upper ocean and into the deep ocean. A central fea-
ture of mesoscale, or geostrophic, turbulence is the upscale
transfer of energy to larger horizontal and vertical scales
(Charney 1971). It is this transfer of energy to larger vertical
scales that results in energy transfers from the surface to the
deeper ocean, enabling mesoscale eddy influence on large-
scale circulation and heat transport. Processes that either en-
hance or inhibit such transfers need to be better understood.
The varied geography of eddy vertical structure has only re-
cently been considered with increased detail (de La Lama et al.
2016; LaCasce 2017; Groeskamp et al. 2020) and continued in-
vestigation into the physical processes moderating vertical struc-
ture and its evolution is needed. One important application of
such an analysis would be to infer vertical structure from re-
motely sensed sea surface height measurements.

Quasi-two-dimensional geostrophic turbulence theory offers
an understanding of how mesoscale eddy kinetic energy
(EKE), generated via baroclinic instability largely confined to
the upper ocean (Smith 2007), is transferred across vertical
scales (Charney 1971; Rhines 1979; Fu and Flier] 1980; Hua and
Haidvogel 1986; Smith and Vallis 2001). These theories princi-
pally reveal vertical structure dependence on latitude and verti-
cal density stratification, while assuming a flat ocean seafloor.
At a high level, Klocker et al. (2016) describe this landscape of
geographic turbulence as a transition from a zonostrophic tur-
bulence regime at the equator to a vortex gas regime at the
poles (Larichev and Held 1995; Held and Larichev 1996; Gallet
and Ferrari 2021). The zonostrophic regime is characterized
by zonal jets that form as a result of little horizontal-scale
separation between the first baroclinic Rossby radius of de-
formation and the Rhines scale, scales at which instabilities
adjust and feel changes in Earth’s rotation, respectively.
The vortex gas regime is characterized by relatively smaller
coherent vortices that do not feel latitudinal changes in the
Coriolis parameter.

The separate but compounding effects of sloping and/or rough
bathymetry in moderating vertical structure have more recently
been considered by de La Lama et al. (2016), LaCasce (2017),
and LaCasce and Groeskamp (2020). Using a suite of observa-
tions, albeit with relatively coarse vertical resolution, these
studies develop complementary theory and expectation
that, in the presence of steeply sloping or rough bathymetry,
eddy vertical structure should remain surface intensified
rather than transfer to larger vertical scales or graver verti-
cal modes (i.e., barotropize). In this work, the authors corrobo-
rate the theoretical results with the analysis of the observed eddy
vertical structure and show that inferred “surface mode” or
“rough-bottom mode” vertical structures both are realistic and
can be used to improve eddy parameterizations in global ocean
simulations [e.g., as in Groeskamp et al. (2020) and Yankovsky
et al. (2024)]. de La Lama et al. (2016) and LaCasce (2017)
specifically discuss the sensitivity of eddy vertical structure to
slope magnitude and orientation relative to the eddy propa-
gation direction and suggest the approximation of zero or

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 55

near-zero horizontal velocity near the seafloor as often appro-
priate and expedient. They demonstrate how the traditional
barotropic vertical structure, relating to nonzero near-bottom
velocities, is modified to represent bottom-trapped topograph-
ically steered Rossby waves, a mechanistic pathway to bottom
dissipation.

Similar eddy vertical structures have been derived from sur-
face quasigeostrophic theory (Lapeyre and Klein 2006), em-
phasizing the nonlocal vertical influence of surface buoyancy
anomalies and the general decay of horizontal velocity with
increasing depth (e.g., Zhang et al. 2024) over the upper few
hundred meters (LaCasce and Mahadevan 2006; LaCasce and
Wang 2015). Eddy vertical structure is also influenced by
mean flow vertical structure and velocity shear. Beckmann
(1988) and Brink and Pedlosky (2020) derive vertical modes
in the presence of mean flow, discuss stability criteria, and re-
veal how the vertical tilting of mode structures coincides with
horizontal length scale changes. These efforts all modify tradi-
tional expectation that vertical structure can be universally
characterized using flat-bottom dynamical modes and show
that the vertical distribution of kinetic energy is geographi-
cally varied and influenced by surface conditions, background
flow structure, and seafloor geometry.

As part of the Climate Process Team on Ocean Transport
and Eddy Energy (Zanna et al. 2019), and with the goal of im-
proving mesoscale eddy parameterizations in global climate
models, this work leverages both observations and model out-
put to further investigate the relationship between eddy vertical
structure and varied ocean bathymetry, particularly without
making a priori assumptions (e.g., assuming a decrease in hori-
zontal velocity with increasing depth). We build on the recent
results of Toole et al. (2023) that reveal no universal mesoscale
vertical structure and undertake an expanded analysis of
variability at four mooring sites that includes consideration
of energy partitioning as a function of depth and time. Here,
we further evaluate these high-resolution mooring observa-
tions alongside eddy vertical structure in a high-resolution
climate model. Common methods used to characterize verti-
cal structure are introduced and first applied to describe eddy
vertical structure at four ocean mooring sites (section 3). With
these methods of characterization, a high-resolution (0.1°) cou-
pled atmosphere—ocean climate model [National Oceanic and
Atmospheric Administration: Geophysical Fluid Dynamics
Laboratory’s Climate Model, version 2.6 (CM2.6)] is em-
ployed to investigate the geographic diversity in vertical struc-
ture and consider relationships to bathymetric slope and
roughness (section 4). The results are discussed in the context
of geostrophic turbulence expectations, and conclusions reflect
on opportunity to implement new parameterizations in coarser
resolution climate models and to infer vertical structure from
surface observations (section 5). This analysis reveals an em-
pirical dependence of vertical structure on bathymetric slope
and roughness that only appears at high latitudes and where
the seafloor is relatively flat and smooth. Continued evaluation
of these relationships should inform ongoing model develop-
ment and enable the assessment of geographically varying ver-
tical structure.
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TABLE 1. OOI mooring site name, latitude, longitude, seafloor depth, deployment duration, [1° X 1°] bathymetric slope magnitude,
and [1° X 1°] bathymetric roughness.

Site Latitude Longitude Seafloor depth (H) (m) Duration Slope Roughness (m)
SO 54°28.1'S 89°22.1’'W 4800 17 Dec 2015-11 Sep 2017 2.1 %1072 253
ArgB 42°58.9'S 42°29.9'W 5200 17 Mar 2015-11 Mar 2016 39 x107° 61
Irm 59°58.5’'N 39°28.9'W 2800 12 Sep 2014-19 Sep 2016 58 x 1073 136
Papa 50°4.2'N 144°47.9W 4700 S Jun 2015-23 Mar 2016 1.9 X 1073 316

2. Observations and model output
a. Ocean Observatories Initiative moorings

Between 2014 and 2018, ocean moorings were deployed at
four sites as part of the Ocean Observatories Initiative (OOI)
(Cowles et al. 2010; Toole et al. 2023) (Table 1), observing
near full-depth horizontal velocity and density evolution for
multiyear periods. Measurements were made by either one or
two autonomous McLane Moored Profilers, sampling on a
daily basis from ~z = —250 m to within 100 m of the seafloor.
High vertical resolution O(1) m enabled the characterization
of higher mode, or smaller vertical scale, eddy perturbations
throughout the entire water column.

Measurements of zonal velocity u, meridional velocity v,
temperature 7, and salinity S were first processed to 1/2 dbar
(~0.5 m) vertical resolution and daily temporal resolution as in
Toole et al. (2023). Daily gridded sea surface velocities derived
from satellite altimeter measurements from the Copernicus
Marine Service (CMEMS 2024) were first linearly interpo-
lated to each central mooring site location. Surface velocities
were then linearly interpolated in depth from the surface
down to the shallowest mooring velocity observation at ~250 m
[a procedure slightly different from Toole et al. (2023), taken to
avoid the complexity of processing upper-ocean current meas-
urements from moorings tens of kilometers away]. These
“complete” full-depth horizontal velocity profiles were then
averaged over 5-day periods to remove superinertial mo-
tions and match the temporal resolution of CM2.6 (Fig. 1).
While these preprocessing steps are slightly different than
Toole et al. (2023), modes of eddy vertical structure variability,
derived in the next section, are qualitatively no different than
their results as less than 10% of each profile is interpolated.
The same procedure was carried out to construct full-depth
temperature and salinity profiles using up-to-date gridded fields
derived from Argo profiling float measurements (Roemmich
and Gilson 2009). Time-mean densities, averaged over full de-
ployment periods, p(z) were calculated using the Gibbs Sea-
water Package.

b. NOAA GFDL CM2.6

To enable a more comprehensive investigation of the relation-
ship between eddy vertical structure and bathymetry, we use the
National Oceanic and Atmospheric Administration: Geophysical
Fluid Dynamics Laboratory (NOAA GFDL) CM2.6 cou-
pled ocean—atmosphere simulation (Delworth et al. 2006;
Gnanadesikan et al. 2006; Delworth et al. 2012; Zhang and
Delworth 2015; Griffies et al. 2015). This simulation was se-
lected as it is one of a few global atmosphere—ocean coupled

eddy-resolving simulations run for hundreds of years. This
simulation was run using the Modular Ocean Model, version 5
(MOMS), with 0.1° horizontal ocean resolution and 50 vertical
levels (Griffies 2012). No mesoscale eddy parameterization was
used in this configuration, and the Hallberg (2013) criteria of
two model grid points per deformation scale are met equator-
ward of ~65°N/S and at depths greater than ~1500 m (Hallberg
2013). The results like those from Chelton et al. (2011) show
dominant eddy scales to be larger than deformation radii, sug-
gesting this may be a conservative estimate of the extent over
which mesoscale features are resolved. In the subsequent analy-
sis, we extract and use 5-day-mean full-depth horizontal veloci-
ties spanning the last 2 years of the 200-yr-long preindustrial
control run. This run was selected to withhold consideration of
changing eddy structure and activity in the presence of current
and future ocean warming, a topic to be considered in future
work. This choice has some implications for subsequent compar-
ison to observations, as the real ocean stratification over the up-
per few hundred meters has changed with increased ocean heat
uptake (Li et al. 2020), but these comparisons are made pri-
marily to gauge model fidelity rather than closely assess
model-observation differences.

3. Analysis framework: Characterization of bathymetry
and vertical structure

a. Stratification, bathymetric slope, and
bathymetric roughness

We first define stratification and seafloor characteristic metrics
to be used in the subsequent evaluation of eddy vertical struc-
ture (Fig. 2). With CM2.6 output, we calculate the time-mean
depth-averaged Brunt-Vaisala frequency N divided by the local
Coriolis frequency f at every fifth horizontal grid index. This
decimation procedure is subsequently adopted in the evaluation
of model output to decrease calculation run times. When multi-
plied by a scale height, this ratio is the first baroclinic Rossby ra-
dius of deformation, a horizontal length scale associated with
baroclinic instability. On its own, it is a unitless characterization
of the rate of decay of density with increasing depth that takes
into account the influence of Earth’s rotation on eddy dynamics.
Values generally decrease with increasing latitude, a result of
weaker stratification at high latitudes and larger values of the
Coriolis frequency. Some zonal variations in this ratio appear at
higher latitudes, with the Labrador Sea (=55°N, 50°W),
Amundsen Sea (=~65°S, 120°W), and Enderby Plain (=~65°S,
40°E) all noticeable.

At model grid points and mooring locations, zonal and me-
ridional bathymetric slopes are calculated from a [1° X 1°]
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FIG. 1. TKE [KE = (1/2)(#? + v?)] as a function of depth and time at each OOI mooring site. For each site, the right columns are the

annual mean stratification [N?

(&/py))@pl0z) (g = 9.8 m s72, pp = 1035 kg m®) (s~2)] and total time-mean zonal @ (blue) and meridional

T (yellow) velocity (m s~ '). Secondary rows are BT-to-BC TKE ratios at mooring vertical-temporal resolution (blue) and model vertical—
temporal resolution (red). Red and blue text are the time-mean of each ratio.

planar fit, centered at the relevant grid point or mooring loca-

tion. The slope magnitude is defined as w/(aH/ax)2 + @H/y),

where H is the seafloor depth. Bathymetric roughness is defined
as the root-mean-square difference between bathymetry over
this 1° X 1° region and the planar fit. Slope and roughness are
calculated from model partial step bathymetry at 0.1° resolution,
generated from multiple datasets (Griffies et al. 2005), with
100 points used in each planar fit. At each of the four mooring
sites, a 1-min resolution global seafloor topography dataset
was used (Smith and Sandwell 1997). The 1° scale is chosen to
evaluate bathymetry as it falls within the range of horizontal

length scales associated with the mesoscale features of interest
in this study (equivalent calculations were carried out across
50- and 150-km-wide boxes with no significant difference in
results). Roughness can then be thought of as a metric of
bathymetric variability across an eddy length scale that may
influence eddy structure and behavior.

Midocean ridges and continental slopes stand out as steeply
sloped, and while the spatial patterns of roughness appear simi-
lar to that of slope, a secondary peak in the roughness distribu-
tion reveals distinct low roughness areas (Figs. 2d,f). In a
handful of regions, including seas surrounding Antarctica (south
of =~50°S), the Argentine Basin (=~45°S, 45°W), the western
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F1G. 2. NOAA GFDL’s CM2.6: (a) Depth-averaged Brunt-Viisila frequency N divided by the local Coriolis fre-
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identifying the mooring site values. Where dashed lines overlap, sites are listed in increasing order. (c),(d) As in
(a) and (b), but for [1° X 1°] bathymetric slope magnitude. (e),(f) As in (a) and (b), but for [1° X 1°] bottom
roughness, defined as the root-mean-square of the difference between a [1° X 1°] planar fit and 1/10° resolution

bathymetry. In (a), (¢), and (e), the scattered points identify the locations of the four OOI mooring sites.

North Atlantic abyssal plain (=30°N, 70°W), and Labrador
Sea (=55°N, 50°W), the seafloor is over an order of magni-
tude less steeply sloped and smoother than the global me-
dian of 3 X 10™* and 143 m.

b. Metrics of vertical structure

Of the many methods that can be used to characterize the
vertical structure of total kinetic energy (KE) and EKE, we cal-
culate the barotropic to baroclinic KE and EKE ratios, the first
two vertical empirical orthogonal functions (EOFs), and flat-/
sloping-bottom dynamical vertical modes, as these collectively
allow for eddy vertical structures to be considered from energet-
ics and theory-based perspectives. Quasigeostrophic dynamical
modes have typically been used to assess or prescribe the verti-
cal partition of kinetic energy, to compare observations to theo-
retical expectations (e.g., Wunsch 1997; Steinberg and Eriksen
2022; Toole et al. 2023), or to infer vertical structure from up-
per-ocean or surface observations (e.g., McCoy et al. 2020). The
fraction of barotropic EKE is a simple and commonly used

metric that can also be used to infer the existence or extent of
the inverse cascade in ocean simulations (Yankovsky et al.
2022). This metric cannot, however, reveal information about
surface mode-like structures that project onto barotropic and
first baroclinic flat-bottom modes in the presence of rough ba-
thymetry. Nondynamically constrained EOFs add to these inter-
pretations by revealing if and where vertical structures agree
with theoretical expectation. They also provide a natural basis
upon which to impose a vertical structure classification scheme
and reveal the role bathymetry plays in moderating the vertical
distribution of EKE. The remainder of this section describes
these three methods of characterization.

1) BAROTROPIC TO BAROCLINIC KINETIC AND EDDY
KINETIC ENERGY RATIOS

The total KE (TKE) and EKE vertical structure can first be
partitioned into and characterized using depth-independent
(barotropic) and depth-varying (baroclinic) components. For
EKE, we take a traditional approach and explicitly define
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zonal and meridional eddy velocities as anomalies with re-
spect to a local time mean over the 2 years of model output or
length of the observational record (' =u —u, v =v —7,
where the overbar denotes the time mean). Using perturba-
tion velocities facilitates the comparison to horizontal velocity
EOQOFs. The respective barotropic (BT) and baroclinic (BC)
EKE terms are written as

In this formulation, integrals of the cross terms between &
and v’ and v and v’ are not considered but average to zero if un-
correlated. The same expressions were used to calculate the
time-varying ratio of TKE using full velocity fields (Fig. 1).

2) EOFs

EOFs were calculated at each mooring site and every fifth
model grid point and represent the dominant vertical modes of
inherent horizontal velocity variability. Typically, the first few
EOQOFs can explain a significant fraction of horizontal velocity
variability. EOFs are determined by solving the general eigen-
value problem

Ad = Ad, ®)

where the covariance matrix A = (U’)(U)T is constructed of
horizontal velocity anomalies U’ (a function of depth and
time), ¢ are the eigenfunctions referred to as EOFs, and A
are the eigenvalues describing the fraction of variance ex-
plained by each ith eigenfunction (A?/ZLA?).

3) QUASIGEOSTROPHIC DYNAMICAL MODES

Finally, both flat-bottom and sloping-bottom quasigeostrophic
dynamical modes @ are calculated as a qualitative reference in
the interpretation of EOF vertical structure and to highlight the
sensitivity of sloping-bottom modal structure to bathymetric
slope and eddy propagation direction (Fig. 3). These modes
describe the vertical structure of the geostrophic stream-
function ¥ = a()®(z)e ™ ¥~ ) where a(r) are the mode am-
plitudes, k and [/ are the zonal and meridional horizontal
wavenumbers, and o is the frequency (Wunsch and Stammer
1997). Vertical mode solutions are obtained for 7 modes solving
the Sturm-Liouville second-order ordinary differential equation,

N o
13 dz

d

= + 2P =
i AP =0, 4)

where N? is the site-specific time-mean vertical profile of
stratification, f is the local Coriolis parameter, and A is the
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eigenvalues (Wunsch 1997). In the flat-bottom case, these ver-
tical modes are a function of depth alone, but like EOFs, their
expression can vary in time when scaled by amplitude a(f). At
any time, horizontal velocity can be reconstructed as the sum of
each mth mode multiplied by its time-varying amplitude. Mode
solutions are obtained assuming a rigid-lid [(d®/dz)|,_, = 0]
surface boundary condition and both flat- and sloping-bottom
boundary conditions. The flat-bottom boundary condition as-
sumes no vertical velocity at the sea floor,

@
dz

=0, ®)
z=—H

while horizontal velocities can be nonzero. Sloping-bottom
modes, derived by Toole et al. (2023) expanding on LaCasce
(2017), alter this bottom boundary condition as

dd

N2
d—z q>

. = ﬁ(yé — oz)(k2 + 2+ 2?2, (6)
== 0

requiring no flow normal to a sloping seafloor. Here, o and vy
are the linear meridional and zonal slopes [H = Hy — h(x, y),
h = yx + ay], B = df/dy, and k and [ are the zonal and meridi-
onal wavenumbers, respectively. These solutions reveal modal
structure to depend on bathymetric slope, horizontal wavenum-
ber, and azimuth of propagation relative to bathymetric slope.
As slopes steepen to absolute values greater than ~10™%, these
modal structures become less dependent on horizontal wave-
number and decay with increasing depth to near-zero ampli-
tude at the seafloor. This structure is evident at the Southern
Ocean site where bathymetry is both moderately sloped and
rough (Figs. 3a—). In the limit of a flattening bathymetric slope,
sloping-bottom mode solutions collapse onto the flat-bottom
mode solutions and become independent of the horizontal
wavenumber. At the Argentine Basin site, where the seafloor
slope is over an order of magnitude less than at the Southern
Ocean site, both sloping and flat-bottom modes appear similar
to little wavenumber dependence (Figs. 3d-f). Consideration of
a transition from sloping to flat-bottom modes with decreasing
bathymetric slope suggests the strongest horizontal wave-
number dependence for moderate slopes or values roughly
coinciding with the peak in the slope distribution (Fig. 2d). It
should also be noted that these solutions assume a constant
slope and in the presence of roughness, and vertical structures
should become more surface trapped (LaCasce and Groeskamp
2020).

While dynamical modes can be difficult to calculate and may
be dependent on bathymetry and/or eddy characteristics, they
can be useful in prescribing dynamically relevant vertical struc-
ture of eddy diffusivity or kinetic energy backscatter in ocean
model parameterizations. This is especially the case in regions
of either very flat or steeply sloped bathymetry. Projection of
velocity profiles onto these modes also affords opportunity to
compare the vertical wavenumber spectrum to that predicted
by quasigeostrophic turbulence theory (e.g., Charney 1971). In
energetic regions of the ocean, the prediction of a —3 depen-
dence of the kinetic energy spectrum on the vertical wavenum-
ber could be expected (Wang et al. 2010; Xu and Fu 2011)
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FIG. 3. (a)—(c) First three flat (black) and sloping (yellow) bottom modes ® at SO. Mode
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where turbulence theory-based assumptions are met (Steinberg
and Eriksen 2022) and the seafloor is flat.

4. Results
a. Observations

Time-mean (#, v) and time-varying («’, v") horizontal veloc-
ity structures at each of the four sites are all distinct (Fig. 1).
At the Southern Ocean (SO) site, total kinetic energy is largely
surface intensified; mean stratification is nonmonotonic with
depth, highlighting a subthermocline secondary maximum; and
mean flows are relatively weak. In contrast, vertical structures
at the Argentine Basin (ArgB) site are largely uniform in depth
with relatively strong, weakly sheared westward/north-westward
mean flows. The Irminger Sea (Irm) site, along the Green-
land continental slope, is relatively shallow with barotropic-
like structures and near-bottom intensified flow and stratification.
Finally, Station Papa (Papa) is relatively quiet with weak
mean flows at all depths. These unique density and flow fea-
tures are paired with site unique bathymetry. Both SO and
Papa are relatively average in slope with higher roughness,
while ArgB is notably flat and smooth and Irm is steeply

sloped and moderately smooth [Fig. 2; see also Toole et al.
(2023), appendixes a—d].

With the exception of Papa, the first two zonal and meridio-
nal velocity EOFs at each site together explain a majority of
horizontal velocity variance (greater than 60%, Fig. 4). These
EOFs highlight the extent to which mesoscale eddy vertical
structures depend on depth. At SO, these EOFs bear marked
resemblance to the first and second sloping-bottom baroclinic
modes (e.g., LaCasce 2017, Figs. 3b,c), while at ArgB, these
EOFs appear similar to the zeroth and first flat-bottom modes
(Figs. 3d,e). Upper-ocean stratification is greater at ArgB, which
could lead to the expectation that eddy vertical structure is more
baroclinic, but site bathymetry is markedly flatter and smoother
and thus apparently permits more barotropic motions (Fig. 2).
For the mild slopes at Argb, sloping-bottom mode solutions are
nearly the same as flat-bottom mode solutions, highlighting this
site’s decreased dependence of vertical structure on bathymetry
and the wavenumber. We acknowledge the resemblance to the
first surface mode with weakly sheared bottom flow but leave
the influence of sheared flows for future work. These contrast-
ing structures at SO and ArgB, and apparent agreement with
different theoretical constructs, suggest that bottom slope and
roughness are influencing factors that moderate local vertical

Unauthenticated | Downloaded 01/26/26 07:27 PM UTC



NOVEMBER 2025

S.0. - Power Spectral Density
o S

(

m?/s? x days)
10

-500 -500

-1000 -1000

STEINBERG ET AL.

Argb.o— Power Spectral Density (m?/s* x days)
B =t 1 e 107

1995

o Frequency Spectra: 203-945 m

8.0.

e,
[

S
&

Power Spectral Density (m?/s? x days)

1
1
1
-1500 ) -1500 18
10™ 1
-2000 -2000 1
— = r
E. 2500 E. 2500 c
N [ N - L
-3000 |, -3000 I
< 10 1
-3500 ¢ -3500 7
-4000 -4000 1
!
-4500 -4500 |
-5000 10 -5000 1
102 107 10

Frequency (cycles/day)

Irm. i Power Spectral Density (m?/s? x days)
e — = 10

-500

-1000

-1500 -1500

Frequency (cycles/day)

PAPAO— Power Spectral Density (m?/s* x days)
- =Lt 10

S
S

S
IS

107 102 107
Frequency (cycles/day)

Frequency Spectra: 1685-2421 m

107

1 1
| -
1 1
1 |
1 | 102
-2000 1 r} -2000
E. 2500 ! ! E. 2500
N 1 1 1 N
-3000 1 1 1 -3000
1 1 1 -3
-3500 | | 1 -3500
1 month
-4000 1 12 weeKs -4000
I I H week I
-4500 -4500
1 1 1 1
-5000 ! L L 10 -5000 -
102 107 102
Frequency (cycles/day)

Frequency (cycles/day)

—_
2
<
<
X
o
W
>~
102 g
Z
Z
=1
j)
a
10 g
|53
(3
2
wn
! 8
1 3
<
1 107 104
107 102 107

Frequency (cycles/day)
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2500 m) depth bands. The dashed lines are positive rotary spectra. Negative and positive spectra, respectively, represent the mo-

tions with clockwise and counterclockwise rotation.

structure throughout the water column, not just near the
seafloor.

Vertical structures at Irm, along the continental slope of
Greenland and within a boundary current, appear more simi-
lar to flat-bottom modes (Figs. 3g—i). While this may at first
seem unexpected for its location on a slope, flat-bottom mode-
like structures may be expected where eddy propagation fol-
lows isobaths (Toole et al. 2023), as is observed here (Zou et al.
2021), and horizontal wavelengths are sufficiently large. This
expectation derives from acknowledgment that wave propaga-
tion and currents parallel the bathymetric gradient and
Ilk = alvy [see Eq. (6)]. We again acknowledge that mean flows
may alter and/or couple mode structures (Killworth et al. 1997)
but reserve this consideration for future work. Papa is unique
among the four sites as the first two EOFs explain less than
50% of velocity variance. Here, mesoscale eddy activity is weak
and flows are likely impacted by nearby seamounts that extend
to within ~1000 m of the surface (Pelland et al. 2016).

The diversity of mesoscale eddy structures among these four
sites is likewise seen in considering frequency content as a func-
tion of depth (Fig. 5). At all sites and all depths, rotary fre-
quency spectra are red, with greater energy observed at lower
frequencies. At SO, between 1-week and ~2-month time scales,
energy decreases with increasing depth by over one order of
magnitude. In contrast, across these same frequencies, little

decay with depth is observed at ArgB. Here, where eddy activity
is over an order of magnitude more energetic, vertical structures
transition from baroclinic at the lowest frequencies to barotropic
across the 2-week to 1-month frequencies, those associated with
mesoscale eddy variability. This comparison reveals eddy activ-
ity at ArgB to be more barotropic across mesoscale frequencies,
while at SO, eddy energy across all time scales is surface intensi-
fied. Irm exhibits variability that is largely independent of depth
across all frequencies while Papa is the least energetic at all fre-
quencies and all depths. The vertical structure at SO and ArgB
sites stands in marked contrast despite their similar latitude and
proximity to energetic currents. The vertical structures, which,
respectively, resemble sloping and flat-bottom modes, motivate
a subsequent investigation of the potentially dominant influence
of bathymetry.

b. CM2.6-mooring locations

To assess this simulation’s ability to represent eddy vertical
structure, 2-yr time series were first extracted at each of the four
OOI mooring site locations. Mean and perturbation kinetic
energy metrics (Fig. 6) are markedly similar to observations
(Fig. 1), after interpolating and smoothing observations to
match the 5-day and 50 vertical level model resolution. Overall,
the model is more energetic at locations of elevated observed
EKE (e.g., ArgB and SO upper ocean) and less energetic in
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FIG. 6. TKE in depth and time at each OOI mooring site in CM2.6. As in Fig. 1, (right) and the secondary row for each site are mean
stratification, zonal and meridional velocity, and the BT-to-BC KE ratio. The time-mean ratio is in dashed black. Note the different z and

v profile horizontal axis limits as compared to Fig. 1.

quiet regions (e.g., Papa and SO deep ocean). Despite these dif-
ferences, model vertical structures are dominantly barotropic at
ArgB and Irm sites and dominantly baroclinic at the SO and
Papa sites. This characterization is generally consistent with ob-
servations, but elevated mean flow shear in CM2.6 suggests
model EKE to be overly baroclinic. Observed and modeled
mean barotropic to baroclinic EKE ratios are (observed versus
modeled) 1.9 versus 1.1, 8.4 versus 13.5, 7.3 versus 7.6, and 0.8
versus 0.8 at SO, ArgB, Irm, and Papa sites, respectively. Over-
all, these similarities suggest the model to well resolve the verti-
cal structure of kinetic energy.

EOFs also compare favorably with observations (Fig. 7).
At all sites, the first zonal and meridional velocity EOFs

explain a majority of the velocity variance, with the observed
EOF; percent variance explained increasing after interpolat-
ing in depth and averaging time to 5 days and 50 vertical lev-
els (especially at Papa, see Figs. 4 and 7). With the exception
of Papa, however, EOF; at CM2.6 mooring sites explains an
even greater fraction of velocity variance, revealing that higher
mode variability in the model is generally less well resolved.
Importantly, model EOF; structures match observed EOF;
structures in their rate of decay with increasing depth. As with
the barotropic to baroclinic ratio characterization, this EOF ap-
proach reveals eddy velocities to decay with increasing depth at
the SO site linearly to zero (largely baroclinic) and at the ArgB
site to a near constant nonzero value (largely barotropic).
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The lines represent the zonal (solid) and meridional (dashed) EOFs.

These two sites are at a similar latitude and exhibit similar
eddy activity but have a very different eddy vertical structure.
To explore the role played by bathymetry in shaping these dif-
ferences, we next evaluate the principal EOF structure globally.

c¢. CM2.6-global

While comparison between the observed and modeled verti-
cal structure centered on total and eddy kinetic energy, we fo-
cus our global model vertical structure characterization on eddy
kinetic energy. Barotropic to baroclinic EKE ratios, averaged
in time [Egs. (1) and (2) and Fig. 8], reveal a landscape in which
eddy vertical structure becomes increasingly barotropic with in-
creasing latitude. Zonal variability also increases with increas-
ing latitude and reveals distinct regions where the barotropic
EKE fraction is much greater than the baroclinic fraction
(in contrast to low-latitude regions where this fraction is small
and nearly constant across longitudes). Interestingly, these mid-
and high-latitude regions of elevated barotropic EKE align with
regions of flat bathymetry and low bathymetric roughness
(Fig. 8). These regions include the Labrador Sea, Argentine
Basin, and Antarctic adjacent abyssal plains (e.g., Weddell,
Enderby, South Indian, Amundsen, and Bellingshausen).

While an increase in the barotropic EKE fraction is to be
expected in shallower regions, like the Arctic, many higher-
latitude regions with elevated barotropic EKE are deeper than
4000 m (e.g., Argentine Basin and Enerby Plain). Excluding re-
gions shallower than 1000 m, where continental shelf dynamics
are distinct from mesoscale turbulence, the smoothest ~ 35%
of ocean area is coincident with the ~75th percentile of BT/BC
EKE. Restated, the smoothest 35% of the ocean aligns with
the 25th percentile of the highest BT/BC EKE values.

These regions where the barotropic EKE fraction exceeds
the baroclinic are also identifiable considering EOF; vertical
structure. We calculate EOF; at every fifth model horizontal
grid location and define a decay metric as the near-bottom
(average magnitude over the deepest two model layers) to near-
surface (average magnitude over the shallowest five model
layers) ratio (Fig. 9a). While the depth range spanned by the
deepest two model layers is a function of ocean depth, this range
typically spans approximately 400 m. The surface five layers
span approximately 50 m. If, at a single location, EOF; mag-
nitude were constant with depth, like the zeroth flat-bottom
dynamical mode, this ratio would equal one. Alternatively,
if EOF; monotonically decays to zero with increasing depth,
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this ratio would be near zero. Negative values correspond
to the regions where EOF; changes the sign and vertical
structure might be similar to the first baroclinic flat-bottom
dynamic mode. This global characterization of the first EOF
not only reveals eddy vertical structure to be dependent on
latitude but also draws focus to the same distinct regions

Excluding locations near the equator where this first
EOF explains less than 75% of meridional velocity variance
(Fig. 9b), this EOF; decay metric is subsequently used to parti-
tion the ocean into four categories or regions of distinct vertical
structure (Figs. 9c,d). The first is termed “baroclinic” and iden-
tifies equatorial and low-latitude regions where, like the first

where the barotropic EKE fraction is elevated, as identified
in Fig. 8.

baroclinic flat-bottom mode, EOF; changes sign with increasing
depth. Within this region, vertical structure assessment ensured

o
o
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FIG. 9. (a) Vertical structure of meridional velocity EOF;, termed EOF,; decay and defined as the near-bottom to
near-surface ratio. (b) Percent meridional velocity variance explained by EOF;. (c) Five regions of the EOF; structure
defined in section 4c: inconclusive (where EOF; explains less than 75% of velocity variance) (black), BT-like
(orange), EBT (green), surface mode (yellow), and BC (blue). As in Fig. 8, the blue contour identifies the equator-
most extent of ocean area where sea ice is present for 50% or more of the year. (d) Distribution of meridional EOF;
decay fraction with category breakdown (plotted as gridcell count). Regions where the seafloor depth is less than
1000 m and where EOF; explains less than 75% of velocity variance are excluded.
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only one sign change in the vertical with the result that here,
EOF; decay ratios are all negative. The second category defines
eddy vertical structures as surface mode like, following the deri-
vation and characterization of LaCasce (2017) and Toole et al.
(2023). Here, the near-bottom EOF; magnitudes are no more
than 20% of near-surface values. The third category is termed
“equivalent barotropic” (EBT). Within these regions, eddy ver-
tical structures decay with increasing depth to values between
20% and 40% of near-surface values. While these regions could
be characterized as surface mode-like, near-bottom velocities
are nonzero and poorly described by surface mode structure.
The fourth category identifies regions where EOF; decay is
weakest and vertical structures are most barotropic (i.e., EOF;
decay ratios are greater than 0.4 and termed “barotropic-like”).
These regions are largely found at higher latitudes and include
the Labrador Sea and Argentine Basin. Together, EBT and
barotropic-like regions comprise nearly 20% of total ocean
area (Fig. 9d). Bathymetric slope and roughness values in these
regions span the full range of model-derived values, but EBT
and barotropic-like regions in the Southern Ocean stand out as
markedly flat and smooth. This alignment suggests bathymetry
to play an important role in moderating mesoscale eddy energet-
ics. For reference, modeled and observed vertical structure cate-
gories at mooring sites are SO (surface mode, surface mode),
Argb (barotropic-like, EBT), Irm (barotropic-like, EBT), and
Papa (surface mode, baroclinic).

Slope and roughness are next considered a function of latitude
and EOF; classification (Fig. 10). In this construction, the spatial
patterns of vertical structure shown in Fig. 9, averaged across

longitudes, confirm that EBT and barotropic-like structures
(Fig. 10, green and orange lines) are found at higher latitudes
where roughness and slope magnitudes are, on average, multiple
factors smaller than BC and surface mode values at similar lati-
tudes. This characterization is clearer in the Southern Hemi-
sphere, with significant slopes found in EBT and barotropic-like
regions at high northern latitudes, but here, these regions are less
contiguous and comprise less ocean area.

The apparent relationship between the vertical partitioning
of EKE and bathymetric slope and roughness (Fig. 11) appears
where EOF; structures are single signed and do not decay to
zero near the seafloor (Figs. 11d,e,i,j). While these regions com-
prise a range of slope and roughness values, they disproportion-
ately contain regions that are flat and smooth. In other words,
of the four vertical structure regimes considered, only in EBT
and barotropic-like regions do we find a log-log linear relation-
ship between the square root of the BIT/BC EKE ratio and
bathymetric slope and roughness, approximately following a
slope of —0.25 (Figs. 11d,e,i,j). The smoothest regions of the
seafloor are the most barotropic, and as both slope and rough-
ness increase, the BT/BC EKE ratio decreases toward a value
of one. That the BT/BC ratio appears to depend on both slope
and roughness in these higher-latitude regions suggests both
slope moderated modal interaction and bottom dissipation to
have some effect on vertical structure throughout the water
column, a result discussed from a theoretical perspective by
LaCasce (2017).

In contrast, as arguably expected from the relationship
between stratification and the baroclinic Rossby radius of
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deformation, we find a log-log linear relationship between
BT/BC EKE and N/f (Figs. 11n,0), but only in regions where
EOF; structures are classified as baroclinic or surface mode
like. At higher latitudes, and where EOF structures are sin-
gle signed and do not decay to zero near the seafloor, we
find no significant BT/BC EKE relationship with N/f. These
results imply stratification to have a more significant role in
influencing and/or moderating eddy vertical structure at
lower latitudes, where eddy structures are and remain more
baroclinic than at higher latitudes. At higher latitudes, and
where eddy vertical structures are more barotropic, an ap-
parent role of bathymetric slope and roughness is evident.
These choices to plot slope, roughness, and stratification
against the square root of the BT/BC EKE ratio represent
an attempt to create an analog to the scalings derived by
Gallet and Ferrari (2020, 2021) in relating eddy vertical and
horizontal scales. The qualitative results are fundamentally
unchanged if a different metric of vertical structure, like
EOF, decay, is considered (not shown).

5. Discussion

In this analysis, we identify a relationship between the verti-
cal partitioning of eddy kinetic energy and ocean bathymetry.
We present a synthesis of observation- and model-based anal-
yses, demonstrating compelling agreement between the two,
that reveals where bathymetric slope and roughness moderate
eddy vertical structure. In agreement with past studies (e.g.,
LaCasce 2017), we find vertical structure to not be primarily
influenced by spatial variations in seafloor topography, but
rather that stratification, latitude, mean flow, and bathymetry all
play a role and contribute to a diverse landscape. The relevance
of many factors is evident in observations along a continental
slope at Irm, where flow is topographically steered and follows
the conservation expectations of planetary vorticity (f/H).
Despite the presence of a steep slope, eddy vertical struc-
tures align with flat-bottom mode expectations, a result of
isobath following flow. Elsewhere, where bathymetric slopes
are more moderate (e.g., the SO site), we argue that bathymetric
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roughness plays a role in shaping the vertical structure of eddy
kinetic energy. That a similar relationship appears between ver-
tical structure and slope and vertical structure and roughness
(Figs. 1le,j) suggests the two to play a similar role; however,
more serious evaluation is needed from a geomorphological per-
spective that considers the diversity of combinations of slope,
roughness, and eddy propagation direction relative to bathyme-
try orientation.

In line with expectations developed from a derivation of dy-
namical modes (section 3b), we find a relationship between ver-
tical structure and depth-average N/f. At lower latitudes and
where EOF; structures are more baroclinic, the BT/BC EKE
ratio decreases as N/f increases (Figs. 11k-o0). Theoretical ex-
pectation and past results demonstrate that stratification plays
an important role in influencing eddy vertical structure, particu-
larly in the decay in vertical structure amplitude with increasing
depth and inverse cascade strength. Simulations from Smith
and Vallis (2001) reveal that, compared to turbulent cascades in
a uniformly stratified ocean, transfers of energy from baroclinic
modes to the barotropic mode are relatively inhibited in the
presence of upper-ocean intensified stratification. This may
at least partly explain why, across all latitudes, dominant eddy
vertical structures (Fig. 10b) are not barotropic and have hori-
zontal length scales only a few times greater than local deforma-
tion radii (Klocker et al. 2016). One might only expect the limit
of the inverse cascade of EKE to correspond to horizontal scales
at the Rhines scale and barotropic vertical structure if the
stratification were uniform and the seafloor flat. Here, we find
the barotropic fraction of EKE to increase as N/f decreases
(Figs. 11k—o0), but only in regions characterized as baroclinic
and surface mode like (Figs. 11d,e,i,j). In EBT and barotropic-
like regions, N/f does not appear to scale as strongly with the
BT/BC EKE ratio.

In particular, these results empirically identify a role played
by bathymetry in which eddy vertical structures become more
baroclinic as slope and roughness increase. Where principal
EOF structures are more uniform in depth (e.g., equivalent
barotropic or barotropic mode like), we find a dependence
of the vertical partitioning of EKE on bathymetric slope and
roughness. As slope and roughness increase, the fraction of bar-
otropic EKE decreases. That this relationship only appears at
higher latitudes suggests mid- and lower-latitude eddy structures
to be moderated to a greater degree by stratification and other
factors. Turbulent regime dependence on latitude is also appar-
ent considering the scale separation between the deformation
radius and Rhines scale, the length scale at which changes in the
Coriolis frequency are felt. This scale separation decreases with
latitude such that lower-latitude eddy characterizations align
with planetary wave theory. Gallet and Ferrari (2020, 2021)
characterize this dependence of eddy structure on latitude defin-
ing low-latitude zonostrophic or B-plane turbulence and high-
latitude f-plane vortex gas turbulence regimes. The emergence
of a relationship between vertical structure and bathymetry only
at higher latitudes suggests that bathymetry exerts some control
on vertical structure in this vortex gas regime, where there exists
a sufficient length-scale separation between instability and plan-
etary wave scales (Klocker et al. 2016).
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These four OOI mooring locations span a reasonable range
of background conditions in the global ocean and thus provide a
good first approach to the assessment or validation of full-depth
vertical velocity structure in global models. A range of stratifica-
tion, total kinetic energy, bottom slope, and bottom roughness
are captured, although particularly large stratification regimes
are not represented (Fig. 2). This analysis also demonstrates that
observations and models must be treated similarly for meaning-
ful comparisons (Fig. 7) and that simple metrics (e.g., the BT/
BC ratio), as opposed to dynamical modes, can be effective for
comparison. Regardless of the methods used for quantifying ver-
tical structure, the vertical structure of key variables, including
stratification and kinetic energy, is important to quantity in as-
sessing and validating numerical models.

This analysis has some implications for the ability to reconstruct
interior velocities from surface velocities (e.g., Isern-Fontanet et al.
2008; Wang et al. 2013; Liu et al. 2017) and reveals dependence
on the location and known hydrographic and bathymetric fea-
tures. As this relates to topographic slope and roughness, our re-
sults suggest that the assumption of surface mode-like vertical
structure is adequate at most, especially mid-, latitudes, with the
exception of regions with elevated EKE identified as flat and
smooth. At these locations, spanning roughly 20% of the global
ocean area, assumptions of surface-mode structure will result in
the substantial underestimation of deep eddy velocities and im-
plied dissipation. Regions of varied eddy vertical structure may
also imply spatial patterns in eddy phase speed. Barotropic-like
structures should have faster speeds that are in closer alignment
with satellite-observed measurements of eddy propagation
speeds greater than those associated with flat-bottom modes
(Tulloch et al. 2009). Bathymetry features should be investi-
gated in future work.

The results presented here are framed to demonstrate that
eddy vertical structures span the range of theoretical expecta-
tions and that care should be taken in prescribing a universal
structure. Overall, flat-bottom modes (e.g., Wunsch 1997) are
readily acknowledged as insufficient in their representation of
eddy vertical structure but often used in a prescriptive sense due
to the ease of their calculation and use. More recent analyses
(e.g., de La Lama et al. 2016; LaCasce 2017; LaCasce and
Groeskamp 2020) demonstrate the realism of sloping-bottom
modes and their ability to represent the full range of vertical
structures, including flat-bottom mode cases, but acknowledge
their complicated dependence on the horizontal wavenumber
relative to the bathymetric slope angle. The authors thus rec-
ommend adopting vertical structures like surface modes due to
their similarity to observed structures and general utility. We
show in particular that knowledge of seafloor bathymetry can
be used to guide or develop expectation as to this landscape of
vertical structure. We acknowledge that our assessment of the
role of bathymetry considers slope and roughness only at meso-
scales and excludes additional dynamical characterizations of
the flow that shape vertical structure. Despite this, our results
motivate the consideration of seafloor bathymetry in applications
or modeling efforts that prescribe eddy vertical structure or ef-
fects. We also highlight that the consideration of bathymetry fea-
tures in vertical structure analyses permits both flat-bottom and
surface mode structures to be regionally expressed.
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6. Conclusions

We conclude from several pieces of evidence that bathymetry
influences eddy vertical structure not only near the seafloor but
also throughout the water column. Specifically, as bathymetric
slope and roughness increase, eddy vertical structures become
more baroclinic. At the four Ocean Observatories Initiative
mooring sites considered here, observed eddy vertical structures
revealed similarities to both dynamical flat-bottom and sloping-
bottom vertical modes, but overall, no universal vertical struc-
ture. The contrast in vertical structure especially between the
Southern Ocean and Argentine Basin sites at similar latitudes
strongly suggests that bathymetric slope and/or roughness are
influential. Globally, the characterization of vertical structure
EOQOFs in a high-resolution coupled atmosphere—ocean model
revealed distinct regions of barotropic or baroclinic dominance,
with a spatial pattern strikingly similar to that of bathymetric
roughness (Fig. 8). A quantitative investigation confirmed this
relationship in regions where velocity decayed minimally with
depth, primarily deep basins comprising 20% of the total
ocean area and predominantly located at higher latitude. In
these regions, the barotropic to baroclinic eddy kinetic energy
ratio decreases by a factor of 5 for an approximate doubling of
slope magnitude and a fivefold increase in bathymetric rough-
ness (Fig. 11).

These results are consistent with expectation that mesoscale
turbulence cascades are moderated by bathymetry in manner ex-
pected from linear quasigeostrophic turbulence theory, like that
detailed by LaCasce (2017). We additionally conclude that the
four OOI mooring sites span a reasonable range of background
conditions in the global ocean and thus provide one approach to
the assessment or validation of full-depth vertical structure in
global models. Agreement between NOAA GFDL’s CM2.6 and
observed vertical structure motivated the use of this simulation
output to consider a relationship between bathymetry and verti-
cal structure globally. Because eddy vertical structures influence
many dynamical ocean processes, like meridional tracer and heat
transport, it is important to quantify and validate eddy char-
acteristics in numerical models. That bathymetry influences
eddy vertical structure has several practical implications.
These results confirm that care must be taken when inferring
interior properties from more abundant surface or upper-
ocean observations as there is no universal vertical structure.
Bathymetric slope and roughness can be leveraged to improve
such estimates. Furthermore, knowledge and characterization
of bathymetric features can inform mesoscale eddy parameter-
ization development, particularly as it relates to the mesoscale
energy budget (Marshall and Naviera-Garabato 2008), such
that eddy parameterizations are not only flow or scale aware
(e.g., Jansen et al. 2019) but also bathymetry aware.
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