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Abstract Surface mixed-layer dynamics play a crucial role in modulating the climate as it is the oceanic
layer that directly communicates with the atmosphere. The resolution of global ocean models is, however, often
restricted to O(1/4°); this is too coarse to adequately resolve mixed-layer processes, and we depend on
parametrizations. One of such parametrizations is the mixed-layer eddy (MLE) parametrization. Here, we
compare the performance of two MLE parametrizations [Fox-Kemper et al. (2011, https://doi.org/10.1016/j.oce
mod.2010.09.002 hereon BFF11) and Bodner et al. (2023, https://doi.org/10.1175/jpo-d-21-0297.1 hereon
BOD23)], and document their impact in three global ocean simulations. Upon tuning, and diagnosing
submesoscale-permitting truth simulations, the MLE efficiency coefficient in BOD23 ranges between the
values of 0.003—0.038, while 0.06 to 0.07 for BFF11. We find that the spatial distribution of mixed-layer depth
and ventilation of the abyssal ocean, using the ideal-age tracer and Atlantic Meridional Overturning Circulation
as its proxy, are sensitive to the interaction between MLE parametrizations and ocean surface boundary-layer
mixing schemes.

Plain Language Summary For robust projections of the future climate, we depend on well designed
numerical models of the climate. In an ideal world, the best numerical model would be where we explicitly
resolve the full spectrum of scales from a few millimeters to thousands of kilometers and milliseconds to a
millenia. Due to finite computational, financial and human resources, the finest spatial resolution we can push
the ocean component of climate models to is currently on the order of tens of kilometers and hundreds of
seconds. Namely, our models incompletely represent the phenomena below this spatiotemporal scale. As such,
we need to implicitly and approximately express these unresolved phenomena and their feedback onto the
resolved phenomena via methods of parametrizations. Here, we document the impact of two parametrizations,
which mimic the behavior of oceanic surface currents on the scales of a few kilometers, on the global ocean.

1. Introduction

While the day may arrive sooner than was once imagined where we resolve the climate system down to the
Kolmogorov scale (Fox-Kemper et al., 2014), with the aid of Graphic Processing Units (GPUs; Hifner
et al., 2021; Silvestri et al., 2023; Wei et al., 2024), we are still far from having the adequate resources to do so
(Hewitt et al., 2022). The storing, distributing and post-processing of peta-bytes of model outputs also presents
itself as a formidable bottleneck to the scientific community in effectively utilizing the data (Abdulah et al., 2024;
Bai et al., 2023; Govett et al., 2024; Panta et al., 2024; Uchida et al., 2022; Zhang et al., 2023). Furthermore,
resolving the oceans and climate down to the molecular scale will inevitably present itself with the same daunting
level of complexity as of the real natural world. For practical reasons, the spatial resolution of global ocean
models used in Coupled Model Intercomparison Project (CMIP) simulations has remained on the order of
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1°~1/16° (Chassignet et al., 2020; Eyring et al., 2016; Moon et al., 2025; Silvestri et al., 2025; Treguier
et al., 2023; Uchida et al., 2017). As such, we will continue to rely on eddy parametrizations, which implicitly
represent the sub-grid effects onto the resolved flow. Parametrizations, in a way, lie at the frontier of our un-
derstanding of natural phenomena and it should be emphasized that the development of parametrizations en-
hances our physical interpretation of the system in addition to improving numerical models.

Here, we focus on a particular parametrization that represents the effects of submesoscale O(1-10 km) eddies
within the oceanic mixed layer, often referred to as the mixed-layer eddy (MLE) parametrization (Boccaletti
et al., 2007; Fox-Kemper et al., 2011, hereon referred to as BFF11). The MLE parametrization mimics the effects
of submesoscale baroclinic instability (SBI) within the mixed layer where available potential energy is released to
restratify the layer. Since there is a well-developed theory of SBI (Stone, 1966), the resolution of models needed
to resolve these instabilities have been argued to be O(1 km) in global simulations (Dong et al., 2020; Uchida
et al., 2019, 2020). The BFF11 parametrization has been widely adopted in CMIP simulations and has been
documented to reduce the model biases in mixed-layer depth (MLD; Calvert et al., 2020; Fox-Kemper et al., 2011;
Griffies et al., 2016, 2025b; Smith et al., 2025). This has significant implications on modeling the climate as the
heat flux through the mixed-layer directly modulates the air-sea fluxes of heat and momentum (Bai et al., 2023;
Busecke et al., 2025; Conejero et al., 2024; Jamet et al., 2024), and ventilation of deeper waters through mode
waters (Deremble & Dewar, 2013; Dewar, 1986; Forget et al., 2011; Maze & Marshall, 2011; Sun et al., 2025) and
deep-water formation (Tagklis et al., 2020). Furthermore, it has been argued that the ocean carbon cycle is
sensitive to the representation of the mixed layer (Boyd et al., 2019; Lévy et al., 2013).

Recently, Bodner et al. (2023, hereon referred to as BOD23) proposed an amelioration to the MLE parametri-
zation to incorporate turbulence-influenced frontogenetic tendencies. BFF11 acknowledged that the determina-
tion of frontal widths, which is generally unresolved, was a source of uncertainty in their formulation, quoting “No
compelling theory for the width of oceanic mixed layer fronts is known to the authors.” The breakthrough that
BOD23 provided is a physically consistent estimate of the surface frontal width based on boundary-layer process
scaling arguments. In the following text, we will document how the BFF11 and BOD23 formulations of the
parametrization affect: (a) the prediction of submesoscale vertical buoyancy flux (SVBF) from kilometric-
resolution simulations in the separated Gulf Stream region, and (b) MLD, oceanic ventilation, and Atlantic
Meridional Overturning Circulation (AMOC) in global ocean simulations at non-eddying to eddying resolutions.
This set of metrics centers around the climate impacts of submesoscales on global ocean heat and carbon uptake
(Fox-Kemper et al., 2021; Griffies & Greatbatch, 2012) and oxygenation of the ocean interior (Busecke
et al., 2022; Naveira Garabato et al., 2017).

2. Data and Method

2.1. Global Ocean Simulations

The Geophysical Fluid Dynamics Laboratory (GFDL) twin global 1/4° ocean simulations (with BFF11 or
BOD23) were produced using the Modular Ocean Model (MOMS6) in hybrid geopotential-sigma2 coordinates;
they were both spun up from a state of rest using OM4p25 (Adcroft et al., 2019, https://github.com/NOAA-
GFDL/MOMG6.git). The initial conditions for potential temperature and practical salinity were taken from the
World Ocean Atlas 2013 (WOA13; Levitus et al., 2014) database. The OM4p25 simulations contain a few up-
dates to OM4 relative to (Adcroft et al., 2019). The ocean surface boundary-layer (OSBL) mixing uses the
energetics-based Planetary Boundary Layer (ePBL; Reichl & Hallberg, 2018) that was updated to improve fi-
delity of mixing in near-equatorial (5°) latitudes (Reichl et al., 2024). The bottom boundary-layer efficiency was
reduced from 0.2 to 0.01, which improves biases related to excessive bottom boundary-layer mixing in coastal
regions (Griffies et al., 2025a). A new horizontal discretization of the Jackson et al. (2008) shear-driven mixing is
adopted that suppresses grid-scale numerical noise (Griffies et al., 2025a). Given that BOD23 is a newer
parametrization, the run with BOD23 was tuned (MLE efficiency coefficient, C, = 0.038) so as to have similar
global heat uptake to the BFF11 run (C, = 0.07; blue curves in Figure 1a). The simulation was spun up for one
iteration of 1958-2022 and we will be using the second iteration of 1958-2022 as outputs.

The Community Earth System Model (CESM) twin global ocean simulations also adopt MOM6 but with
different settings from GFDL (Marques et al., 2023, https://github.com/ESCOMP/MOM _interface/wiki/Detaile
d-Instructions). CESM MOM6 employs a modified K-profile parametrization (KPP; Large et al., 1994), which
accounts for: (a) a non-local momentum flux in the wind direction when it is not aligned with local shear, and
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Figure 1. Time series of the global volume-averaged potential temperature [°C] from the runs with BFF11 and BOD23 from the 0.25° Geophysical Fluid Dynamics
Laboratory (GFDL) with ePBL (blue curves), 2/3° Community Earth System Model (CESM) with modified KPP (red curves), and 1° BLOM with CVMix KPP (green
curves) between 1958 and 2018 (a). The GFDL run without mixed-layer eddy (MLE) parametrizations is shown in gray curves. The light solid curves document the BFF11
runs and dark solid curves the BOD23 runs. C, in the BOD23 CESM implementation varies in latitude. Reducing the values of C, to 0.03 in GFDL led to more heat uptake
and a warmer ocean (not shown). Differences in ideal age between the twin runs given by the two versions of the MLE parameterization at 100 m (left column) and 1750 m
(right column) depths (b—g). Positive values indicate that BOD23 leads to weaker ventilation of the water column and vice versa. Outputs from the last 5 years of each cycle
are averaged.
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(b) mixing induced by waves following the expanded Monin-Obukhov Similarity Theory to include Stokes drift
(Large et al., 2021). The model resolution is nominal 2/3° but is enhanced merdionally to 1/4° around the
Equator. The latitude-dependent diapycnal diffusivity due to internal wave mixing defined in Danabasoglu
et al. (2012) is included. Energy dissipation from tidally induced diapycnal mixing is represented using
Simmons et al. (2004). The simulations start from a state of rest with the initial potential temperature and
salinity fields taken from the January climatology of the World Ocean Atlas 2018 (WOA18; Boyer et al., 2018).
BOD23 was tuned (latitudinally varying C,) to have similar strengths in the MLE streamfunction as BFF11 in
the Southern Ocean (C, = 0.07). The simulation was run for one iteration during 1958-2018.

The Bergen Layered Ocean Model (BLOM; https://github.com/NorESMhub/BLOM) is a state-of-the-art hy-
drostatic and non-Boussinesq ocean model, horizontally discretized on the Arakawa-C grid. BLOM is the ocean
component of the Norwegian Earth System Model and uses 56 vertical levels with a tripolar horizontal grid. The
model resolution is nominal 1°; about the Equator, it is enhanced to 1/4° meridionally. A notable update
compared to the CMIP6 version (Seland et al., 2020) is the Arbitrary Lagrangian Eulerian (ALE) method,
permitting a hybrid vertical coordinate. With enhanced vertical resolution compared to the previous bulk mixed-
layer formulation, a submesoscale eddy-driven overturning can now be represented. For OSBL physics and shear-
driven vertical mixing, BLOM with ALE employs KPP as implemented in the CVMix package (Griffies
et al., 2015). Compared to Large et al. (1994), a parabolic shape function is used for non-local surface fluxes of
freshwater, non-solar heat and momentum, while non-local flux due to brine release uses a shape function that
leads to brine absorption near the base of the mixed layer. Tidally driven diapycnal mixing follows the param-
eterization by Simmons et al. (2004) where the conversion of tidal energy to internal waves is estimated by
Jayne (2009). The BLOM simulations were initialized from a state of rest using temperature and salinity fields
from the Polar science center Hydrographic Climatology (PHC) 3.0 (updated from Steele et al., 2001). They were
integrated over a 61-year period, 1958-2018. BOD23 was tuned (C, = 0.003) so as to have similar strengths in
the MLE stream function as BFF11 (C, = 0.06).

All of the simulations were atmospherically forced using the Japanese Reanalysis product (JRA55-do; Tsujino
etal., 2018), and they include a surface salinity restoring with a piston velocity of 0.1667 m day~!, corresponding
to ~300 days over 50 m, following Danabasoglu et al. (2014). Mesoscale eddies in CESM MOM6 and BLOM are
parameterized via the Gent-McWilliams’ skew diffusion (GM; Gent & McWilliams, 1990; Griffies, 2018) in
conjunction with tracer diffusion along neutral directions (Redi, 1982). BLOM employs the scheme of Shao
et al. (2020) and eddy diffusivity is estimated with a bottom-slope aware parameterization (Nummelin &
Isachsen, 2024). We will use the last 20 years of output from each simulation. Figure 1a demonstrates the time
evolution of global volume-averaged potential temperature in all of the runs. Except for GFDL where the target of
tuning for BFF11 and BOD23 was global heat uptake, BOD23 generally results in a colder ocean.

2.2. Submesoscale-Permitting North Atlantic Simulations

We use daily-averaged outputs during boreal early spring (February - April) from a 1/60° North Atlantic
simulation in geopotential coordinates based on the Nucleus for European Modeling of the Ocean model
(eNATL60; Brodeau et al., 2020) and 1/50° North Atlantic simulation in hybrid coordinates based on the HYbrid
Coordinate Ocean Model (HYCOMSO0; Xu et al., 2022). Both simulations are atmospherically and tidally forced,
and have one of the highest resolutions to date for simulations that cover the North Atlantic basin, 26°N to 65°N
and 28°S to 80°N respectively. An assessment on the realism of eNATL60 and HY COMS0 appears in Chassignet
and Xu (2017), Ajayi et al. (2020, 2021) and Xu et al. (2022). Our choice of using eNATL60 and HYCOMS50
outputs is motivated by the fact that the ALE algorithm of MOM6 and BLOM allows for geopotential, isopycnal
or hybrid coordinate systems (Marques et al., 2023).

2.3. Formulation of the MLE Parametrization

The MLE parametrization predicts that the bulk of SVBF, wsb*, can be approximated by the lateral gradients of
the mesoscale buoyancy field, V5",

(WB) ~ C¥ XV, (Y, 1)
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where (-) is a horizontally coarse-graining operator, Vy, is taken over the mixed layer and mz is a vertical
averaging over the MLD. The spatial coarsening is taken after the vertical averaging for SVBF to account for the
fact that climate models generally have vertical resolutions too coarse to resolve the submesoscales; the two
operations do not exactly commute due to the local dependency on MLD. The mesoscale buoyancy fields, b™,
were horizontally coarsened prior to taking the horizontal gradients to mimic the resolved buoyancy fields in
climate simulations.

Two formulations for the MLE stream function ¥ have been proposed and implemented in the GFDL MOMS6,
CESM MOM6 and BLOM code (Boccaletti et al., 2007; Fox-Kemper et al., 2008, 2011, hereon BFF11):

\pBFFLLdef As <H>2Vh<bm>z><l

STy A @

and (Bodner et al., 2023, hereon BOD23):

\pBoD23def As <H>2Vh<bm>Z Xz
<Lf/CL> (D ’

3)

where z is the vertical unit vector. The tuning parameter (or efficiency coefficient) for BFF11is C = C,(¢) and for

BOD23C = C.(t)in(1). Ly, = % is the mixed-layer Rossby radii where H and N = N?" are the MLD and

buoyancy frequency respectively and f is the local Coriolis frequency. Although N?> may be small and ill defined
within parts of the mixed layer, the definition of MLD as the depth where potential density increases by a certain

threshold naturally implies that N? (oc - 3—’;) is never always arbitrarily small over the entire mixed layer.

(m,,ui + n*wi )2/3

i is the frontal width set by turbulent thermal-wind balance where # is the boundary-layer

Lf=CL

depth (BLD), u, = Vo2 + ©%/p, and w, = (By/ h)l/ 3 are the turbulent-friction and convective velocities
respectively, and m,,n, = 0.5,0.066. Note that the mixed layer is defined by a layer with relatively uniform
stratification while the boundary layer is where active surface-forced mixing is taking place; the former is
generally deeper than the latter (|H| > |h|) during convective conditions (Sutherland et al., 2014). GFDL MOM6
takes & from ePBL and H by temporally filtering 4. In CESM MOMS6, BLD diagnosed by KPP is used as /, while
H is defined as the depth where 6, increases by 0.02 kg m~> relative to the surface. To account for the diurnal
cycle, H is time-filtered following the method described in Adcroft et al. (2019). BLOM also takes 4 from KPP
but determines H using the o, criteria of 0.03 kg m™3.

For the offline diagnostics of eNATL60 and HYCOMS50, we have approximated BLD as & =~ 0.7hg, where
hge = u,/f is the Ekman depth, since BLD was not saved as model outputs. The 0.7 factor is there to account for
the fact that BLD tends to be shallower than the Ekman depth (Reichl & Hallberg, 2018, their Figure 5). In theory,
approximating BLD by the Ekman depth would reduce to zero under pure convection but the wind-stress

magnitude was never zero in the domain we analyzed (not shown). By, = gap% is the surface buoyancy flux
aCp

and Q [W m™2] is the outgoing surface heat flux from the ocean, that is, O > 0 when the ocean is warming the
atmosphere. a is the thermal expansion coefficient of seawater. The ocean and atmospheric reference densities
were set to p, = 1000 kg m~ and p, = 1.225 kg m~>, and ¢, = 1005 J kg=! K™'. Further details on the var-
iables are left to BFF11 and BOD23.

We take an approach similar to Uchida et al. (2022) where we intercompare two submesoscale-permitting realistic
ocean simulations, eNATL60 and HY COMS50, in the separated Gulf Stream region. Buoyancy was defined using
potential density in reference to O dbar, b = —g ;—3 MLD was defined using the density criterion (de Boyer

Montégut et al., 2004), viz., the depth at which 6, = p — p, increased by 0.03 kg m~> from its value at ~10 m
depth (Treguier et al., 2023). The meso- and submeso-scale fields were decomposed using a Gaussian filter with
the standard deviation of 30 km (Grooms et al., 2021), for example, b = b™ + b*. We chose the coarse-graining
operator as 15 X 15 and 12 X 12 grid points respectively so as to coarsen the eNATL60 diagnostics to ~ 1/4°
and HYCOMS0 to ~0.24°; namely, the finest limit of spatial resolution where the MLE parametrization may be
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turned on in climate simulations (Adcroft et al., 2019; Storkey et al., 2024). The resolution factor was set as the

square root of the local coarsened grid area, As = 4/(.A) where A is the horizontal grid area of the raw model
outputs. The efficiency coefficients were diagnosed by taking the ratio between the left- and right-hand sides of

(D), C(t,y,x) = % and then estimated as their spatial median. Namely, the diagnosed coefficients vary in
h

time but are constants in space. We will compare the diagnosed coefficients with the recommended values in
BFF11 and BOD23.

3. Results
3.1. Comparison of MLE Parametrizations

Figure 2 documents the comparison between SVBF and its prediction from BFF11 and BOD23. Given that the
two simulations are internal-tide permitting, SVBF here captures the net effect of eddy-eddy and eddy-wave
interactions at kilometric model resolution. Submesoscale vertical buoyancy flux is generally in the direction
of restratifying the mixed layer ((WZ) > 0; Figures 2a, 2f, 2g, and 21). The order of magnitude of the spatial
median of SVBF, (9(5 x 107 m? s_3) with spatial extrema reaching up to (9(10_7 m? s_3), tends to fall within
the range of observational estimates (Buckingham et al., 2019; Johnson et al., 2016, 2020; Mahadevan
etal., 2012). Both parametrizations capture the mesoscale fronts associated with the separated Gulf Stream but the
cumulative isotropic wavenumber cross spectra of BOD23 is higher than BFF11 at scales larger than 100 km
(Figures 2¢ and 2i), the effective resolution of CMIP-class ocean simulations (Masson-Delmotte et al., 2021).
Namely, BOD23 leads to more restratification than BFF11 about the Gulf Stream.

The time series of BFF11 and BOD23 demonstrate that both are able to track SVBF (Figures 2f and 21) with the
caveat that the C is a tuning parameter. The efficiency coefficients are farther for BOD23 than BFF11 to their
respective recommended values C,.(=C,/C;) = 0.24-0.32 (Bodner et al., 2023) and C, = 0.06 0.08 (Fox-
Kemper et al., 2011) during times of vigorous restratification (Figures 2e and 2k). Another scaling for C, can be
argued for by assuming that the recommended values above for C, are for cases where the frontal width is
approximated by the mixed-layer Rossby radii.

CP T~ W, 5. "
L,/C

Lo~ (45)
Ly,

Which differs from Bodner et al. (2023, their Equation 27). Given the characteristic values of C; ~ 0.25,
Ly, ~ lkmand Ly ~ 100 m, (4b) yields C, ~ 2.4 X 1073-3.2 x 1073. These values align more closely to C,
diagnosed from eNATL60 and HYCOMSO (Figure 2). Alternatively, were Lyy, in (2) replaced by Ly, the values of
C, should be smaller. When the efficient coefficients are set as constants, viz. Their time mean

(C, = (65,3.4) x 107, C,' = (8.6,6.0) x 103 for eNATL60 and HYCOMS50 respectively), the perfor-
mance slightly deteriorates but the parametrizations are still able to predict the enhanced restratification that takes
place during February and lower levels from March onwards (dashed curves in Figures 2f and 21). Based on
scaling arguments, the MLE stream function is proportional to the BLD by ¥¥°P?3 w3 1t is possible that the
Ekman depth, taken for diagnostic purposes, underestimates the BLD in certain scenarios but this means that
using the true BLD would lead to even smaller “C,”’s; this works in favor of our recommendation of using smaller
C, values than recommended by Bodner et al. (2023).

3.2. Ventilation of the Global Ocean

Figure 3 documents the 5-year averaged MLD from the GFDL, CESM and BLOM runs. Mixed-layer depth
here was defined using potential-density metrics, that is, the depth at which o, exceeded its value at ~10 m
depth by 0.03 kg m~> (de Boyer Montégut et al., 2004), to be consistent with observational estimates from the
ARGO floats. This diagnostic approach differs slightly from MLD used in the online calculations of H in (1-3)
(cf., Section 2.3). It is common, however, to uniformly employ the same potential-density metric for model
assessment (Treguier et al., 2023). In the zonal-mean sense, GFDL has the deepest MLDs, which come closest
to the ARGO estimates, and BLOM has the shallowest MLDs (Figures 3a and 3b). However, all of the
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Figure 2. Submesoscale vertical buoyancy flux (SVBF; (w“bsz)) and its prediction by BOD23 and BFF11 where bathymetry is deeper than 200 m. Spatial maps of them
on Feb. 1 from eNATL60 (a, b, and d) and HYCOMSO0 (g, h, and j). Cumulative isotropic wavenumber cross spectra of SVBF over 30°-37°N, 68°-74°W; black solid)
and predictions from BOD23 (red solid) and BFF11 (blue solid) for the three months of February—April. (c, i). The gray shading indicates the wavenumber cutoff due to the

coarse graining, (.4)~!/2. The cumulative cross spectra were constructed as S >k§ﬁ[ﬁ*l;\s] dk’ averaged over the top 100 m for SVBF and f/ _ ¢ [C‘I’ X Vh(bm) dk’

for the parametrizations. The Fourier transforms (A) were taken every 14 days with the Hann window applied, * is the complex conjugate and ][ - | is the real part. Note

that the SVBF cross spectra were not coarse grained as we are interested in the submesoscale covariance, cf., (W/S\)* (/bs\) # |(v;5-!7s )|. Time series of the spatial median of
C,(t,y,x) (black solid plotted against the left y axis) and C,(¢,y,x) (red solid plotted against the right y axis) (e, k). Time series of the spatial median of SVBF and its
predictions from BOD23 and BFF11 (f, 1). The dashed curves are when time-averaged values of the efficiency coefficients are used.

simulations fail to reproduce the deep MLDs north of 50°N during winter. A similar shallow bias is seen across
the global equatorial region during summer. As a point of reference, we also document the GFDL run when no
MLE parametrizations are turned on (gray curves in Figures 3a and 3b). Interestingly, the GFDL no-MLE run
comes closer to observations in the zonal-mean sense than the MLE runs outside of the Southern Ocean but
MLD in the Southern Ocean ends up too deep. The difference between BOD23 and BFF11 appear to be minor
when zonally averaged but their heterogenous spatial patterns become apparent when global maps are
examined.
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Figure 3. Mixed-layer depth estimates from ARGO and the BOD23 and BFF11 runs for global boreal and austral winter (left column), and boreal and austral summer
(right column). Zonal-mean MLDs are given in panels (a, b). ARGO estimate is in the black curve, Geophysical Fluid Dynamics Laboratory (GFDL) runs in blue curves,
Community Earth System Model runs in red curves and BLOM runs in green curves. The GFDL run without mixed-layer eddy parametrizations is shown in gray curves.
Global maps of difference between the twin BOD23 and BFF11 runs are shown in panels (c-h). Negative values indicate a stronger restratification and shallower MLDs

in BOD23.

UCHIDA ET AL.

8 of 16

85U8017 SUOWILIOD BAIESD (el [dde 8y Aq peusenob a1e Sajo1Lke O ‘8sn JO Sa|nJ Joj Akeiq1]8ulluO 3|1 UO (SUONIPUOD-PUe-SWLI/AL0D A8 | IM ARelq 1 BulUO//:SANY) SUONIPUOD pUe SWIe | 81 89S *[9202/50/.2] Uo Akl auljuo (1M ‘2289TT 195202/620T 0T/I0p/wiod Ao |im Akelq 1 put|uo sandnbe/sdny wouy pepeojumod ‘v ‘9202 ‘2008776T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL116872

First thing to note is that MLDs from the CESM and BLOM runs are much smoother in space than the GFDL run
due to their coarser spatial resolution and mesoscale eddies being parametrized (Figures 3c—3h). In the tropics, a
region where the mixed-layer Rossby radii Ly become ill defined, BFF11 predicts shallower MLDs (i.e., more
restratification) whereas in the subpolar regions BOD23 predicts shallower MLDs most notably in the North
Atlantic. If one zooms into the wintertime Gulf Stream and Kuroshio regions, BOD23 also tends to predict
shallower MLDs than BFF11 (Figures 3c, 3e, and 3g). In the Southern Ocean, all of the models agree that BOD23
leads to increased restratification and shallower MLDs than BFF11 particularly in wintertime.

As a proxy for ocean ventilation, we show the ideal age tracer, which has been included as part of the CMIP
protocol since CMIP6 (Orr et al., 2017), in Figures 1b—1g. Water masses recently in contact with the atmosphere
have a younger age and vice versa. Within the surface mixed layer (Figures 1b, 1d, and 1f), we find that the
Southern Ocean has older water masses when BOD23 is turned on compared to BFF11 consistently across all
models. This is consistent with Figures 2¢ and 2i where BOD23 leads to more restratification of the mixed layer
and, thus, less ventilation within the surface layer. Beyond this point, however, the models tend to disagree with
each other; GFDL and CESM predict that BOD23 leads to less ventilation in the abyssal North Atlantic
(Figures 1c and le) whereas BLOM indicates that BOD23 leads to more ventilation (Figure 1g). At the northern
flank of the Antarctic Circumpolar Current (ACC; ~45°S), BOD23 in GFDL has a younger age while in CESM, it
is the opposite and BLOM demonstrates no significant difference. Around the tropics and subtropics, BOD23 in
CESM results in less ventilation within the mixed layer (Figure 1c) but BOD23 in GFDL and BLOM results in
more ventilation (Figures 1b and 1f).

We end this section by documenting the AMOC stream function north of 35°S. The AMOC stream function was
defined as

9o ¥4
¥ amoc(4,2) = f / v(4,9,z)cos(A)a dz d9, 5)
Iy Zp

where A is latitude, z is depth, z, is sea-floor depth, v is meridional velocity, a is the earth radius, J is longitude
spanning the zonal extent of North Atlantic (3, to 9.). We find that BOD23 leads to a weakening of AMOC in
GFDL and CESM but a strengthening in BLOM, all on the order of 5%-20%. Given that the deceleration of
AMOC over the 20"-to-21% century is argued to be on the order of 15% (Caesar et al., 2018), we find this
sensitivity to be quite significant. The weaker AMOC is consistent with the ventilation patterns (Figures 1b and
1d), that is, older water masses below the thermocline in the North Atlantic in the BOD23-GFDL and BOD23-
CESM runs. The stronger AMOC in BOD23-BLOM than BFF11-BLOM is consistent with a more coherent
ventilation in the subpolar North Atlantic (Figure 1g).

4. Conclusions and Discussion

We have documented results on MLD and ventilation of the global ocean when two different MLE parametri-
zations, Fox-Kemper et al. (2011, BFF11) and Bodner et al. (2023, BOD23), were implemented in the GFDL
MOM6, CESM MOMS6 and BLOM code. BOD23 and BFF11 systematically shoal the mixed layer in GFDL
MOMG6 by 9% during summer and 18% over winter compared to their no-MLE counterpart (Figures 1a, 3a, and 3b
and Figure S1 in Supporting Information S1). Across all models, BOD23 leads to less ventilation than BFF11
within the surface Southern Ocean (south of 50°S) on the order of 10%—-39% (Figures 1b, 1d, and 1f), and BFF11
results in 4%—8% shallower MLDs in the tropics and extratropics (between 20°S—20°N) than BOD23 years round
(Figures 3c—3h). The agreement ends here, however; we find that different tuning strategies between the twin runs
lead to diverse realizations of the global ocean. For example, despite the GFDL twin runs being tuned to have
similar global oceanic heat uptake (Figure 1a), BOD23 leads to shallower MLDs in the North Atlantic during
wintertime (Figure 3c). This heightened restratification is consistent with what we find from submesoscale-
permitting simulation outputs in the separated Gulf Stream region (Figure 2). Below the thermocline, BOD23-
GFDL results in increased ventilation in the tropical and subtropical Atlantic compared to the other models
(30°S-30°N; Figure 1c). In the abyssal subpolar North Atlantic, GFDL and CESM agree on less ventilation under
BOD23 (Figures 1c and le) but BLOM predicts an increase in ventilation (Figure 1g). Regarding AMOC,
BOD23-GFDL and BOD23-CESM predict a weakening compared to their BFF11 counterparts whereas in
BLOM, the relation is opposite (Figure 4). The spatiotemporal details in MLEs have been documented to
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Figure 4. Atlantic Meridional Overturning Circulation (AMOC) stream function for BFF11 (top row; a—c) and BOD23 runs (middle row; d-f) averaged over the last
20 years of the outputs from Geophysical Fluid Dynamics Laboratory, Community Earth System Model and BLOM. The difference between the BOD23 and BFF11
streamfunction is shown is the bottom row where negative values indicate a spin down of AMOC in BOD23 (g-i).

modulate the formation and ventilation of subtropical mode waters (Xu et al., 2025), deep-water formation in the
North Atlantic (Tagklis et al., 2020) and its subsequent contribution to AMOC (De Marez et al., 2024).

By reverse engineering the MLE parametrizations using submesoscale-permitting simulation outputs, we find
that the efficiency parameter C, is about 30% of the recommendations made by BOD23. These estimates involve
two notable approximations:

1. SBI is marginally resolved in eNATL60 and HYCOMS50 (Dong et al., 2020, 2021), and the turbulence that
arrests frontogenesis is parameterized in these models; turbulence-front-eddy interaction with parameterized
turbulence can be very different from that in large-eddy simulations (LES; Johnson & Fox-Kemper, 2024; Li
et al., 2024; Sullivan & McWilliams, 2024) and direct-numerical simulations;

2. The BOD23 frontal width is based on near-surface frontal width measured in LES of turbulence-arrested
frontogenesis, while SBI depends on the width of the front over the whole mixed layer; this suggests that
the value of C,(t,y,x) found optimal in BOD23 may be larger than the diagnosed or tuned values found here.

The implications are that BOD23 is sensitive to the choice of OSBL turbulence parameterization, due to the
suggested relationship (3) and the fact that many metrics examined here (MLD, ventilation and AMOC) emerge
from a coupling between OSBL mixing schemes and restratification schemes. Here, the MLE schemes are varied
between BFF11 or BOD23 for each model, but other restratification mechanisms such as solar and upfront Ekman
buoyancy flux are also present. Even if they are formulated identically, these mechanisms are expected to be
sensitive to different vertical resolutions (Aguiar et al., 2025; Jia et al., 2021; Li et al., 2019; Ménesguen
etal., 2025; Stewart & Hogg, 2019), water-type parameterizations (Paulson & Simpson, 1977), and OSBL mixing
schemes (Li et al., 2021), which differ across the models. The tuning of C, in each model attempts to compensate
for these confounding effects, but our results indicate that this tuning is insufficient to make the BFF11 versus
BOD23 results fully consistent in the face of diverse model-specific choices. BLOM uses KPP, CESM adopts a
new KPP scheme which includes the effects of waves, and GFDL has ePBL. Namely, they all differ and were
tuned with different goals in mind: GFDL was aiming for global heat content while BLOM and CESM tried to

match the MLE stream functions (‘I’BOD23 ~ \I’BFFH)
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On the other hand, the shallower MLDs by BFF11 at lower latitudes are likely due to Ly becoming ill defined.
The reliance on Ly in the BFF11 scheme was based on limited observational evidence (Hosegood et al., 2006)
and heuristic arguments; a recent analysis (Whalen & Drushka, 2025) supports this case under some circum-
stances. However, these arguments and observations do not apply in the tropics, and the form of the BFF11
scheme as f — 0 was theoretical rather than observationally justified. Furthermore, the M? (=|Vh5z|2) -based
versions of BFF11 prescribe limits on L; from both above and below (Fox-Kemper et al., 2011, their Equation
13), which unfortunately leads to a sensitivity to the setting of these artificial caps. This sensitivity is one
motivating reason for BOD23 and the present study where we intercompare the combination of different schemes.
Observations establish the net result of frontal arrest, mixing, and restratification, not the individual processes that
lead to them, which are all parameterized in global ocean simulations. Thus, there are many feedbacks that need to
be correctly sized for the frontal width and deformation radius to numerically converge as they do in observations.

The sensitivity of large-scale stratification to MLE parametrizations is consistent with Smith et al. (2025).
Mesoscale dynamics in Smith et al. and in CESM and BLOM are parametrized by GM and isopycnic tracer
diffusion. Non-eddying numerical simulations with GM turned on are notorious for being sensitive to the surface
boundary conditions in computing the GM eddy-induced stream function (Gnanadesikan, Griffies, & Sam-
uels, 2007; Danabasoglu et al., 2008; Ferrari et al., 2008, 2010; Uchida, 2019, his Appendix D). The MLE pa-
rametrizations in effect modify the boundary conditions for GM and indirectly affect the resulting interior
stratification. This change in stratification in turn, likely modulates the ventilation of the global ocean via
isopycnic tracer diffusion; the two have been shown to be interlinked (Gnanadesikan et al., 2015; Gnanadesikan,
Russell, & Zeng, 2007; Jones & Abernathey, 2019). It would be interesting to test whether the mesoscale
parametrization proposed by Greatbatch and Lamb (1990) would present similar levels of sensitivity to boundary
conditions (cf., Loose et al., 2023). At the resolution of 1/4°, mesoscale eddies are partially admitted in the GFDL
runs but MLEs are not. The difference between the no-MLE run and BOD23-BFF11 twin runs highlights the
sensitivity of MLD and ocean heat uptake to the interaction between MLE and OSBL schemes (Figures 1a, 3a,
and 3b and Figure S1 in Supporting Information S1).

Nonetheless, overall, both BFF11 and BOD23 and Bodner et al. (2025) have very similar magnitudes of
restratification when compared to using no submesoscale parameterization at all. Despite the differences in
Figures 3c—3h, the spatial patterns between mixed-layer restratification in GFDL BFF11 and BOD23 in reference
to the no-MLE run are very similar (Figure S1 in Supporting Information S1). This is also evident in the globally
averaged temperature where the GFDL BFF11-BOD23 twin runs are cooler by O(1 °C) than their no-MLE
counterpart (blue and gray curves in Figure 1a). While this may seem small, given that the surface warming
discussed in Intergovernmental Panel on Climate Change reports is on the order of 1.5 °C (Masson-Delmotte
etal., 2018), the impact of MLE parametrizations on ocean heat uptake is non-negligible. Based on our results, we
also recommend the relation C, < C,. Conversely, the tuned values of C, (0.003-0.038) imply that the coefficient
C; be adjusted to 1.5-4, suggesting that symmetric instability may dominate as the frontal-arrest mechanism
(Bachman et al., 2017; Dong et al., 2024). To summarize, our results highlight that it is better to use a sub-
mesoscale restratification scheme of some sort (cf. Zhang et al., 2025; Feng et al., 2025), but the large-scale, low-
frequency ocean behavior is sensitive to the differences between BFF11 and BOD23 and their interaction with
OSBL schemes. We have documented this via climate relevant metrics centered around global ocean heat and
carbon uptake. In our opinion, the BOD23 parameterization better encapsulates the present understanding of
boundary-layer processes than BFF11.
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Meridional Overturning Circulation diagnostics were executed using the xoverturning Python package
(Dussin & Krasting, 2021). The eNATL60 and HY COMS50 model outputs used in this paper are publicly available
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on the Open Storage Network (OSN; https://www.openstoragenetwork.org/), a cloud storage platform operated
by the NSF. Jupyter notebooks used for analyses are available via Github (Bodner & Uchida, 2025, https://doi.
org/10.5281/zenodo.17872555). Other example Jupyter notebooks and Yaml file used to access the eNATL60
and HYCOMS0 data can also be found on Github (Stern et al., 2022, https://github.com/pangeo-data/swot_ada
c_ogcms). Postprocessing of the eNATL60 and HYCOMS5O0 outputs were done using the xgcm Python package
(Abernathey et al., 2021). Thermodynamic diagnostics of eNATL60 and HYCOMS50 were executed using the
TEOS-10 gsw and fastjmd95 Python packages respectively (Abernathey & Busecke, 2020; Firing et al., 2021;
McDougall & Barker, 2011). Wavenumber spectra were computed using the xrft Python package (Uchida
et al., 2023). We thank the developers of the gcm-filters Python package (Loose et al., 2022).
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