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Abstract13

The mixed layer plays a crucial role as an entry or exit point for heat, salt, momen-14

tum, and nutrients from the surface to the deep ocean. In this study, we introduce a frame-15

work to assess the evolution of the mixed layer depth (MLD) for realistic forcings and16

preconditioning conditions. Our approach involves a physically-based parameter space17

defined by three dimensionless numbers: λs representing the relative contribution of the18

buoyancy flux and the wind stress at the air-sea interface, Rh the Richardson number19

which characterizes the stability of the water column relative to the wind shear, and f/Nh20

which characterizes the importance of the Earth’s rotation (ratio of the Coriolis frequency21

f and the pycnocline stratification Nh). Four MLD evolution regimes (”restratification”,22

”stable”, ”deepening” and ”strong deepening”) are defined based on the values of the23

normalized temporal evolution of the MLD. We evaluate the 3D parameter space in the24

context of 1D simulations and we find that considering only the two dimensions (λs, Rh)25

is the best choice of 2D projection of this 3D parameter space. We then focus on this26

two-dimensional λs - Rh parameter space and we present how this framework can be used27

to analyze 3D realistic ocean simulations. We discuss the impact of the horizontal res-28

olution (1°, 1/12°, or 1/60°) and the Gent-McWilliams parameterization on MLD evo-29

lution regimes.30

Plain Language Summary31

Vertical mixing of water in the ocean occurs when cold air temperatures create dense32

cold water at the surface that tends to sink in the ocean or when a strong wind induces33

turbulence at the ocean surface. These processes mix heat and salt and create a layer34

at the top of the ocean that has a uniform temperature and salinity and that is called35

the ”mixed layer”. This mixed layer plays a fundamental role in the Earth climate sys-36

tem, and the representation of its evolution in ocean models hence needs to be assessed.37

For this purpose, we propose to map the mixed layer evolution in a three-dimensional38

space where the first axis is related to the wind and the surface heat flux, the second axis39

to the stability of the water column, and the third axis to the Earth’s rotation. We show40

that this tool performs well statistically and we present how to use it in the context of41

realistic ocean models.42
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1 Introduction43

The evolution of the mixed layer near the air-sea interface is primarily driven by44

the vertical mixing and restratification processes. Vertical mixing is usually driven by45

winds, surface cooling, brine rejection, Langmuir turbulence, and wave breaking (Marshall46

& Schott, 1999; Q. Li et al., 2019; Vreugdenhil & Gayen, 2021). In contrast, restratifi-47

cation processes are driven by solar heating, freshwater flux, or lateral processes such as48

mixed layer instabilities (see for example Boccaletti et al., 2007; Fox-Kemper et al., 2007).49

Accurately representing the mixed layer depth (MLD) evolution is crucial for capturing50

many physical and biogeochemical mechanisms, such as the sequestration of heat and51

carbon by the ocean (e.g. Banks & Gregory, 2006; Bernardello et al., 2014), the dynam-52

ics of marine ecosystems (e.g. Sverdrup, 1953; Lévy et al., 1998; Taylor & Ferrari, 2011),53

and the representation of the Atlantic meridional overturning circulation (e.g. Kuhlbrodt54

et al., 2007).55

Historically, various approaches have been proposed to describe the evolution of56

the MLD which can be categorized into three main categories: bulk mixed layer mod-57

els, similarity models, and turbulence closure models. For bulk mixed layer models, the58

governing equations of fluid dynamics are integrated over the mixed layer and represent59

the evolution of integrated properties (e.g. Kraus & Turner, 1967; Pollard et al., 1973;60

Price et al., 1986; Gaspar, 1988). These models have been used to derive theoretical scal-61

ings for the evolution of the MLD, such as the wind-driven deepening h ∝ u∗ N
−1/2 t1/262

(Pollard et al., 1973), observed empirically by Price (1979), and the free convection scal-63

ing h ∝ Q1/2 N−1 t1/2 (Turner, 1973; Van Roekel et al., 2018) measured empirically by64

Souza et al. (2020) (h being the MLD, u∗ the surface friction velocity, t the time, Q the65

net surface heat flux and N the Brunt Väisälä frequency).66

The second class of models are the similarity models such as the K-Profile Param-67

eterization (KPP, Large et al., 1994) or the OSMOSIS model (Damerell et al., 2020; Madec68

et al., 2022). These models assume that the vertical profiles of tracers and momentum69

are self-similar. With this self-similarity hypothesis, turbulent fluxes can be computed70

by scaling a predefined profile shape with the magnitude of the surface forcing. Although71

the KPP model successfully captures many observed features of the ocean’s boundary72

layer, it relies on empirical relationships and is not derived from first principles. Nev-73
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ertheless, KPP remains one of the most widely used parameterizations of convection in74

ocean models (Van Roekel et al., 2018; Q. Li et al., 2019; Souza et al., 2020).75

The last class of models consists of the turbulence closure models. These models76

consider equations of higher order moments of the turbulent quantities and make some77

assumptions about their formulations in order to close the problem (e.g. Mellor, 1973;78

Mellor & Yamada, 1974, 1982). Widely used models in this class include the Turbulent79

Kinetic Energy (TKE) models, which solve a prognostic equation for TKE (Gaspar et80

al., 1990), and the Generic Length Scale (GLS) models which include an additional prog-81

nostic equation for the mixing length l (global description: Umlauf and Burchard (2003,82

2005); examples of models of this type: k−ϵ : Hanjalić and Launder (1972); Rodi (1987),83

k− kl : Mellor and Yamada (1982), k−ω: Wilcox (1988), k− τ : Zeierman and Wolf-84

shtein (1986); Thangam et al. (1992)). Some models do not fit into one of the three afore-85

mentioned classes, such as the energetics-based Planetary Boundary Layer scheme (ePBL,86

Reichl & Hallberg, 2018), which combines a depth-dependent bulk mixed layer model87

with a turbulence closure model.88

Currently, most climate simulations either use TKE or KPP models for vertical mix-89

ing (Zhu et al., 2020). The MLD evolution of these climate simulations depends on (i)90

the choice of vertical mixing scheme, (ii) the impact of resolved lateral processes, and91

(iii) as parameterizations for unresolved lateral effects (e.g. the Fox-Kemper et al. (2007)92

and the Gent and McWilliams (1990) parameterizations). Consequently, objectively com-93

paring the MLD evolution in these climate simulations is challenging (Treguier et al.,94

2023). Common approaches involve comparing hydrographic sections at specific loca-95

tions (e.g. evaluation at the Papa station: Gaspar et al., 1990; Large et al., 1994; Bur-96

chard & Bolding, 2001; Giordani et al., 2020), and/or conducting intercomparisons at97

specific times (e.g. with intercomparisons of MLD maps: Gutjahr et al., 2021; Heuzé,98

2017), and/or using indirect metrics of the MLD evolution (e.g. by comparing the amount99

of deep water formed: Koenigk et al., 2021). However, these approaches only explore a100

limited range of forcings and preconditioning conditions.101

In this paper, we adopt a more comprehensive approach by considering all possi-102

ble ranges of forcings and preconditioning conditions in a suitable parameter space. Belcher103

et al. (2012) and Q. Li et al. (2019) have pioneered this approach to evaluate the rep-104

resentation of Langmuir circulation in different vertical mixing schemes. They proposed105
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a two-dimensional parameter space, with the first dimension (i.e. the first dimension-106

less number) assessing the relative importance of the wind and the wave forcings, and107

the second dimension characterizing the relative importance of wave and buoyancy forc-108

ings. In this parameter space, Belcher et al. (2012) and Q. Li et al. (2019) defined the-109

oretical boundaries to highlight the importance of different surface forcings. Subsequently,110

Large eddy simulations (LES) carried out in the literature were placed in this param-111

eter space to see which regimes are explored by these simulations. Their objective was112

to identify a potential bias arising from miscalibration of the LES simulations used to113

establish parameterizations.114

Following the approach of Q. Li et al. (2019), our objective is to propose a dedi-115

cated parameter space to describe the evolution of the MLD. This parameter space aims116

to capture the MLD evolution dependency on the relative importance of wind and buoy-117

ancy forcings, preconditioning conditions (Marshall & Schott, 1999), and the influence118

of Earth’s rotation. More precisely, we will evaluate the relative deepening or shoaling119

of the MLD over a 1-day period (∂th/h from noon to noon expressed in %/day). To keep120

the practicability of having few parameters, we have decided to exclude several processes121

(such as waves). Our study demonstrates that, at first order, three dimensionless num-122

bers are enough for characterizing MLD evolution. In contrast to Q. Li et al. (2019), our123

approach involves directly plotting the values of MLD evolution ∂th/h in the parame-124

ter space. This direct visualization allows for a more straightforward comparison of the125

behavior of different simulations.126

This article is constructed as follows. First, we present in section 2 the three di-127

mensionless numbers that constitute the parameter space. Secondly, we show in section128

3.1 that MLD evolution regimes naturally emerge in this parameter space in the con-129

text of 1D simulations. Thirdly, we present in section 3.2 and section 3.3 two applica-130

tions for showing how the parameter space can be used in practice with 3D realistic ocean131

models. The first application is about the impact of the lateral resolution on the MLD132

evolution regimes. The second one focuses on the effect of the Gent McWilliams param-133

eterization which aims at representing the impact of the unresolved mesoscale processes134

in a coarse-resolution ocean model. Finally, we conclude in section 4 on the practical use135

of this three-dimensional parameter space and discuss its strengths and limitations.136
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2 Materials and Methods137

2.1 Definition of the Three Dimensionless Numbers138

We will formulate three dimensionless numbers to characterize the evolution of the139

mixed layer depth h of a 1D water column model that evolves from one day to another140

according to daily-mean surface forcings and preconditioning conditions. The goal here141

is to identify the main factors that drive the MLD evolution ∂th in order to build a pa-142

rameter space with a small number of dimensions being usable for evaluating ∂th. The143

principal omissions resulting from our choices will be discussed further in section 2.2.144

We adopt the description of the water column given by bulk mixed layer models145

(e.g. Pollard et al., 1973): near the surface, we consider a well-mixed layer of thickness146

h. This layer is forced at the surface by the wind stress with a friction velocity u∗ = [(u′w′|z=0)
2+147

(v′w′|z=0)
2]1/4 and the downward surface buoyancy flux B0 = −w′b′|z=0 (B0 < 0 for148

a destabilizing flux at the ocean surface), with u′, v′ and w′ the turbulent velocities, the149

overline that denotes an average over small scale fluctuations (see Stull, 1988), b′ the fluc-150

tuation of the buoyancy b = −ρ−ρ0

ρ0
g, ρ the density, ρ0 the reference density, and g the151

acceleration due to gravity. At the base of the mixed layer, the stratification is given by152

the Brunt Vaisala frequency Nh, which is sometimes called ”preconditioning”. In order153

to describe the MLD evolution, we have also opted to retain the local Coriolis param-154

eter f . With this idealized view of the mixed layer, the MLD evolution ∂th is a function155

of five physical quantities: (u∗, B0, h,Nh, f). These 5 physical quantities are expressed156

with 2 distinct dimensions: length and time ([u∗] = L.T−1, [B0] = L2.T−3, [h] = L,157

[Nh] = T−1, [f ] = T−1). The Vaschy-Buckingham theorem (π theorem) thus states158

that these five physical quantities can be represented by 5−2 = 3 dimensionless num-159

bers. The three dimensionless numbers we have chosen are160

λs =
−B0h

u3
∗

, (1)

Rh =

(
Nhh

u∗

)2

, (2)

and161

f/Nh. (3)
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Note that λs is positive for a destabilizing surface buoyancy flux (B0 < 0) and nega-162

tive for a stabilizing surface buoyancy flux (B0 > 0).163

Henceforth, we describe the physical interpretations of these three dimensionless164

numbers and then present the associated three-dimensional parameter space.165

2.1.1 Physical Interpretation of λs166

In the context of ocean mixed layer dynamics, λs can be interpreted in at least three167

ways.168

1st Interpretation: λs can be interpreted using the evolution equation of the Tur-169

bulent Kinetic Energy (TKE; for a full description of this equation, see Hanjalić & Laun-170

der, 1972; Rodi, 1987; Umlauf & Burchard, 2003):171

Dk

Dt
= P +G− ϵ+ Dk (4)

with k = 1
2 (u

′2+v′2+w′2) the TKE, P = −u′w′ ∂zu−v′w′∂zv the TKE produc-172

tion by the shear (by conversion of mean kinetic energy), G = w′b′ the TKE produc-173

tion (or destruction) by the turbulent buoyancy flux (by conversion of mean potential174

energy), ϵ the TKE dissipation, and Dk the TKE diffusion.175

The surface layer is defined as the zone where the turbulent fluxes vary by less than176

10% from their values at z = 0 (Stull, 1988). In this zone, we can consider u′w′ ≈ u′w′|z=0 ∝177

u2
∗ and G ≈ w′b′|z=0 = −B0. Since the surface mean horizontal velocity u|z=0 is well178

correlated to the surface friction velocity u∗ (Weber, 1983), and if we neglect the mean179

horizontal velocity u below the mixed layer depth (Pollard et al., 1973), then an order180

of magnitude of ∂zu is given by u∗/h. It follows P ∝ u3
∗/h. An evaluation of G/P in181

the surface layer finally gives182

G

P

∣∣∣∣
surf

∝ −B0

(
u3
∗
h )

≡ λs. (5)

This ratio G/P |surf is by definition the flux Richardson number Rf evaluated in183

the surface layer (Mellor & Durbin, 1975). It gives the relative contribution of surface184

buoyancy flux and wind for the production of TKE. In the case B0 < 0 i.e. G/P |surf >185

0, both terms produce TKE. On the other hand, in the case of a restratifying buoyancy186

–7–
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flux B0 > 0, there is a competition between production by the shear (P > 0) and de-187

struction by the turbulent buoyancy flux (G < 0). Particularly, for G/P |surf < −1,188

more TKE is destroyed (converted into mean potential energy) than created (from mean189

kinetic energy): this likely represents a restratification event.190

2nd Interpretation: We can also interpret λs in the light of the Monin-Obukhov191

similarity theory (Obukhov, 1971). This theory, which is valid in the surface layer, in-192

troduces the Monin-Obukhov length LMO:193

LMO =
u3
∗

κB0
. (6)

We give here its definition in the oceanic framework (see for example Zheng et al.,194

2021) which is the opposite of the atmospheric definition. The physical interpretation195

of LMO was introduced by Obukhov in the case LMO < 0 (⇔ B0 < 0 ⇔ λs > 0). In196

this regime, LMO estimates the typical thickness of a ”sub-layer of dynamic turbulence”197

in which stratification is of little importance and the turbulence dynamics is governed198

by the mean-current shear (Obukhov, 1971), i.e. the production of TKE by the buoy-199

ancy G is negligible in comparison to the one by the mean-current shear P . In practice,200

Wyngaard (1973) has shown that G ≃ P for z ≃ 0.5LMO (Fig 5.22 Stull, 1988). The201

number λs can be seen as202

λs =
1

κ

−h

LMO
. (7)

Thus, λs < 0.5/κ gives P > G in the mixed layer while λs > 0.5/κ means G >203

P . It is important to recall that this interpretation only stands for LMO < 0 (⇔ B0 <204

0 ⇔ λs > 0). For the case LMO > 0 (⇔ B0 > 0 ⇔ λs < 0), we refer to our first inter-205

pretation of λs.206

3rd Interpretation: In the case B0 < 0, convective thermals have a velocity in207

the order of w∗ = (−B0h)
1/3 (Willis & Deardorff, 1974; Marshall & Schott, 1999). Then208

λs can be written as209

λs =

(
w∗

u∗

)3

. (8)
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In this expression, it is clear that λs measures the relative importance of mechan-210

ical and convective forcings.211

Last, it is worth noting that in a different context Simpson and Hunter (1974) used212

a similar ratio to characterize the mixing occurring in the Irish Sea where u∗ was related213

to the tidal forcing (friction in the bottom boundary layer).214

2.1.2 Physical Interpretation of Rh215

The dimensionless number Rh can be interpreted as a Richardson number. By def-216

inition the gradient Richardson number Ri = N2/(∂zu)
2 is the ratio of the stabilizing217

effect of the stratification and the destabilizing effect of the shear of the mean current218

(see for example Mack & Schoeberlein, 2004). We compare here the stratification at the219

mixed layer base N2
h with the order of magnitude of the wind-induced shear u∗/h. This220

gives the ratio:221

N2
h

(u∗
h )2

≡ Rh. (9)

We could have included the contribution of w∗ to the shear but we will see in sec-222

tion 2.3 that this omission is intentional and results in a simpler interpretation of the223

parameter space.224

2.1.3 Physical Interpretation of f/Nh225

In the context of mixed layer dynamics, there are several interpretations for the226

dimensionless number f/Nh.227

First, the ratio f/Nh can be seen as h/Ld, where Ld ∝ Nh/f is the ”mixed layer”228

Rossby radius of deformation in the quasi-geostrophic context (h is not the total depth229

of the fluid but the mixed layer depth). In the situation where f/Nh > O(1), we ex-230

pect that mixed layer instabilities will create a lateral buoyancy flux (see Boccaletti et231

al., 2007). Part of the turbulent energy normally used for vertical mixing is hence used232

for lateral mixing. Therefore, we expect that values f/Nh > O(1) result in a slowdown233

of the MLD deepening. In the specific context of the free convection regime, rapid ro-234

tation is also known to decrease the turbulent heat flux (see Bouillaut et al., 2019; Au-235

rnou et al., 2020), and so we expect that for high values of f/Nh, we are likely to ob-236
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serve a reduced MLD deepening. Finally, one last possible interpretation of f/Nh was237

given by Speer and Marshall (1995) who have described how the aspect ratio of convec-238

tive plumes is determined by the ratio f/Nh, where the effect of rotation is mainly to239

alter the lateral spreading of convective structures (see also Deremble, 2016).240

2.2 Limitations241

There are of course other physical phenomena that occur in the mixed layer and242

that we have not taken into account:243

• The effect of waves and associated Langmuir turbulence that could have been rep-244

resented through the values of the surface Stokes drift uS
0 (Q. Li et al., 2019). How-245

ever, it is worth mentioning that part of uS
0 can be explained by u∗. Minimal pa-246

rameterizations of Langmuir turbulence even define uS
0 directly proportional to247

u∗ (M. Li & Garrett, 1993; Madec et al., 2022). Thus, some of the wave impacts248

are implicitly contained through the consideration of u∗.249

• All the effects of the horizontal gradients (of velocities, pressure...) and advections250

that are present in a 3D realistic ocean model. We can particularly pinpoint the251

Ekman flow that can create an equivalent stabilizing/destabilizing wind-driven buoy-252

ancy flux (see for example Thomas & Lee, 2005), and the impacts of the restrat-253

ification by baroclinic instability at convective fronts or at mesoscale eddy fronts.254

Some of these aspects can be captured by looking at the isopycnal slopes and this255

point will be further discussed in section 3.3.256

• The influence of the vertical shear of the horizontal velocities. As we work with257

daily evolution, and knowing the Ekman theory (Ekman, 1905), we can expect this258

shear to be partly represented by the consideration of the surface wind friction ve-259

locity, the mixed layer depth, and the Coriolis parameter.260

Considering many of these aspects would have meant adding more dimensions to261

the parameter space and thus reducing its practical use. We will see in the results that262

the dimensionless numbers we have chosen are in many situations sufficient to obtain a263

significant prediction of the MLD evolution and therefore capture well the dominant pro-264

cesses of this evolution.265
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2.3 Other Possible Dimensionless Numbers266

We have defined three dimensionless numbers from the five physical quantities (u∗, B0, h,Nh, f),267

but other choices could have been possible. We want to highlight here some of them:268

• The Rossby number Ro = u∗/(hf) that characterizes the relative importance of269

the inertial and the Coriolis forces (Van Der Laan et al., 2020).270

• The ratio h/hmax with hmax = 20.75u∗/
√
Nf which compares the current h to271

the maximum one hmax predicted by Pollard et al. (1973) in case of a shear-driven272

MLD deepening in a rotating case. It is known that h does not really stop at hmax273

but this value represents an important threshold of the deepening (Ushijima & Yoshikawa,274

2020).275

• In case of B0 < 0, the Richardson number R∗
h = (Nhh/w∗)

2 constructed with276

w∗ rather than u∗ which compares the stabilizing effect of the stratification and277

the destabilizing impact of the buoyancy flux (Turner, 1986; Shy, 1995). However,278

R∗
h can be expressed as279

R∗
h = Rh/λ

2/3
s (10)

and hence, in a log-log parameter space (λs, Rh), we will see that the isolines of280

R∗
h appear as lines of slope 2/3. Then, we have the possibility to see the isolines281

of both Rh and R∗
h at the same time in the parameter space. We will use this in-282

formation to decide whether one or the other is more representative of the deep-283

ening situation. This would have been impossible if we had taken a Richardson284

number defined with the two contributions at the same time, such as (Nhh/
√
u∗w∗)

2,285

(Nhh/max (u∗, w∗))
2 or (Nhh/(u∗ + w∗))

2.286

The next four sections present the simulations we will use to evaluate the param-287

eter space and to conduct the two model sensitivity studies. In the next three sections,288

we present three 3D realistic ocean simulations at three different horizontal resolutions289

(1/60°, 1/12°, and 1°). These simulations will be used to study the impact of the hor-290

izontal resolutions on the MLD evolution regimes. Table 1 summarizes the main features291

of these simulations.292
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2.4 NEMO-eNATL60 1/60° Basin-scale North Atlantic Ocean Simulation293

The eNATL60-BLBT02 (eNATL60) simulation (Brodeau et al., 2020) is a basin-294

scale North Atlantic ocean/sea-ice simulation forced by the atmospheric 3-hourly ERA-295

Interim reanalysis (Dee et al., 2011) on a 1/60°-horizontal and 300-vertical-level grid. It296

includes an explicit tidal forcing. The lateral boundary conditions for the ocean veloc-297

ities, temperature, and salinity are based on the GLORYS12 v1 reanalysis (Lellouche et298

al., 2021). Vertical mixing is governed by a Turbulent Kinetic Energy (TKE) scheme com-299

bined with the Enhanced Vertical Diffusivity (EVD) parameterization which increases300

the vertical diffusivity in case of unstable water columns (Lazar et al., 1999; Madec et301

al., 2022). The Fox-Kemper parameterization (Fox-Kemper et al., 2007), which repre-302

sents the restratifying effect of sub-mesoscale mixed layer eddies, is included. The model303

outputs, ignoring the spin-up period, cover 10 months from 1 January 2010 to 29 Oc-304

tober 2010. A description of the technical choices and the configuration files are avail-305

able at https://github.com/ocean-next/eNATL60. For our study, we extracted daily306

averages of the data in two regions of interest (Figure 1). The ”Western Mediterranean307

region” extends from 2 °E to 10 °E and from 40 °N to 44 °N, and the ”Labrador region”308

from 56 °W to 51 °W and from 55 °N to 59 °N. To avoid shallow water coastal dynam-309

ics, we only kept locations for which the local depth is greater than or equal to 2000m.310

Moreover, to reduce the amount of data, we subsampled the horizontal resolution of the311

outputs from 1/60° to 1/12°. For doing that, we used the function ”samplegrid” of the312

Climate Data Operators library (CDO; Schulzweida, 2023) with a subsampling factor313

of 5 on both x and y dimensions of the grid.314

2.5 NEMO ORCA 1/12° Global Ocean Simulation315

The eORCA12.L75-GJM2020 (eORCA12) simulation is a global ocean/sea-ice sim-316

ulation forced by the atmospheric reanalysis JRA55-do 1.4.0 (Tsujino et al., 2018) per-317

formed on the ORCA12.L75 grid (1/12° horizontal resolution and 75-level non-uniform318

vertical grid) over the period 1979-2019. Vertical mixing is governed by a TKE + EVD319

+ IWM (additional parameterization accounting for mixing due to internal waves) scheme.320

A description of the technical choices and the configuration files are available at https://321

github.com/meom-configurations/eORCA12.L75-GJM2020. In this study, we used a322

10-year period (1 January 2006 to 1 January 2015) and we extracted daily averages of323
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Simulation

Horizontal 
resolution

[[Subsampling]]
Total time

Vertical mixing 
scheme

Additional 
parameterization

Reference
Med/Lab Global Med/Lab Global

eNATL60 1/60°
[[1/12°]] -

10 months
(Jan to Oct 2010) 

TKE + EVD Fox-Kemper Brodeau et al., 2010
(https://github.com/ocean-next/eNATL60)

eORCA12 1/12° [[15°]] 10 years
(2006 to 2015)

TKE + EVD Internal Wave 
Mixing (IWM)

https://github.com/meom-configurations/
eORCA12.L75-GJM2020

eORCA1 1° [[15°]] 20 years
(2000 to 2019)

TKE + EVD
-

https://github.com/meom-configurations/
eORCA1-GJM2020

eORCA1GM 1° [[15°]] 20 years
(2000 to 2019)

TKE + EVD Gent McWilliams 
(GM)

https://github.com/meom-configurations/
eORCA1-GJM2020

Collection of 1D 
simulations -

20 years
(2006 to 
2015)

10 years
(2000 to 
2019)

TKE + EVD
-

https://github.com/legaya/
James2023_ParameterSpace/

Table 1.  Summary of the main features of the simulations. ”Med” and ”Lab” stand for respectively the 
”Western Mediterranean” and the ”Labrador” extractions (see text)

the data on the same Western Mediterranean and Labrador regions as described above324

(Figure 1), with the same restriction of keeping only locations for which the local depth325

is greater than or equal to 2000m. Unlike eNATL60, which is not a global simulation,326

we are also going to use the results of eORCA12 at the global scale and, to reduce the327

amount of data, we subsampled the outputs from the 1/12° resolution to only keep 234328

points placed on a 15° grid (cf Figure 1). This coarse representation is enough to cap-329

ture a realistic range of f/Nh, representative of the world’s oceans.330

2.6 NEMO ORCA 1° Global Ocean Simulation331

We performed the eORCA1-GJM2020 (eORCA1) simulation in a set-up that is the332

same as the eORCA12 simulation, except for the horizontal resolution. However, a 1°333

horizontal resolution is not considered eddy-resolving and for this reason, an eddy-induced334

velocity is often added at this resolution to parameterize missing mesoscale eddies. We335

computed this eddy-induced velocity with the Gent McWilliams (GM) parameterization336

(Gent & McWilliams, 1990). We performed two experiments, eORCA1 without GM and337

eORCA1GM with GM. The GM coefficient was taken constant (with the NEMO default338

input parameters of lateral diffusive velocity Le = 0.02m s−1 and lateral diffusive veloc-339

ity Ue = 2× 105 m). A description of the technical choices and the configuration files340

are available at https://github.com/meom-configurations/eORCA1-GJM2020. We took341

daily averages of the outputs over 20 years from 1 January 2000 to 1 January 2019. We342

extracted the outputs on the two regions of interest, as well as at the global scale sub-343
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Figure 1. The three regions of interest in this study. a) and b) are respectively the ”West-

ern Mediterranean” region that extends from 2 °E to 10 °E and from 40 °N to 44 °N, and the

”Labrador” region that extends from 56 °W to 51 °W and from 55 °N to 59 °N. c) presents the 15°

grid used at the global scale (Mollweide’s projection). All of these three regions are restricted to

depths greater than 2000m.
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sampled on the 15° grid described in the previous section. Again, only the locations for344

which the local depth is greater than or equal to 2000m were kept.345

2.7 1D Simulations346

This section presents the 1D simulations we will use to classify the MLD evolution347

regimes in the parameter space.348

We performed a collection of 1D water column simulations using the code presented349

in Fearon et al. (2020), which is a standalone 1D vertical version of the Coastal and Re-350

gional Ocean COmmunity model (CROCO, https://www.croco-ocean.org/). This col-351

lection contains 20-year simulations from 1 January 2000 to 1 January 2019 at all the352

1° grid locations of the two regions Labrador and Western Mediterranean, as well as 10-353

year simulation from 1 January 2006 to 1 January 2015 for all the points of the global354

subsampled grid of 15° resolution. To be consistent with the 3D models, we used a TKE355

+ EVD scheme, we included the Earth’s rotation, we kept only the locations where the356

local depth is greater than 2000m and we applied the same atmospherical forcings as357

the eORCA1 simulation (presented in section 2.6). The wind, precipitation, evaporation,358

and non-solar heat flux forcings were applied daily with 24-hour constant values. The359

solar flux was constructed with a cosine truncated of its negative values, thus represent-360

ing 12 h daytime with positive values and 12 h nighttime with zero values. The temper-361

ature and salinity profiles were re-initialized to their eORCA1 values at the beginning362

of each new year, so these simulations should be viewed as multiple annual simulations.363

The vertical grid was taken equal to the one of eORCA1/eORCA12 cut at 2000m depth,364

hence the 54 shallowest levels of this 75-level grid. The time step was set to 360 s. The365

UNESCO 1983 nonlinear equation of state was used (Fofonoff & Millard Jr, 1983). At366

the bottom boundary of the domain, we imposed a homogeneous Neumann condition367

(no flux).368

2.8 Practical Calculation of the Dimensionless Numbers369

The five physical quantities (u∗, B0, h,Nh, f) appearing in the dimensionless num-370

bers are calculated as follows:371

• The surface wind friction velocity is calculated from its definition u∗ =
√
|τw|/ρ0372

with |τw| the norm of the wind stress vector at the ocean surface.373
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• We calculate the surface buoyancy flux with its classical linear definition: B0 =374

g
ρ0

(
αQ
cp

− βSsurf (E − P )
)
with Q the downward surface heat flux (Q < 0 for375

cooling), E the evaporation, P the precipitation, cp the heat capacity per unit mass,376

Ssurf the surface salinity, ρ0 the reference density, and (α, β) respectively the ther-377

mal expansion coefficient and the haline contraction coefficient of the linearized378

equation of state ρ = ρ0(1−α(T−T0)+β(S−S0)) with T0 the reference temper-379

ature and S0 the reference salinity. These two coefficients (α, β) are calculated380

for each location at every time step according to the local values of the surface tem-381

perature and the surface salinity.382

• We choose the classical MLD definition of the CMIP6 working group for h (Griffies383

et al., 2016, Appendix H24.2). This definition is based on a buoyancy difference384

from the surface and was designed to give results similar to the density criterion385

of a 0.03 kg/m3 difference of de Boyer Montégut et al. (2004) in the case of a lo-386

cal density close to 1035 kg/m3.387

• The stratification at the base of the mixed layer N2
h is defined as a difference be-388

tween the properties at the MLD (z = −h) and 10% below the MLD (z = −1.1h):389

N2
h =

g

ρ0

ρ(z = −1.1h)− ρ(z = −h)

0.1h
. (11)

It is worth mentioning here that, if we interpret ∆ρ = ρ(z = −1.1h) − ρ(z =390

−h) as the ”density jump” at the base of the mixed layer, Rh = (Nhh/u∗)
2 can391

be written as Rh = g∆ρ
ρ0

h/(0.1u2
∗) and is hence proportional to Rτ = g∆ρ

ρ0
h/u2

∗392

the bulk Richardson number associated to the wind (Price, 1979).393

• The Coriolis parameter is equal to f = 2Ω0 sin(ϕ) with Ω0 = 7.29×10−5 rad s−1
394

the rotation rate of the Earth and ϕ the latitude. As we did not consider any lat-395

eral gradients, the sign of f is of course not important in our context and we thus396

consider the absolute value of f . However, throughout the manuscript, we write397

f rather than |f | for brevity.398

Sensibility of the results to other choices of MLD definitions (de Boyer Montégut399

et al., 2004; Reichl & Hallberg, 2018) and other N2
h evaluations (centered at z = −h400

or with a constant distance of 15m below the MLD, see the discussion in Sérazin et al.,401

2023) were tested but not shown here for brevity. In short, the two definitions we chose402

were the ones giving the results with the highest significance (the notion of ”significance”403

–16–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

in the parameter space is defined in the next section) and hence the ones that are the404

more relevant in our context of the evaluation of the relative MLD deepening or shoal-405

ing over a 1-day period.406

As we follow the MLD evolution over a 1-day period, we use the daily averages of407

the quantities (from noon to noon). We opt to take the daily averages of h and N2
h at408

day d−1, and u∗ and B0 at day d. The reason is that h and N2
h represent an initial state,409

with a MLD h in which thermals can develop underlying a stable stratification N2
h . This410

initial state is modified by a whole day of forcing of u∗ and B0. Hence, the temporal evo-411

lutions of the MLD ∂th are computed over this 1-day period (day d−1 to day d). Fi-412

nally, we note that the calculation of ∆ρ = ρ(z = −1.1h)− ρ(z = −h), needed to ob-413

tain N2
h (see Equation 11), can present two problems. First, N2

h can be negative if there414

is an instability at the base of the mixed layer. These cases represent less than 0.01%415

of the points and are simply discarded. Second, the calculation of ∆ρ is not defined if416

the mixed layer reaches the bottom of the domain. These points, which correspond to417

a zero ∂th evolution, also represent less than 0.01% of all cases and are discarded as well.418

2.9 Visualization in the Parameter Space419

We characterize the MLD evolution through the relative change of the MLD ∂th/h,420

expressed in %/day. This variable is not dimensionless and could have been normalized421

by dividing by a characteristic time tc. Several possibilities were tested. However, since422

this change makes it more difficult to understand the variable, and since none of the tri-423

als produced any improvement in the results, none of the possibilities were retained.424

The parameter space has three dimensions: λs, Rh, and f/N . For exploring these425

three dimensions, we use projections into two-dimensional parameter spaces λs - f/N ,426

Rh - f/N , and λs - Rh. To facilitate the intercomparison of two graphs, we use hexag-427

onal bin plots rather than scatter plots and we define four MLD evolution classes accord-428

ing to the value of ∂th/h. Comparing two graphs can then be done by looking at the MLD429

evolution class obtained hexagon by hexagon. The four MLD evolution regimes are de-430

fined as follows431

• ∂th/h ≥ 10%/day: Strong Deepening432

• 1%/day ≤ ∂th/h < 10%/day: Deepening433
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• −1%/day ≤ ∂th/h < 1%/day: Stable434

• ∂th/h < −1%/day: Restratification435

The class of a hexagon is determined by the majority class of its constituent points.436

That is, for every hexagon of a 2D parameter space we sort all the points inside this hexagon437

in one of the 4 classes and the class of the hexagon is the one that is the most represented.438

If this class represents more than 75% of the points, it is tagged as ”highly significant”.439

If this percentage is between 50% and 75%, it is tagged as ”significant”. If it is below440

50%, it is considered not significant. For statistical reasons, a hexagon is kept only if it441

contains at least 30 points.442

3 Results443

In this section, we populate the 3D parameter space (λs, Rh, f/Nh) with 1D sim-444

ulations performed at the global scale and we show that considering only the two dimen-445

sions (λs, Rh) is the best choice of 2D projection of this 3D parameter space. We then446

focus on this two-dimensional λs - Rh parameter space and we present how this frame-447

work can be used to analyze 3D realistic ocean simulations. The first application is about448

the impact of the lateral resolution on the MLD evolution regimes. The second appli-449

cation focuses on the effect of the Gent McWilliams parameterization which aims at rep-450

resenting the impact of the unresolved mesoscale processes in a coarse-resolution ocean451

model.452

3.1 Evaluation of the Three-Dimensional Parameter Space453

The three-dimensional parameter space λs - Rh - f/Nh is evaluated with 1D sim-454

ulations performed at the locations of the 15° global grid (described in section 2.7). We455

first show that the (λs, Rh) projection is the best choice of 2D projection of this 3D pa-456

rameter space. We then highlight the influence f/Nh.457

Figure 2 displays the three two-dimensional projections of the 3D parameter space458

λs - Rh - f/Nh. Among these three projections, the 2D parameter space λs - Rh exhibits459

the highest significance with the MLD evolution classes of its hexagons being significant460

in 96% of the cases. In comparison, the significance is 84% for the f/Nh - Rh projec-461

tion and 73% for the λs - f/Nh projection (definition of the ”significance” in section 2.9).462
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Table 2. Significances of the MLD evolution classes of the hexagons for the three 2D projec-

tions of the 3D parameter space λs - Rh - f/Nh

2D parameter space λs - Rh f/Nh - Rh λs - f/Nh

Highly significant hexagons 74% 46% 30%

Significant hexagons 22% 38% 43%

Not significant hexagons 4% 16% 27%

Moreover, among these significant hexagons, the λs - Rh parameter space shows the high-463

est number of highly significant hexagons: 74% of all hexagons (46% for f/Nh - Rh; 30%464

for λs - f/Nh; cf Table 2).465

In addition to the high significance levels, the λs - Rh projection also exhibits the466

best ”spatial coherence”: the four MLD evolution regimes are organized in well-delimited467

continuous zones. The main thresholds delineating these zones are plotted in Figure 2.a.468

and are as follows:469

• Vertical threshold at λs = −3: Physically, we expect restratification for G/P |surf <470

−1, indicating that the surface buoyancy flux removes more TKE than the amount471

produced by the wind. In terms of λs (that is ∝ G/P |surf ), the threshold seems472

to be around λs ≈ −3. The criterion λs < −3 corresponds to stable or restrat-473

ification regimes and is consistent with a TKE-loss situation. This λs < −3 thresh-474

old is also observed in the λs - f/Nh parameter space and so does not depend on475

f/Nh.476

• Horizontal thresholds in the range −3 < λs < 0: In the range −3 < λs <477

0, the boundaries are horizontal, indicating that, when the wind dominates over478

the buoyancy flux, only the value of Rh is important for predicting the MLD evo-479

lution regime. A value of Rh > 1000 corresponds to ”stable” regime, 1000 < Rh <480

300 corresponds to ”deepening” regime and Rh < 300 corresponds to ”strong deep-481

ening” regime. This progression according to Rh corresponds to the traditional482

interpretation of a Richardson number. For High values of Rh, the shear u∗/h is483

too weak to erode the pycnocline stratification Nh, leading to a stable regime. In484

contrast, low values of Rh result in MLD deepening regimes.485
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Model: 1D simulations

MLD evolution 
classes
(based on the values
of           ) 

Strong deepening

Deepening

Stable

Restratification

Non-significant
(< 50 %)

Significativity of the 
hexagon class
 

(% of the points in the 
hexagon belonging to 
the class)

Significant
(< 75 % & ≥ 50 %)

Highly significant
(≥ 75 %)

P > -G
Deepening by u* 
"wins" against 
restratification 

by B0

B0 > 0

a) 

c) 

b) 

Region: Global scale 
(15° grid)

-G > P
Restratification 

by B0 "wins" 
against  

deepening by u* 

P > G
Driving force 

of MLD 
deepening 

is u*

G > P
Driving force of MLD 

deepening is B0

B0 < 0

Figure 2. Results of the 1D simulations performed at the locations of the 15° global grid,

plotted in the three different 2D projections of the 3D parameter space: (a) λs - Rh, (b)

f/Nh - Rh and (c) λs - f/Nh. The MLD evolution classes are defined based on the values

of ∂th/h. The ”strong deepening” class is defined by ∂th/h ≥ 10%/day, ”deepening” by

1%/day ≤ ∂th/h < 10%/day, ”stable” by −1%/day ≤ ∂th/h < 1%/day and ”restratifi-

cation” by ∂th/h < −1%/day. The class of a hexagon is the majority class of its constituent

points. If this majority class represents less than 50% of the constituent points, the hexagon is

tagged ”non-significant” (superimposed black hexagon), if it is between 50% and 75% it is ”sig-

nificant” (superimposed black dot) and if it is higher than 75% it is ”highly significant” (nothing

superimposed). A grid representing the slope 2/3 isolines of R∗
h is added in the λs > 0 panel

of the λs - Rh parameter space. Dashed lines highlight demarcations between MLD evolution

regimes discussed in the text.
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• Horizontal thresholds and sloping lines in the zone λs > 0: The demar-486

cations remain horizontal for λs < 0.2. Beyond that, for λs > 0.2, demarcations487

follow lines with a 2/3 slope, which are isolines of R∗
h = (Nhh/w∗)

2. In this zone488

where λs > 0.2, only the value of the buoyancy-flux related Richardson number489

R∗
h is important for predicting the MLD evolution regime. A value R∗

h > 3000490

indicates a stable regime, while low values suggest deepening or strong deepen-491

ing regimes. The fact that R∗
h is the important dimensionless number in the λs >492

0.2 zone informs us that this zone is a buoyancy-flux-dominant zone (G > P ).493

To summarize the previous points, λs indicates a restratifying TKE-loss zone for494

λs < −3 and a TKE-gain zone for λs > −3. The TKE-loss zone is buoyancy-495

flux-dominant whereas the TKE-gain zone is either wind-dominant for −3 < λs <496

0.2 and represented by demarcations by Rh, or buoyancy-flux-dominant for λs >497

0.2 and represented by demarcations defined with R∗
h. For clarity, these interpre-498

tations based on G and P are added on the top of Figure 2.a.499

While the λs - Rh projection is the best 2D projection of the 3D parameter space,500

we also explore the third dimension within this space. We sort the results according to501

their f/Nh values and we plot different ”slices” of the parameter space in Figure 3.502

The influence of rotation, as assessed by the parameter f/Nh, appears to stabilize503

the water column. To illustrate this effect, we highlight in Figure 3 the demarcations be-504

tween the stable regime and the deepening regime. We also plot in Figure 4 the value505

of these thresholds Rh,c and R∗
h,c as a function of f/Nh (normalized by their values Rh,c0506

and R∗
h,c0 for f/Nh ∈ [10−3.5; 10−3.0]). The higher f/Nh, the lower are Rh,c and R∗

h,c.507

Consequently, in the presence of rotation, a weaker stratification and/or a higher forc-508

ing (u∗/h or w∗/h) are required to achieve the same level of deepening as without ro-509

tation. This reduced effective surface buoyancy/wind power input could be attributed510

to the generation of inertial oscillations (Pollard et al., 1973) or by enhanced lateral buoy-511

ancy flux (Boccaletti et al., 2007).512

Rotation has a more pronounced effect on the wind forcing than the buoyancy forc-513

ing because Rh,c decreases more with f/Nh than R∗
h,c (cf Figure 4). Hence, the region514

for which the MLD deepening is driven by the wind narrows with f/Nh compared to the515

region for which the MLD deepening is driven by the surface buoyancy forcing. The λs,c516

thresholds that delineate these two regions are plotted in Figure 3 and their correspond-517
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Model: 1D simulations

MLD evolution 
classes

(based on the values
of             ) 

Strong deepening

Deepening

Stable

Restratification

Non-significant
(< 50 %)

Significativity of the 
hexagon class

(% of the points in the 
hexagon belonging to the 
class)

Significant
(< 75 % & ≥ 50 %)

Highly significant
(≥ 75 %)

Region: Global scale
(15° grid)

a) f / Nh ∊ [10-3.5; 10-3.0]

b) f / Nh ∊ [10-3.0; 10-2.5]

c) f / Nh ∊ [10-2.5; 10-2.0]

d) f / Nh ∊ [10-2.0; 10-1.5]

e) f / Nh ∊ [10-1.5; 10-1.0]

Figure 3. Results of the 1D simulations performed at the locations of the 15° global grid

plotted in the λs - Rh parameter space. The results are filtered according to their f/Nh val-

ues: (a) f/Nh ∈ [10−3.5; 10−3.0], (b) f/Nh ∈ [10−3.0; 10−2.5], (c) f/Nh ∈ [10−2.5; 10−2.0], (d)

f/Nh ∈ [10−2.0; 10−1.5] and (e) f/Nh ∈ [10−1.5; 10−1.0]. Dashed lines highlight the thresholds

Rh,c and R∗
h,c between the stable and the deepening regimes, and λs,c the limit between the

wind-dominant and the surface-buoyancy-flux-dominant zones. Values Rh,c0, R
∗
h,c0 and λs,c0 are

the ones for f/Nh ∈ [10−3.5; 10−3.0]. Other graphical conventions as in Figure 2.
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(a) (b) (c) (d) (e)

Figure 4. Dependence on f/Nh of the three demarcation thresholds Rh,c, R
∗
h,c and λs,c. The

thresholds Rh,c and R∗
h,c indicate the demarcation between the stable and the deepening regimes

respectively in the wind-dominant zone and in the surface-buoyancy-forcing-dominant zone. The

threshold λs,c = (Rh,c/R
∗
h,c)

3/2 indicates the transition between these wind-dominant zone and

surface-buoyancy-forcing-dominant zone. These three thresholds are plotted normalized by their

values at the lowest f/Nh: Rh,c0, R
∗
h,c0 and λs,c0. Letters (a), (b), (c), (d), and (e) refer to the

subfigures of Figure 3.
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9 % 17 % 35 % 32 % 4 %

Figure 5. Relative frequency of the values of f/Nh for the 1D simulations at the global scale.

The five slices used in Figure 3 are highlighted in light blue and the percentages of values falling

in each of them are given.

ing values are reported in Figure 4 (following Equation 10, it could be calculated by λs,c =518

(Rh,c/R
∗
h,c)

3/2). This dependency on f/Nh suggests that regions near the Equator are519

more likely to be in the wind-dominant regime, whereas high-latitude regions are more520

inclined toward a buoyancy-dominant regime.521

As previously observed, the λs - Rh parameter space (Figure 2.a) exhibits high lev-522

els of significance even if the dimension f/Nh is not considered. This suggests that vari-523

ations of the f/Nh parameter are less important than variations of λs and Rh for pre-524

dicting a MLD evolution regime. Compared to the influence of f/Nh observed in Fig-525

ure 3, this behavior can be explained by the fact that the f/Nh distribution of the 1D526

simulations at the global scale is not uniform but dominated by values of f/Nh ∈ [10−2.5; 10−1.5]527

(cf Figure 5; and one can indeed see that demarcations of the Figure 2.a are close to the528

demarcations in Figure 3.c and Figure 3.d). Given the high statistical performance of529

the λs - Rh parameter space, and because it is easier to work in two dimensions, we will530

focus solely on the λs - Rh projection in the remainder of this article. The dimension531

f/Nh will only be considered if necessary to comprehend low significance levels.532

We conclude this section by noting that the statistical performance of the param-533

eter space is not specific to the TKE vertical mixing scheme (see Appendix A for a brief534
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presentation of results with the KPP scheme). Additionally, for informative purposes,535

the density maps and associated joint Probability Density Functions (PDF) showing the536

density distribution of the values of λs, Rh, and f/Nh in the three 2D projections of the537

3D parameter space are given in Appendix B. This information can be useful when se-538

lecting relevant values of forcing and preconditioning conditions (u∗, B0, Nh) in the con-539

text of parameter tuning (Souza et al., 2020; Wagner et al., 2023).540

3.2 Influence of the Horizontal Resolution on the MLD Evolution Regimes541

for 3D Ocean Circulation Models542

Figure 6 displays the results of the 1D simulations, eORCA1, eORCA12, and eNATL60543

in the λs - Rh parameter space for the global scale and in the Western Mediterranean544

region. Since all four simulations used the same 1D vertical scheme TKE+EVD, any vari-545

ations between the figures are attributed to the influence of lateral processes.546

At the global scale, the main demarcation lines are consistent across the three sim-547

ulations. This observation suggests that, for predicting the MLD evolution, lateral pro-548

cesses are of second importance in comparison with the 1D processes presented via λs549

and Rh. However, this observation may not be locally valid. Extractions of the three same550

simulations in the Western Mediterranean, in addition to the eNATL60 simulation (which551

could not be considered at the global scale due to its basin-scale nature), reveal signif-552

icant variations across different resolutions. This indicates that the lateral processes play553

a substantial role in this region and cannot be neglected when compared to the 1D pro-554

cesses. Further details on these changes are provided in the following four paragraphs.555

For λs > −3 and high values Rh > 4000 and R∗
h > 4000, the high resolution556

simulations (1/12° and 1/60°) exhibit some restratification points. High values of Rh and557

R∗
h indicate a stable MLD in terms of the 1D processes. The presence of restratification558

points suggests that the lateral processes, such as restratification by baroclinic instabil-559

ity at convective fronts or at mesoscale eddy fronts can become dominant and result in560

a MLD shoaling. In the same conditions (λs > −3; Rh > 4000; R∗
h > 4000), the 1°561

model behaves similarly to the 1D simulations, exhibiting a ”stable” regime. This sug-562

gests that the coarse-resolution 1° model poorly resolves lateral processes of restratifi-563

cation.564

–25–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

c) 1/12° Global scale

g) 1/60° Western Mediterranean 

f) 1/12° Western Mediterranean 

b) 1° Global scale

a) 1D Global scale

e) 1° Western Mediterranean 

d) 1D Western Mediterranean

MLD dynamics 
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of           ) 

Strong deepening

Deepening
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is not a global simulation

Figure 6. Results in the λs - Rh parameter space of the (a) 1D, (b) 1° eORCA1 and (c) 1/12°

eORCA12 simulations at the global scale; and of the (d) 1D, (e) 1° eORCA1, (f) 1/12° eORCA12

and (g) 1/60° eNATL60 simulations for the Western Mediterranean region. Graphical conventions

as in Figure 2.
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For λs > −3 and low Rh < 400, going from 1D to 3D does not have a signifi-565

cant impact: the ”strong deepening” regime is maintained in all four simulations. Low566

values of Rh indicate an unstable water column where the stratification is low compared567

to the wind forcing. The preservation of the ”strong deepening” regime in all simulations568

suggests that for Rh < 400 the lateral processes of restratification cannot neutralize this569

instability and, therefore, play a secondary role.570

The zone with λs < −3, dominated by surface buoyancy fluxes is a zone of restrat-571

ification or stable regimes for the 1D simulations. As mentioned earlier, we associated572

this behavior with a TKE-loss in the 1D TKE budget. Interestingly, this λs < −3 zone573

characterized by restratification or stable regimes is still observed in the 3D models. This574

implies that for a dominant surface-buoyancy restratifying flux (λs < −3), the lateral575

processes of TKE generation (such as an Ekman flow creating an equivalent destabiliz-576

ing wind-driven buoyancy flux, see for example Thomas & Lee, 2005) are of secondary577

importance compared to the processes of the 1D TKE budget.578

The percentage of significant hexagons decreases when increasing the resolution:579

it is 97% in 1D, 88% at 1°, 84% at 1/12° and 78% at 1/60°. Non-significant hexagons580

indicate that the predictive skill of the parameter space for the MLD evolution is ham-581

pered by the importance of lateral processes. Considering the parameter f/Nh does not582

improve the results (not shown). Other parameters, some of which are described in sec-583

tion 2.2, could improve the predictability. Investigating these higher-dimensional param-584

eter spaces could be a focus for future research.585

3.3 Impact of the GM Parameterization on a 1° Coarse-resolution Model586

In Figure 7, we plot the results of the eORCA1, eORCA1GM, and eNATL60 sim-587

ulations in the Western Mediterranean and the Labrador regions separately. We recall588

that eORCA1GM differs from eORCA1 solely due to the addition of the GM parame-589

terization, designed to represent the adiabatic advective effect of unresolved mesoscale590

processes (Gent, 2011). Using eNATL60 as a reference helps evaluate how these mesoscale591

processes can influence the MLD evolution regimes in the parameter space. Therefore,592

comparing eORCA1GM and eNATL60 provides valuable insights into the impact of the593

GM parameterization, even though the GM parameterization was not designed to tackle594

the impact of the mesoscale processes in the mixed layer.595
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The impact of the GM parameterization is minimal in the Western Mediterranean596

region (Figure 7.a and Figure 7.b), although resolving the mesoscale processes was for597

instance expected to change the MLD evolution regimes from ”stable” to ”restratifica-598

tion” at high Rh > 2000 and high R∗
h > 2000 (Figure 7.a and Figure 7.c).599

In the Labrador region, the GM parameterization has a visible impact where its600

main contribution is to generate a restratification zone at middle stability conditions (200 <601

Rh < 2000 in −3 < λs < 2; 200 < R∗
h < 2000 in λs > 2) whereas it was before602

mainly a deepening zone (Figure 7.d and Figure 7.e). However, neither the stable zone603

(Rh > 2000 in −3 < λs < 2; R∗
h > 2000 in λs > 2) nor the strong deepening zone604

(Rh < 200 in −3 < λs < 2; R∗
h < 200 in λs > 2) are affected. These changes are not605

comparable with the effect of the mesoscale processes represented by the 1/60° results606

(comparison Figure 7.d and Figure 7.f) for which, for instance, the restratification zone607

at middle stability conditions (200 < Rh < 2000 in −3 < λs < 2; 200 < R∗
h < 2000 in608

λs > 2) is not observed.609

Therefore, these two cases highlight that the impact of the mesoscale processes on610

the MLD evolution is not adequately captured by GM. To better characterize the im-611

pact of the GM parameterization as a function of the position in the parameter space,612

we can examine a proxy for its activation. The GM parameterization tends to flatten613

isopycnals by advecting tracers via eddy-induced velocities (Gent et al., 1995)614

uGM = −∂z(κGMSx)

vGM = −∂z(κGMSy)

wGM = ∂x(κGMSx) + ∂y(κGMSy)

(12)

with κGM the isopycnal thickness diffusivity, Sx = −∂xρ/∂zρ the zonal isopycnal slope615

and Sy = −∂yρ/∂zρ the meridional isopycnal slope.616

We construct an index to quantify the magnitude of the GM rectification by con-617

sidering the horizontal transports integrated over the mixed layer γx =
∫ 0

−h
−∂z(κGMSx)dz618

and γy =
∫ 0

−h
−∂z(κGMSy) dz. The surface boundary condition imposes wGM = 0.619

This condition is often satisfied by taking κGMSx = κGMSy = 0 at the surface. Thus620

γx = κGM (z = −h)Sx(z = −h) and γy = κGM (z = −h)Sy(z = −h): the integrated621

horizontal transports are proportional to the isopycnal slopes at the mixed layer base.622

The index is then constructed as the maximal isopycnal slope over the x and the y axes623
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b) 1° + GM Western Mediterranean

a) 1° Western Mediterranean

e) 1° + GM Labrador 

d) 1° Labrador
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Strong 
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Figure 7. Results in the Western Mediterranean region of the (a) eORCA1, (b) eORCA1GM,

and (c) eNATL60 simulations in the λs - Rh parameter space. Figures (d), (e), and (f) are the

same in the Labrador region. Dashed lines highlight important demarcations discussed in the

text. Graphical conventions as in Figure 2.
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Sh = max (|Sx (z = −h)|; |Sy (z = −h)|)

= max

(
|∂ x ρ (z = −h)

∂zρ (z = −h)
|; |∂ y ρ (z = −h)

∂zρ (z = −h)
|
) (13)

with ∂zρ(z = −h) calculated over a distance 0.1h below the mixed layer: ∂zρ (z = −h) =624

ρ(z=−1.1h)−ρ(z=−h)
0.1h .625

The regions where the GM parameterization has a notable impact are character-626

ized by high values of Sh (Figure 8.a and Figure 8.e; see also the comparison between627

Figures 8.b and 8.d, and Figures 8.f and 8.h). In the Western Mediterranean region, we628

can define a threshold Sh = 0.5m/km below which the GM parameterization is expected629

to have negligible impact. Filtering the eORCA1GM results by the condition Sh < 0.5m/km,630

yields results comparable to the results of the eORCA1 simulation (comparison Figures631

8.c and 8.d, and Figures 8.g and 8.h). This confirms that the observed impacts of the632

GM parameterization can be understood through the values of Sh. Hence, this number633

is an additional dimensionless number that could be considered when Rh and λs alone634

do not provide robust predictions. In future studies, exploring projections into param-635

eter spaces (λs, Sh) or (Rh, Sh) could be promising avenues.636

4 Conclusions and Discussion637

This study introduces a three-dimensional parameter space designed to facilitate638

the analysis and the intercomparison of the ocean MLD evolution between numerical mod-639

els. The parameter space consists of three dimensionless numbers Rh, λs and f/Nh de-640

rived through dimensional analysis: λs evaluates the relative influence of the buoyancy641

forcing and the wind forcing for producing/destroying TKE in the surface layer, Rh is642

the Richardson number describing the competition between the stabilizing effect of the643

pycnocline stratification and the destabilizing impact of the wind-induced shear. Finally,644

f/Nh evaluates the influence of the Earth’s rotation.645

The λs - Rh - f/Nh parameter space was first evaluated in the context of 1D sim-646

ulations. Four MLD evolution regimes were defined based on the value of the relative647

MLD change ∂th/h: ”Restratification”, ”Stable”, ”Deepening” and ”Strong Deepening”.648

We showed that the influence of rotation tends to stabilize the water column by reduc-649

ing the effective forcings of the wind and the surface buoyancy flux. This reduction is650

even more pronounced on the wind forcing and consequently, MLD deepening in high651
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d) 1°: MLD evolution classes
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Figure 8. Results in the Western Mediterranean region in the λs - Rh parameter space of

(a) Sh in eORCA1, (b) MLD evolution classes in eORCA1GM, (c) MLD evolution classes in

eORCA1GM restricted to Sh < 0.5m/km and (d) MLD evolution classes in eORCA1. Fig-

ures (d), (e), and (f) are the same in the Labrador region. The slope Sh of the isopycnes at the

MLD is expressed in m/km. Values that exceeded 1.5m/km are represented in red. Graphical

conventions as in Figure 2.
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latitude regions is more inclined to be dominated by the surface buoyancy forcing whereas652

the Equator is more inclined to be wind-dominant. This can be related to the numer-653

ous studies that assess the relative importance of wind and surface buoyancy forcings654

in different regions (Dong et al., 2007; Sallée et al., 2010; Downes et al., 2011; Holte et655

al., 2012; Sallée et al., 2021; Gao et al., 2023). For example, Sallée et al. (2010) stated656

that the surface buoyancy forcing in the Southern Ocean (high latitude) dominates the657

wind forcing by one order of magnitude. Our study, which shows the dependence on f/Nh658

of the λs,c threshold between the two regimes, provides a new practical way of determin-659

ing the relative importance of surface buoyancy flux versus wind.660

The influence of the f/Nh parameter is less important than the λs and Rh param-661

eters for predicting the MLD evolution. The two-dimensional parameter space λs - Rh662

indeed exhibits high statistical performances with, in 96% of the cases, a pair (λs, Rh)663

that corresponds to a unique MLD evolution regime. In other words, instead of exam-664

ining all the preconditioning and forcing conditions, one can just calculate the two di-665

mensionless numbers λs and Rh for predicting the MLD evolution regimes. Also, the MLD666

evolution regimes appear in well-separated zones. This spatial coherence of regimes in667

this parameter space allows us to define thresholds on (λs, Rh) to predict MLD evolu-668

tion regimes.669

The thresholds of the λs - Rh parameter space were described in the context of 1D670

simulations. The criterion λs < −3 indicates stable or restratification regimes and is671

valid for all f/Nh values. The wind-dominant zone −3 < λs < 0.2 is characterized672

by transitions according to Rh-only thresholds. In the buoyancy-flux-dominant zone λs >673

0.2, transitions between regimes can be seen as thresholds on R∗
h = (Nhh/w∗)

2, the Richard-674

son number associated with the destabilizing buoyancy flux. This threshold at λs ≈ 0.2675

between the wind-dominant and the surface-buoyancy-flux-dominant zones is the one for676

the global scale, which is representative of f/Nh values in [10−2.5; 10−1.5], and must be677

adjusted for different values of f/Nh.678

Two applications of the parameter space were presented and we show how it may679

be used with realistic ocean models. In the first application, we intercompare ocean sim-680

ulations at different horizontal resolutions to evaluate the effect of lateral processes on681

the MLD evolution. We showed that lateral processes play a secondary role for low val-682

ues of Rh and R∗
h: the stratification effect is weak compared to the forcing u∗ or w∗ and683
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the ”strong deepening” regime can be predicted without considering lateral processes.684

When the water column is stable with respect to 1D processes (large values of Rh and685

R∗
h), we showed that the lateral restratification processes become dominant in the high-686

resolution simulations (1/12° and 1/60°). These lateral processes may for example in-687

clude the restratification by baroclinic instability at convective fronts or at mesoscale eddy688

fronts. However, the 1° model behaves as the 1D model, suggesting that the lateral pro-689

cesses of restratification are not resolved at this resolution without GM. Finally, in the690

high-resolution simulations (1/12° and 1/60°), the non-significant zones at mid values691

of Rh and R∗
h indicate that the lateral processes are dominant and that other dimension-692

less numbers could be considered for predicting the MLD evolution regime.693

The second application shows that the adiabatic advective effect of the mesoscale694

processes parameterized by GM parameterization does not capture the full impact of un-695

resolved mesoscale processes on the MLD evolution regimes in a coarse-resolution 1° model.696

In this context, we introduced the dimensionless number Sh which is the maximal isopy-697

cnal slope at the mixed layer base. This slope is one of the other dimensionless numbers698

that could be considered when the two (Rh, λs) are not sufficient for obtaining robust699

predictions. Particularly, projections into the parameter space (λs, Sh) or (Rh, Sh) could700

constitute some developments for future works.701

The two applications presented in this study are not exhaustive. We decided to fo-702

cus here on the use of the parameter space for model sensitivity studies. Future work703

could use the parameter space for comparing the behaviors of different vertical mixing704

schemes (KPP, TKE, GLS) and for comparing coupled and forced models. The infor-705

mation of the joint PDF of the three 2D projections of the 3D parameter space, given706

in Appendix B could also be used for choosing relevant values of forcing and precondi-707

tioning conditions (u∗, B0, Nh) in the context of parameter tuning (Souza et al., 2020;708

Wagner et al., 2023). Beyond these direct applications, an interesting extension of the709

approach would be to evaluate the performance of the parameter space with LES data710

and observations. For the observations, ARGO floats could for example be used. They711

give profiles over 10-day periods and the parameter space will need to be assessed with712

this new period. Fluxes between the ocean and the atmosphere could for example be ob-713

tained through the European Centre for Medium-Range Weather Forecasts (ECMWF)714

open data. For the LES, it would be possible to keep the 1-day period developed in this715

study or to try also with shorter or longer periods. In short, if the statistical performance716
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is still obtained in these contexts, the parameter space could become an informative tool717

for calibrating the mixing schemes using LES or observational data as a truth.718

Appendix A Analysis with the KPP Vertical Mixing Scheme719

To verify if the statistical performance of the parameter space is sensitive to the720

vertical mixing scheme, we performed the same collection of 1D water column simula-721

tions described in section 2.7 but with a KPP scheme instead of a TKE + EVD scheme.722

Figure A1 presents the results of these simulations with the same conventions as Fig-723

ure 2. Again, the λs - Nh parameter space performs well with 96% of significant hexagons,724

and spatial coherence of well-delimited zones is still obtained. The demarcation thresh-725

olds (represented by dashed lines) could again be discussed. In short, all the diagnos-726

tics we have done previously could have been done with simulations based on the KPP727

scheme as well, and future research could focus on analyzing the difference in behaviors728

between the TKE + EVD scheme and the KPP mixing scheme.729

Appendix B Joint PDF of Three 2D Projections of the 3D Parameter Space730

We plot in Figure B1 the density maps in the three 2D projections of the 3D pa-731

rameter space and the contours of the associated joint PDF, calculated with the 1D sim-732

ulations outputs at the global scale through the Python functions provided by Q. Li et733

al. (2019). These contours enclose 30% (black), 60% (blue), 90% (green), and 99% (yel-734

low) of all instances centered at the highest PDF.735

Appendix C Open Research736

All the codes used for the study are available through the following GitHub repos-737

itory: https://github.com/legaya/James2023 ParameterSpace/. It contains the Jupyter738

Notebook used for performing the 1D simulations and all the analyses, the 1D model de-739

scribed in section 2.1 as a Fortran Module ”scm oce.so”, and the Fortran codes needed740

for generating this module. The eORCA1, eORCA1GM, eORCA12, and eNATL60 sim-741

ulations outputs needed for realizing the figures are available as netCDF files and ”npz”742

archives via the following DOI: https://doi.org/10.5281/zenodo.10423178.743
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Figure A1. Same as Figure 2 but with 1D simulations using a KPP vertical mixing scheme

instead of a TKE + EVD scheme.
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a) 

c) 

b) 

Figure B1. Density maps of the 1D simulations at the global scale for the a) λs - Rh, b)

f/Nh - Rh and c) λs - f/Nh parameter space. The contours of the associated joint PDF are su-

perimposed. These contours enclose 30% (black), 60% (blue), 90% (green), and 99% (yellow) of

all instances centered at the highest PDF.
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