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Abstract.  The Eddy-Diffusivity Mass-Flux (EDMF) parameterization provides a unified framework to 

represent both local (diffusive) and non-local (convective) vertical mixing in the ocean. While EDMF has been 

evaluated in idealized and regional configurations, its performance in global ocean models has not yet been 

assessed. We present the first global-scale evaluation of the EDMF scheme implemented in NEMO and 

compare it with the widely used Enhanced Vertical Diffusion (EVD) and Mixed Layer Penetration (MLP) 20 

parameterizations. Three global 1/4° simulations for 1999–2020 are analyzed, focusing on convective regimes, 

upper-ocean temperature and mixed-layer depth. 

EDMF successfully reproduces both shallow diurnal convection in the tropics and deep wintertime convection 

in subpolar regions, with modelled plume timing, penetration depth and vertical velocities consistent with 

available observations. In the tropics, EDMF captures the observed penetrative cooling and depth variability of 25 

nocturnal cold plumes, in contrast to the instantaneous adjustment produced by EVD. In deep-convection 

regions such as the Labrador Sea, EDMF simulates realistic interannual variability in convective depth and 

intensity. 

The improved representation of convective regimes leads to a ~30% reduction in global upper-ocean (0-700m) 

temperature biases in EDMF compared to EVD-based simulations. Changes in latent heat loss, driven by SST 30 

differences, dominate the associated changes in net surface heat flux between EDMF and EVD simulations, 

corresponding to ~6.5% of the global average net climatological surface heat balance. 

These findings demonstrate that EDMF provides a more physically consistent representation of oceanic 

convection and offers an alternative to traditional and empirical EVD- and MLP- based approaches.   
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1 Introduction 35 

 

By communicating heat, mass and momentum between the atmosphere and ocean interior, the ocean boundary 

layer (OBL) plays a central role in the evolution of the global ocean heat budget, water-mass formation and air-

sea carbon exchange. Vertical mixing within the OBL is typically categorized into two regimes: (i) diffusive 

mixing, driven by small-scale eddies that transports properties down their local mean gradient, and (ii) non-40 

diffusive mixing, associated with organized large-scale eddies such as convective plumes, which can induce 

counter-gradient and non-local transport.  

Convective plumes are often triggered by surface water cooling or salinification which generate hydrostatic 

instabilities (e.g. increase in surface water density), resulting in downward motion of buoyant plumes. 

Depending on factors such as the strength of the buoyancy forcing and the ocean stratification, these convective 45 

plumes may remain confined to the mixed layer or penetrate to abyssal depths. The forcing also determines the 

timescale of convective events, which can range from diurnal to seasonal or even interannual (Marshall & 

Schott, 1999; Morales Maqueda et al. 2004; Vreugdhenil and Gayen, 2021). 

In tropical and subtropical regions, daytime solar heating generates a warm, stably stratified surface layer in the 

upper few meters. At night, surface cooling, often coupled with wind forcing, destabilizes the upper ocean and 50 

initiates convective overturning that erodes the diurnal warm layer (Woolnough et al., 2007; Bellenger & Duvel, 

2009; Moum et al., 2023). These nocturnal convective plumes are typically shallow, extending only a few tens 

of meters, with deepest penetrations near the equator (Masich et al., 2021; Moum et al., 2023; Wenegrat & 

McPhaden, 2015). 

At higher latitudes, intense surface heat loss during winter drives deep convection events that can reach depths 55 

of several hundred to thousand meters. Recurrent wintertime deep convection sites have been identified in the 

Greenland, Labrador, and Irminger Seas (Våge et al., 2009; Frajka-Williams et al., 2014; Piron et al., 2017), as 

well as in the Weddell Sea (Gordon et al., 1978) and the Mediterranean Sea (Schott et al., 1996; Houpert et al., 

2015). 

By generating large-scale non-diffusive mixing, these two distinct convective regimes (shallow diurnal and deep 60 

seasonal) significantly deepen and sustain the upper-ocean mixed layer (Vreugdhenil and Gayen. 2021). 

Accurately representing convection occurring in the OBL in general circulation models (GCMs) is therefore 

essential for reliable representation of the mixed layer depth (MLD), and consequent implications on heat 

storage and global water-mass transport (Fox-Kemper et al. 2019). 

 65 

For an accurate representation of the total turbulent fluxes within the OBL, both contributions of the diffusive 

and non-diffusive mixing must be represented. However, the small horizontal scales of the diffusive (O(~1-

10)m) and non-diffusive (O(~10-1000)m) turbulent mixing can not be explicitly resolved in ocean GCMs, as 

these processes occur at subgrid scales and act primarly in the vertical direction and therefore must be 

parameterized.  70 

The traditional way to parameterize the turbulent diffusive mixing in GCMs is through the Eddy-Diffusivity 

(ED) based on a K-gradient approach (Gaspar et al., 1990). This latter estimates the vertical turbulent flux of a 

field  as   , where  (m2 s-1) is the ED coefficient. Though successfully representing the 
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OBL diffusing mixing, the ED method by itself fails at representing the mixing induced by large eddies because 

the parcels move regardless of the local gradient.  75 

In order to include the non-diffusive mixing that propagates counter-gradient of the stratification, several 

modifications were introduced into ED formulations. As for example, Large et al. (1994) added the effect of 

non-diffusive convective mixing to the local K-theory through a non-local term (KPP). An exhaustive and 

descriptive inventory is provided by Garanaik et al. (2024), though none of these schemes explicitly represent 

the convective mixing. This is also the case for the Enhanced Vertical Diffusion (EVD) parameterization 80 

traditionally used in the NEMO ocean model. This approach mimics convective mixing by artificially enhancing 

vertical diffusivity by assigning large  values wherever static instability is detected in the density profile, 

thereby representing convection as very strong local turbulent vertical diffusion (Madec et al., 2019). 

 

To address this shortcoming, the Eddy-Diffusivity and Mass-Flux (EDMF) parameterization has been more 85 

recently introduced in NEMO (Giordani et al., 2020). EDMF unifies a local downgradient diffusive component 

(ED) with an explicit nonlocal mass-flux (MF) component that represents the vertical advective transport 

associated with convective plumes.  

As such, EDMF has attracted increasing attention as a promising alternative for representing oceanic convection 

in coarse-resolution models. The EDMF parameterization within NEMO has already been tested and validated 90 

in 1-D scenarios within the Gulf of Lions (Mediterranean Sea) and at the PAPA station (northern Pacific Ocean) 

(Giordani et al., 2020), and in 3-D regional scenarios in the Maud Rise region (off the north coasts of 

Antarctica) (Gülk et al., 2024). Similar mixing schemes using the MF concept have been used and validated in 

single column test cases (Garanaik et al. 2024, Perrot et al. 2024, Perrot and Lemarié 2025), or implemented in 

the code Oceananigans (Ramadhan et al. 2020). To the authors’ knowledge, the EDMF parameterization has 95 

never been tested in a global ocean model configuration before.  

 

Under the framework of the NEMO Consortium, which ensures the sustainable development of the NEMO 

platform to support oceanographic research, forecasting, and climate studies, this paper has four main 

objectives:  100 

- To evaluate the EDMF parameterization in a global NEMO simulation at ¼° resolution, by assessing key 

variables such as temperature, salinity, ocean transport, and mixed layer depth (MLD);  

- To compare the performance of the EDMF scheme against the widely-used EVD parameterization in 

representing these quantities; 

- To assess the ability of the EDMF scheme to represent both shallow diurnal and deep seasonal convective 105 

regimes; 

- To quantify the contribution of convection to the global net surface fluxes. 

    

2 Methods 

 110 

2.1 Model and simulations performed: shared features 
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We analyze the outputs of three NEMO standalone simulations which differ one from another only by their 

respective choice of vertical diffusive and/or convection parameterizations. In this subsection, we describe the 

experimental design shared by all three experiments. 115 

We use the ocean-sea ice coupled model of the Nucleus for European Modelling of the Ocean (NEMO) version 

4.2 (Madec et al., 2022), coupled with the Sea Ice modelling Integrated Initiative (SI3, Vancoppenolle et al., 

2023), with its default settings and 5 ice thickness categories. Simulations are performed on a 1/4° global 

tripolar grid with 75 vertical ocean z levels, whose thickness increases non-uniformly from 1 m at the surface to 

10 m at 100 m depth, and up to 200 m near the bottom. Atmospheric forcing is provided by the ERA5 reanalysis 120 

at hourly frequency (Hersbach et al., 2020) via the XYZ bulk formula. The eddy-induced velocities 

parameterization of Gent and McWilliams (1990) is activated, enabling the representation of the full mesoscale 

turbulence associated with eddies in this “eddy-permitting” configuration. The penetration of solar radiation is 

prescribed following the algorithm of Morel et al. (1988). The monthly climatology field of surface chlorophyll 

of Sathyendranath et al. (2019) is prescribed.  125 

All three simulations are conducted over the 1999-2020 period. The ocean and ice fields are initialized on 

October 1, 1999 using the state-of-the-art Global Reanalysis Ensemble Product (GREP) at 1/4° resolution 

(https://doi.org/10.48670/moi-00024) provided by the Copernicus Marine Service. Following a five-year spin-up 

period, the model outputs were analyzed over a 16-year period spanning 2005–2020 corresponding to the Argo 

program period. 130 

2.2 Vertical mixing parameterization options 

We now focus more specifically on the parametrization pertaining to vertical mixing. For representing vertical 

diffusive mixing, all three experiments employ a “1.5th-order” turbulent-kinetic-energy (TKE) closure scheme 

initially proposed by Blanke and Delecluse (1993). The eddy diffusivity Kz is then diagnosed from the TKE. In 

one of our simulations, the TKE scheme is complemented with the so-called “mixed-layer penetration” (MLP) 135 

scheme, increasing the upper ocean TKE to account for the effects of near-inertial oscillations and surface 

gravity wave breaking (Rodgers et al. 2014). The MLP scheme adds a TKE source term (in our case, 5% of the 

surface TKE), distributed vertically with an exponentially decreasing shape function from the surface down to 

depths ranging from 0.5m (at the Equator) down to 40m (at higher latitudes in both hemispheres). Introduced as 

an ad hoc, empirically-based parameterization, the MLP was implemented to deepen the mixed layer depth 140 

(MLD), which was commonly found to be too shallow in the Southern Ocean during summer under windy 

conditions (Rodger et al., 2014). This scheme is active by default in NEMO4.2, as it has been shown to improve 

the realism of MLD in the Southern Ocean, Arctic region and open-water areas (Calvert and Siddorn, 2013; 

Rodgers et al., 2014; Heuzé et al., 2015; Storkey et al., 2018; Allende et al., 2024). 

  145 

NEMO’s current default option for representing convective vertical mixing is the “enhanced vertical diffusivity” 

(EVD) parametrization (Madec et al., 2019). When the stratification between two vertically adjacent cells is 

unstable (i.e., when the density increases with depth), the EVD scheme overrides the TKE scheme by setting the 
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eddy diffusivity to a large constant value (up to ), very effectively mixing both cells. Under 

stable stratification, the EVD parametrization leaves  unchanged and is thus inactive. In essence, the EVD 150 

represents nonlocal vertical mixing via a fundamentally local mechanism (diffusion, i.e., ), albeit 

employing diffusivities large enough to mimic nonlocal effects. The EVD scheme is used in two of our three 

experiments. 

As an alternative to the EVD parameterization, NEMO4.2 now also allows the use of the mass-flux 

parameterization to represent the convective vertical mixing with bespoke numerics (see Giordani et al., 2020). 155 

Inspired by atmospheric convective parameterizations (Siebesma et al., 2007), it explicitly represents convective 

plumes nested within their surrounding environment and is by construction nonlocal. The mass-flux 

parametrization aims solely at representing convective mixing and is typically combined with the 

aforementioned TKE closure, accounting for diffusive mixing. The combination of both parametrizations is 

hereinafter referred to as Eddy-Diffusivity Mass-Flux (EDMF) parametrization. One of our experiments uses a 160 

version of the EDMF parametrization which, compared to Giordani et al. (2020), was revisited for the global 

ocean. EDMF parameterization is designed to respond to density instabilities regardless of their origin, 

including, for example, those induced by surface cooling or salinification, Ekman boundary fluxes, or coastal 

downwelling.  

The main characteristics of the Mass-Flux (MF) component of EDMF scheme (Giordani et al., 2020) are briefly 165 

recalled here. Note that the present EDMF formulation is applied for all convective regimes, without using 

regime-specific parameterizations or coefficients. The surface buoyancy flux is used to derive the fractional 

convective area of the plume, from which the plume is initiated. The plume velocity ( ) is computed by 

integrating the equation:  

 170 

                                                                                                             (1) 

 

using the gravitational acceleration , the plume buoyancy acceleration , the surface‐referenced potential 

density of the plume , the hydrostatic pressure  and the coefficients  and . The value  was 

diagnosed from Large Eddy Simulations in the atmosphere (Siebesma et al., 2003) and  produced the 175 

best results in the EDMF 1‐D test cases. The coefficient   represents the resistance term associated with the 

non‐hydrostatic pressure perturbation applied to downward parcels. In our configuration, we use  to 

prevent any damping of this resistance term. 

 

The computation of the plume convective area  is determined as: 180 

 

                                                                               (2) 

https://saxarona.github.io/mathjax-viewer/?input=%5Cleft(%20%5Cfrac%7B1%7D%7B2%7D%20%2B%20%5Calpha%20%5Cright)%20%5Cfrac%7B%5Cpartial%20w_p%5E2%7D%7B%5Cpartial%20z%7D%20%3D%20a_1%20F_b%20-%20%5Calpha%20g%20%5Cfrac%7B%5Crho_p%7D%7Bp_h%7D%20w_p%5E2#0
https://saxarona.github.io/mathjax-viewer/?input=%7Bp_h%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Calpha%20g%20%5Cfrac%7B%5Crho_p%7D%7Bp_h%7D#0
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These quantities correspond to vertical decay scale, as described in Giordiani et al. (2020). The shape of the 

vertical velocity in the convective area is such that it increases in the upper part ( ) and decreases in the 

deeper part ( ) of the plume. 185 

In Eq. 2, the entrainment ( ) and detrainment ( ) rates between the plume and the environment are expressed 

as:  

 

                                                                                                                                      (3)                                                        

 190 

with the coefficients  (Rio et al. 2010, Giordani et al. 2020). 

On the other hand, the plumes properties ( ) which include the potential temperature ( ) and the salinity ( ) 

are determined as:  

 

                                                                                                                                     (4) 195 

 

with the lateral entrainment rate  between the plume and the environment computed as:  

 

                                                                                                                                       (5) 

 200 

For consistency with  and , we introduce a coefficient  in the computation of  so that: 

 

                                                                                                                                 (6) 

 

with , and the background entrainment rate  equal to 0.001 (Giordani et al. 2020, Gülk 205 

et al. 2024).  

Lastly, the initialization of  at the surface was originally coded to be equal to the surface temperature of the 

environment ( ) at the same time step. In this study, to allow convection triggering with  < , we modified 

the initialization so that the surface  is now set equal to surface  at the following half time step. This 

temperature increment is an estimate of the temperature difference between the convective plumes and their 210 

surrounding environment in the model grid-mesh. NEMO uses a leapfrog time-stepping scheme. The surface 

flux is evaluated at the half time step, which allows it to be used at the temporal center of the model time step. 

As mentioned above, the vertical mixing parameterization choice distinguishes our three experiments one from 

another, for which Table 1 provides an overview. In our study, TKE+EVD can be considered as a “minimal” 

control experiment; TKE+MLP+EVD as a control experiment with settings that NEMO usually employ 215 

(including the ad-hoc MLP parametrization); EDMF is the new framework we are evaluating. The aim of the 

present study is to improve the representation of the vertical physics in the model, and ultimately, its ability to 

https://saxarona.github.io/mathjax-viewer/?input=%5Cmathcal%7BL%7D%20%3E%200#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cmathcal%7BL%7D%20%3C%200#0
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reduce systematic biases. However, this capability only becomes apparent after an online re-calibration of the 

parameterizations (Hourdin et al., 2021, 2023).  

Simulation Diffusion MLP? Convection 

TKE+EVD TKE No EVD 

TKE+MLP+EVD TKE Yes EVD 

EDMF TKE No Mass-flux 

Table 1: Summary of conducted experiments. 220 

We compute the temperature trend from the divergence of the diffusive ( ), convective ( ) and total 

( ) vertical heat fluxes in EDMF simulation, as:   

 

                                                                                                                        (7) 

with the mass flux defined as 𝑀𝐹 = 𝑎𝑝𝑤𝑝. 225 

In the case of EDMF simulation: ; whereas in the case of the EVD simulation: 

.  

2.3 Observational dataset for simulations evaluation 

 

The modeled sea surface temperature (SST) is compared to SST data from OSTIA (Operational Sea Surface 230 

Temperature and Sea Ice Analysis, SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001, 2023; 

https://doi.org/10.48670/moi-00165), while the modeled vertical profiles of temperature are compared to in situ 

measurements from ARMOR and CORA-REP 

(INSITU_GLO_PHYBGCWAV_DISCRETE_MYNRT_013_030, 2024; https://doi.org/10.48670/moi-00036). 

From the hourly model outputs, the model equivalents of the observations are calculated using temporal and 235 

spatial interpolations. The bias and root mean square deviation (RMSD) are then calculated within 3° × 3° grid 

boxes to ensure statistical robustness by minimizing the risk of having too few in situ observations within 

smaller boxes.  

 

Modeled monthly mixed-layer depth (MLD) climatologies are compared to the MLD climatology of de Boyer 240 

Montégut (2024), derived from temperature and salinity profiles collected between January 1970 and December 

2021 from the Argo program, the NCEI-NOAA World Ocean Database and ice-tethered profilers. The MLD for 

each profile is computed using the threshold density criterion, following de Boyer Montégut et al. (2004), 

consistent with the MLD computation used in NEMO. This profile-based MLD has been recommended for the 

evaluation of global ocean models, as in OMIP (Tréguier et al. 2023). The observational climatology has a 245 

https://doi.org/10.48670/moi-00165
https://doi.org/10.48670/moi-00036
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bdiff%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bconv%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Btot%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial_z%20F_%7Bdiff%7D%20%3D%20-%20%5Cfrac%7B%5Cpartial%7D%7B%5Cpartial%20z%7D%5Cleft(%20-K_z%20%5Cfrac%7B%5Cpartial%20T%7D%7B%5Cpartial%20z%7D%5Cright)#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial_z%20F_%7Bconv%7D%20%3D%20-%20%5Cfrac%7B%5Cpartial%7D%7B%5Cpartial%20z%7D%5Cleft(%5Cfrac%7B%5Cpartial%20MF%20(T_p-T)%7D%7B%5Cpartial%20z%7D%5Cright)%20#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial_z%20F_%7Btot%7D%20%3D%20%5Cpartial%20z%20F_%7Bdiff%7D%20%2B%20%20%5Cpartial_z%20F_%7Bconv%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial_z%20F_%7Btot%7D%20%3D%20%5Cpartial%20z%20F_%7Bdiff%7D%20#0
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spatial resolution of 1° × 1°, so the modeled MLD climatologies are resampled to this resolution for accurate 

comparison.  

 

Modeled hourly near-surface temperatures are evaluated against in situ observations from the standard 

operational Tropical Atmosphere Ocean (TAO) surface mooring, maintained by the National Data Buoy Center 250 

(NDBC), located at 2°S, 140°W. The data were collected and made freely available by NOAA/NDBC. From 

February 2017 to June 2018, this mooring was additionally equipped with enhanced vertical resolution 

temperature sensors, providing measurements every 5 meters from the surface to 40 meters depth, and every 10 

meters between 40 and 60 meters depth, at a 10-minute sampling interval. For comparison with model output, 

observational data were temporally averaged to a 1-hour frequency. 255 

 

We compare the modeled Atlantic Meridional Overturning Circulation (AMOC) with the observed RAPID-

MOCHA monitoring array at 26.5°N, which monitored the AMOC volume transport since April 2004 

(https://rapid.ac.uk/data). The modeled AMOC computations are performed with the cdftools package (cdfmoc;  

https://meom-group.github.io/doc/CDFTOOLS/#PACKAGE-DESCRIPTION) 260 

 

Seasonal modelled sea-ice concentration for the Arctic and Antarctic regions are compared to the GCOM-W1 

product (Global AMSR Sea Ice Concentration, OSI SAF, 2017; 

https://dx.doi.org/10.15770/EUM_SAF_OSI_NRT_2023 ) derived from AMSR-2 satellite measurements and 

processed by the EUMETSAT OSISAF.  265 

 

3 EDMF scheme evaluation 

 

In this section, we first describe the spatio-temporal occurrences of the EDMF scheme and we detail the 

physical properties of the modeled convective plumes under different convective regimes. We then evaluate the 270 

performance of the simulation using the EDMF scheme in reproducing observed temperature patterns and MLD 

cycles, and we compare its accuracy to that of the simulations employing the EVD scheme (TKE+EVD and 

TKE+MLP+EVD simulations). Additional analysis of the EDMF performances in reproducing the Atlantic 

meridional overturning circulation (AMOC) is available in Text S1 of the SI.  

 275 

3.1 EDMF scheme occurrence 

 

We assess the occurrence of the MF component of the EDMF scheme by analyzing climatological (2005-2020) 

fields of daily plume vertical velocities ( ) outputs from the EDMF simulation, as positive  indicate the 

presence of convective plumes.  280 

This analysis shows that the MF component is active year-round in the tropical ocean (30°S–30°N), where it is 

confined to shallow depths (<100 m) (Fig. 1a–h). This convective activity is typical of the diurnal shallow 

convective regime that occurs in the tropics and subtropics at night due to the combination of wind and 

nighttime surface cooling (Shay and Gregg, 1986). During boreal winter, the MF component is activated in the 

northern hemisphere (Fig. 1e), whereas activation shifts to the southern hemisphere during austral winter (Fig. 285 

https://rapid.ac.uk/data
https://meom-group.github.io/doc/CDFTOOLS/#PACKAGE-DESCRIPTION
https://dx.doi.org/10.15770/EUM_SAF_OSI_NRT_2023
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1g), reflecting the seasonality of convective events. Deep convective activities (>500 m) are depicted in the 

northern Atlantic (Labrador and Irminger Seas) and southwestern Pacific near the Drake passage during boreal 

and austral winter, respectively (Fig. 1i–l). These regions are known as the few sites of the ocean where seasonal 

wintertime deep convection has been observed (Yashayaev and Loder, 2017; Behrens et al., 2016).  

 290 

 

Figure 1: Seasonal activity of the MF component, as depicted as positive values of  averaged over the 2005-

2020 period, at 5 (a-d), 100 (e-h) and 500 m depth (i-l) in terms of percentage (%) of time per month. 

3.1.1 Deep-seasonal convection 

 295 

Model outputs at 1-hour temporal resolution are analyzed at the mooring site (56.53°N, 52.65°W), located in the 

deep convective region of the Labrador Sea. Figure 2a presents the time series of surface net heat flux and 

vertical velocity of plumes ( ) over four consecutive years (2011–2015). Each year, a gradual deepening and 

intensification of  is observed from late summer into autumn (August to November), associated with the 

seasonal transition from positive to negative surface heat flux. As winter progresses (December), the 300 

intensification of negative heat flux triggers the onset of deep convection (depths > 500 m), marked by a rapid 

increase in both depth and magnitude of . The deep convection season typically stops in early spring (April), 

associated with the transition from negative to positive surface net heat flux. 

 

However, substantial interannual variability in the intensity of the convection is observed (Fig. 2a). During the 305 

winter of 2012–13, the convective season was relatively short (late January to mid-March) and weak, with  

reaching a maximum depth of ~900 m and peak values of ~5 cm s⁻¹. In contrast, the winter of 2014–15 was 

marked by an early onset of convection (beginning in December), which persisted through mid-April, reaching 

depths up to ~2000 m and  > 8 cm s⁻¹. Apart from major convective events, wintertime MLDs observed in the 

Labrador Sea typically range between 500 and 1500 m (Kieke and Yashayaev, 2015), consistent with the 310 

modelled maximum plume depths during the winters of 2011-12, 2012-13 and 2013-14 (Fig. 2a). The winter 
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2014-15 has been identified as a major deep convection event, occurring in both the Labrador and Irminger Seas 

(Piron et al. 2017), with depths comparable to those observed during 1993-1995 of ~2300 m (Kieke and 

Yashayaev, 2015). The modelled convective depths during winter 2014-15 are consistent with Argo-derived 

MLDs in the Labrador Sea, which ranged from 1000 to 1800 m during March-April 2015 (Piron et al. 2017). 315 

The modelled  also fall within the range of the few available observational estimates of , such 

measurements remain scarce because of the difficulty to sample small oceanic vertical velocities. Using gliders 

deployed in the Labrador Sea during winter 2022, Clément et al. (2024) reported maximum  values of 

4.6 cm s⁻¹ and MLDs reaching 1000 m. These values indicate moderate convective conditions, consistent with 

the modelled values for the winter 2011-12 which presents moderate conditions compared to winters 2012-13 320 

and 2014-15 (Fig. 2a). 

 

Daily model outputs at the model grid cell containing the mooring site 56.53°N, 52.65°W are used to calculate 

the temperature trend from the divergence of the diffusive ( ), convective ( ) and total ( ) 

vertical heat fluxes (Eq. 7; Fig. 2b).   is nearly negligible over most of the water column, except for a 325 

weak signal close to the surface during the summers (Fig. 2b). Consequently, the vertical structure of  is 

almost entirely determined by the convective contribution, . This illustrates that the deep response of the 

total vertical heat flux in the EDMF simulation is primarily associated with the mass-flux component rather than 

with diffusive mixing. Time series of  and  for the two EVD simulations are provided in Fig. S1, 

using the same location and time period, to compare the intensity and vertical extent of these fluxes under the 330 

same surface forcing.  

Winter 2011/12 exhibits a deeper penetration of  than in Fig. 2a, owing to the different spatial sampling 

used in the two panels. Fig. 2a uses hourly outputs at the mooring location, whereas Fig. 2b uses daily outputs at 

the model grid cell encompassing the mooring. Given the strong spatial variability of convection in the Labrador 

Sea, differences in the diagnosed penetration depth are therefore expected. 335 

 

Hourly profiles of the modelled convective plumes characteristics for March 15, 2015, are shown in Fig. 2b-f. 

At the surface, negative heat fluxes trigger and maintain colder-than-environment plume temperatures (Tₚ < Tₑₙᵥ, 

Fig. 2e) throughout, resulting in denser-than-environment plume waters (ρₚ > ρₑₙᵥ, Fig. 2d). The plume 

convective areas ( ), derived from surface buoyancy fluxes, are provided in Fig. 2c. As the plumes propagate 340 

downward and remain denser than their environment waters (ρₚ > ρₑₙᵥ), they accelerate according to the work of 

the buoyancy force, reaching vertical velocities up to 8 cm s⁻¹ while their  gradually shrink. 

At the depth of neutral buoyancy—where plume and environment densities become equal (ρₚ = ρₑₙᵥ), around 

~1000 m—the plumes begin to decelerate, accompanied by an increase in   (their expansion). Below this 

level, as the plume waters become lighter than the environment waters (ρₚ < ρₑₙᵥ), the plumes lose their gain 345 

buoyancy and eventually stops (  = 0) at depths of ~ 1700–2000 m. 

 

https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bdiff%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bconv%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Btot%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bdiff%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Btot%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bconv%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Btot%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bdiff%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Btot%7D#0
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Figure 2: (a) Hourly time series of surface net heat flux (W m-2) and plume  (cm s-1) spanning October 2011 350 

to July 2015 at mooring location 56.53°N, 52.65°W in the Labrador Sea. (b) Daily time series of temperature 

trend (K day-1) from the divergence of the total ( ), diffusive ( ) and convective ( ) heat flux 

from EDMF simulation. Fluxes are computed at the model grid cell containing the mooring location and over 

the same time window as shown in (a). 24-hours profiles of (c) , (d) , (e) ρₚ - ρₑₙᵥ, (f) Tₚ < Tₑₙᵥ and (g) Sₚ < 

https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Btot%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bdiff%7D#0
https://saxarona.github.io/mathjax-viewer/?input=%5Cpartial%20z%20F_%7Bconv%7D#0
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Sₑₙᵥ for march 15, 2015. The dashback line denotes the depth of neutral buoyancy between the plume and the 355 

environment (ρₚ = ρₑₙᵥ).  

3.1.2 Shallow-diurnal convection  

 

The shallow convective depths (<100m) observed in the tropics (30°S-30°N; Fig. 1a-h) are consistent with 

previous observations. Using the TAO mooring array across the tropical Pacific, Masich et al (2021) reported 360 

mean convective depths between 10 and 60 m. Using turbulence measurements from the TAO mooring at 

0°,140°W, Moum et al. (2023) reported convective depths up to 90 m. In the tropical Atlantic, the same authors 

reported maximum convective depths of 65 m at 0°,23°W and 36 m at 0°,10°W, based on PIRATA mooring 

data, also consistent with our findings.  

 365 

Hourly time series of  at the mooring site located at 2°S, 140°W, within the equatorial Pacific band where 

diurnal shallow convection occurs (Fig. 1a-d), are analyzed for July 2017 (Fig. 3a). Each night, convective 

plumes with  reaching up to 3.4 cm s⁻¹ develop under surface buoyancy losses (~ –100 to –200 W m⁻²), 

extending to depths between 50 and 100 m. The plumes exhibit a distinct asymmetry characterized by a 

prolonged deepening phase. For instance, on July 12, 2017, convection initiated around 8 p.m. with a shallow 370 

(< 10 m, Fig. 3b-f) and weak plume (~ 0.3 cm s⁻¹, Fig. 3b). As the night progressed, the plume deepened (to 

~ 90 m) and intensified (to ~ 3 cm s⁻¹) for about 12 hours, peaking at 8 a.m (Fig. 3b). Following the gradual 

transition of the surface heat flux from negative to positive values, the plume weakened and eventually stopped 

at noon. 

 375 

Due to localized instabilities along the density gradient, the MF component can occasionally be activated at 

depths, as observed on July 18 2017 at ~90 m depth (Fig. 3a). In this case, convection remains weak (  <0.5 

 cm s⁻¹) and confined to the neighboring grid cell. This behavior, here due to a local instability, indicates that the 

EDMF scheme is potentially capable of representing segmented convection not connected to the surface.  

 380 
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Figure 3: (a) Hourly time series of heat flux (W m-2) and plume  (cm s-1) for July 2017 at mooring location 

2°S, 140°W in the Equatorial Pacific. 24-hours profiles of (b) , (c) , (d) ρₚ - ρₑₙᵥ,, (e) Tₚ < Tₑₙᵥ and (f) Sₚ < 

Sₑₙᵥ  for july 13, 2017.  385 

 

The modelled hourly temperatures at 2°S, 140°W are further compared to temperature observations from the 

TAO mooring for the period February 2017 to June 2018 (515 days), during which enhanced vertical resolution 

of temperature measurements was available (see Section 2.3). The data are sorted according to the observed 

daily mean wind speed (Fig. 4a). Days falling within the lowest 10% (lower decile) of wind speeds are classified 390 

as “low wind” conditions, while those in the highest 10% (higher decile) are classified as “high wind” 

conditions. The remaining 80% (interdecile) are classified as “medium wind” conditions. For each wind 

category, we construct daily composites of the temporal temperature gradient (°C/h).  

For the period considered, observed cold plume penetration depths increase with wind intensity, from 

approximately 20 m under low wind conditions to ~60 m under high wind conditions, consistent with the 395 

findings of Masich et al. (2021) (Fig. 4b–d). This deepening is reproduced by all three simulations, with EDMF 
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simulation providing the best agreement with observations. In contrast, the TKE+EVD and TKE+MLP+EVD 

simulations tend to underestimate the cold plume penetration by ~10 to 20 m.  

Additionally, the shape of the cold plumes in the EDMF simulation closely matches observations: cold 

anomalies continue to propagate for about one hour after the end of surface cooling, showing that the convective 400 

adjustment of water masses is not instantaneous but spreads over a time scale proportional to  where  is 

the depth of the unstable water column. In contrast, in the TKE+EVD and TKE+MLP+EVD simulations, cold 

anomalies cease at depth synchronously with the end of surface cooling. These results highlight the improved 

representation of shallow diurnal convection processes as a penetrative process by the EDMF parameterization 

in tropical regions. It should be noted that ad-hoc MLP and EVD modifications aimed at improving the TKE 405 

parameterization are now replaced by physical processes in EDMF.  

The composites of the observations exhibit alternating patterns of positive and negative temperature anomalies 

below the plumes (Fig. 4c), potentially indicative of explicit tides that are not represented in the simulations. 

 

 410 
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Figure 4 :(a) Wind speed at the TAO mooring located at 2°S, 140°W from February 2017 to June 2018, shown 

at an hourly (light purple) and at a daily resolution (dark purple). (b–d) Diurnal composites of the temporal 

gradient of temperature °C/h for observations (left column), the TKE+EDMF simulation (middle column), and 

the TKE+MLP+EVD simulation (right column), categorized by wind speed regimes: (b) lower decile [1.22–

4.76 m s⁻¹], (c) interdecile range [4.77–8.63 m s⁻¹], and (d) upper decile [8.64–10.25 m s⁻¹]. Green squares in 415 

panel (b) indicate the depths of available in situ observations. 

 

3.2 Global temperature patterns  

 

This section focuses on the temperature of upper ocean layer (0–700 m), which accounts for approximately 60% 420 

of ocean heat uptake over the period 1970–2010 (Cheng et al., 2016) and contains the majority of observational 

data. Complementary analyses over the full 0–2000 m depth range, and for the salinity, are provided in the 

Supporting Information. 

Figure 5 presents globally and regionally averaged temperature bias to temperature observations and root mean 

square deviation (RMSD) profiles in the upper ocean (0–700 m) for the three simulations. Additionally, Figure 425 

6a–d shows annual averages of depth-averaged (0–700 m) temperature biases over the simulation period for 

each ocean basin.  

At the global scale, the EDMF simulation displays lower 0-700 m depth-averaged temperature bias and RMSD 

compared to the TKE+MLP+EVD simulation, with averaged values over the simulation period of 0.152 and 

0.211°C, respectively, corresponding to a global bias reduction of ~ 30% (Fig. 5a,b, Fig. 6a). Although the 430 

TKE+EVD simulation achieves the smallest global depth-averaged bias (0.05°C; Fig. 5a; Fig. 6a), this results 

from the compensation of a pronounced cold bias in the upper 0–100 m with a warm bias at greater depths (Fig. 

5a). Considering the 0-2000 m depth range, EDMF simulation reduces the global temperature bias by ~ 80% 

compared to TKE+MLP+EVD simulation (Fig. S2a). 

Across all three ocean basins considered, the EDMF simulation consistently produced the lowest depth-435 

averaged bias compared to TKE+MLP+EVD simulation (Fig. 5b,e,g; Fig. 6b,c,d; Fig. S2), highlighting the 

scheme’s improved capability in reproducing vertical temperature structures relative to the state-of-the-art 

simulation. In the tropical ocean, TKE+EVD and TKE+MLP+EVD present similar cold bias structures, though 

the addition of the MLP parameterization reduces the upper 300 m cold bias by ~ 0.25 °C in TKE+MLP+EVD 

(Fig. 5c), leading to a progressive cold bias reduction over time (Fig. 6b). A cold bias peak is observed at ~ 50 m 440 

for both TKE+EVD and TKE+MLP+EVD simulations. In contrast, the EDMF simulation exhibits distinct bias 

structures, transitioning from a surface cold bias to a warm bias between 100 and 200 m depth (Fig. 5c), which 

also contributes to a decrease of the tropical cold bias over time (Fig. 6b). 

In both the northern and southern oceans, TKE+EVD and EDMF simulations exhibit similar vertical bias 

structures, characterized by alternating warm-cold-warm anomalies with increasing depth (Fig. 5e,g). In 445 

contrast, the TKE+MLP+EVD simulation displays a predominantly warm bias throughout the water column 

(Fig. 5e,g), resulting in higher depth-averaged warm biases over time (Fig. 6c,d). In the 150–700 m depth range 

of the southern ocean, both TKE+EVD and EDMF simulations substantially reduce the warm bias observed in 

TKE+MLP+EVD, with EDMF achieving the largest reduction (up to 0.4 °C, Fig. 5g) and the lowest depth-

averaged warm biases over time (Fig. 6d).  450 
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Figure 5: 0 to 700-m depth profiles of temperature bias (difference between the simulation and the observation; 

top row) and corresponding RMSD (bottom row) for the three simulations, averaged over the 2005-2020 period 455 

for the global ocean (a,b), for the tropical ocean (c,d), for the northern hemisphere ocean (e,f) and for the 

southern hemisphere ocean (g,h). 0 -700 m depth-averaged values of bias and RMSD are provided for each 

profile in the corresponding legend box.  

 

The global interannual variability of observed upper-ocean temperature anomalies (relative to the 2005–2020 460 

mean), characterized by a cooling phase during 2007-2011 followed by a warming phase from 2014 onward, is 

reproduced by all three simulations, although some discrepancies between the simulations exist (Fig. 6e,i,m,q). 

For example, the simulations underestimate the global warm anomalies observed throughout the water column 

in 2005-2006 (Fig. 6i,m,q). The underestimation is most pronounced in the TKE+MLP+EVD simulation, which 

produces cold anomalies between 200 and 600 m depth (Fig. 6q). This bias primarily originates in the southern 465 

ocean, where all three simulations show cold anomalies in this depth range in 2005-06, that are not supported by 

observations; the TKE+MLP+EVD simulation exhibits the strongest colder anomalies (Fig. 6h,l,p,t). In the 
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tropical ocean, all simulations overestimate the warm anomalies observed from 2005 to 2012 between ~200 to 

~500 m depth, with TKE+EVD exhibiting warmest anomalies (Fig. 6f,j,n,r). From 2018 onward, the 

TKE+MLP+EVD fails at representing the observed vertical extent of the cold anomalies, which spread from ~ 470 

100 to 700 m depth (Fig. 6f,r), while EDMF best represents these cold anomalies in terms of both depths and 

intensities (Fig. 6f,j). 

 

Figure 6: Observed and modelled annually-averaged temperature anomalies (°C) from 0 to 700 m depth, 

computed relative to the 2005-2020 mean, for (first column) the global ocean, (second column) the tropical 475 

ocean, (third column) the Northern Hemisphere ocean, and (fourth column) the Southern Hemisphere ocean. 

Panels (a–d) show the depth-averaged (0–700 m) temperature bias to observations time series for each region. 

 

The performance of the EDMF and TKE+MLP+EVD simulations in representing the 0–700 m temperature 

fields averaged over the simulation period is further analyzed in Fig. 7. Complementary results for the 700–2000 480 

m depth range are provided in Fig. S4, and for TKE+EVD simulation in Fig. S5. 

Both simulations exhibit similar large-scale patterns of temperature bias in the 0-700 depth layer, characterized 

by cold anomalies across the tropical oceans and warm anomalies at high latitudes (Fig. 7c,g). Compared to 

TKE+MLP+EVD, the EDMF simulation generally reduces the 0–700 m temperature bias by ~0.5–1°C on a 

basin-wide scale, except in the tropical Atlantic and Indian Oceans, where EDMF shows slightly warmer 485 

anomalies (~0.2°C) than TKE+MLP+EVD (Fig. 7k).  

As expected from Fig. 5, the influence of the mixing parameterization is limited at the surface and becomes 

more pronounced at depths (Fig. 7a,e,b,f). At the surface, sea surface temperature (SST) bias fields are similar 

between the two simulations, characterized by widespread cold anomalies across much of the global ocean (Fig. 

7a,e). Exceptions include the western boundary current regions (Gulf Stream and Kuroshio), equatorial 490 

upwelling zones off Peru and Benguela, and the southern Pacific Ocean, where both simulations show warm 
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biases. These regional SST warm biases are consistent with previously reported radiation forcing errors in state-

of-the-art climate models, particularly in the representation of longwave and shortwave fluxes due to a 

misrepresentation of low-level clouds (Zhang et al. 2023). Furthermore, western boundary currents are strongly 

affected by horizontal processes, including mesoscale eddies, fronts, and lateral advection, which are not fully 495 

resolved at the 1/4° horizontal resolution of our simulations. Consequently, these warm anomalies do not 

necessarily indicate a deficiency of the vertical mixing schemes, as they may partly reflect errors in the 

representation of horizontal dynamics and air–sea interactions. 

 

At 100-m depth, the temperature bias fields of the two simulations (Fig. 7b,f) resemble those of the 0-700 m 500 

depth layer (Fig. 7c,g), although regional discrepancies emerge. For instance, the EDMF simulation exhibits a 

warmer bias of up to 1.5°C compared to TKE+MLP+EVD in the equatorial upwelling zones (Fig. 7b,f,j). In this 

case, night-time convection propagates warm waters to depth which mitigates the effects of the upwelling. 

Conversely, TKE+MLP+EVD exhibits colder anomalies by ~1°C in most of the tropical Pacific, confirming that 

the diurnal convection simulated by EDMF mitigates this cold bias because convection propagates warm water 505 

from the upper-layers downwards.  

 

In the 700–2000 m depth layer, the patterns and intensities of the temperature bias and corresponding RMSD are 

similar between the two simulations, with basin-wide bias differences below 0.4 °C (Fig. S4). This result 

highlights the limited influence of the OBL parameterization in this depth range, where modifications to the 510 

temperature pattern occur over much longer timescales.  

 

The tropical cold biases in the 0–700 m depth layer are more pronounced in the TKE+EVD simulation (Fig. 

S5g) compared to both EDMF and TKE+MLP+EVD simulations (Fig. 7c,g). This confirms that the EVD 

scheme alone is insufficient to accurately reproduce temperature values in this region (Fig. S5k). The enhanced 515 

cold anomalies in TKE+EVD extend towards the mid-latitudes of the southern ocean (20°S–40°S), which 

compensate for the warm biases observed in the two other simulations in this region (Fig. S5f,g,j,k; Fig. 7). 

Interestingly, opposite patterns are observed in the high latitudes where the warm biases at depths are enhanced 

in TKE+EVD (Fig. S5f) compared to EDMF and TKE+MLP+EVD simulations (Fig. 7b,f). In this case again, 

the EVD scheme alone fails at representing the observed temperature patterns.  520 
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Figure 7: (a-d) Maps of bias between the EDMF simulation and the observations for SST (first row), 525 

temperature at 100 m (second row), depth-averaged temperature between 0 and 700 m (third row) and the 

corresponding 0-700 m averaged RMSD (fourth line). (e-h) Same as (a-d) but for the TKE+MLP+EVD 

simulation. (i-k) Maps of absolute differences between the biases for the three depth ranges considered, and (l) 

the corresponding RMSD differences.  

 530 

3.3 Mixed-layer depth (MLD) 

 

The global modeled seasonal cycle of MLD from both the EDMF and TKE+MLP+EVD simulations is close to 

the observed MLD throughout the year, although it is slightly deeper by ~5 m during JJAS and shallower by ~5 

m during the rest of the year (Fig. 8a). In the tropical ocean, the EDMF simulation produces a seasonal MLD 535 

cycle that is closest to observations, while the other two simulations underestimate the observed cycles 

throughout the year (Fig. 8b).  

In both the northern and southern hemisphere oceans, all simulations underestimate the observed monthly MLD 

during boreal and austral summers, respectively (Fig. 8c,d). During winter periods, the EDMF simulation 

produces deeper MLDs than the two EVD simulations in both extratropical oceans (Fig.8 c,d). This results in 540 

deeper-than-observed MLDs in the northern hemisphere ocean (Fig. 8c), while EDMF MLD is in close 

alignment with the observations in the southern hemisphere ocean (Fig.8d).  
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Figure 8: Seasonal cycle of MLD (in m) from the three simulations and the de Boyer Montégut (2024) dataset in 545 

the global (a), tropical (b), northern hemisphere (c) and southern hemisphere (d) ocean. Mean MLD values for 

each dataset are indicated within each panel.  

 

 

The deeper monthly MLDs observed for EDMF in the northern hemisphere ocean originate from the deep 550 

convective regions of the Northern Atlantic ocean (Labrador, Irminger and Norwegian Sea), where MLDs from 

EDMF exceed those of TKE+MLP+EVD by up to 300 m during the January–February–March (JFM) period 

(Fig. 9a,b,e). In the rest of the northern hemisphere ocean, the MLDs from TKE+MLP+EVD are ~30 m deeper 

than those from EDMF (Fig. 9a). An opposite pattern is observed when comparing EDMF and TKE+EVD 

simulations during JFM (Fig. 9c,d,e). In most of the northern hemisphere ocean, EDMF produces MLDs that are 555 

~ 20 to 50 m deeper than those from TKE+EVD (Fig. 9c). However, in the Labrador Sea, TKE+EVD generates 

JFM-averaged MLDs from 100 to 300 m deeper than those produced by EDMF (Fig. 9d,e).  

To explain the discrepancies in MLDs among the simulations in the Labrador Sea, we investigate the 

temperature, salinity, density and Brunt–Väisälä frequency (N²) profiles from the three simulations, both prior to 

and during the deep convection periods in winters 2011-12 and 2014-15 (Fig. 9f). Before the onset of the deep 560 

convection period, the TKE+MLP+EVD simulation exhibits deeper and weaker density gradients than those 

found in the TKE+EVD simulation, resulting in deeper MLDs in TKE+MLP+EVD by several tenth of meters. 

Correspondingly, the stratification levels in TKE+MLP+EVD, as indicated by N² values (~1 × 10⁻⁴ s⁻²), are 

lower than those in TKE+EVD (>2.5 × 10⁻⁴ s⁻²). This difference arises from the MLP parameterization, which 

enhances mixing in the thermocline year-round, especially at high latitudes (see section 2.1). The enhanced 565 

mixing erodes the vertical temperature gradients, thereby reducing the potential energy barrier that resists 

overturning.  

Consequently, one would expect the weaker preconditioning stratification in TKE+MLP+EVD to favor deeper 

convection and MLDs than in TKE+EVD during the buoyancy loss period. However, the opposite occurs: the 
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MLP parameterization suppresses residual instabilities in the mixed layer, thereby reducing the frequency of 570 

EVD activations.    

As a result, MLDs during convection periods are shallower in TKE+MLP+EVD by up to ~150 and ~600 m 

compared to TKE+EVD in winter 2011-12 and 2014-15, respectively. This highlights the regulation of the 

mixing by EVD through the MLP parameterization.  

The stratification depths and intensities prior to the onset of the deep convection are similar between EDMF and 575 

TKE+EVD simulations (Fig. 9f,g), but the MLDs during the convection period differ between the two. In 2014-

15 before the convection period, the water column is highly stratified for both EDMF and TKE+EVD 

(N²>3 × 10⁻⁴ s⁻²). Under intense surface buoyancy loss, the large mixing coefficient values assigned in 

TKE+EVD simulation is more efficient to erode the thermocline stratification than the convective velocities in 

EDMF simulation, resulting in shallower MLDs by ~ 200 in EDMF simulation.  580 

With mild stratification conditions for both EDMF and TKE+EVD simulations (2.2<N² <2.8 × 10⁻⁴ s⁻²) in the 

preconditioning period of 2011-12, the mixing coefficient values assigned in TKE+EVD produced MLDs that 

are ~ 50 m shallower than those of EDMF, because of limited residual instabilities and thus limited occurrences 

of EVD activations. This result is consistent with weaker surface buoyancy loss in 2011-12 than in 2014-15 

(Fig. 9e). 585 

Note that, although Argo-based MLD estimates are available for the Labrador Sea (e.g., Holte et al., 2017), a 

direct comparison with the box-averaged MLD shown here would require accounting for the heterogeneous 

spatial and temporal sampling of Argo profiles and applying consistent MLD diagnostics to the model profiles. 

Such a model–observation comparison is beyond the scope of the present study. 

 590 
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Figure 9: (a–d) Maps of mixed layer depth (MLD) differences (in m) computed for the JFM period between the 

EDMF simulation and (a,b) the TKE+MLP+EVD, and (c,d) the TKE+EVD simulations. (e) Time series of 

surface heat flux (W m⁻²) and MLD (m) for the three simulations, averaged over the dashed black box 

representing the Labrador Sea shown in b,d. (f) MLDs during period A, along with vertical profiles of 595 

conservative temperature (CT, °C), absolute salinity (SA, g kg⁻¹), density (ρ, kg m⁻³) and N2 (s⁻²) for selected 

days prior to (dotted lines) and during (dashed-dotted lines) the deep convection period, shown for all three 

simulations. (g) same as (f) but for period B.  

 

4 Surface heat fluxes adjustments to EDMF  600 

 

To assess how the mass-flux term affects surface heat fluxes, we analyze the seasonal variability of the fluxes 

component between the EDMF and TKE+EVD simulations. The analysis is carried out for the climatological 

seasons of JFM (January-February-March) and JAS (July-August-September) over several oceanic regions. 

 605 
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For both simulations, the heat accumulated over time in the surface layer at  (in K), is derived from the net 

surface heat flux that can be expressed as : 

 

                        (8) 

 610 

where  is the net downward air-sea heat flux (W m-2),  is the density of seawater at the surface (kg m-3), 

 is the specific heat capacity of seawater (J kg-1 K-1),  the elapsed time (in s), and  is the total ocean 

volume (in m3).  

The air-sea heat flux ( ) is decomposed as: 

 615 

,                        (9) 

 

where  and ,                                 (10) 

 

with  the net shortwave radiation flux,  the net longwave radiation flux, the sensible heat 620 

flux and  the latent heat flux.  

The bulk formulae of the ocean model provide  and . As the downward longwave flux  and  

are prescribed from the ERA5 reanalysis and are common to the two simulations, the  and  are 

diagnosed for each simulation from Eq. 10.  

In that way the simulated global ocean mean temperature (in K) change is expressed as:  625 

 

, with                                                                                                      (11)                                                                   

 

                                                                                                   (12) 

 630 

where  is the bottom vertical level and e1, e2, e3 the scaling factors. This means that  is controlled solely 

by the net surface heat forcing at global scale. 

Therefore the variation in global temperature between the two simulations (  ) is associated with the 

adjustment of the net surface heat flux (SURF) induced by the change in vertical scheme. 

 635 

 

 

and the components of SURF are expressed as:  

 

, 640 

, 

https://www.codecogs.com/eqnedit.php?latex=Q_%7B%5Ctext%7Bnet%7D%7D%20%3D%20SW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20LW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20SH%20%2B%20LH#0
https://www.codecogs.com/eqnedit.php?latex=Q_%7B%5Ctext%7Bnet%7D%7D%20%3D%20SW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20LW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20SH%20%2B%20LH#0
https://www.codecogs.com/eqnedit.php?latex=Q_%7B%5Ctext%7Bnet%7D%7D%20%3D%20SW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20LW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20SH%20%2B%20LH#0
https://www.codecogs.com/eqnedit.php?latex=Q_%7B%5Ctext%7Bnet%7D%7D%20%3D%20SW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20LW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20SH%20%2B%20LH#0
https://www.codecogs.com/eqnedit.php?latex=Q_%7B%5Ctext%7Bnet%7D%7D%20%3D%20SW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20LW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20SH%20%2B%20LH#0
https://www.codecogs.com/eqnedit.php?latex=Q_%7B%5Ctext%7Bnet%7D%7D%20%3D%20SW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20LW_%7B%5Ctext%7Bnet%7D%7D%20%2B%20SH%20%2B%20LH#0
https://www.codecogs.com/eqnedit.php?latex=w%7D%24%24#0
https://www.codecogs.com/eqnedit.php?latex=w%7D%24%24#0
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 and 

.                                (13) 

 

 645 

Figure 10: Time series of SURF (10-2 K on the left y-axis; W m-2 on the right y-axis) for the climatological 

seasons of JFM (a) and JAS (b), computed for the global, northern hemisphere (NH), southern hemisphere (SH), 

tropical oceans and the Labrador Sea. Corresponding cumulative values of SURF,  ,  ,  ,  

, expressed in 10-2 K and in W m-2 (in italics) for JFM (c) and JAS (d). The sign convention of these 

values is given in Eq. 13. The colorbar indicates the normalized contribution of each heat flux component to 650 

SURF.  
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The  and SURF time series (Fig. 10a,b) show high consistency at global and seasonal scales. At the end 

of the period, the cumulative surface fluxes do not deviate by more than 3% from the temperature variations, 

which indicate a good closure of the global heat budget.  655 

In the global ocean, the  and SURF timeseries exhibit opposite behaviors between the JFM and JAS 

seasons, with increasing positive values in JFM and decreasing negative values in JAS (Fig. 10a,b). Positive 

SURF values indicate that the net surface heat loss in EDMF simulation is less than in TKE+EVD simulation. 

The higher component of SURF in EDMF arises primarily (~59%) from reduced latent heat (LH) loss and 

secondarily (~27%) from reduced sensible heat (SH) loss relative to TKE+EVD (Fig. 10c). Because heat fluxes 660 

are defined as positive downwards, positive  and  correspond to weaker upward (negative) 

 and  compared to  and . These reduced  and  

values result from globally cooler SSTs in EDMF (  >0), which reduces the air–sea temperature 

and humidity gradients and thus the turbulent heat loss to the atmosphere.  

The longwave upward radiative flux differences ( ) contribution to SURF is more moderate (~10%), 665 

reflecting slightly weaker infrared cooling in EDMF due to cooler SST. Shortwave fluxes differences ( ) 

contribute only marginally to SURF (~2%) and originate from differences in  , which are linked to regional 

differences in sea-ice concentration – most notably along the Greenland margins and in the Sea of Okhotsk (Fig. 

S7e, f). Similar contributions of ,  and  are found in the southern hemisphere and tropical 

oceans (Fig. 10c). 670 

 

In the Northern Hemisphere ocean, the negative SURF values in JFM are again dominated by contributions 

from , followed by  and  (Fig. 10a, c). Here, negative values indicate stronger upward 

,  and  relative to EVD. These enhanced turbulent and radiative losses 

arise from warmer SSTs in EDMF due to less turbulent entrainment at the mixed-layer base, which increase the 675 

air-sea temperature and humidity gradient and thus enhance heat loss to the atmosphere.  

 

The Labrador Sea also exhibits negative SURF values in JFM – consistent with SURF in the northern 

hemisphere – but with comparable contributions from and  (Fig. 10a, c). In this region, extremely 

cold and dry winter conditions produce low near-surface humidity ( ), while higher SSTs lead to higher 680 

specific humidity saturation ( ) in the EDMF simulation in accordance with the Clausius–Clapeyron 

relation. The SST adjustment and the Clausius-Clapeyron law control the turbulent heat flux sensitivity between 

the two simulations. 

 

As expected from the seasonal transition, opposite patterns emerge during JAS, with negative SURF values in 685 

the global, southern hemisphere, and tropical oceans, and positive SURF values in the northern hemisphere 

ocean and Labrador Sea (Fig. 10b, d). This result stems from the fact that turbulent entrainment is more intense 

with EVD than with EDMF in JAS, i.e., during winter in the Southern Hemisphere, whereas it is the opposite in 

the northern hemisphere ocean, where the vertical mixing is more intense in summer with EDMF than with 

EVD. As in JFM,  remains the dominant contributor to SURF, followed by  and . An exception 690 

occurs again in the Labrador Sea where contributions of  and  are of similar magnitude.  
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The opposite adjustments of SURF and its individual components observed during the JAS season (Fig. 10b) are 

driven by positive SST anomalies induced by the EDMF scheme. These adjustments occur with proportions 

comparable to those diagnosed during the JFM season. At the global scale, the SURF signal is controlled by the 695 

Southern Hemisphere and the tropical oceans rather than by the Northern Hemisphere ocean, for both seasons. 

This reflects the larger oceanic surface area in the Southern Hemisphere, which dominates the global heat 

budget.  

Consequently, the global positive (negative) SURF anomalies in JFM (JAS; Fig. 10a,b) are associated with 

negative (positive) SST anomalies, respectively. This result indicates that the entrainment at the base of the 700 

mixed layer is stronger (weaker) for EDMF than for EVD during JFM (JAS), i.e. in the summer hemisphere 

(winter) hemisphere, because the seasonal cycle is dominated by the Southern Hemisphere ocean. This result 

shows that the mixing process is more enhanced for EVD than for EDMF in winter and vice versa in summer.  

This global entrainment response, supported by the Southern Hemisphere and the tropical oceans, is partly offset 

by opposite SURF adjustments in the Northern Hemisphere ocean and Labrador Sea. In these regions, EDMF 705 

induces reduced vertical mixing during JFM and enhanced mixing during JAS, leading to negative and positive 

SURF anomalies, respectively. However, the contribution of the Northern Hemisphere ocean does not dominate 

the global signal. This response is consistent with the MLDs shown in Fig. 9e,f, particularly from 2015 onward, 

where the TKE+EVD simulation exhibits systematically deeper MLDs than EDMF. These deeper MLDs result 

from very frequent EVD activations, which lead to a significant deepening of the mixed layer.  710 

 

The global temperature adjustment induced by the EDMF scheme results from adjustments in surface heat 

fluxes, and in decreasing order: , , . In terms of energy, this adjustment corresponds to an 

average amount of energy on the order of 107 J m-2, estimated from 

, which represents 1.3 W m-2 on a seasonal timescale. This 715 

adjustment represents ~6.5% of the global net surface heat flux climatology (~20 W m-2) proposed by Tomita et 

al. (2021). Such non-negligible adjustment suggests that the EDMF parameterization can substantially influence 

processes associated with water-mass formation such as modal water production, particularly in subpolar or 

subtropical regions. Consequently, the use of EDMF has the potential to improve physical realism of vertical 

mixing and surface-interior heat exchange, thereby contributing to more reliable climate simulations.  720 

 

5 Discussion and Conclusion  

 

This study presents the first global implementation and evaluation of the Eddy-Diffusivity Mass-Flux (EDMF) 

parameterization for oceanic convection within the NEMO framework. The EDMF approach has the advantage 725 

of describing in a unified way both diffusive (local) and non-diffusive (non-local) turbulent mixing that are the 

main mixing regimes of the ocean boundary layer (OBL), with numerics tailored to each process (Giordani et al. 

2020). By explicitly representing the non-local transport associated with convective plumes, EDMF 

fundamentally departs from the Enhanced Vertical Diffusion (EVD) approach combined with the Mixed-Layer 

Penetration (MLP) parametrization that are traditionally used in NEMO, in which convection is represented 730 

through strong local diffusion. Our results reveal several key improvements associated with EDMF, in terms of 
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convective regimes, global upper-ocean temperature and mixed layer depth (MLD) compared to a state-of-the-

art EVD+MLP approach.  

 

Based on a 16-year simulation period, we show that EDMF, which uses a unique formulation, successfully 735 

captures the two distinct regimes of oceanic convection: shallow diurnal convection prevalent in the tropics, and 

deep wintertime convection occurring in subpolar regions.  

In the tropics, EDMF closely reproduces the penetrative and temporally asymmetric behavior of shallow 

convection, including its persistence beyond the cessation of nighttime surface cooling. In comparison, EVD-

based approaches fail to represent this persistence and they underestimated the plume penetration depths.  740 

In the northern Atlantic subpolar region, EDMF reproduced the seasonality, depths and intensities of the 

observed convective plumes. In particular, the scheme captured the major deep convection event of winter 2014-

15 that occurred in the Labrador and Irminger Seas. In comparison, the TKE+EVD+MLP simulation largely 

underestimated the MLDs during this event. As MLP weakens the stratification during the preconditioning 

period (autumn), the activations of EVD are less frequent, resulting in weak vertical mixing and shallow MLDs. 745 

 

At the global scale, EDMF reduces the temperature biases by ~ 30% in the upper 700 m compared to the state-

of-the-art TKE+MLP+EVD configuration. This improvement primarily stems from a more realistic 

representation of convection basin-wide, leading to improved representation of the vertical distribution of heat 

within the mixed layer and thus reduced warm biases in both hemispheres. In the tropics, the long-standing 750 

subsurface cold bias in EVD-based simulations is mitigated in EDMF as the scheme conveys warm waters from 

the upper-layers downwards. These reductions in temperature biases obtained with EDMF should nevertheless 

be interpreted with caution as they reflect the combined effect of EDMF, the other parameterizations, the 

surface forcing and their interactions. In particular, the present simulation was not accompanied by a re-tuning 

of other parameterizations following the implementation of EDMF, e.g. the eddy-induced velocities 755 

parameterization (Gent and McWilliams,1990), the submesoscale mixed layer eddies parameterization (Fox-

Kemper et al. 2008), or the vertical TKE closure scheme. Further improvements in the global mean state of 

temperature may therefore be possible through a joint re-tuning of the model components. These results should 

thus be viewed as an indication of the beneficial impact of EDMF formulation, rather than as a standalone 

demonstration of improved physical realism.  760 

 

The EDMF parameterization further modifies the oceanic heat balance by adjusting surface heat fluxes. This 

adjustment, primarily driven by latent heat flux, changes the net climatological surface heat balance by 

approximately 6-7%. This has consequences for the worldwide SST diurnal cycle and global subtropical mode 

waters, which are mainly produced in the Gulf Stream (Gan et al., 2023). In coupled ocean-atmosphere mode, 765 

adjustments to large-scale atmospheric circulation, surface fluxes and associated precipitation are also to be 

expected. 

Overall, this global-scale assessment demonstrates the impact of introducing EDMF representation of local and 

non-local vertical mixing into a global ocean model. This study further illustrates that the EDMF 

parameterization is a credible alternative to the traditional TKE+EVD+MLP approach. EDMF eliminates the 770 

need for empirical adjustments such as MLP, offering a physically grounded alternative for mixed-layer 
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deepening processes. The overarching objective of EDMF is indeed to move away from the use of empirical 

adjustments such as EVD and MLP and towards a more physically-based representation of turbulent mixing at 

the base of the mixed-layer. We recognize that this is a challenging task, given that the NEMO configuration has 

been originally tuned around the existing EVD and MLP framework. In addition, convection interacts strongly 775 

with eddy-induced restratification processes. As a next step, we therefore plan to use the GEOMETRIC 

parameterization to represent sub-mesoscale restratification in NEMO. Consequently, future work will include 

parameters tuning to consider EDMF, GEOMETRIC, and other evolving parameterizations jointly rather than 

tuning each component independently. 

 780 

For climate simulations, we plan to adjust the EDMF parameters, particularly those controlling lateral 

exchanges between convective plumes and their environment, using the High-Tune method (Couvreux et al., 

2021). High-Tune provides a more rational semi-automatic calibration framework than empirical tuning, as it is 

designed to avoid over-calibration of parameters. 

A remaining question is how convection interacts with double-diffusion mixing. This is an important issue, as 785 

both processes play key roles in the formation and transformation of water masses and contribute to the large-

scale thermohaline circulation (Zhang and Schmitt, 1998). Their interaction therefore warrants further 

investigation. 
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