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Abstract. The mixed layer depth (MLD) is critical for under-
standing ocean-atmosphere interactions and internal ocean
dynamics. Traditional methods for determining the MLD,
commonly relying on constant temperature and density
thresholds, may not adequately address spatial and tempo-
ral variations in local oceanographic conditions, thereby lim-
iting their global consistency and applicability. An energy-
based definition of the mixed layer could be a more phys-
ically consistent alternative to address this issue. We pro-
pose a physically derived and energy-based methodology
that defines the mixed layer as the energetically homoge-
neous upper ocean layer in which water parcels can move
with little or no buoyancy work. The threshold in buoyancy
work, which determines the mixed layer globally through-
out the year, was carefully investigated. An energy-based
global monthly MLD climatology demonstrated the relia-
bility of the methodology across diverse ocean conditions
and its usefulness for studies spanning seasonal to climate
time scales, from regional to large spatial scales. Our easy-
to-implement MLD methodology provides a robust crite-
rion that is globally and temporally consistent, maintain-
ing quasi-homogeneity in energy, density, and temperature
year-round for most of the global ocean. This study pro-
motes the development of MLD energy-based methodolo-
gies that could offer significant potential for advancing the

study of dynamic and thermodynamic processes, includ-
ing heat content and vertical exchanges. Our methodology
could also serve as a robust tool for validating ocean cir-
culation models and supporting intercomparison studies in
initiatives such as the Ocean Model Intercomparison Project
(OMIP) and the International Coupled Model Intercompar-
ison Project (CMIP). Future research will explore its appli-
cability to high-frequency processes and regional variability,
further enhancing its utility for understanding and modeling
oceanic phenomena.

1 Introduction

The ocean mixed layer is the ocean’s surface layer in di-
rect contact with the atmosphere, whose properties (poten-
tial density, temperature, salinity, and other tracers) are rel-
atively homogeneous in the vertical. Such relatively verti-
cal homogeneity is due to turbulence caused by wind ef-
fects, buoyancy-driven fluxes, and waves (D’Asaro, 2014,
Sallée et al., 2021; Reichl et al., 2022). The mixed layer
concept allows for diagnosing vertical exchanges within the
ocean and those between the ocean and the atmosphere with-
out a detailed analysis of the associated turbulent processes
(D’ Asaro, 2014; Sutherland et al., 2014; Franks, 2014). The
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mixed layer plays a crucial role in the Earth’s weather and
climate since it determines the energy, mass, and momen-
tum exchanges between the ocean and the atmosphere (Gill,
1982). It largely determines different aspects of the climate
system: ocean surface temperature (Deser et al., 2010), for-
mation and properties of water masses (Hanawa and Talley,
2001; Groeskamp et al., 2019), thermal energy available to a
tropical cyclone (Shen and Ginis, 2003), biological produc-
tivity (Franks, 2014; Bouman et al., 2020), chlorophyll con-
tent (Brisefio Avena et al., 2020; Carvalho et al., 2017), and
carbon subduction (Bopp et al., 2015; Omand et al., 2015).

The mixed layer depth (MLD) is a key variable in under-
standing the past, present, and future variability of Earth’s
weather and climate (Sallée et al., 2021; Treguier et al.,
2023). However, the definition of the mixed layer as a rela-
tively homogeneous layer is very vague (de Boyer Montégut
et al., 2004), which has led to numerous definitions and es-
timates of the MLD (de Boyer Montégut et al., 2004; Holte
and Talley, 2009; Schofield et al., 2015; Reichl et al., 2022;
Romero et al., 2023). The above has resulted in high uncer-
tainty in estimating the MLD, mainly in deep and interme-
diate water formation regions, polar seas, and barrier layer
regions (Treguier et al., 2023). That also has affected the
analysis of the relationship between the MLD and various
ecological processes, such as chlorophyll-a content, phyto-
plankton dynamics, and primary production (Carvalho et al.,
2017; Bouman et al., 2020). No MLD definition provides ac-
curate estimates for all world regions under different ocean
conditions throughout the year.

Different authors have suggested that the physically rel-
evant definitions of MLD should be density-based since
this approach captures both temperature- and salinity-driven
stratifications at the mixed layer (Griffies et al., 2016; Sal-
1ée et al., 2021; Treguier et al., 2023). The protocol used
to compute the MLD in the Ocean Model Intercomparison
Project (OMIP) and the International Coupled Model In-
tercomparison Project (CMIP) considers a constant density
threshold; however, in regions with vertically compensated
layers, the density threshold may overestimate the MLD
(de Boyer Montégut et al., 2004). No physical reason sus-
tains the choice of a specific density threshold; instead, it is
heuristically obtained. Reichl et al. (2022) proposed an MLD
definition considering the potential energy anomaly of the
water column; their work is promising because it is based
on physical principles, but they did not provide specific en-
ergy values to define the MLD globally during all seasons.
Consequently, MLD methodologies, physically derived and
energy-based, need to be developed and investigated in more
detail to provide accurate estimates for all world regions un-
der different ocean conditions (Treguier et al., 2023).

This study aims to develop a physics-based methodology,
based on energy considerations, for calculating the MLD un-
der different ocean conditions. The mixed layer is defined
from an energy measure of the vertical homogeneity of the
water column, which quantifies the work done by the buoy-
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ancy force to displace a water parcel vertically. The method-
ology’s global applicability is one of its crucial contribu-
tions; therefore, long-term observational data providing ex-
tensive global coverage were used to construct a gridded
MLD climatology. The resulting global monthly MLD clima-
tology and the value of the buoyancy work determining the
mixed layer during each month were carefully investigated
and compared with other MLD methodologies. The energy-
based definition of the MLD is consistent with physics; it
has the potential to provide further insights into various dy-
namic (e.g., vertical exchanges within the ocean and between
the ocean and the atmosphere), thermodynamic (upper ocean
heat content), and ecological (e.g., chlorophyll-a content and
phytoplankton dynamics) processes. The observation-based
global MLD climatology could be a reference to validate
numerical solutions, perform MLD model intercomparison
studies, and provide new insights into understanding the
mixed layer.

2 Methodology and data

2.1 An energy measure of the vertical homogeneity of
the water column

Previous research has established the mixed layer as the up-
per ocean layer that is relatively homogeneous in the vertical.
Several approaches to quantify the upper ocean layer’s verti-
cal homogeneity have been proposed from this premise. This
study proposes a quantitative measure of the vertical homo-
geneity of the upper ocean layer, derived from physical prin-
ciples and based on energy considerations, from which the
MLD can be defined. Since vertical changes in density hin-
der turbulence and subsequent mixing, a physically relevant
metric of the water column’s vertical homogeneity should be
density-based. Thus, we propose quantifying the water col-
umn’s vertical homogeneity in terms of the work done by
the buoyancy force in vertically displacing a water parcel
under static instability conditions, herein referred to as the
work done by buoyancy (WB). When considering vertical
displacements from the ocean’s interior to the surface, WB
can constitute a proxy for the vertical homogeneity of the
water column: the lower the WB, the greater the vertical ho-
mogeneity of the water column, and vice versa.

The following shows the mathematical development to de-
fine WB. Consider a fluid in hydrostatic balance in which a
water parcel is adiabatically displaced along the vertical; in
such a displacement, the potential density of the parcel is ma-
terially conserved. The buoyancy force experienced by a par-
cel, initially at equilibrium at zeq, when displaced from zeq to
any depth z is given by (Vallis, 2006, p. 92)

F(2)=g[p’ @) — p’(zeq)] (1)

where g is the acceleration due to gravity and p? is the po-
tential density of the environment referred to the pressure at
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level z. The force is null at zeq, positive if 0% (z) > ,OG(Zeq)
and negative if p? (z) < p? (Zeq). By calculating the line inte-
gral of the buoyancy force along such a displacement, WB is
obtained,

WB;,, ;= f F(y)dy =g f [0 (¥) — p? (zeq) ] dy

Zeq Zeq

Z

= —g (2 —zeq) P (zeq) + & / o’ (y)dy. )

Zeq

Since we are interested in determining the ocean mixed layer,
p? is referred to the surface (to 0 dbar), pg . The limits in the
integral of Eq. (2) typically should extend from the MLD
to the free surface. Recent studies have utilized the inte-
gral fl\(/)[LD [0%(z) — o’ (MLD)]dz, commonly referred to as
the vertically integrated stratification relative to the MLD, to
examine the MLD and mixing in the Indian and Southern
Oceans (Lee et al., 2011; Small et al., 2021; Caneill et al.,
2024). WB depends on the cumulative effect along the ver-
tical of the buoyancy force, which in turn depends on the
difference in p? between any depth z and Zeq. In stable den-
sity profiles, where p? increases with depth, WB is negative
for upward and downward displacements of the water parcel;
the displaced water parcel tends to return to its original depth
Zeq Where it was at equilibrium. For an upward displacement
(positive displacement), the force is downward; for a down-
ward displacement (negative displacement), the force is up-
ward. The opposite behavior is obtained in unstable density
profiles, where p? decreases with depth.

WB quantifies the energy required for a water parcel to
displace vertically from its equilibrium level to any level; it
represents the potential energy barrier to its displacement.
Consequently, WB is better than density for diagnosing the
water column section in direct contact with the atmosphere
and its vertical homogeneity in energetic terms. Moreover,
WB yields an estimate of the buoyancy flux required to mix
an upper water column. The buoyancy flux is a major driver
of vertical processes; it determines the depth of vertical ex-
changes within the ocean and, consequently, the MLD (Gill,
1982; Sutherland et al., 2013; Zippel et al., 2022). The re-
lationship between the buoyancy flux and WB is evinced by
showing that it corresponds with columnar buoyancy, which
represents the buoyancy loss required to mix the water col-
umn from the surface down to a depth of /4 during a specific
time period (Lascaratos and Nittis, 1998; Herrmann et al.,
2008); dividing columnar buoyancy by this time period gives
the buoyancy flux required to mix that column during the
same time period (Faure and Kawai, 2015). To show the
above, we employed an approximation for columnar buoy-
ancy in terms of pg , valid for shallow depths, derived by
Caneill et al. (2024),
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_ / IN2(2)dz ~

h

0
8 ) 0
- — h)|dz, 3
pohf[po(z) pg (h)]dz 3)

where the left-hand side is columnar buoyancy, # is the depth
at which columnar buoyancy is calculated, N is the square
of the buoyancy frequency, and py is a density of reference.
Caneill et al. (2024) employed Eq. (3) to calculate columnar
buoyancy at 250 m depth. Figure S1 in the Supplement shows
an example of the differences in columnar buoyancy obtained
using ,og and the locally referenced potential density for a lo-
cation in the Greenland Sea during April. The mean absolute
percentage error is negligible in shallow depths (3.2 % in the
first 300 m of the water column), small at medium depths
(14.3 % in the first 900 m of the water column), and signifi-
cant at very great depths (32.1 % in the first 1800 m of the wa-
ter column). Even in this deep-water formation region, with
strong convective processes, the differences between both ex-
pressions of columnar buoyancy are minor in the first few
hundred meters. The above adds confidence in using the ap-
proach given by Eq. (3) in the context of our study.
From Eq. (3), WB can be expressed as

0

0
WBj0=g / [0 (2) — pf ()] dz == po / N2 (2)dz. ()
h h

Equation (4) shows that WB approximately corresponds with
columnar buoyancy in shallow depths; WB is the negative
of columnar buoyancy multiplied by pp, and consequently,
yields an estimate of the buoyancy flux. Since the buoyancy
flux is a term in the turbulent kinetic energy budget of the
upper ocean layer (Zippel et al., 2022), it is plausible to con-
nect WB with this energy budget and, thus, with the physics
of boundary layer turbulence. The above suggests that our
methodology for defining the MLD is consistent with the
turbulent approach to the mixed layer formation; however,
as described below, our mixed layer definition does not ac-
count for the timescales of active mixing, somehow blurring
the connection between WB and the turbulent formation of
the mixed layer. Further analysis of this connection is beyond
the scope of this study and is proposed for future research.
The use of WB as a proxy for the vertical homogeneity of
the water column can be exemplified by considering typical
potential density profiles in different seasons (Fig. 1). The
WB required to displace each water parcel in the water col-
umn from its equilibrium level to the surface is also shown
for each density profile; to better appreciate the relationship
between density and WB, the negative value of WB is plot-
ted in all the figures. A strong correspondence exists between
the density profile and its associated WB profile: a perfectly
homogeneous water column has zero WB values, whereas a
stratified water column has density and WB increasing with
depth. However, due to the nonlinearity between WB and
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density, the density variation between two depths is not pro-
portional to the corresponding variation in WB. For exam-
ple, the stratified profile (Fig. 1d) has a larger density varia-
tion than the winter profile (Fig. 1b), but the WB variation is
larger in the winter than in the stratified profile: large density
variations do not always correspond to large WB values.

2.2 Defining the mixed layer

The mixed layer definition taken in this study is based on
that of Brainerd and Gregg (1995), who defined it as the zone
in which surface fluxes have been mixed through timescales
longer than several days. The mixed layer does not address
the diurnal mixing cycle or the timescales in which mixing is
currently active, that is, the timescales relevant to the mixing
layer. The mixed layer considered in this study is representa-
tive of seasonal timescales; it is the relatively homogeneous
upper ocean layer formed by the history of mixing when the
ocean is nearly in thermal equilibrium with the atmosphere
on timescales of a few days or more (Brainerd and Gregg,
1995). This study defines the mixed layer as the energeti-
cally homogeneous upper ocean layer; we consider a layer to
be energetically homogeneous when water parcels can move
with little or no WB within it. This energetic homogeneity
is the key and distinctive property of our mixed-layer def-
inition. Since WB is a proxy for the vertical homogeneity
of the water column, the mixed layer is thus the upper ocean
layer with small WB values, which is well-mixed in energetic
terms and, therefore, in contact with the atmosphere.

How small should the WB values be to characterize a well-
mixed layer? To answer this question, we will continue the
mathematical development of WB. From Eq. (2), when con-
sidering the vertical section from any depth 4 to the free sur-
face 1 and using the first mean value theorem of calculus for
definite integrals, we can express Eq. (2) as a relationship be-
tween the degree of density inhomogeneity A pg of any up-
per section of the water column and the corresponding WB
required to displace a water parcel from its base to its top,

WBjoy = —g1— ) [0 (1) = 0§ | = —s(1 =W ASE. ()
where

1

JE— 1 JE— JE—

pg = 77Th/pg(z)dz and Apg = pg(h) —,og.
h

The intrinsic relationship between WB and the density
variations along the water column can be explored via
Eq. (5). We can explore the density structure of an energy-
homogeneous layer and, reciprocally, the energy behavior
of a density-homogeneous layer. Below, we describe these
cases:

— For a layer with a unique, non-zero WB value, Eq. (5)
establishes a nonlinear decrease of A pg with depth; the
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density variation should decrease with depth to main-
tain the same WB value (Fig. 2a). The degree of density

inhomogeneity Apg along the water column changes
according to the intensity of turbulence and mixing
in the ocean: the greater the turbulence and mixing,
the greater the vertical homogeneity of the water col-
umn (the density variation and the WB value are small
at large depths) and the larger the MLD. For exam-
ple, WB = 10T m~3 implies Apg =0.015kgm~3 from
the surface to 68 m depth and WB =20Jm~3 implies
Apg =0.015kgm™3 from the surface to 136 m depth.
The opposite behavior is obtained for low turbulence
and mixing, which produces low vertical homogeneity
of the water column (the density variation and the WB
value are large at shallow depths) and a shallow MLD.

— A layer with a unique, non-zero Ag value is associated
with a linear increase of WB with depth; more WB is
required to raise a parcel from a greater depth (Fig. 2b).

Determining a well-mixed layer in energetic terms is not
direct; finding the WB threshold requires a density-based
reference value, i.e., the density variations along the mixed
layer. An approach to finding the WB threshold that defines
the MLD is to use Eq. (5), considering a specific degree of

density inhomogeneity A pg along the mixed layer. The pro-
cedure is as follows:

1. Selecta A pg value characteristic of a well-mixed layer
in density; some of the density criteria suggested in the
literature can be used (Levitus, 1982; Iglra et al., 2000;
de Boyer Montégut et al., 2004). A A pg homogeneous
in space and time will lead to spatially and temporally
variable WB thresholds.

2. For the selected Apg value, use Eq. (5) to con-
struct the associated reference curve of buoyancy work,

WBier(z2) = —g(n — z)Apg. WB values smaller than
WB,f indicate a layer quasi-homogeneous in density; in
contrast, WB values larger than WB,s indicate a layer
not quasi-homogeneous in density.

3. The intersection depth between the WB profile of in-
terest and WB,es determines the vertical extension of
the well-mixed layer in energetic terms for the pro-
file of interest, that is, its MLD. The WB value at the
MLD thus represents the WB threshold characterizing
the well-mixed layer in energetic terms, according to the

Ap_g value. Naturally, the WB threshold depends on the
choice of the reference depth at which WB s = 0.

4. The resulting WB threshold should be analyzed to de-
termine whether it identifies the entire vertical extent of
the energetically homogeneous upper ocean layer with
small WB values. If necessary, the WB threshold should

https://doi.org/10.5194/0s-21-2019-2025
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Figure 1. Typical density profiles for (a) summer, (b) winter, (¢) spring, and (d) a stratified condition (black curves) and the corresponding
WB (gray curves). The density profiles, from Treguier et al. (2023) in their Fig. 2, show the potential density anomaly referred to 0 dbar (oy).

Three Apg values (0, 0.0150, and 0.0625 kg m_3) were considered; the larger the Apg , the larger the slope of WB¢¢(z) (blue curves). For
each Apg , the corresponding MLD (red curves) and WB value at the MLD are also shown.
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Figure 2. Relationship between the degree of density inhomogene-
ity (Apg) along the water column and the corresponding WB re-
quired to displace a water parcel from any depth to the surface
(Eq. 5). Profiles are shown for various single values of (a) WB and

(b) Apf.

be adjusted. The above determines its adequacy in pro-
ducing a physically realistic MLD in energetic terms.

The above represents our approach to defining the MLD

via a physics-derived, energy-based methodology, herein re-
ferred to as EBM. To differentiate our MLD methodology

https://doi.org/10.5194/0s-21-2019-2025

from other threshold-based methodologies, and for the sake
of conciseness, we will refer to ours as an energy-based one;
however, it is essential to emphasize that our MLD methodol-
ogy is based on a specific energy approach, namely, the work
done by buoyancy. Figure 1 also exemplifies the application
of EBM in determining the MLD and the corresponding WB
threshold, considering three A ,og values. For idealized den-
sity profiles with a single strong pycnocline (summer and
winter profiles in Fig. 1), the MLD is clearly defined (even by
eye), but their MLD and corresponding WB threshold vary
depending on the A pg considered. The MLD varies slightly
(a few meters), but the WB threshold can vary significantly:
it varies from 0 to 34 Jm™3 for the summer profile (Fig. 1a)
and from 0 to 128 Jm~3 for the winter profile (Fig. 1b). For
strongly stratified density profiles, profiles with several py-
cnoclines, or very smooth density profiles, the mixed layer
can be shallow or deep depending on the chosen thresh-
old characterizing quasi-homogeneous WB values. For the
spring profile (Fig. 1c) with near-surface restratification, the
mixed layer can be as shallow as 0 m, as deep as 50 m, or have
intermediate depths depending on the WB threshold charac-
terizing a quasi-homogeneous section. For the strongly strat-
ified density profile (Fig. 1d), the mixed layer could be very
shallow or non-existent. The variability in the WB threshold
underscores the complexity of estimating the MLD.

The MLD definition differs between the potential energy
(PE) anomaly methodology proposed by Reichl et al. (2022)
and the methodology presented here. The PE anomaly di-
agnoses the MLD as the depth to which a given energy

Ocean Sci., 21, 2019-2039, 2025
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could homogenize a layer of seawater; the PE anomaly re-
lates to the turbulent kinetic energy budget of the ocean sur-
face boundary layer and serves as a good proxy for mixing,
resulting in MLD estimates that are representative of active
boundary layer turbulence. On the other hand, EBM deter-
mines the MLD by quantifying the vertical homogeneity of
the water column in terms of the required WB to displace a
water parcel vertically. WB is possibly connected to the tur-
bulent kinetic energy budget of the upper ocean layer and,
thus, to the turbulent approach of the mixed layer formation;
however, we did not conduct an in-depth analysis of this con-
nection, which we propose for future research.

2.3 Data

The Argo profiles for the global ocean (Wong et al., 2020)
were used to compute the MLD. The profiles were obtained
from the Argo snapshot of June 2024 and comprise data
from January 2005 to December 2023 (Argo, 2024). Delayed
mode profiles deemed good and probably good (quality flags
1 and 2) were selected, obtaining ~ 2 million in situ pro-
files. Using the Thermodynamic Equation of SeaWater 2010
(McDougall and Barker, 2011), the conservative temperature
(®), absolute salinity (Sa), and surface-referenced potential
density (,og) were calculated for all the profiles, retaining
their original vertical resolution. The spatial and temporal
distribution of the Argo profiles used in this study is shown in
Fig. S2 in the Supplement. The spatial coverage of the Argo
data does not completely map the entire ocean (neritic and
oceanic zones): coastal zones are consistently not mapped,
and the data are somewhat scattered south of 60° S and scarce
north of 60°N, mainly in the Pacific Ocean. Beyond these
limitations, Argo data provide extensive global coverage and
can be considered representative of the world ocean (Wong
et al., 2020).

2.4 Construction of energy-based global monthly MLD
climatologies

In this study, we constructed two energy-based global

monthly MLD climatologies considering two Apg values,
0.0150 and 0.0625kgm™3, characteristic of density varia-
tions of approximately 0.030 and 0.125kgm™> along the
mixed layer, respectively (Levitus, 1982; Kara et al., 2000;
de Boyer Montégut et al., 2004). The MLD was computed for
each Argo profile within a 2° x 2° grid cell for each month
in the long-term record; the resulting MLD values were then
averaged to obtain a representative value of the MLD for
that grid cell and month. Since the original vertical resolu-
tion of the Argo profiles was retained, the resulting gridded
MLD climatologies are observation-based. In determining
the MLD, we used a reference depth of 10m to avoid di-
urnal influences, in agreement with de Boyer Montégut et al.
(2004) and Treguier et al. (2023). Therefore, we identified
the energetically homogeneous layer below 10 m depth, con-
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sidering the WB required to displace a water parcel from any
depth to 10 m so that WB(10m) = 0. Potential density pro-
files were interpolated to 10 m if conservative temperature
and absolute salinity measurements were not available at that
depth; a linear interpolation of the potential density profile
was implemented.

The characteristics of EBM were analyzed, and their per-
formance was contrasted with three commonly used method-
ologies and a recent one, further expanding the applicability
of this study. It would have been very significant to consider
the PE anomaly in the comparison; however, it was not pos-
sible due to the lack of a specific criterion to determine the
MLD on a global scale. The first two common MLD method-
ologies are the 0.03kgm™ and the 0.2°C thresholds pro-
posed by de Boyer Montégut et al. (2004). The third com-
mon MLD methodology is the multi-criteria method of Holte
and Talley (2009), which calculates possible MLDs derived
from threshold and gradient methods to select a final MLD
estimate based on physical features in the profile. The recent
MLD methodology is the sigmoid function fitting method of
Romero et al. (2023), which computes the MLD and the max-
imum thermocline depth by evaluating the fit of the sigmoid
function to the temperature profile. We will refer to these
methodologies as BO4D, BO4T, HT09, and R23, respectively
(and collectively as the common MLD methodologies). All
the MLD climatologies were calculated using the same Argo
dataset, with the same temporal and spatial scales and refer-
ence depth, making them comparable.

3 Results

The results are presented in three parts. In the first part, we
analyzed two energy-based global monthly MLD climatolo-
gies and the WB threshold that defines the mixed layer. We
then evaluated the EBM performance using a quality index
and explored the degree of homogeneity in the mixed layer
concerning density and temperature. In the second part, we
compared EBM with the common MLD methodologies, con-
sidering their MLD magnitude and energy consistency in de-
termining the MLD. The above represents an important con-
tribution to previous studies on MLD climatologies, provid-
ing new insights into understanding the mixed layer. In the
third part, we conducted a preliminary exploration of which
WB values can define the MLD globally throughout the year.

3.1 Energy-based global monthly MLD climatology

The global monthly MLD climatology calculated with EBM,
considering Apf =0.0150kgm™, is shown in Fig. 3. In
agreement with the expected physical behavior, the MLD ex-
hibits a clear seasonality, being shallow during summer and
deep during winter, and having a high heterogeneity in space.
Figure 3 also shows the corresponding cumulative density
function (CDF) of the MLD for the world ocean, considering
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all the months; thus, it represents the conjoint distribution in
space and time of the MLD. Throughout the year, 50 % of the
world ocean has MLDs up to 44 m, while only 1 % reaches
MLDs over 269 m. The probability density function (PDF)
used to compute the CDF was obtained through kernel den-
sity estimation (Rosenblatt, 1956; Parzen, 1962) using the
gaussian-kde function from Python’s SciPy library.

The following describes the MLD’s spatio-temporal vari-
ability shown in Fig. 3. The tropical oceans have relatively
shallow mixed layers throughout the year, with moderate sea-
sonal changes; the MLD varies in a range of a few tens of
meters. Semiannual cycles can be discerned in the region
of barrier layer formation, approximately located in [15° S,
15°N] x [150°E, 150° W], and in the northern Indian Ocean,
mainly in the Arabian Sea. In contrast to the tropical oceans,
the regions from midlatitudes to high latitudes have deeper
mixed layers with strong seasonal changes, with the MLD
ranging from several tens of meters during summer and early
fall to several hundred meters during winter and early spring.
The seasonal changes are smaller in the North Pacific than
in the North Atlantic and Southern Oceans. The MLD val-
ues in the North Pacific are asymmetric during wintertime;
they are larger in the northwest than in the northeast. Con-
cerning the seasonal behavior of the MLD in the Southern
Ocean, the mixed layer is shallow in the continental shelves
during each season, deepens in the Antarctic Circumpolar
Current region, and becomes shallower towards the north of
the Antarctic Circumpolar Current. The largest MLD val-
ues across the Southern Ocean are not located between the
same latitudes; they are located between 60—50° S in the Pa-
cific, between 50-40°S in the Indian Ocean, and between
60-50°S in the Atlantic Ocean. The largest MLD values oc-
cur during wintertime in deep and intermediate water for-
mation regions and polar seas in the North Atlantic (south
of Iceland and the Labrador, Greenland, Iceland, and Nor-
way Seas) and in the South Pacific and South Indian Oceans
between 65 and 45°S. The MLD can reach values of up to
945 m in the Labrador Sea, 1074 m in the Greenland, Iceland
and Norwegian seas region, and 614 m in the South Pacific
and South Indian Oceans.

The global monthly climatology of the WB threshold char-
acterizing the MLD, considering Apg =0.0150kgm™3, is
shown in Fig. 4. This figure also shows the CDF of WB at the
MLD for the world ocean, considering all the months. The
spatial and temporal variability of the WB threshold is very
similar to that of the associated MLD (Fig. 3), but with small
variations in the WB magnitude through time. Equation (5)
and Fig. 2 establish that the MLD derived from a unique,
non-zero Apg threshold will not result in a unique, non-zero
WB threshold. Interestingly, results for this Apg threshold
showed that for most of the world ocean, the WB thresholds
seem small enough to characterize an energetically homoge-
neous ocean layer, which would be consistent with our en-
ergy definition of the mixed layer. 75 % of the world ocean
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has WB thresholds not exceeding 9.5J m~3 year-round, and
up to 95 % has WB thresholds below 20.8 J m~3; the largest
WB thresholds only occur in high latitudes during winter-
time.

To explore if the mixed layer is energetically homoge-
neous, we computed a quality index for WB (Qlyyg) follow-
ing Lorbacher et al. (2006), who defined it assuming a near-
surface layer with quasi-homogeneous properties in which
the standard deviation of the property along its vertical mean
is close to zero. Following Lorbacher et al. (2006), Qlyg can
evaluate the degree of homogeneity in WB from the 10 m
depth to the MLD and, consequently, the EBM performance
in determining the MLD according to the following crite-
ria: Qlypg > 0.8 indicates a well-homogeneous layer in WB,
0.5 < QlLyg < 0.8 indicates increased uncertainty in the exis-
tence of a quasi-homogeneous layer in WB, and Qlyg < 0.5
indicates that there is no a quasi-homogeneous layer in WB
(a common result for profiles where WB changes gradu-
ally with depth). Figure 5 shows the global monthly cli-

matology of Qlyg for the EBM-MLD, considering Ap§ =
0.0150 kg m~3, along with its corresponding CDF. EBM per-
forms very well in almost all the world ocean year-round:
96.72 % of the world ocean has Qlywg > 0.8, whereas only
in 0.03 % of the world ocean EBM has Qlyg < 0.5. Dur-
ing the transition from wintertime to springtime in the North
Atlantic and Southern Oceans, Qlywg & 0.7, indicating a re-
duced but still good EBM performance.

The occurrence of strong convective processes in high-
latitude regions during winter generally produces homoge-
neous layers to very great depths. In these cases, the poten-
tial density profile is very smooth, resulting in high values of
the MLD and its associated WB threshold. The smoothness
of the WB profile, with a structural change hardly identifi-
able, results in Qlyp being close to 1. These profiles pose
a challenge to the quality index of Lorbacher when identify-
ing an upper homogeneous layer, making the interpretation
of Qlywg in terms of its numerical values ambiguous and po-
tentially inaccurate. The difficulty in describing the homo-
geneity in WB in terms of Qly g in high-latitude regions dur-
ing winter also applies to the deep-water formation regions.
The above results in that the estimation of the WB threshold
characterizing the MLD in those regions has a larger uncer-
tainty than that estimated in regions where an energetically
homogeneous layer is easily identifiable. Despite the above,
we assume that QI p is enough representative of the vertical
homogeneity of the mixed layer in high-latitude and deep-
water formation regions; more on this issue is addressed in
the Discussion. The most relevant aim of this analysis is to
evaluate the general performance of EBM.

The previous analyses showed that EBM provides MLD
estimates consistent with the space-time variability in strati-
fication across the world ocean throughout the year, which
agrees with the expected physical behavior. The resulting
MLD delimitates a well-mixed layer in energetic terms un-
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Figure 3. (a) Global monthly MLD climatology calculated with EBM, considering A% =0.0150kg m~3. (b) The cumulative density
function (CDF) of the conjoint distribution in space and time of MLD, with various percentiles shown. The maximum MLD is 1074 m.

der different ocean conditions in highly and slightly stratified
regions, suggesting it can represent a good standard in de-
termining the MLD with global applicability during all sea-
sons. However, it remains to investigate to what extent the
layer quasi-homogeneous in energy is homogeneous in den-
sity and temperature. Figures 6 and 7 show a monthly cli-
matology of the absolute differences in potential density and
conservative temperature from the reference depth of 10m to
the EBM-MLD, respectively; their corresponding CDFs are
also shown.

In constructing the mixed layer definition, the density vari-
ations along the mixed layer throughout the year were estab-
lished. The maximum differences in potential density from
the reference depth of 10 m to the EBM-MLD are limited

by approximately 2Ap_g, while the minimum differences are
only slightly greater than A pg. For the EBM-MLD climatol-

ogy, considering Apg =0.0150kgm™3, most of the world
ocean should have potential density differences within the in-
terval (0.0150, 0.0300) kg m~> throughout the year (Fig. 6).
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Density differences smaller than 0.0150 kg m—> can occur in
regions with very shallow mixed layers where the density
profiles are noisy, with values oscillating around the density
value at the reference depth. The spatial variability of the
density differences is not expected to have particular char-
acteristics, such as showing high heterogeneity or seasonal
behavior. EBM was constructed to have density variations
along the mixed layer that are very restricted globally year-
round (see the CDF in Fig. 6). Note that this result does not
contradict the expected physical behavior relating the density
stratification and the MLD, according to which the stronger
the density stratification, the smaller the MLD and vice versa.

The differences in conservative temperature from the ref-
erence depth of 10 m to the MLD shown in Fig. 7 are het-
erogeneous in space and change over time with a type of
seasonal variation. The temperature differences are gener-
ally large for large MLDs and vice versa; however, the tem-
perature differences do not have the same structure or sea-
sonal variation as those of the MLD. The corresponding CDF
shows that 95 % of the global ocean has temperature differ-
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Figure 4. (a) Global monthly climatology of the WB threshold characterizing the EBM-MLD, i.e., WB(z = MLD), considering A% =
0.0150kg m~3. (b) The cumulative density function (CDF) of the conjoint distribution in space and time of WB(z = MLD), with various

percentiles shown. The maximum WB threshold is 156 J m~3.

ences of less than 0.22 °C throughout the year. The most rel-
evant contribution of this figure is the homogeneity in tem-
perature rather than a detailed analysis of the spatiotempo-
ral variability of these differences. In summary, EBM de-
termines a quasi-homogeneous mixed layer in WB, density,
and temperature for the global ocean throughout the year, in
agreement with our definition and those of de Boyer Mon-
tégut et al. (2004).

Finally, we analyzed the global monthly MLD climatology
calculated with EBM and its corresponding WB threshold
climatology, considering Apg =0.0625kgm~3 (Figs. S3
and S4 in the Supplement). Compared to the case with
A,og =0.0150kg m~3, the MLD magnitude is larger, and its
seasonal changes are somewhat blurred. The associated WB
thresholds are large enough to be representative of layers
with small WB values, with 50 % of the world ocean hav-
ing WB thresholds exceeding 30J m™3 year-round. There-

fore, it is concluded that the MLD obtained with Ap_g:
0.0625 kg m~> does not produce a quasi-homogeneous layer
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in WB and is inconsistent with our mixed layer definition.
A corollary of this result is that MLD methodologies based
on density thresholds of about 0.125 kg m~ along the mixed
layer produce overestimated MLDs and are inadequate to de-
fine a well-mixed layer in energetic terms.

3.2 MLD methodologies intercomparison

The mixed layer definition depends on the parameter being
addressed, which has resulted in numerous MLD method-
ologies whose estimates do not completely agree with each
other. Figures S5, S7, S9, and S11 in the Supplement
show the global monthly MLD climatologies calculated with
BO4T, B04D, HT09, and R23, respectively. From those cli-
matologies and the corresponding EBM climatology (Fig. 3),
we evaluated the conjoint uncertainty in the MLD estimation
via a percentage error,
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Figure 5. (a) Global monthly climatology of Qlywpg for the EBM-MLD, considering A% =0.0150kg m~3. (b) The cumulative density
function (CDF) of the conjoint distribution in space and time of QlIypg, with two Qlypg values and their corresponding percentiles shown.

0.5 x AMLD

MLD uncertainty = x 100 %, (6)
where AMLD is the range in the MLD estimated by the five
methodologies, and MLD is the corresponding mean MLD;
the smaller the MLD range, the smaller the MLD uncertainty,
and vice versa.

The global monthly climatology of the MLD uncertainty
is shown in Fig. 8; it exceeds 19 % for half of the world
ocean throughout the year. All the methodologies approxi-
mately coincide in the MLD calculation for profiles near the
ideal, that is, for hydrographic profiles with a clear homoge-
neous upper section and sharp density and temperature gra-
dients below it, without temperature inversions. For profiles
with increasing density and decreasing temperature from the
near-surface, all the methodologies yield very shallow MLD
values, which do not necessarily coincide. The most signif-
icant disparity in the MLD values is obtained for profiles
with a quasi-homogeneous upper section and smooth gradi-
ents below it. In some cases, some common methodologies
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fail to provide an MLD value. Large MLD uncertainties are
common during winter and spring when mixing is more ac-
tive, eroding sharp density and temperature gradients in win-
ter and creating near-surface restratification in spring. Large
uncertainties are ubiquitous across the ocean; however, they
are mainly located in regions where salinity significantly in-
fluences density, such as polar seas, intermediate and deep-
water formation regions, and barrier and compensated layers;
they are also predominant along the equator.

The above analysis underscores the subjective nature of
the mixed layer definition and the resulting lack of consis-
tency among the methodologies in determining the MLD.
It is almost impossible to ensure that the true value of
the MLD in any location and time is known; the different
MLD methodologies distinctly evaluate the mixing condi-
tions across the ocean. Consequently, the accuracy of any
methodology can not be determined, that is, the closeness
of any MLD estimation to the true value. When comparing
MLD methodologies, we can only evaluate their precision:
the closeness between the different MLD estimates. The reli-
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Figure 6. (a) Global monthly climatology of the absolute differences in potential density from the reference depth of 10 m to the EBM-
MLD, i.e., |og(10m) — og(MLD)|. (b) The cumulative density function (CDF) of the conjoint distribution in space and time of |o((10m) —
oo(MLD)|, with various percentiles shown. The maximum density difference is 0.114 kg m3.

ability of EBM in determining the MLD was evaluated, to a
certain extent, using the quality index Qlwg. To complete
the EBM’s reliability evaluation, we evaluated the EBM’s
precision by comparing its MLD estimates with those of the
common methodologies (i.e., B04T, B04D, HT09, and R23).
Qualitatively, the structure of the spatiotemporal variability
of the MLD is consistent among all the methodologies (see
Figs. 3, S5, 57, S9, and S11). In this regard, EBM is precise
compared to the others and provides a realistic description
of the MLD, consistent with the seasonal variation of ocean
conditions across the ocean.

To quantitatively analyze the EBM’s precision, we consid-
ered the global PDF and CDF of the MLD for each season,
obtained with each methodology (Fig. 9). A clear seasonal
behavior of the MLD, with the largest MLDs during winter-
time and the smallest ones during summertime, is consistent
across all methodologies. However, the MLD magnitude dif-
fers among methodologies, with the smallest MLDs obtained
with EBM and the largest ones obtained with BO4T (Fig. 9).
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The global PDF of the MLD for each season was analyzed
using some precision measures: median, variance, and skew-
ness. Table 1 shows the value of each precision measure for
each season and methodology. To evaluate EBM, we calcu-
lated the average value and range for each precision mea-
sure considering the four common methodologies; also, we
calculated the corresponding percentage difference of EBM
according to the following formula,

percentage difference of EBM =

EBM measure — Common

— x 100 %. @)

Common
where Common represents the average value of the common
methodologies.

The global PDF of the MLD for each season varies among
methodologies (Table 1). However, the most relevant con-
tribution of this table is the evaluation of the EBM’s preci-
sion, measured via its percentage difference. The common
methodologies provide an ensemble of the possible extent of
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Figure 7. (a) Global monthly climatology of the absolute differences in conservative temperature from the reference depth of 10m to
the EBM-MLD, i.e., |®(10m) — ®(MLD)|. (b) The cumulative density function (CDF) of the conjoint distribution in space and time of
|®(10m) — ©(MLD)|, with various percentiles shown. The maximum temperature difference is 1.82 °C.

the precision measures, in which the smallest and largest val-
ues account for the uncertainty in calculating it (the range).
In this ensemble approach, EBM can be considered precise
if its values are inside that interval. According to the per-
centage difference, EBM underestimates the median of the
MLD throughout the year, from 11 % during winter and fall
to 27 % during spring; EBM is not precise in calculating the
MLD median. Regarding the MLD variance, EBM is pre-
cise in calculating it. Finally, EBM underestimates the MLD
skewness during summer and fall but provides precise values
during winter and spring.

The MLD methodologies are qualitatively consistent in the
spatiotemporal variability of the MLD. Quantitatively, EBM
is precise in a statistical ensemble sense; regarding the sta-
tistical distribution of the MLD, the methodologies agree in
their variance but differ in their median and skewness. The
above raises the question of whether it is possible to deter-
mine the best MLD methodology. All the methodologies per-
form well under the oceanographic conditions for which they
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were designed, according to the parameter being addressed;
Tang et al. (2025) evaluated 12 MLD methodologies and
found that each has unique merits and limitations that de-
pend on the analyzed ocean conditions. The determination
of the best MLD methodology thus depends on the criterion
used to rank the methodologies. However, we can take a step
further in addressing this question by evaluating the energy-
consistency of the MLD methodologies. If the behavior of
an MLD methodology deviates from the energy definition
of the mixed layer, it is not energy-consistent. According to
the aforementioned definition, the mixed layer is the ener-
getically homogeneous layer characterized by zero or small
WB values; moreover, according to Eq. (5), it is acceptable to
have shallow mixed layers associated with small WB values
and deep mixed layers associated with large WB values.

To evaluate the energy-consistency of the MLD method-
ologies, we considered the global monthly MLD climatol-
ogy obtained with each methodology and calculated the WB
value at the MLD (Figs. 4 and S6, S8, S10, and S12 in
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Figure 8. (a) Global monthly climatology of the conjoint uncertainty in the MLD estimation, considering the methodologies BO4T, BO4D,
HTO09, R23, and EBM. (b) The cumulative density function (CDF) of the conjoint distribution in space and time of the MLD uncertainty,

with various percentiles shown.

the Supplement); in this way, we were able to analyze their
energy-consistency on a global scale throughout the year.
The methodologies BO4T, HT09, and R23 are not energy-
consistent because the spatiotemporal variability of the WB
at the MLD is not consistent with that of the MLD throughout
space and time. According to our mixed-layer definition, they
are not expected to calculate the MLD accurately based on
energy considerations. Figure 10 exemplifies the WB value
at the MLD on global meridional transects in the Pacific and
Atlantic Oceans during winter and summertime.

B04D has a behavior that is very close to being energy-
consistent (Fig. 10). It has the highest concordance with
EBM, as both are built from the density; however, BO4D
has WB values larger than those of EBM. During winter,
B04D tends to overestimate the WB threshold (and conse-
quently, the MLD) in latitudes higher than 40°S and 40° N
during summer, it largely coincides with EBM. Of all the
methodologies, BO4T and HT(09 are the ones that are fur-
thest from being energy-consistent. The largest discrepan-
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cies between BO4T and HT09 with EBM occur during win-
ter throughout almost all latitudes, especially in low and high
latitudes; during summer, the discrepancies are concentrated
in low latitudes (between 20° S—20° N); in latitudes south of
20° S and north of 20° N, the methodologies are close to each
other. R23 has a behavior close to being energy-consistent,
although it persistently exhibits large WB values in low lat-
itudes near the equatorial zone every month. During win-
ter, R23 is close to EBM between 40° S—40° N (where the
methodology has its best fit); beyond those latitudes, the WB
values are larger than those of EBM. During summer, R23
is very close to EBM throughout almost all latitudes, except
near the equatorial zone, where its WB values are larger than
EBM’s.

The above analysis showed that BO4D and EBM are
energy-consistent, although WB in BO4D is almost twice that
of EBM in some regions and months, making it difficult to
reconcile the large WB values of B0O4D with our mixed layer
definition. By being physically derived and based on energy,

Ocean Sci., 21, 2019-2039, 2025



2032

E. Moreles et al.: The global ocean mixed layer depth based on buoyancy work

Table 1. Precision measures (median, variance, and skewness) of the global PDF of the MLD for each season and methodology. The average
value and range for each precision measure, calculated considering the four common methodologies (B04T, B0O4D, HT09, and R23), are also
shown. The percentage difference of EBM relative to the different average values of common methodologies is also shown.

Season Statistic B04T B04D HT09 R23  Average values EBM
(percentage difference)
Wintertime Median (m) 98 88 84 82  Average =88 78 (—11 %)
Range =16
Variance (m?) 5932 6807 3059 5695 Average = 5373 5888 (410 %)
Range =3748
Skewness 3.13 4.34 3.69 255 Average=3.43 2.57 (—25 %)
Range =1.79
Springtime Median (m) 51 48 43 47  Average =47 35 (=27 %)
Range =8
Variance (mz) 3204 2981 1899 3403  Average =2872 2384 (—17 %)
Range = 1504
Skewness 6.7 7.86 6.25 3777 Average=6.14 4.93 (—20 %)
Range =4.1
Summertime  Median (m) 40 39 36 33 Average =37 28 (=23 %)
Range =7
Variance (m2) 895 302 810 902  Average =727 360 (—50 %)
Range = 600
Skewness 6.51 11.96 8.83 6.10  Average=38.35 1.44 (—83 %)
Range =5.86
Falltime Median (m) 70 60 54  Average =061 55 (—11%)
Range =17
Variance (mz) 1966 1356 1389 2135 Average=1711 1400 (—18 %)
Range =779
Skewness 3.53 3.73 373 3.09 Average=3.52 1.76 (=50 %)
Range = 0.65

EBM could be superior to BO4D in estimating the MLD;
EBM could represent an improved or well-founded version
of the threshold density criterion proposed by de Boyer Mon-
tégut et al. (2004) to define the MLD because EBM consid-
ers the density vertically integrated. Nonetheless, despite its
qualities, EBM has some downsides; the EBM-MLD intrin-

sically depends on the A pg threshold, which may negatively
influence its performance in analyzing highly stratified or
vertically compensated layers. It is important to note that the
common methodologies can also struggle or even fail when
analyzing profiles that strongly differ from the ideal ones (an
upper homogeneous layer above a strong pycnocline or ther-

mocline). For highly stratified layers, different Apg thresh-
olds could lead to very different MLDs; however, the require-
ment of having small WB values could lessen this limitation
and restrict the variation in the MLD values. For vertically
compensated layers, like B0O4D, EBM may also overestimate
the MLD; nonetheless, using WB, we can measure the de-
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gree of inhomogeneity of the water column associated with
the compensated layer and investigate whether it is intense
enough to suppress mixing. While EBM may not provide a
better or more meaningful MLD estimate than other method-
ologies, it does measure the water column inhomogeneity in
terms of energy, a unique feature that other methodologies
lack. Furthermore, EBM provides realistic MLD estimates
and performs without failure in complex profiles, demon-
strating its robustness under different ocean conditions.
Similar to other MLD methodologies, EBM is sensitive
to the choice of the reference depth, mainly in regions with
very thin mixed layers and during winter and early spring
when mixing is more active, eroding sharp density and tem-
perature gradients in winter and creating near-surface restrat-
ification in spring. The above is not a limitation for EBM, as
it is based on the analysis of WB with depth; EBM can still
be used to find the MLD and its associated WB. For those
regions and during those periods, the reference depth can be
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(a) Wintertime

(b) Springtime
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Figure 9. The global probability density function (PDF) and cu-
mulative density function (CDF) of the MLD for (a) wintertime,
(b) springtime, (¢) summertime, and (d) falltime, obtained with
each methodology. The PDF and CDF represent the conjoint dis-
tribution in space and time of the MLD.

adapted to be consistent with the local dynamics; then, the
procedure described in the Methods (Sect. 2) can be applied.
We also explored the influence of the vertical resolution of
the density profiles on the MLD calculation. We found that
as long as the vertical characteristics of the density are cor-
rectly resolved and sampled, the estimated MLD will be ac-
curate to the order of the vertical resolution. This adaptability
provides flexibility in applying the methodology in specific
regions and under different ocean conditions.

3.3 Can a unique WB value define the MLD globally
throughout the year?

Our results showed that the mixed layer obtained with EBM
is associated with WB thresholds with little variation on a
global scale. To a certain degree, the WB threshold is region-
and season-independent (Fig. 4), which raises the possibil-
ity that a few or even a unique WB threshold can charac-
terize the MLD globally year-round. To what extent is the
WB threshold region- and season-independent? To explore
this question, we present a very preliminary result delving
into whether a unique WB value can define the MLD glob-
ally during all seasons, a question posed by Treguier et al.
(2023). The above question was addressed by analyzing three
global meridional transects in the Pacific, Atlantic, and In-
dian Oceans during August and February (not shown). For

https://doi.org/10.5194/0s-21-2019-2025

2033

Pacific Ocean

o
o
S

WB () m~3)
»
o
o

(a) Wintertime
N
o
o

o

60 S 20 S 20°N 40°N

(b) Summertime

4
60°S 40°s 20°5 0° 20°N 40°N
Atlantic Ocean

o 600
E
T,
00
gE
c >
S 2 200 f
O o o ﬂ\/\% N
60°s 20°s 0° 20°N 40°N
g 300 )
£~ I
o7 ] "
EE™ i A
b LIl
& = 100 ANy
- i~ ) \/ N,
z 0 s Al W NS
60°S a0°s 20°s 0 20°N 40°N
— BO4T BOAD  —-- HT09 R23 — EBM

Figure 10. The WB value at the MLD for each methodology on
global meridional transects in the Pacific (along 150° W) and At-
lantic (along 30° W) Oceans during wintertime (February in the
Northern Hemisphere and August in the Southern Hemisphere) and
summertime (August in the Northern Hemisphere and February in
the Southern Hemisphere). The global monthly MLD climatology
obtained with each methodology was used for the calculation.

each transect, the EBM-MLD was calculated along with the
differences in depth between the MLD and three WB val-
ues (Fig. 11). It was found that a unique WB value does not
consistently locate the MLD. For latitudes north of 20° S, the
5Jm~3 WB isoline well locates the MLD:;, for latitudes south
of 20°8S, the 12.5 or 20Jm~> WB isolines are more appro-
priate. As expected, large WB thresholds characterizing the
MLD were found in high-latitude regions during wintertime.
However, as described above in Fig. 4, there is uncertainty in
estimating the WB threshold in those regions. The impact of
that uncertainty on identifying a unique WB threshold for the
MLD globally year-round remains unclear, as does whether
the difference in WB isolines between winter and summer
will increase or decrease. We will investigate this in future
work.

The average difference in depth between the MLD and the
three WB isolines along each transect is shown in Table 2;
for this calculation, we used the absolute values of the dif-
ferences in depth. Given the small differences in depth of
the 12.5 and 20 Jm~3 WB isolines, some WB equipotential
in that interval could be a good choice to delineate an ener-

Ocean Sci., 21, 2019-2039, 2025



(a) Pacific Ocean
300
E 200 A
o
2
= 100
0 r - - r : :
60°S 40°S 20°S 0° 20°N 40°N
£ 120
n
g 80
2
o
o 40
£ re=s
° A N -
s 0 R N e N T St Ddaiatadadadatadad
=3 S ATENEE cmmma E E
]
o -40 T T - - - :
60°S 40°S 20°S 0° 20°N 40°N
(b) Atlantic Ocean
300
£ 200 A
o
2
= 1001
0 - - - - - :
60°S 40°S 20°S 0° 20°N 40°N
£ 120
s
g 80
2
g
3 40
5 0 1~-—’./\\ A ~
< i o~ 7= NS e S O T T L T T
g Y2 T T - S ~A
7
o -40 r r T - - :
60°S 40°s 20°S 0° 20°N 40°N
(c) Indian Ocean
300
E 2001
o
2
= 100
0 - - - - - :
60°S 40°S 20°S 0° 20°N 40°N
E 120
s
g 80
2
o
3 40
?'_é
s OF= R e ey
=3 S
7
[s]

60°S 40°S 20°S 0° 20°N 40°N

5/m3 -2 125)m3 ... 20 m=3

Figure 11. The EBM-MLD (solid purple line) along three global
meridional transects in the Pacific (150° W), Atlantic (30° W), and
Indian (90° E) Oceans during August. The differences in depth be-
tween the MLD and three WB equipotentials are also shown for
each transect.

getically well-mixed upper ocean layer, thereby defining the
MLD. The above suggests that a unique WB equipotential
could define the MLD throughout the three ocean transects,
a remarkable finding that would indicate that the mixed layer
is close to being energy-consistent across space and time.
Whether this result can be extended and applied on a global
scale during all seasons is an endeavor beyond the scope of
this study that deserves further research.
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Table 2. The average difference in depth between the EBM-MLD
and the three WB isolines along each transect shown in Fig. 11. For
this calculation, the absolute values of the differences in depth were
used.

Ocean 50Jm™3  125Jm=3  20.0Jm3
Pacific 9.3m 7.0m 9.6m
Atlantic 8.4m 6.2m 8.2m
Indian 17.2m 10.1 m 9.5m
Average value 11.6m 7.7m 9.1m

4 Discussion

In this study, we present a methodology for calculating the
MLD, based on physical principles and energy consider-
ations, which promotes the development of energy-based
methodologies. The developed methodology, EBM, identi-
fies the upper section of the ocean, well-mixed in energetic
terms, in which water parcels can move with little or no WB,
which can be considered in contact with the atmosphere and
thus be referred to as the mixed layer. EBM uses WB and
considerations about the density structure of the water col-
umn to define the MLD. The most important characteris-
tic of EBM is that it provides realistic MLD estimates in
all world regions and performs without failure in complex
profiles, demonstrating its robustness under different ocean
conditions (Sect. 3.1). We showed a plausible connection be-
tween WB and the turbulent kinetic energy budget of the up-
per ocean layer, suggesting that EBM is consistent with the
turbulent approach to the mixed layer formation (D’ Asaro,
2014; Sutherland et al., 2014; Franks, 2014; Sallée et al.,
2021). The mixed layer is thus determined by energy pro-
cesses instead of density, temperature, or salinity thresholds,
which vary in space and time according to the oceanographic
conditions of the study region (Griffies et al., 2016; Treguier
etal., 2023). EBM can be the base methodology for perform-
ing MLD model intercomparison studies, as in the OMIP and
CMIP projects (Griffies et al., 2016; Treguier et al., 2023).
The numerical implementation of EBM only requires the po-
tential density profile referred to 0 dbar, which is easily ob-
tained from simple survey ocean data or numerical data. The
script to compute the MLD is very short, and its formulae
are not complex. In that regard, EBM is easy to implement
numerically.

The common and energy-based methodologies use a
threshold to define the MLD. However, the nature of their
thresholds is substantially different: common thresholds only
consider the difference in values of a specific oceanic vari-
able between two depths, whereas energy thresholds con-
sider the cumulative effects of those differences along the
vertical. As shown in this study and by Reichl et al. (2022),
mixing resistance depends on the differences in density and
the physical distance between two depths. EBM is based on
a threshold in WB and is more than a common threshold.
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While the buoyancy force is directly proportional to the dif-
ference in density between two depths, the associated work
is not. That means that the difference in density between
two given depths cannot be used as a proxy for the energy
required to homogenize the ocean’s upper layer. Similarly,
density-derived measures of the local stability or homogene-
ity of the water column, such as the buoyancy frequency,
cannot be used as proxies for the energy required to homoge-
nize the water column if they do not consider the cumulative
effect of the buoyancy force along a water column section.
Therefore, the density threshold, density gradient, and buoy-
ancy frequency criteria may not adequately address the mix-
ing resistance when calculating the MLD, as has been done in
previous research (Lukas and Lindstrom, 1991; Large et al.,
1997; de Boyer Montégut et al., 2004; Lorbacher et al., 2006;
Dong et al., 2008; Holte and Talley, 2009; Chu and Fan,
2011; Carvalho et al., 2017).

Reichl et al. (2022) introduced a framework for defining
the MLD based on the PE anomaly, suggesting a thresh-
old range of 10-25Jm~2. While this range offers a valuable
benchmark, determining the optimal thresholds under all
seasonal and regional conditions remains an open question.
They found that a spatially and temporally variable thresh-
old in the PE anomaly should be used to reproduce, to some
extent, MLDs similar to those obtained with HT(09. How-
ever, since HT09 is non-energy-based, attempting to match
the performance of an energy-based methodology with that
of a non-energy-based one may not be meaningful. Future
research could determine optimal values of the PE anomaly
for global application and explore this approach in regional
contexts by assessing the sensitivity of the MLD estimates to
different thresholds of the PE anomaly. By comparison, with
EBM, we were able to find the energy values (in terms of
WB) that define the MLD globally during all seasons. More-
over, EBM provides additional information not supplied by
the existing MLD methodologies; WB represents the po-
tential energy barrier to the vertical displacement of water
parcels, which could complement the analyses of oceanic
processes occurring in intermediate vertical sections, com-
monly associated with interchanges of properties along the
water column, such as the flux of particulate organic matter
from the surface to sediments (Kirillin et al., 2012; Omand
et al., 2020), the vertical content of chlorophyll (Carvalho
et al., 2017; Brisefio Avena et al., 2020), and entrainment in
barrier layers (Katsura et al., 2022). The application of WB
to analyze those processes is beyond the scope of this study
and is proposed for future research.

The definition of the mixed layer as the ocean’s surface
layer whose properties (density, temperature, salinity, and
other tracers) are relatively homogeneous in the vertical is
challenging to achieve when considering constant increases
in density or constant decreases in temperature from the cor-
responding values of these variables at the reference depth.
Since the coefficients of the equation of state of seawater
vary with pressure, temperature, and salinity, a given den-
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sity change does not correspond to a unique temperature
change, and vice versa. To determine a homogeneous mixed
layer from density or temperature thresholds, the thresholds
should vary according to the oceanographic conditions of
the study region; moreover, implementing spatially variable
thresholds in a set of models and observations would be com-
plex and daunting (Griffies et al., 2016; Treguier et al., 2023).
The above supports the definition of the mixed layer as the
ocean’s upper layer, quasi-homogeneous in buoyancy energy,
even if that leads to spatially variable increments in density
and decrements in temperature. According to Levitus (1982)
and Kara et al. (2000), variations of up to 0.125kgm™ in
density and up to 0.8 °C in temperature can be considered
typical in a well-mixed layer. Although our methodology
does not seek to determine mixed layers homogeneous in
density or temperature, the energy-based mixed layer is very
close to such quasi-homogeneity: almost 100 % of the world
ocean has density differences of less than 0.03kgm™3, and
95 % of the world ocean has temperature differences of less
than 0.2 °C throughout the year.

EBM has several interesting qualities; however, it has
some downsides and room for improvement. This study an-
alyzed the MLD on long spatial and temporal scales: spa-
tial scales larger than mesoscale and timescales longer than
diurnal cycles. Active mixing and high-frequency MLD vari-
ability, mainly driven by synoptic atmospheric forcing, ocean
eddies, and fronts (Brainerd and Gregg, 1995; Whitt et al.,
2019), were not addressed. The surface turbulent boundary
layer can be a more relevant measure to explore the above
processes. In computing monthly MLD values from daily
values, the sub-monthly variability was omitted, potentially
underestimating the MLD compared to the corresponding
daily MLD values, as shown by Toyoda et al. (2017). A thor-
ough analysis of regional differences between the monthly
and daily MLD values is out of the scope of this study and
is proposed for future research. Additionally, due to limita-
tions in the spatial coverage of Argo data, this study could
not explore the MLD in coastal zones, and the robustness of
the findings in the subpolar oceans may be limited; for fu-
ture research, we propose incorporating additional observa-
tional datasets covering the regions not extensively mapped
by Argo to expand the scope and robustness of this study.
Additionally, it would be instructive to extend the intercom-
parison of MLD methodologies by incorporating additional
methodologies, such as those analyzed by Tang et al. (2025),
who found that the linear fitting method of Chu and Fan
(2010) resulted in the most robust approach for calculating
the MLD.

Recent research has highlighted temperature inversions as
a significant limitation of various MLD methodologies, not
only those based on temperature, which restricts their appli-
cation in regions where temperature inversions are common
(Tang et al., 2025). However, density-based methodologies,
such as EBM, could have an advantage over temperature-
based ones because they adequately incorporate the effects
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of temperature on mixing conditions into density via the
equation of state of seawater. Consequently, EBM could ade-
quately account for the effects of temperature on mixing and
in the MLD calculation. Although the mixed layer has been
commonly described in terms of physical variables (such as
temperature or density), ecological and chemical variables
(like chlorophyll and oxygen) are also highly relevant in eval-
uating mixing conditions along the vertical (Sutherland et al.,
2014; Tang et al., 2025). The performance of EBM in cal-
culating the MLD and the associated vertical distribution of
different ecological and chemical variables is proposed for
future research.

Because the turbulence and its associated energy levels are
spatially and temporally variable on a global scale, the wa-
ter column’s stratification and vertical homogenization are
not spatially uniform throughout the seasons. Globally, the
mixed layer is not associated with a unique density threshold,
as evident in Table 1 of Kara et al. (2000), de Boyer Montégut
et al. (2004), and Peralta-Ferriz and Woodgate (2015); the
compensated layers exemplify that a unique density thresh-
old is inappropriate for the world ocean (de Boyer Montégut

et al., 2004). Therefore, the Apg threshold is not expected
to be globally uniform year-round, and WB’s associated spa-
tial distribution across time remains an open question. A very
preliminary analysis of the energy levels at the mixed layer
base suggested that a unique WB equipotential in the interval
12.5-20Jm™3 could define the MLD globally year-round.
Testing the hypothesis that a few or even a unique WB thresh-
old can characterize the MLD globally year-round could de-
termine if the mixed layer is energetically consistent across
space and time. Such a study would require long-term data
and a regionalization of the WB thresholds on a global scale.
Exploring this hypothesis is an endeavor that deserves further
research, as it could enhance our understanding of the mixed
layer and the various ocean-atmosphere phenomena to which
the MLD is relevant.

The EBM-MLD depends on the choice of the WB thresh-

old, which we set based on a Apg threshold. A significant
improvement for EBM would be constructing a criterion to
unequivocally determine the WB threshold characterizing a
well-mixed layer independently of density. A mathematical
problem of this nature would lead to trying to find the so-
lution of only one equation with two unknowns (Eq. 5), an
ill-posed problem. Solving this problem is not trivial because
we must introduce an additional condition or equation to en-
sure uniqueness and make the problem well-posed. In the
absence of an additional equation to determine the unique
solution for WB, the choice of the value of the remaining
variable would be subjective or, at least, based on experi-
ence (like in the common threshold MLD methodologies).
However, from the energy definition of the mixed layer, we
can explore some geometric methods to determine the layer
quasi-homogeneous in energy with small WB values without
specifying an associated density variation. Methods like the
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quality index of Lorbacher et al. (2006) or the maximum an-
gle method of Chu and Fan (2011) could be helpful; however,
they assume a structural change in the variable of interest and
are not suitable for strongly stratified or very smooth den-
sity profiles in which a structural change is difficult to find.
For these profiles, a specific WB threshold characterizing a
quasi-homogeneous layer in energy is needed. Additional re-
search is required and proposed for future studies concerning
the physical properties of WB and the values that accurately
determine the vertical extension of the mixed layer.

5 Conclusions

Recent research has proposed energy-based methodologies
as the best option to calculate the MLD, as they can pro-
vide accurate estimates while maintaining the calculations
without the unnecessary complexities of the turbulent mix-
ing theory. We contribute to the development of energy-
based methodologies to define the MLD. Based on energy
considerations, we proposed an MLD methodology that is
globally applicable and produces realistic estimates of the
MLD. This MLD methodology performs robustly across dif-
ferent regions and ocean conditions, including polar seas,
intermediate and deep-water formation regions, and barrier
and compensated layer regions. The mixed layer, determined
by energy processes, is quasi-homogeneous in energy, den-
sity, and temperature in most of the global ocean through-
out the year. A practical contribution of our study is an
observation-based global MLD climatology, computed from
approximately 2 million delayed-mode Argo profiles. This
climatology, useful for studies spanning seasonal to climate
time scales, from regional to large spatial scales, can also
serve as a reference for validating Oceanic General Circu-
lation Model solutions and performing MLD model inter-
comparison studies. Currently, we are working on investigat-
ing the potential of the proposed MLD methodology to bet-
ter interpret various dynamic (e.g., vertical exchanges within
the ocean and between the ocean and the atmosphere), ther-
modynamic (e.g., upper ocean heat content), and ecologi-
cal (e.g., chlorophyll-a content and phytoplankton dynamics)
processes at regional and global scales.

Code and data availability. The methodology presented
in this study is licensed under a GNU General Pub-
lic License v3.0. The source code is available at
https://doi.org/10.5281/zenodo.15686399 (Moreles and Romero,
2025). The latest package version is v1.1.0. The dataset containing
the monthly climatology of mixed layer depth and the derived
variables calculated in this study is publicly available in SEANOE
at https://doi.org/10.17882/106181 (Moreles et al., 2025).
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