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Abstract. The Mediterranean Sea provides a natural labora-
tory for investigating ocean circulation processes of global
relevance due to its complex dynamics, active deep and in-
termediate water formation, and sensitivity to climate vari-
ability. Regional ocean circulation models’ skill strongly de-
pends on the parameterization of subgrid-scale processes,
among which turbulent vertical mixing and convection play
a major role. To evaluate their impact in the Mediterranean
Sea two-year-long simulations were conducted using three
vertical closure schemes: the Richardson-number depen-
dent parameterisation, the Turbulent Kinetic Energy (TKE)
scheme, and the Generalised Length Scale (GLS) scheme.
Each scheme was tested both with and without the convective
adjustment approach, resulting in a set of comparative exper-
iments designed to isolate the contribution of the adjustment
process and its combined effect with each parameterization.
Model results are evaluated against all available Argo floats
data, both at the basin scale and in key deep and intermediate
water formation regions. The simulations show that adding a
convective adjustment is crucial to accurately reproduce ob-
servations with the Richardson-number dependent parame-
terization, where it improves all key variables, while for the
TKE scheme it is particularly important for representing the
mixed layer depth across the basin and in deep water for-
mation areas. For more physics-based vertical schemes, like
the GLS closure, the convective adjustment is mostly redun-
dant and can occasionally degrade results. Overall, the GLS
scheme without any convective adjustment provides the most

accurate representation of the mixed layer depth as well as
the vertical structure and variability both at basin scale and
in key regions of deep and intermediate water formation.

1 Introduction

The Mediterranean Sea is a semi-enclosed basin character-
ized by intense thermohaline variability, strong mesoscale
activity, and complex interactions with the atmosphere and
surrounding land masses. Its dynamical features, includ-
ing dense water formation, flux exchanges through narrow
straits, and sub-basin circulations, make it a particularly chal-
lenging environment for ocean modeling (e.g., Pinardi and
Masetti, 2000; Millot and Taupier-Letage, 2005; Testor et
al., 2018). The Mediterranean Sea plays a crucial role in
shaping the regional climate (e.g. Pinardi and Navarra, 1993;
Lionello et al., 2006; Pinardi and Masetti, 2000) and repre-
sents a natural laboratory for investigating key ocean pro-
cesses with implications at the global scale. In this sense, it
is often considered a “miniature ocean” (e.g., Bethoux et al.,
1999), where processes such as deep and intermediate water
formation, strait exchanges, mesoscale variability, and air–
sea interactions can be studied in a confined environment as
a small-scale analogue of global processes.

Over the past two decades, regional ocean models have
been widely employed to simulate the Mediterranean circu-
lation at increasing spatial and temporal resolution. Among
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these, the physical component of the Mediterranean Fore-
casting System, developed within the framework of the
Copernicus Marine Service, represents a state-of-the-art im-
plementation (e.g., Oddo et al., 2009; Tonani et al., 2009;
Clementi et al., 2017; Coppini et al., 2023). It provides reg-
ular, open-access analyses, forecasts (Clementi et al., 2023)
and reanalyses (Escudier et al., 2021) of the basin’s physical
state and serves as a reference framework for scientific and
operational applications.

Due to high computational costs and missing physics, the
spatial and temporal resolution of current hydrostatic ocean
circulation models, even at regional scale, is unable to explic-
itly resolve the inherently non-hydrostatic and small-scale
turbulent vertical mixing and convective processes. To this
end, vertical mixing closure schemes – either based on sim-
plified formulations (e.g., Pacanowski and Philander, 1981)
or on more physically based models (e.g., Gaspar et al.,
1990; Umlauf and Burchard, 2003) – are employed to mimic
these turbulent processes. Also, deep convection, which cor-
responds to the formation of dense deep water masses, has
to be represented through parameterizations to reproduce its
timing, intensity, and spatial extent realistically (e.g., Mar-
shall and Schott, 1999; Villarreal et al., 2005; Herrmann et
al., 2008; Luneva et al., 2019). Note that convection causes
turbulent vertical mixing under unstably stratified conditions
and can be parameterized separately (convective adjustment)
or within the same turbulence closure scheme (Umlauf and
Burchard, 2003; Legay et al., 2025).

Physics-based turbulent closure schemes include buoy-
ancy production terms and are, in principle, able to represent
convective mixing when the stratification becomes unstable.
However, in practice these schemes may not always remove
static instability rapidly enough, particularly at the temporal
and vertical resolution typically used in regional ocean mod-
els. This can lead to an underestimation of convective mix-
ing. For this reason, ocean circulation models usually com-
bine turbulence closure schemes with a convective adjust-
ment parameterization (e.g. Clementi et al., 2017; Coppini
et al., 2023). The convective adjustment acts by stabilizing
the water column through a rapid vertical redistribution of
tracers, ensuring a prompt restoration of stable stratification.
In this sense, it does not represent an independent physical
process, but rather a numerical parameterization designed to
mimic the fast overturning associated with unresolved con-
vective events.

This combined approach has been widely adopted in the
modelling of the Mediterranean Sea for several decades
(Pinardi et al., 2003; Pinardi and Coppini, 2010), mostly be-
cause the relatively simple turbulence closure schemes tra-
ditionally employed were not sufficient to adequately repre-
sent convective mixing. In this context, it is essential to as-
sess how these earlier, less complete schemes compare with
more advanced formulations which are specifically designed
to provide a more consistent and physically based represen-
tation of turbulent and convective processes. Depending on

the turbulence closure scheme adopted, the use of an explicit
convective parameterization may or may not be required. As-
sessing this aspect is one of the main objectives of the present
study.

The choice of mixing scheme and convective adjustment
parameterisations has been shown to play a crucial role in
shaping the circulation, the temperature and salinity distribu-
tions and deep-water formation (DWF) processes (e.g., Her-
rmann et al., 2008; Reffray et al., 2015; Luneva et al., 2019;
Robertson and Dong, 2019; Gutjahr et al., 2021). In particu-
lar, vertical mixing controls the redistribution of heat and salt
throughout the water column, thereby influencing stratifica-
tion and mixed layer depth (MLD). Convection, on the other
hand, strongly affects deep and intermediate water formation,
which in turn impacts large-scale circulation patterns and wa-
ter mass properties. Since these processes are tightly coupled
to air–sea exchanges and mesoscale dynamics, model sensi-
tivity to the choice of mixing and convection schemes can
propagate across a wide range of spatiotemporal scales, ulti-
mately influencing the realism of simulated ocean variability.

Only a few previous studies provide a context for under-
standing the performance of different mixing schemes, but
none of these explicitly investigate their combined effect
with a convective adjustment, and whether a mixing scheme
alone is sufficient to reproduce the vertical structure and vari-
ability of the upper ocean. Madec et al. (1991) combined
Richarson-number dependent closures with nonpenetrative
convective adjustment in studies of deep-water formation in
the Northwestern Mediterranean Sea. Reffray et al. (2015)
investigated the sensitivity of turbulent vertical mixing us-
ing a 1D ocean circulation model at the global scale, com-
paring various mixing schemes but without including con-
vective adjustment. Gutjahr et al. (2021) compared various
global-scale mixing schemes – including among the others,
Richardson-number dependent closures and Turbulent Ki-
netic Energy (TKE) – but did not assess the role of convec-
tive adjustment. Storto et al. (2023) focused on the Mediter-
ranean Sea, comparing the Generalized Length Scale (GLS)
and TKE schemes, but did not examine cases of active con-
vection and therefore did not evaluate the potential impact
of including a convective adjustment. By explicitly inves-
tigating the interplay between vertical mixing schemes and
convective adjustment, the present study addresses a gap left
by these prior works and demonstrates how convective ad-
justment modulates the behaviour of different schemes in the
context of the Mediterranean Sea.

The aim of this study is to investigate the sensitivity of
a modified configuration of the Mediterranean Forecasting
System (Clementi et al., 2023) to the choice of vertical mix-
ing scheme and to the inclusion of an explicit convection ad-
justment parameterization. Model performance is evaluated
across spatial and temporal scales through an intercompar-
ison of temperature, salinity and mixed layer depth, from
basin scale over years to deep and intermediate water for-
mation regions ranging from months to hours. Given that the
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formation of deep and intermediate waters in the Mediter-
ranean occurs on seasonal timescales, with interannual vari-
ability, a two-year model integration is sufficient to capture
the main differences between experiments.

The rest of the paper is structured as follows. Section 2
describes the region and the observational dataset used to as-
sess our model performances (Sect. 2.1). It also describes the
model configuration (Sect. 2.2), with a focus on the choice of
the vertical mixing schemes and convective adjustment, and
the experimental design performed in this study (Sect. 2.3).
Section 3 presents the main results of this study. We first
present the impact of the convective adjustment (Sect. 3.1).
Then we show results at the basin scale over the entire two-
year period (Sect. 3.2). We focus then on deep and intermedi-
ate water formation regions over months to days (Sect. 3.3),
and we investigate summer daily convection events at hourly
temporal scales (Sect. 3.4). Finally, Sect. 4 discusses the key
conclusions and outlines perspectives for future work.

2 Data and methods

2.1 Argo float data in the Mediterranean Sea

We use Argo float data (Wong et al., 2020; Poulain et
al., 2007) from the Copernicus Marine Service Global
Ocean near real-time in situ quality controlled obser-
vational product (whose Copernicus product name is
Global Ocean-In-Situ Near-Real-Time Observations,
https://doi.org/10.48670/moi-00036, E.U. Copernicus
Marine Service Information (CMEMS), Marine Data
Store (MDS), 2026b) as a reference observational dataset
for our model validation. The location of Argo floats in
the Mediterranean Sea during the two-year period under
investigation (2020–2021) is reported as red dots in Fig. 1a.
This dataset consists of 11 053 Argo profiles across the
Mediterranean Sea, which allows for a statistically robust
analysis of the processes under investigation while ensuring
homogeneous quality control. Except for a few regions –
such as the North Adriatic Sea, the Aegean Sea, the Strait
of Sicily and the Gulf of Sirte – the Argo data in this time
period provide good spatial coverage across the major part
of the basin, offering a statistically meaningful dataset for
our model validation.

Typical temperature and salinity profiles retrieved by Argo
floats in the Mediterranean Sea are shown in Fig. 1 as
monthly average vertical profiles of temperature and salin-
ity in January 2021 (Fig. 1b) and July 2021 (Fig. 1c). The
observations exhibit strong variability around the mean both
in temperature and salinity, especially in the upper ∼ 200 m,
highlighted by shading representing one standard devia-
tion of the dataset. It is known that, both temperature and
salinity show also a pronounced seasonal variability (e.g.,
Pinardi and Masetti, 2000). In winter (Fig. 1b) stratification
is weakened because of surface cooling and increased verti-

cal mixing, resulting in the formation of a thick mixed layer
with relatively uniform temperature and salinity. In summer
(Fig. 1c), temperature and salinity values close to the sur-
face become higher with respect to winter as the result of
strong heating and evaporation. These processes inhibit verti-
cal mixing and give rise to a well-defined thermohaline strat-
ification. As a result, vertical profiles are more homogeneous
in winter and strongly stratified in summer.

The Mediterranean Sea hosts several key regions of deep
and intermediate water formation, including the Gulf of Lion,
the South Adriatic Sea, the Rhodes Gyre, and the Aegean
Sea (see map in Fig. 1a). In these areas, vertical mixing and
convection play a central role in preconditioning and driving
dense water formation processes by modulating stratifica-
tion and contributing to surface buoyancy loss. Figure 1 also
shows the seasonal variability of temperature and salinity
profiles from Argo floats for two of these regions: the South
Adriatic Pit (Fig. 1d) and the Rhodes Gyre region (Fig. 1e).
In both regions, temperature profiles exhibit a pronounced
seasonal variability in the upper layers, especially near the
surface, closely following the seasonality of the surface heat
fluxes. On the other hand, salinity shows distinct seasonal
changes associated with deep and intermediate water forma-
tion processes. In the South Adriatic Pit (Fig. 1d), the winter
period (i.e., December–January–February) is influenced by
the intrusion of intermediate water formed in the Levantine
basin, visible as a marked salinity increase between about
100 and 200 m. Deep-water formation is not clearly visible,
being largely smoothed by seasonal averaging, reflecting its
short duration (order of weeks) and spatially localized nature.
In the Rhodes Gyre region (Fig. 1e), where intermediate wa-
ter forms, salinity shows a persistent increase throughout the
year. The salinity maximum is located at about 150 m in win-
ter, during the formation phase, and deepens to about 200 m
in spring (i.e., March-April-May) and to about 250 m in sum-
mer (i.e., June–July–August) and autumn (i.e. September–
October–November).

2.2 Model setup

Our model setup builds on the Mediterranean Forecast-
ing System model of the Copernicus Marine Service. The
model domain encompasses the entire Mediterranean Sea
and extends into a portion of the Atlantic Ocean (Fig. 1a),
spanning from 18°7.50′W to 36°17.50′ E in longitude and
30°11.25′ and 45°58.75′ N in latitude. Including an Atlantic
box is essential to accurately resolve water exchanges be-
tween the Mediterranean Sea and the Atlantic Ocean through
the Strait of Gibraltar, as the inflow of fresher Atlantic water
and the outflow of saltier Mediterranean water strongly influ-
ence basin-wide salinity, temperature, and density structure,
as well as DWF. Nevertheless, the analysis performed in this
study focuses only on the Mediterranean Sea.

The model system consists of a two-way coupled
hydrodynamic circulation model and a third-generation
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Figure 1. (a) Model domain including the Mediterranean Sea and an Atlantic box, with bathymetry as a background colour and labels for the
main subbasins and deep and intermediate water formation regions. Red dots indicate Argo floats during 2020–2021. The black zonal line
at 37.5° N marks the location of a vertical section used throughout the paper. Middle panels show the basin-averaged observed temperature
(blue) and salinity (orange) for (b) January 2021 and (c) July 2021, where shaded areas represent one standard deviation. Bottom panels
show the season-averaged observed temperature (blue) and salinity (orange) in (d) the South Adriatic Pit and (e) the Rhodes Gyre region.
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Figure 2. Vertical layer thickness as a function of depth. A zoom of the upper 50 m highlights the fine vertical discretization within the mixed
layer.

spectral wind wave model. The ocean hydrodynamic
circulation model is based on Nucleus for Euro-
pean Modelling of the Ocean (NEMO; Madec et al.,
2022; Madec and the NEMO System Team, 2023,
https://doi.org/10.5281/zenodo.6334656) version 4.2 and
the wind wave model on WaveWatch III (WW3; Tolman,
2021) version 6.07. The coupling happens hourly online
with the exchange of air–sea temperature difference and
surface currents from NEMO to WW3, and of neutral drag
coefficient used to evaluate the surface wind stress from
WW3 to NEMO (Clementi et al., 2017).

The model has a horizontal resolution of 1/24° (about
4 km) in both latitude and longitude, and it includes 141
non-uniformly distributed vertical levels. The vertical layer
thickness varies with depth (Fig. 2), with particularly fine
resolution in the upper ocean (from about 2.1 m near the
surface to 4.6 m at 50 m depth). This dense discretization
in the mixed layer allows for an accurate representation of
key upper-ocean processes, such as mixing and stratification,
which are essential for capturing surface-driven dynamics.
The time stepping is achieved within a leapfrog differencing
structure associated with an Asselin filter and the baroclinic
time step is set to 180 s. To capture the effects of intensi-
fied vertical mixing induced by internal wave breaking in the
Strait of Gibraltar, particularly near Camarinal Sill (Wesson
and Gregg, 1994; Hilt et al., 2020), we also prescribe an en-
hanced vertical diffusivity farther to the east of the sill.

Horizontal tracer advection is computed using the fourth-
order Flux-Corrected Transport (FCT) scheme, which pro-
vides a good balance between accuracy and numerical sta-
bility by combining a high-order transport method with a

monotonicity constraint (Lévy et al., 2001). Lateral diffu-
sion of tracers is implemented as a Laplacian operator along
isoneutral surfaces, with a spatially constant diffusivity. Hor-
izontal momentum advection is treated in flux form using
the third-order Upstream-Biased Scheme (UBS). As for trac-
ers, momentum lateral diffusion is applied using a Laplacian
operator along isoneutral surfaces, again with constant vis-
cosity. These parameterisations are widely used in NEMO-
based configurations for large-scale and regional ocean mod-
elling, providing physically consistent dissipation while pre-
serving the large-scale circulation features (e.g., Madec and
the NEMO System Team, 2023; Le Sommer et al., 2009).

2.2.1 Vertical mixing scheme

In this study, we compare three different parameterisations
for vertical mixing, representative of the main families of
vertical mixing parameterizations commonly used in ocean
modelling. Our aim is to compare more simple approaches
– such as the Richardson-number dependent scheme, which
is still used in the Mediterranean Forecasting system of the
Copernicus Marine Service (Clementi et al., 2017; Coppini et
al., 2023) – with more physically based formulations. These
physics-based parameterizations rely on a prognostic treat-
ment of turbulence and are designed to capture a wider range
of oceanic mixing processes with greater physical accuracy.
Physically based vertical mixing schemes typically fall into
two categories: one-equation and two-equation turbulence
closure models. One-equation schemes solve a prognostic
equation for the TKE while relying on diagnostic expressions
or empirical assumptions for the mixing length or the dissi-
pation rate (e.g., Gaspar et al., 1990). Two-equation mod-
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els introduce an additional prognostic variable – usually the
turbulence length scale or the dissipation rate of turbulent
kinetic energy – which allows for a more flexible and ac-
curate representation of turbulence in stratified and sheared
flows (e.g., Mellor and Yamada, 1982; Umlauf and Burchard,
2003). Each of these formulations requires calibrating sev-
eral parameters. In this study, the best configuration for each
scheme was selected from sensitivity tests as the one min-
imising statistical errors at the basin scale when compared
with all available Argo data.

The first vertical mixing scheme used in this study is a
Richardson number-dependent formulation originally pro-
posed by Pacanowski and Philander (1981). This scheme was
originally developed for the equatorial ocean, using a rect-
angular box model, and was not designed to provide prog-
nostic mixing. Vertical eddy viscosity and diffusivity are
parameterised as functions of the Richardson number (see
Appendix A). The Richardson number expresses the ratio
between stratification (buoyancy) and vertical shear, and it
quantifies their relative dominance. Low Richardson number
values indicate that shear overcomes stratification, promot-
ing instability, while high values correspond to strongly strat-
ification. Accordingly, this scheme increases mixing when
shear effects dominate over buoyancy and reduces it when
buoyancy prevails. Specific parameters control the sensitiv-
ity of the mixing to these conditions, while background val-
ues ensure a minimum level of vertical mixing even under
stable conditions. The Richardson-dependent mixing param-
eterization does not simulate convective overturning, but just
reduces density gradients by enhancing mixing in unstable
layers when shear dominates over buoyancy. See Appendix B
(Table B1), for details on the parameters used in the NEMO
namelist for the Richardson number-dependent formulation.

The second vertical mixing scheme adopted here is
the one-equation TKE scheme as proposed by Gaspar et
al. (1990), in which the evolution of the turbulent kinetic
energy k is described by a prognostic equation (see Ap-
pendix A). The model accounts for the main four physical
processes involved in turbulence dynamics: production by
vertical shear, destruction by buoyancy effects, turbulent ki-
netic energy diffusion, and dissipation parameterised follow-
ing the Kolmogorov formulation (Kolmogorov, 1942). Ver-
tical eddy viscosity Avm is diagnosed from the TKE us-
ing a mixing length approach, where the mixing length is
parametrized using a diagnostic formulation, as a function
of both a prescribed maximum and the local stratification to
ensure numerical stability by limiting its vertical gradients.
Tracer diffusivityAvT

= AvS for temperature and salinity, re-
spectively, is derived from Avm through a constant turbulent
Prandtl number (AvT

= Avm/Prt). At the ocean surface, we
impose a fixed minimum surface mixing length. A simpli-
fied representation of Langmuir turbulence is also included.
The TKE scheme treats convection prognostically through
the calculation of enhanced turbulent kinetic energy produc-
tion in statically unstable layers, which results from the com-

bined contribution of the four terms described above: shear
production, stratification or buoyancy destruction, diffusion
and dissipation. The resulting enhanced turbulent kinetic en-
ergy production increases the eddy diffusivity coefficients
and leads to the homogenization of these layers. See Ap-
pendix B (Table B2), for details on the parameters used in
the NEMO namelist for the TKE closure scheme.

The third vertical mixing scheme used in this work is a
two-equation turbulence closure scheme defined within the
GLS framework (Umlauf and Burchard, 2003). The GLS
schemes are a family of models that differ mainly in the
choice of the second turbulence variable to be worked out
through a prognostic equation and the stability functions used
to parameterise stratification effects on turbulence. In addi-
tion to the turbulent kinetic energy k, the second prognostic
variable can be defined in different ways, leading to differ-
ent two-equation turbulence models. In the k–ε formulation,
the second variable is the turbulent dissipation rate ε, which
quantifies the rate at which turbulent kinetic energy is dis-
sipated into heat. In the k–ω formulation, it is the specific
dissipation rate εω = /k (where ε represents the turbulent ki-
netic energy dissipation rate) which has the dimension of an
inverse time and represents a characteristic turbulence fre-
quency. Alternatively, in the k–kl formulation, the second
variable is the turbulent length scale kl , describing the typ-
ical size of the energy-containing eddies, usually expressed
as kl ' k3/2

ε
.

In this study, we adopt the k–ε formulation, where the
prognostic variables are the turbulent kinetic energy k and its
dissipation rate ε (Umlauf and Burchard, 2003), but we also
verified that using the k–ω formulation does not change sig-
nificantly our conclusions. This model captures turbulence
dynamics with enhanced detail, particularly under varying
stratification, and is known for its numerical stability and
robust performance in oceanic applications (Burchard and
Bolding, 2001). The model prognoses the temporal evolution
of k and ε, accounting for the same four physical processes
considered in the TKE scheme: shear production, buoyancy
destruction, vertical turbulent diffusion, and dissipation. Ver-
tical eddy viscosity and diffusivity coefficients are computed
dynamically based on k and ε and modulated by stability
functions dependent on the gradient of the Richardson num-
ber. These stability functions, which are a common feature
of turbulence closures, represent the suppression of turbu-
lence by reducing mixing efficiency under stable stratifica-
tion. In this study, we adopt the stability function formula-
tion version A by Canuto et al. (2001) (Canuto A). Specif-
ically, the momentum mixing efficiency decreases as strati-
fication increases, while the turbulent Prandtl number corre-
spondingly increases, implying a stronger reduction of tracer
mixing relative to momentum (Canuto et al., 2001; Umlauf
and Burchard, 2003). Boundary conditions at the surface and
at the bottom incorporate enhancements to turbulence caused
by wave breaking and bottom friction, respectively. Wave-
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induced mixing is not taken into account. The GLS scheme
accounts for convection by prognostically calculating turbu-
lent kinetic energy production and simultaneously estimat-
ing a turbulent length scale. While the computation of turbu-
lent kinetic energy is conceptually similar to that in the TKE
scheme, the key difference lies in the prognostic treatment of
the turbulent length scale, which enables not only a dynami-
cal adjustment of mixing intensity, but also a more physically
consistent representation of the vertical extent of convective
overturning. We also note that, while the mixed-layer depth is
correctly estimated under convective conditions, the stratifi-
cation is falsely prescribed by the GLS closure to be unstable
also in the lower half of the convective boundary layer (Bur-
chard and Petersen, 1999). In that region, typically counter-
gradient fluxes are present which need to be parameterised by
a higher-order closure (Legay et al., 2025). More details on
the GLS closure scheme are in Appendix A and the parame-
ters used in the NEMO namelist are reported in Appendix B
(Table B3).

2.2.2 Convective adjustment

Convective events are characterized by rapid and intense
overturning of the water column, an inherent non-hydrostatic
process that cannot be explicitly resolved by hydrostatic
ocean models. As a result, convection must be represented
through a dedicated parameterization. To better capture con-
vective processes, it is still a common practice in large-scale
modelling to apply a convective adjustment whenever the
water column is statically unstable to mimic the rapid ver-
tical homogenization associated with convective overturn-
ing and ensures realistic mixed layer deepening. One of the
most common ways is to apply the enhanced vertical dif-
fusivity (EVD) parameterisation (e.g., Lazar et al., 1999),
widely adopted in ocean modelling (e.g., Rahmstorf, 1993;
Lazar et al., 1999; Griffies et al., 2000). In practice, the ver-
tical eddy diffusivity coefficient is increased to a high con-
stant value (typically between 1 and 100 m2 s−1) wherever
the Brunt-Väisälä frequency squared N2 becomes negative.
In this study, a value of 10 m2 s−1 is prescribed for the verti-
cal eddy diffusivity based on previous sensitivity tests. This
is also the value currently used in the physical component
of the Mediterranean Forecasting System of the Copernicus
Marine Service. It is worth noting that the appropriate value
of the EVD coefficient may depend on model resolution. As
resolution increases, a larger fraction of convective overturn-
ing may become explicitly resolved, potentially reducing the
contribution of unresolved convective transport and, conse-
quently, the optimal EVD coefficient may differ. The value
adopted here is therefore calibrated for the present model
configuration and may not be directly transferable to setups
with different resolution.

Since convection has the effect of effectively homogeniz-
ing the upper ocean boundary layer, it can be parameterized
by applying a high eddy diffusivity which has a similar ef-

fect. Although this procedure does not accurately represent
the physics of convection with its narrow and dense down-
ward plumes compensated by a broader upwelling in be-
tween, leading to non-local fluxes, it effectively mimics the
net impact of convective processes, including the rapid ver-
tical redistribution of properties associated with convective
overturning. The increased eddy diffusivity coefficient stabi-
lizes the water column, allowing the model to maintain real-
istic stratification while enabling the development of large-
scale circulation patterns.

When the convective adjustment is applied, the vertical
eddy diffusivity results from the combined effects of the
vertical mixing closure schemes (whether the Richardson-
number-dependent parameterization, the one-equation TKE
scheme, or the two-equation GLS formulation) and the con-
vective adjustment implemented through the EVD parame-
terisation. Since the TKE and GLS schemes implicitly in-
clude a convection parameterisation via the buoyancy term
in the turbulent kinetic energy equation being positive for un-
stable stratification with N2 (Eqs. A3 and A6, respectively),
some double counting is included in this approach. It should
be noted that the GLS mixing parameterisation includes fur-
ther sensitivity to convectively unstable stratification due to
the dependence of the stability functions and the length-scale
related equation on N2.

2.3 Experimental design

We perform six, two-year long, simulations over the period
2020–2021. These simulations share the same model setup
(as described in Sect. 2.2), and the same input fields and
differ only in the choice of the vertical mixing scheme and
whether the convective adjustment is applied.

The system is forced at the ocean surface with the atmo-
spheric fields at 1/10° horizontal resolution of the European
Centre for Medium-Range Weather Forecasts (ECMWF)
made available by the Italian Air Force Meteorological Ser-
vice. Following the configuration of the physical compo-
nent of the Mediterranean Forecasting System of the Coper-
nicus Marine Service, at the Atlantic boundary, the hy-
drodynamic model is nested into the daily analysis data
of the Copernicus Marine Global product (whose Coperni-
cus product name is Global Ocean Physics Analysis and
Forecast, https://doi.org/10.48670/moi-00016, E.U. Coper-
nicus Marine Service Information (CMEMS), Marine Data
Store (MDS), 2026a) at 1/12° horizontal resolution and
50 vertical levels. River runoff in the modelling implemen-
tation originates from 39 rivers. Daily mean data for 38 of
these rivers are taken from the European Flood Awareness
System dataset (EFAS v5.0; Mazzetti et al., 2023) delivered
within the Copernicus Emergency Service, while monthly
mean data for the Nile River are taken from a climatology
computed over the period 1970–2007 (Said et al., 2011).

Three turbulence closure schemes are tested:
the Richardson-number dependent parameterization
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Table 1. Summary of the experiments conducted in this study.

Simulation Vertical mixing closure scheme Convective adjustment Notes
name

Exp-PP+ Richardson-dependent scheme Enhanced Vertical Diffusion (EVD) Control simulation
Exp-TKE+ Turbulent Kinetic Energy (TKE) Enhanced Vertical Diffusion (EVD)
Exp-GLS+ Generalized Length Scale (GLS) Enhanced Vertical Diffusion (EVD)
Exp-PP Richardson-dependent scheme –
Exp-TKE Turbulent Kinetic Energy (TKE) –
Exp-GLS Generalized Length Scale (GLS) –

(Pacanowski and Philander, 1981), the TKE closure scheme
(Gaspar et al., 1990), and the GLS closure scheme (Umlauf
and Burchard, 2003). These vertical mixing schemes are
employed under two different convective setups: with and
without the enhanced vertical diffusion parameterization
typically used to mimic deep convection events. Therefore,
the six simulations performed here differ only in the vertical
mixing scheme and in whether convective adjustment is
included. This experimental design allows us to assess the
interplay between the choice of vertical mixing scheme
and the effect of EVD, and to disentangle their individual
and combined contributions to the representation of vertical
mixing processes. It also enables us to evaluate how different
turbulence closure schemes respond to the presence or
absence of convective adjustment, and how this affects
stratification, heat and salt distribution, and the overall
vertical structure of the water column at basin and local
scale.

Table 1 summarises the experiments. Our control run is de-
fined as the simulation that employs the Richardson-number
dependent vertical mixing scheme in combination with con-
vective adjustment. Keeping convective adjustment active,
we then replace the vertical mixing scheme with either TKE
or GLS parameterisations. The remaining three experiments
use the same three mixing schemes, but with convective ad-
justment disabled. In the experiments where convective ad-
justment is disabled, adaptive implicit vertical advection is
activated to prevent local numerical instabilities (Shchep-
etkin, 2015; Madec and the NEMO System Team, 2023). All
simulations are initialized from the same 31 December 2019
restart fields provided by the Mediterranean Forecasting Sys-
tem. These fields are analysis products that incorporate data
assimilation of available observations, including satellite and
in situ measurements. As a result, they provide an optimal
representation of the Mediterranean Sea state at the start of
the simulations, ensuring that all experiments begin from a
physically realistic initial condition. The results presented
hereafter are not affected by these initial conditions but rather
reflect the changes in the vertical mixing schemes and con-
vective adjustment listed in Table 1.

3 Results

3.1 Impact of the convective adjustment

The EVD parameterization exerts a strong control on the
vertical structure of mixing. Figure 3 shows the eddy dif-
fusivity coefficient along a zonal section at 37.5° N (as in-
dicated in Fig. 1a) averaged over January 2021 for differ-
ent mixing configurations. The presence of convective ad-
justment together with different mixing schemes (Fig. 3a, c,
and e) tends to mask the differences among the various verti-
cal mixing parameterisations resulting in a very similar eddy
diffusivity pattern regardless of the chosen vertical mixing
scheme. Given the different eddy diffusivity scales observed
in the experiments with and without EVD (Fig. 3a, c and e
versus Fig. 3b, d and f), it is clear that when EVD is ac-
tive, the eddy diffusivity produced by the vertical mixing clo-
sure is largely overwritten by the EVD parameterization. In
contrast, when convective adjustment is disabled (Fig. 3b, d
and f), the vertical eddy diffusivity is determined solely by
the mixing schemes and reveals more pronounced differ-
ences among schemes. Notably, the Richardson-dependent
scheme (Fig. 3b) produces a relatively homogeneous in-
crease in eddy diffusivity within the mixed layer, whereas
the TKE (Fig. 3d) and GLS (Fig. 3f) schemes result in more
heterogeneous structures. The magnitude of the vertical eddy
diffusivity increases going from the Richardson-number de-
pendent scheme (with maximum eddy diffusivity values on
the order of 10−2 m2 s−1) to the TKE and then to the GLS
schemes (with maximum eddy diffusivity values on the order
of 10−1 m2 s−1). Moreover, when the EVD scheme is active,
the maximum value of the vertical eddy diffusivity consis-
tently occurs near the surface, while, when EVD is disabled,
its maxima are typically found within the mid-depth of the
mixed layer, which is more realistic due to the suppression
of turbulent length at the top and the bottom of the mixed
layer. This distinction underscores the role of EVD in favour-
ing a surface-intensified mixing structure as opposed to the
more symmetric and realistic profile observed in its absence,
potentially impacting the MLD.

The EVD parameterisation is primarily intended to rep-
resent winter convection. However, convection-like vertical
mixing occurs year-round, even outside the main winter sea-
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Figure 3. Vertical eddy diffusivity coefficient along the zonal section at 37.5° N (black line in Fig. 1a) averaged over January 2021 for
different model configurations: (a) Richardson-dependent mixing scheme with EVD activated, and (b) without EVD activated; (c) TKE
closure scheme with EVD activated, and (d) without EVD activated; (e) GLS scheme with EVD activated, and (f) without EVD activated.
The black contours in each panel denote the depth of the mixed layer, while grey shading indicates land.

son, and therefore the EVD parameterisation is active even
in summer in some regions of the Mediterranean Sea. Fig-
ure 4 illustrates this by showing the maximum depth reached
by the EVD on a summer day (1 July 2021) in the simula-
tion using the Richardson-number dependent parameteriza-
tion. White areas indicate the few regions where EVD is not
applied on that day. Elsewhere the EVD is applied down to
depths ranging from a few meters to several tens of meters
reaching its maximum depth in the eastern Mediterranean
Sea, and notably in the semi-permanent Ierapetra eddy re-
gion, located southeast of Crete within the Rhodes Gyre re-
gion (as defined in Fig. 1a). This activity is typically weaker
and shallower than winter convection, but it still contributes
to reshaping the vertical dynamics, as discussed in the fol-
lowing sections.

Figure 4. Map showing the maximum depth reached by the EVD
parameterisation when activated in the control experiment (Exp-
PP+ in Table 1) during a summer day (1 July 2021). White areas
indicate regions where EVD is inactive.
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3.2 Assessment at the basin scale

3.2.1 Impact on tracers

Among the different experiments (Table 1), the simula-
tion using the Richardson-number dependent vertical mixing
scheme combined with a convective adjustment (Exp-PP+)
is taken as the control run. This configuration for the verti-
cal mixing and convection corresponds to the current setup
of the Mediterranean Forecasting System of the Copernicus
Marine Service (Clementi et al., 2023).

To evaluate the performance of our control simulation and
identify systematic deficiencies of the model, we compare
the model outputs in terms of temperature and salinity with
all available Argo data in 2020–2021 (Fig. 1a). We verified
(not shown) that removing a spin-up period leads only to neg-
ligible differences and does not affect the results. Following
the extensive literature on error decomposition for model val-
idation (e.g., Willmott, 1981; Murphy, 1988, 1992; Oke et
al., 2002; Oddo et al., 2022), we define four key statistical
metrics, which provide complementary insights into model
skills: the root mean squared error (RMSE), the unbiased root
mean squared error (uRMSE), the mean bias (MB), and the
cross-correlation coefficient (CC). For more details on their
definition, see Appendix C. We compute these four metrics
averaging on the entire basin and over the entire two-year
period.

The temperature error profiles are shown in Fig. 5 as blue
profiles. All metrics exhibit two pronounced decreases in
model skill, one in the upper 50 m within the mixed layer
and another between 200 and 600 m, corresponding to the
Levantine Intermediate Waters (LIW) depth range (e.g., Bry-
den and Stommel, 1982; Robinson and Golnaraghi, 1993;
Lascaratos et al., 1993; Taillandier et al., 2022). Within the
mixed layer, RMSE and uRMSE peak at 25–30 m, corre-
sponding to these two-year average MLD (30.8 m for obser-
vations and 28.3 m in the control simulation – dashed hori-
zontal lines in Fig. 5). MB reaches its maximum around the
middle of the MLD (about 15 m). CC exhibits a monotonic
reduced decrease throughout the mixed layer, with a mini-
mum below the yearly average MLD. A similar behaviour
occurs within the LIW depth range, with a minimum in CC
around 400 m, while RMSE, uRMSE and MB show their
largest deviations slightly above, at approximately 350 m.
Overall, this evidence indicates that errors are largest in the
surface mixed layer but also reflect difficulties in represent-
ing intermediate water masses.

The salinity error profiles (orange) in Fig. 5 show a dis-
tinct pattern compared to temperature. RMSE and uRMSE
exhibit a single peak confined to the mixed layer, with no sig-
nificant anomalies at the LIW depth range. Nevertheless, the
MB highlights systematic fresh biases at both depth ranges,
suggesting persistent model errors also in salinity in repre-
senting the LIW. We observe that the minimum salinity MB
within the LIW depth range is found near the bottom of

the LIW layer (about 500 m), while the minimum tempera-
ture MB occurs approximately at mid-depth within the layer
(about 350 m). As for temperature, the CC decreases mono-
tonically within the mixed layer; however, unlike tempera-
ture, it exhibits only a weak secondary minimum at LIW
depths. These findings suggest that salinity shows smaller
discrepancies than temperature with respect to observations
in the representation of intermediate waters, while it also
presents a discrepancy with the observation within the mixed
layer.

As stated above, overall, for both salinity and tempera-
ture, the shape of the error at the basin scale suggests two
main decreases of the model skills: the representation of the
properties within the mixed layer and the intermediate water
masses. The control simulation performs reasonably well in
the deep region, while the more pronounced biases are within
the mixed layer. These biases are likely related to the verti-
cal mixing scheme, highlighting the need for a more realistic
treatment of atmospheric energy input and vertical redistri-
bution of momentum and buoyancy.

To assess the impact of the different closure schemes and
the activation of the convective adjustment at the basin scale,
we compare the metrices obtained for the other five simula-
tions (simulation other than Exp-PP+ in Table 1) with these
of the control run. Figures 6 and 7 show the basin-averaged
error difference for temperature and salinity, respectively. For
each experiment and each metric (Eqs. C1–C4), the error dif-
ference (errdiff) as a function of depth is computed as

errdiff = errmod(z)− errCS(z) (1)

where errCS(z) denotes the error of the control run (Exp-PP+,
see Fig. 5), and errmod(z) is the error associated with each
model configuration (experiments other than Exp-PP+ in Ta-
ble 1). Here, “err” generically denotes one of the four met-
rics (RMSE, uRMSE, MB, or CC) detailed in Appendix C.
For the MBdiff metric, the absolute value of the mean bias
is used for both the control run and the model experiments
when computing MBdiff.

It should be noted that negative values of RMSEdiff,
uRMSEdiff, and MBdiff indicate improvement, while positive
values indicate deterioration. For CCdiff, the interpretation is
reversed: higher values (closer to 1) denote improvement,
whereas lower values (towards 0) denote deterioration. Ac-
cordingly, in Figs. 6 and 7 green and red backgrounds high-
light regions of improvement and deterioration relative to the
control simulation, respectively.

For temperature (Fig. 6), the error profiles indicate that
the GLS closure scheme without convection parameteriza-
tion (solid green line) provides the largest error reduction,
expecially in terms of MBdiff, a result further confirmed
by the CCdiff. The greatest improvement occurs within the
mixed layer, mostly reflecting a reduction in systematic er-
rors (MBdiff), while additional improvements at LIW depths
are observed in terms of uRMSEdiff and CCdiff. Adding the

Geosci. Model Dev., 19, 7041–7068, 2026 https://doi.org/10.5194/gmd-19-7041-2026



L. Gualtieri et al.: Untangling the effects of vertical mixing schemes and convective adjustment 7051

Figure 5. Basin-averaged temperature (blue) and salinity (orange) error profiles for 2020–2021 in the control simulation (Exp-PP+ in
Table 1). Panels from left to right: root mean squared error (RMSE), unbiased root mean squared error (uRMSE), mean bias (MB), and
cross-correlation coefficient (CC). The definitions of these metrices are in Appendix C. Dashed lines represent the two-year basin average
values of the MLD for observations and control simulation.

Figure 6. Temperature error difference (Eq. 1) with respect to the control simulation for the four metrics in Eqs. (C1)–(C4). Dashed lines
indicate simulations with EVD and continuous lines without EVD. The transparent background color highlights regions of improvement
(green) and worsening (red) compared to the control simulation.
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Figure 7. Salinity error difference (Eq. 1) with respect to the control simulation for the four metrics in Eqs. (C1)–(C4). Dashed lines indicate
simulations with EVD and continuous lines without EVD. The transparent background colour highlights regions of improvement (green) and
worsening (red) compared to the control simulation.

convection parameterization to GLS (dashed green line) di-
minishes these gains at some depths, and mostly for MBdiff.
The TKE mixing scheme exhibits intermediate skill: with
or without EVD (orange lines), improvements are mostly
confined to the mixed layer, while performance below this
layer often deteriorates. The Richardson-dependent scheme
without EVD (solid blue line) shows the smallest improve-
ment within the mixed layer and a worsening in the LIW
layer across all metrics. This behaviour is expected because
the scheme estimates turbulence solely from the Richardson
number (see Sect. 2.2.1 and Appendix A), that is from the
balance between vertical shear and stratification (buoyancy)
and does not include convective mixing. Consequently, it is
expected that an additional parameterization would be re-
quired to properly represent convection.

For salinity (Fig. 7) in the absence of convective adjust-
ment (solid lines), GLS is the only scheme showing im-
provements above 100 m for RMSEdiff, uRMSEdiff, CCdiff,
and MBdiff. At the LIW depths, changes are minimal and a
small degradation occurs for all experiments between about
100 and 200 m. The TKE and Richardson-number depen-
dent schemes without EVD show smaller improvement in
all metrics, particularly within the mixed layer, with the
Richardson-number dependent scheme (solid blue line) per-
forming worst, especially for CCdiff.

3.2.2 Representation of the mixed layer depth

Given that the largest impact of the interplay between the
mixing closure parameterisation and the convective adjust-
ment occurs within the mixed layer, we also investigate how
well the different schemes reproduce the MLD across the
Mediterranean Sea. Figure 8 shows the time evolution of
the MLD for the years 2020–2021, as computed from all
available Argo temperature and salinity observations (black
dashed line) and from model outputs (coloured lines) at the
corresponding locations. Notably, for each day, model tem-
perature and salinity profiles are first sampled at each Argo
location. Density and MLD are then computed individually
for each profile in both models and observations, and a basin
average MLD is finally calculated.

The MLD for both observations and model outputs is com-
puted using the density threshold method, which identifies
the depth at which the potential density increases by a fixed
amount relative to a near-surface value. Specifically, here,
the MLD is defined as the depth where the potential density
exceeds that at 10 m by 0.01 kg m−3. With this definition, a
minimum MLD of 10 m is imposed, as the reference den-
sity is taken at that depth. This approach, commonly used
in oceanographic studies, provides a robust estimate of the
mixed layer under both stratified and convective conditions
(e.g., de Boyer Montégut et al., 2004).
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Figure 8. Time evolution of basin-averaged MLD for varying vertical mixing schemes, with and without convection parameterisation (con-
figurations listed in Table 1). The black dashed line represents the MLD from Argo observations. A 7 d moving average has been applied to
both model outputs and observations.

The observed temporal evolution of the basin-averaged
MLD over the period 2020–2021 oscillates around a
temporal-spatial average value of 31 m and exhibits a pro-
nounced seasonal cycle, with deepening during winter and
shoaling in summer. On average, the MLD reaches its maxi-
mum around 70–80 m in winter (December to March), when
surface cooling and intense wind forcing promote vertical
convection and deep mixing. In spring, the increasing solar
radiation and weakening winds lead to rapid surface warm-
ing and stratification, resulting in a marked shoaling of the
MLD. By summer (June to September), the MLD stabilises
at its shallowest levels, below 20 m, reflecting strong thermal
stratification and limited vertical mixing. In autumn, cooling
and more frequent wind events gradually deepen the MLD
again, preparing the system for winter convection.

All simulations, colour-coded according to model config-
uration, reproduce this seasonal pattern, with winter maxima
exceeding 70 m and summer minima around 15 m. However,
significant differences in the MLD emerge while employ-
ing different vertical mixing schemes and varies also signif-
icantly depending on whether the EVD convection parame-
terisation is activated or not.

Simulations including EVD (blue, orange, and green lines)
behave in a similar way and very close to the observations
(black line). They occasionally show deeper (e.g. February–
March 2020) or shallower (e.g. March 2021) winter MLDs
and overall, they exhibit a good agreement in summer.
With EVD activated, the two-year average MLD with TKE
(30.9 m) and GLS (31.3 m) are very close to the observed one
(30.8 m), while the Richardson-number dependent scheme

tends to underestimate the MLD especially in summer (av-
erage of 28.3 m).

Simulations without EVD (red, purple, and brown lines)
show distinct behaviours. The Richardson-dependent scheme
(red line) produces the shallowest winter MLD and a low
average MLD (average of 25.7 m), significantly underesti-
mating observed deep mixing even in summer. The TKE
scheme (purple line) tends to underestimate the MLD, both
in winter and in summer. Although it performs better than
the Richardson-number dependent scheme yet still fails to
capture the basin-average maximum depths seen in obser-
vations (average MLD of 25.7 m). On the other hand, the
GLS scheme (brown line) yields winter and summer MLDs
closely aligned with observations, remaining in good agree-
ment to them throughout the year. With the GLS, the aver-
age value of MLD without convective adjustment (32.7 m)
is very close to the one obtained with convective adjustment
included (31.3 m).

The GLS scheme without convective adjustment repro-
duces the observed deepening of the mixed layer, while the
TKE and the Richardson-dependent scheme do not. This ev-
idence demonstrates that this scheme does not need an ad-
ditional external convection parameterisation to reproduce
realistic mixed layer deepening. This may be attributed to
the two-equation structure of the GLS (see Sect. 2.2.1 and
Appendix A): the first equation evolves the turbulent ki-
netic energy over time, indicating where mixing is possi-
ble, while the second equation dynamically adjusts the turbu-
lence length scale, controlling how deeply mixing penetrates.
In contrast, the TKE scheme lacks dynamic depth control,
and the Richardson-dependent scheme does not even include
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prognostic turbulent kinetic energy; in both cases, the pen-
etration of convective mixing is limited. It is worth noting
that, in the absence of explicit convective adjustment, the ad-
ditional physics included in the TKE scheme compared to
the Richardson-dependent formulation appears to have only
a minor impact, likely because, at these scales, TKE still pro-
vides a relatively simplified representation of convective pro-
cesses.

3.3 Assessment of water mass formation

The Mediterranean Sea hosts several key sites of deep and in-
termediate water formation, including the Gulf of Lion, the
South Adriatic Sea, the Rhodes Gyre area and the Aegean
Sea (e.g., Lascaratos et al., 1999; Simoncelli et al., 2018;
Pinardi et al., 2019; Pinardi and Masetti, 2000; Pinardi et al.,
2023). In these regions, vertical mixing and convection play
a fundamental role in preconditioning and driving dense wa-
ter formation processes by contributing to surface buoyancy
loss and erosion of stratification (e.g., MEDOC Group, 1970;
Schroeder et al., 2016). The intensity and vertical structure
of turbulent mixing directly influence the transformation and
ventilation of water masses, making its accurate representa-
tion essential for modelling the basin-scale thermohaline cir-
culation (e.g., Simoncelli et al., 2018; Pinardi et al., 2019;
Somot et al., 2006).

As case studies, to further investigate the impact of the in-
terplay between different vertical mixing schemes and con-
vective adjustment, we select one site of DWF (the South
Adriatic Pit) and one site of both deep and intermediate water
formation (the Rhodes Gyre region) and analyse them across
the various model configurations during two selected time
windows in 2021. We note that after more than one year of
integration, although all six experiments are initialized from
the same initial conditions, the six simulations have already
had time to substantially diverge by the beginning of 2020.
This divergence, driven solely by the different mixing and
convective adjustment configurations (Sect. 2.3 and Table 1),
encompasses not only differences in local vertical mixing,
but also in the large-scale circulation, mesoscale structure
and lateral advection. Consequently, while this section fo-
cuses on the behaviour of the schemes within two selected
time windows in 2021, the results inherently reflect the prior
evolution and memory of the system under each parameteri-
zation. This approach allows us to assess the resulting quasi-
equilibrium state, accounting for how each scheme steers
the model toward a distinct numerical and physical regime
through its cumulative effects over time and its interplay with
the convective adjustment parameterization. Therefore, our
objective in this section is not to evaluate turbulence closure
schemes in isolation, but rather to investigate their integrated
impact in deep and intermediate water formation regions,
within the general circulation of the Mediterranean Sea.

3.3.1 Deep water formation and intermediate water
intrusion in the south Adriatic Pit

The South Adriatic Pit (defined as in Simoncelli et al. (2018)
between longitudes 17–19° E and latitudes 41–42.5° N and
shown in Fig. 1a) reaches a depth of 1200 m and is con-
nected to the Eastern Mediterranean Basin through the Strait
of Otranto. It is one of the principal sites of DWF in
the Mediterranean Sea, where intense cooling and evapo-
ration during winter – especially in February–March – in-
duce strong density increases that drive dense water sinking
and convective overturning (e.g., Wüst, 1961; Gačić et al.,
2001; Manca et al., 2003). During these events, the MLD
can deepen substantially, typically reaching between 600 and
800 m (e.g., Manca et al., 2003; Pinardi et al., 2023).

In Fig. 9 we show the temperature and salinity profiles as
recorded by an Argo float (black dashed line) on 25 Febru-
ary 2021 in comparison with the modelled profiles at the
same location for varying vertical mixing schemes and ac-
tivating (dashed line) or deactivating (continuous line) the
EVD. The location of the profile is shown in the insert of
Fig. 9a. Argo observations show a nearly uniform layer in
the upper ∼ 500 m, followed by a sharp gradient below. This
inflection point corresponds to the MLD. Among the models
in which EVD is active, the simplest Richardson-dependent
scheme performs best, although it underestimates the MLD
in the salinity profile of about 50 m. In this case, the GLS
scheme underestimates the MLD in both temperature and
salinity by about 100 m. In the absence of EVD, we observe
a similar behaviour across different mixing scheme, with a
broad inflection point corresponding to MLD around 500 m.
To investigate how the various configurations of mixing and
convection lead to the situation shown in Fig. 9, we examine
the time evolution of the salinity field at this location up to
the day of the profiles in Fig. 9. Salinity was chosen because
it largely reflects the imprint of deep and intermediate water
(Fig. 1d).

In Fig. 10, we show the Hovmöller diagrams of salinity
evolution at the site described above from 1 to 25 Febru-
ary 2021. The last day of each Hovmöller corresponds to the
day of the profile shown in Fig. 9. The three panels on the
left (Fig. 10a, c and e) show the salinity evolution for the
models with EVD activated. The three panels on the right
(Fig. 10b, d and f) correspond to the models with EVD de-
activated. In the upper 100 m, the models with EVD acti-
vated show similar behaviour, with fresh water persisting un-
til 13 February, whereas without EVD the models show large
variability due to a different activation of mixing. In partic-
ular, the TKE scheme (Fig. 10d) maintains relatively fresh
water up to 25 February, while the Richardson-number de-
pendent scheme (Fig. 10b) and the GLS scheme (Fig. 10f)
show increased salinity. However, the most notable differ-
ences occur at depth, between approximately 100 and 400 m,
where a tongue of salty LIW gradually intrudes and a con-
vective event, initially confined to the surface after 13 Febru-
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Figure 9. (a) Temperature and (b) salinity model profiles compared to observations (black dashed line) from an Argo float on 25 Febru-
ary 2021. Modelled profiles are color-coded by different vertical mixing schemes, with and without convective adjustment as indicated in the
legend. The inset in the left panel shows the position of the Argo float.

ary, gradually deepens into intermediate layers. The contrast
between simulations with and without EVD is substantial.

In the presence of EVD, convection triggered after
13 February erodes the intruding LIW, so that the LIW is
completely mixed thereafter. As discussed in Sects. 2.2.2
and 3.1, when the convective adjustment is applied, the ver-
tical eddy diffusivity resulting from the mixing schemes, is
abruptly replaced with a high constant value, disregarding
the temporal evolution of the tracers. This is evident after
13 February regardless of the mixing scheme (Fig. 10a, c
and e), with the salinity field homogenized across both time
and depth. Consequently, convection parameterized though
EVD does not account for prior stratification: the method is
applied uniformly, effectively erasing pre-existing or intrud-
ing structure in the region.

Conversely, in the cases without EVD, the LIW persists up
to 25 February. In particular, in the GLS scheme (Fig. 10f)
the LIW gradually sinks to about 400 m due to its higher
density (similarly to what shown in Fig. 1d), exhibiting a
more realistic behaviour, whereas in the Richardson-number-
dependent scheme (Fig. 10b) it drops abruptly, and in the
TKE scheme (Fig. 10d) it remains at roughly the same depth.
This behaviour is consistent with the formulation of the
mixing schemes, which may have also produced, over the
prior integration period, differences in lateral advection and

mesoscale activity that contribute to the contrasting salinity
structures. With the GLS scheme (Fig. 10f), which includes
a prognostic equation for the mixing length (Sect. 2.2.1 and
Appendix A), both the intensity and depth of convective
events appear to be more realistically represented. On the
other hand, with the TKE scheme (Fig. 10d), the convective
intensity is similar, but the depth of the event is underesti-
mated. For example, on 21 February, the salinity intrusion
extends below 300 m with GLS, whereas with TKE the intru-
sion already begins at 200 m. In the Richardson-dependent
formulation (Fig. 10b), the convective event is weaker and
more abrupt, producing a less gradual penetration into deeper
layers.

3.3.2 Deep and intermediate water formation in the
Rhodes Gyre region

As an additional case study, we investigate the capability of
the model to reproduce deep and intermediate water in the
Rhodes Gyre region, defined here between longitudes 26.3–
31° E and latitudes 33–36.1° N and shown in Fig. 1a. This
region, located in the eastern Mediterranean Sea between
Rhodes and Cyprus and extending southward into the open
Levantine Sea, hosts the Rhodes Gyre and is the key site for
the formation and initial spreading of the LIW. Relative to
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Figure 10. Hovmöller diagrams showing the temporal evolution of salinity at the location indicated in Fig. 9a (inset) from 1 to 25 Febru-
ary 2021 for different model configurations: (a) Richardson-dependent mixing scheme with EVD activated, and (b) without EVD activated;
(c) TKE closure scheme with EVD activated, and (d) without EVD activated; (e) GLS scheme with EVD activated, and (f) without EVD
activated. The last day in each panel corresponds to the day of the profile shown in Fig. 9.

the domain defined by Simoncelli et al. (2018), here the re-
gion is expanded by 1° to the east and 1° to the south in
order to better resolve the early spreading of the LIW. This
water mass, characterised by high salinity and intermediate
depth (approximately 200–500 m), begins spreading within
the defined region and subsequently extends further across
the Mediterranean Sea, influencing basin-scale thermohaline
circulation (e.g., Lascaratos et al., 1993; Kubin et al., 2019;
Pinardi et al., 2023).

In Fig. 11a, salinity observations from all available Argo
floats in the Rhodes Gyre region between January and
April 2021 are compiled and arranged to form a Hövmoller
diagram. Water with salinity exceeding 39.2 psu is observed
above 200 m until approximately mid-February, when a con-
vective event forces the high-salinity layer downward, result-
ing in a deepening of the entire water column. The LIW, with
salinities ranging from 38.95 to 39.05 psu (Lascaratos et al.,
1993), descends from approximately 300 m to depth below
400 m.

In Fig. 11b–g we present Hovmöller diagrams of salin-
ity for each model configuration. Overall, the model repro-
duces the observed stratification well and generally reach
similar maximum salinity values, with some differences for
varying mixing scheme and depending on the presence or
absence of convective adjustment. As discussed above, the
spread among configurations reflects not only the direct ef-
fect of local vertical mixing, but also differences in back-
ground circulation, mesoscale structure, and lateral advection
accumulated over the prior integration period under each ver-
tical mixing and convective adjustment setting (Table 1). In
the upper 100 m, prior to the mid-February convective event,
all models tend to overestimate salinity relative to observa-
tions, whereas after the event they generally produce fresher
waters. At greater depths, model layers are generally nar-
rower and more confined than in the observations, where
post-convective mixing causes substantial vertical widening
of the layer.
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Figure 11. (a) Hovmöller diagram of salinity observations from available Argo floats in the Rhodes Gyre region (Fig. 1a) between January and
April 2021. (b–g) Hovmöller diagrams of salinity for different vertical mixing schemes and convective adjustment settings: (b) Richardson-
dependent mixing scheme with EVD activated, and (c) without EVD activated; (d) TKE closure scheme with EVD activated, and (e) without
EVD activated; (f) GLS scheme with EVD activated, and (g) without EVD activated. All panels share the colour scale in panel (a).

When EVD is applied (Fig. 11b, d and f), the convec-
tive event is weakly reproduced. The downward displace-
ment of the water column is most evident in the TKE scheme
(Fig. 11d), producing a deepening of approximately 100 m,
whereas in the Richardson-dependent scheme (Fig. 11b) and
GLS scheme (Fig. 11f), the column exhibits almost no abrupt
shift, showing only gradual deepening over time. Overall,
EVD suppresses the differences among the mixing schemes
and results in a very similar salinity response to convection.

In the absence of EVD (Fig. 11c, e and g), the salin-
ity response differs. With Richardson-dependent scheme
(Fig. 11c), the behaviour is very similar to the case with EVD
(Fig. 11b), with progressive deepening of the column without

a sudden convective shift. This evidence reflects the fact that
the Richardson-dependent scheme does not explicitly model
convection but only increases mixing when shear dominates
over buoyancy (Sect. 2.2.1). Consequently, convective events
are weakly represented: the water column deepens gradually,
and high-salinity layers remain confined and less vertically
spread compared to observations or schemes that explicitly
account for convection. By contrast, the TKE (Fig. 11e) and
the GLS (Fig. 11g) schemes alone capture the mid-February
convective event, producing a rapid downward displacement
of the entire water column, with the GLS scheme better rep-
resenting the intensity and extend of deepening due to its
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prognostic treatment of turbulent kinetic energy while simul-
taneously estimating a turbulence length scale.

3.4 Assessment of the nighttime summer convection
daily cycle

In summer, the upper layers of the ocean exhibit a pro-
nounced diurnal cycle in temperature, primarily controlled
by the alternation of solar heating during the day and cooling
processes at night. Surface waters warm under strong solar
radiation, leading to a shallow, well-defined thermal stratifi-
cation, while nocturnal cooling can erode this stratification.
These processes occur within the mixed layer, which remains
relatively shallow, as the rapid diurnal cycle of formation
and destructing does not allow it sufficient time to deepen
and night cooling is not as strong as in winter. Consequently,
these processes are expected to be strongly influenced by the
selected mixing scheme and the presence of a convective ad-
justment, which can significantly modify both the intensity
of the heating and the depth of the near-surface warm layer.
As shown in Fig. 4, the EVD during a summer day remains
typically around an average of a few meters, but in certain ar-
eas – such as the Ierapetra semi-permanent gyre area within
the Rhodes Gyre region as defined in the previous section –
it can reach tens of meters.

The simulations in Table 1 were performed again starting
from 1 July 2021 for three days, producing hourly outputs.
The same initial conditions were used for all simulations,
with the goal of monitoring how the mixing closure scheme
and the presence of convective adjustment influence the daily
cycle. As a case study, we focus on a site (27.5° E, 34.4° N)
within the Rhodes Gyre region where the EVD reaches its
greatest activation depth during summer (Fig. 4).

Figure 12 shows Hovmöller diagrams of the eddy diffu-
sivity coefficient at that location in the upper 50 m for the six
simulations. The upper panels correspond to the three simu-
lations with EVD activated, whereas the lower panels show
the cases without EVD. In general summer convective events
tend to occur during nighttime because of surface cooling as-
sociated with absence of solar heating and extend along the
water column within the upper few tens of meters (∼ 30 m
in Fig. 12). As already observed in Fig. 3, when EVD is ac-
tivated, the eddy diffusivity coefficient produced by the ver-
tical mixing scheme is largely overwritten by the EVD pa-
rameterization (note the three-order-of-magnitude difference
between the upper and lower panels in Fig. 12), resulting in
similar mixing patterns regardless of the turbulence closure
scheme used. The background eddy diffusivity produced by
each mixing scheme remains visible beneath the EVD signal,
albeit approximately two-to-three orders of magnitude lower.

In contrast, when EVD is not applied (bottom panels in
Fig. 12), the representation of convection differs substan-
tially among the three closure schemes. The Richardson-
number dependent scheme produces weak but nearly per-
sistent convective activity that remains present even during

daytime. The TKE and GLS schemes instead exhibit a more
intermittent pattern of convection, with events occurring less
frequently and the strongest one during nighttime. Convec-
tive events simulated with the TKE scheme are generally
weaker than these produced by the GLS scheme and tend
to extend less deeply in the water column.

For example, during the night of 1 July 2021, a convective
event reaching approximately 25 m depth occurs in all sim-
ulations. In three cases with EVD (upper panels in Fig. 12),
this event is represented very similarly and homogeneously
throughout the upper 25 m, whereas without EVD (lower
panel in Fig. 12) its amplitude and vertical structure dif-
fer substantially among the three closure schemes. In the
Richardson-number dependent case, it appears as a relatively
weak and vertically homogeneous event down to 25 m. In the
TKE simulation, it is confined between about 10 and 20 m,
with a peak around 15 m. In contrast, the GLS scheme pro-
duces a much stronger event, extending all the way down to
25 m.

These differences in the representation of summer convec-
tion, as seen in Fig. 12, both in terms of amplitude and ver-
tical distribution along the water column, have a direct im-
pact on the temperature field. In particular, the variability in
convective activity simulated by the different turbulence clo-
sure schemes, and the homogenizing effect of EVD, trans-
lates into notable differences in the upper-ocean temperature
structure. Figure 13 shows the temperature profiles at that site
during the same three days and at different times of the day.

The first profiles (lightest colours) show that at the begin-
ning – on 1 July 2021, between midnight and 01:00 UTC
– the temperature profiles are well mixed and very sim-
ilar to each other, with differences that are barely distin-
guishable, and are not yet influenced by the vertical mix-
ing schemes or convective adjustment. Later the same day
– between 18:00 and 19:00 UTC – we observe that, while
the simulations with TKE (orange) and GLS (green) behave
in a similar way both with and without convective adjust-
ment, the Richardson-number-dependent scheme (blue) is
strongly influenced by the presence or the absence of EVD.
In fact, in the case of TKE and GLS, the simulations without
EVD (solid lines) produce temperature profiles that are only
slightly different than those with EVD (dashed lines). By
contrast, the Richardson-number dependent scheme without
EVD (solid blue line) yields a nearly uniform temperature
in the first 5 m, followed by a gradual decrease with depth.
With EVD (dashed blue line) the profile is reversed, show-
ing a surface and deep gradient separated by an intermediate
quasi-homogeneous layer.

In the following two days (2 and 3 July 2021, both at
18:00–19:00 UTC) the difference between the Richardson-
number dependent scheme and the other two schemes in-
creases in both profile shape and amplitude, reaching a sea
surface temperature (SST) difference larger than 0.5 °C on
3 July. Moreover, the simulations with TKE and GLS ex-
hibit only minor differences – on the order of ∼ 0.1 °C
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Figure 12. Hovmöller diagrams of the hourly eddy diffusivity coefficient at a site (27.5° E, 34.4° N) in the Rhodes Gyre region between 1 and
3 July 2021 (upper 50 m) for the six simulations with (a) Richardson-number dependent scheme with EVD, (b) TKE with EVD, (c) GLS
with EVD, (d) Richardson-number dependent scheme without EVD, (e) TKE without EVD, (f) GLS without EVD.

Figure 13. Temperature profiles at a site (27.5° E, 34.4° N) in the Rhodes Gyre region at different times of the day (see legend in the inset)
and for different closure schemes and convective adjustment settings (see bottom legend).

around 15 m depth – arising from slightly different con-
vective patterns in terms of amplitude and vertical extend
(Fig. 12e and f). In contrast, the Richardson-number de-
pendent scheme shows much larger discrepancies, especially
near the surface, due to the substantially different convective
patterns (Fig. 12d).

4 Discussion and conclusions

Physics-based turbulence closure schemes can represent con-
vective mixing in principle, but at typical model resolution
they may underestimate the rate of instability removal. For
this reason, convective adjustment is often applied as a nu-
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merical parameterization to rapidly stabilize the water col-
umn and mimic the fast overturning associated with un-
resolved convective events. In this work, we investigated
how the combined effect of three vertical mixing schemes
– Richardson-number dependent, TKE, and GLS closure
schemes – and an external convective adjustment (EVD) af-
fects the performance of a regional ocean circulation model
of the Mediterranean Sea. We analysed the model outputs
in relation to the physics of vertical mixing represented by
the different schemes and assessed the advantages and draw-
backs of applying an external convective parameterization
alongside each of them.

The results first confirm what is known in the litera-
ture: the explicit representation of convection through en-
hanced vertical diffusion is crucial for simple schemes such
as Richardson-number dependent closures, which lack an ex-
plicit formulation of convection and only reduce density gra-
dient by enhancing vertical mixing in unstable layers. On the
other hand, our results indicate that for more physically based
schemes, the inclusion of a convective adjustment should be
handled with care, as its application can be redundant or even
degrade model performance. For the TKE scheme, we found
that the inclusion of EVD can be beneficial in some cases.
The TKE scheme has a single prognostic equation for tur-
bulent kinetic energy, while the turbulent mixing length is
defined diagnostically, and treats convection prognostically
through the calculation of the turbulent kinetic energy; as a
result, it often represents the intensity of convection well, but
underestimates the penetration depth of convective events. In
contrast, the GLS scheme, which treats convection prognos-
tically through the calculation of both enhanced turbulent ki-
netic energy and turbulent mixing length, is generally better
able to simulate both the penetration depth and the intensity
of convective processes on its own. Therefore, with the GLS
scheme, the convective adjustment is redundant and can often
degrade the model’s skill. These observations are confirmed
both at basin scale and in deep and intermediate water for-
mation regions.

At the basin scale, statistical metrics on temperature and
salinity show that the GLS scheme performs best, followed
by TKE and the Richardson-number dependent scheme. The
inclusion of EVD makes little difference overall. In par-
ticular, we observed a more consistent improvement with
GLS without EVD across all metrics and over a larger
range of depths. The largest impact of including or exclud-
ing EVD at the basin scale is observed on the MLD. For
both the Richardson-number dependent scheme and the TKE
schemes, only the addition of the convective adjustment al-
lows the model to reproduce the observed temporal evolution
of the average MLD across the basin. This is because EVD
compensates for mixing physical processes in these schemes:
either the full convective overturning in the Richardson-
number dependent scheme or the prognostic evaluation of
the mixing length in TKE, which controls the convection
penetration depth. In contrast, the GLS scheme, thanks to its

prognostic treatment of both TKE and mixing length, is able
to reproduce the observed basin-average MLD over time, in-
cluding the MLD seasonal variability, without requiring an
external convective parameterization.

In DWF areas, such as the south Adriatic Pit, where con-
vective processes play a central role during dense water for-
mation events, we observe that both the choice of mixing
scheme and the inclusion of the convective adjustment play
a major role in the development of deep water and the in-
trusion of intermediate water from the Levantine basin. No-
tably, the inclusion of EVD, with its abrupt and strong in-
crease in vertical eddy diffusivity when unstable layers are
present, does not account for previous states or the coher-
ent temporal evolution of the water column: when applied,
EVD disrupts pre-existing or intruding structures over time.
The different mixing schemes without an external convec-
tive adjustment reproduce convection in distinct ways, and
a similar behaviour is observed in the Rhodes Gyre re-
gion. The Richardson-number dependent scheme produces
an abrupt but weak homogenization of the layers affected by
surface convection, resulting in less gradual penetration into
deeper layers and a partial removal of the intruding LIW. The
TKE scheme reproduces convection with a smoother inten-
sity transition compared to the Richardson-number depen-
dent scheme, showing less abrupt effects on salinity. How-
ever, the penetration depth in the TKE scheme remains lim-
ited, without significant sinking of denser waters, due to the
lack of a prognostic control on the penetration depth. In con-
trast, the GLS scheme more accurately represents both the
intensity and penetration depth of convective events, allow-
ing for a smooth sinking of the LIW.

Focusing on nighttime convection during summer, anal-
ysed at an hourly timescale, we observe how the nighttime
convective adjustment, combined with different vertical mix-
ing schemes, shapes the diurnal evolution of temperature.
The three vertical mixing schemes represent summer convec-
tion differently: the TKE and GLS schemes largely capture
the night-and-day differentiation, with GLS producing ho-
mogeneous, strong mixing that penetrates deeper. In contrast,
the Richardson-number dependent scheme increases mixing
weakly but almost continuously, even during daytime show-
ing almost no day-night contrast. Temperature profiles using
the Richardson-number dependent scheme differ noticeably
from the other closure schemes, and after three days, the SST
reaches a value roughly 0.5 °C higher.

In summary, across all temporal and spatial scales, our re-
sults highlight the crucial role of two key features in vertical
mixing schemes. First, prognostic treatment of turbulent ki-
netic energy (as in the TKE and GLS schemes) is essential
to accurately reproduce the intensity of overturning convec-
tion, retain memory of priori processes and ensure smooth
transitions at a site, preserve pre-existing structures as well
as the day-night alternation during summer convection. Sec-
ond, a prognostic additional equation for the mixing length
(as in the GLS scheme), rather than a fixed value as in TKE,
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is necessary to correctly represent the penetration depth of
convective processes and to achieve the most accurate repre-
sentation of the mixed layer depth. The inclusion of a convec-
tive adjustment to compensate for the lack of these features
only partially addresses the deficiencies, as external convec-
tive adjustment are not embedded within the general frame-
work and do not evolve prognostically.

These findings underscore how critical it is, in regional
ocean modelling, to align appropriately the mixing clo-
sure and convection parameterisations. More broadly, these
results highlight that careful choice of a combination of
subgrid-scale parameterizations is essential to reliably sim-
ulate key oceanographic features and improve model inter-
pretability in regional applications. Future work could ex-
tend this analysis to longer-term simulations and the ef-
fect of additional subgrid-scale processes – such as inter-
nal waves, eddy formation, and horizontal mixing – in or-
der to further improve model realism and predictive skill.
More broadly, our results highlight how the representation
of vertical mixing can strongly influence deep and interme-
diate water formation and properties, with potential impli-
cations for regional ocean modelling in other basins with
characteristics similar to the Mediterranean Sea. Comparable
processes occur in other semi-enclosed or marginal basins,
where dense water formation and vertical mixing play a key
role in shaping water mass properties. Examples include the
Black Sea and the Baltic Sea, as well as convection sites in
other marginal seas. In these environments, the choice of ver-
tical mixing parameterization may similarly affect the overall
water mass structure in regional ocean models.

Appendix A

This appendix briefly summarizes the main equations of the
three vertical mixing schemes used in this study, outlining
how the eddy viscosity coefficient Avm and diffusivity coef-
ficient AvT are determined for each scheme. We note that the
eddy diffusivity coefficient for temperature, AvT, is assumed
to be equal to that for salinity: AvS

≡ AvT.

A1 Richardson-number dependent mixing scheme

The first closure scheme used here is based on the Richard-
son number – dependent formulation originally proposed by
Pacanowski and Philander (1981), where the vertical eddy
viscosity and diffusivity are parametrized as

Avm
=

Avm
ric

(1+αRi)n
+Avm

b (A1)

AvT
=

Avm

(1+αRi)
+AvT

b (A2)

where Ri = N2

(∂Uh)2
denotes the Richardson number, defined

as the ratio between stratification (represented by the squared
Brunt-Väisälä frequency, N2) and vertical shear (∂Uh)

2. The

parameter Avm
ric represents the maximum value of the eddy

viscosity coefficient reached when Ri < 0; α and n are con-
stant parameters. The additive terms Avm

b and AvT
b are back-

ground values that ensure a minimum level of vertical mix-
ing even under stable conditions. For further details, see
Pacanowski and Philander (1981) for the theoretical frame-
work and Madec and the NEMO System Team (2023) for the
practical implementation in NEMO.

A2 Turbulent Kinetic Energy (TKE) vertical mixing
scheme

The TKE vertical mixing scheme solves a prognostic equa-
tion for the turbulent kinetic energy k, while assuming a di-
agnostic closure for the turbulent length scale lk . The TKE
equation is written as

∂k

∂t
= Avm

(
∂Uh

∂z

)2

−AvTN2
+
∂

∂z

(
Avm ∂k

∂z

)
−Cε

k3/2

lε
(A3)

where Uh is the horizontal velocity, N2 is squared Brunt-
Väisälä frequency, Cε is a constant and lε is the dissipative
length scale. On the right side of Eq. (A3), the four terms
represent the main physical processes associated with verti-
cal mixing. From left to right: shear production, stratification
(or buoyancy) destruction, TKE diffusion and Kolmogorov
dissipation (Kolmogorov, 1942). Vertical mixing coefficients
are then computed as:

Avm
= Cklk

√
k (A4)

AvT
=
Avm

Prt
(A5)

where lk is the mixing length scale, Ck is a model constant,
and Prt is the Prandtl number. The turbulent mixing length lk
is computed diagnostically and its value is constrained by
stratification (typically lk = lε =

√
2k/N , with additional op-

erational caps imposed). For further details, see Gaspar et
al. (1990) for the theoretical framework and Madec and the
NEMO System Team (2023) for the practical implementa-
tion in NEMO.

A3 Generalized Length Scale (GLS) vertical mixing
scheme

The GLS vertical mixing schemes solves two prognostic
equations, one for the turbulent kinetic energy k and one for
the generic length scale ψ . The evolution of the turbulent ki-
netic energy is governed by

∂k

∂t
=
Avm

σe

(
∂Uh

∂z

)2

−AvTN2
+
∂

∂z

(
Avm ∂k

∂z

)
−C0µ

k3/2

lε
. (A6)

https://doi.org/10.5194/gmd-19-7041-2026 Geosci. Model Dev., 19, 7041–7068, 2026



7062 L. Gualtieri et al.: Untangling the effects of vertical mixing schemes and convective adjustment

The equation is coupled with a prognostic equation for the
generic length scale:

∂ψ

∂t
=
ψ

e

{
C1A

vm

σψ

(
∂Uh

∂z

)2

−C3A
vTN2

−C2C0µ
k3/2

lε
Fwall

}
+
∂

∂z

(
Avm ∂ψ

∂z

)
. (A7)

Here, Fwall denotes the wall function and C1, C2, C3, σk and
σψ are constants that depends on the choice of the turbu-
lent model. C0µ is also a constant. The wall function is only
needed in the Mellor-Yamada model.

The eddy viscosity and diffusivity coefficients are then
computed from the turbulent kinetic energy and mixing
length:

Avm
= Cµlk

√
k (A8)

AvT
= Cµ′ lk

√
k (A9)

where Cµ and Cµ′ are the stability functions. The constant
C0µ depends on the choice of the stability functions. For
further details, see Burchard and Bolding (2001) for the
theoretical framework and Madec and the NEMO System
Team (2023) for the practical implementation in NEMO.

Appendix B

In this appendix, we present the relevant portion of the
namelist to be given as input to NEMO (version 4.2) cor-
responding to the three vertical mixing schemes used in this
study. One table is provided for each scheme: Table B1 refers
to the Richardson-number dependent schemes (Pacanowski
and Philander, 1981), Table B2 to the TKE closure scheme
(Gaspar et al., 1990) and Table B3 to the GLS closure scheme
(Burchard and Bolding, 2001).

Table B1. NEMO namelist parameters of the Richardson-number dependent vertical mixing scheme.

Parameter Value Explanation

rn_avm0 1.2× 10−6 vertical eddy viscosity [m2 s−1] (background value)
rn_avt0 1.0× 10−7 vertical eddy diffusivity [m2 s−1] (background value)
rn_avmri 100× 10−4 maximum value of the vertical viscosity
rn_alp 5.0 coefficient of the parameterization
nn_ric 2 coefficient of the parameterization
ln_mldw .false. enhanced mixing in the Ekman layer
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Table B2. NEMO namelist parameters of the Turbulent Kinetic Energy (TKE) vertical mixing scheme.

Parameter Value Explanation

rn_ediff 0.1 coefficient for vertical eddy diffusivity coefficient (avt= rn_ediff*mxl*sqrt(e))

rn_ediss 0.7 coefficient of the Kolmogoroff dissipation

rn_ebb 3.75 coefficient of the surface input of turbulent kinetic energy

rn_emin 1× 10−8 minimum value of turbulent kinetic energy [m2 s−2]

rn_emin0 5× 10−4 surface minimum value of turbulent kinetic energy [m2 s−2]

rn_bshear 1× 10−20 background shear (> 0) currently a numerical threshold (do not change it)

nn_pdl 1 Prandtl number function of Richarson number (= 1, avt= pdl(Ri)*avm) or not (= 0, avt= avm)

nn_mxl 2 mixing length: = 0 bounded by the distance to surface and bottom
= 1 bounded by the local vertical scale factor
= 2 first vertical derivative of mixing length bounded by 1
= 3 as = 2 with distinct dissipative mixing length scale

ln_mxl0 .false. mixing length scale surface value as a function of wind stress or not

rn_mxl0 0.04 surface buoyancy length scale minimum value

ln_mxhsw .false. mixing length scale surface value as a function of wave height or not

ln_lc .true. Langmuir cell parameterisation (Axell, 2002)

rn_lc 0.15 coefficient associated to Langmuir cells

nn_etau 0 penetration of turbulent kinetic energy below the mixed layer (ML)
= 0 none;
= 1 add a source of turbulent kinetic energy below the ML
= 2 add a source of turbulent kinetic energy just at the base of the ML
= 3 as = 1 applied on the high frequency part of the stress

nn_bc_surf 1 surface condition (0/1=Dirichlet/Neumann)

nn_bc_bot 1 bottom condition (0/ 1=Dirichlet/Neumann)
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Table B3. NEMO namelist parameters of the Generalized Length Scale (GLS) vertical mixing scheme.

Parameter Value Explanation

rn_emin 1× 10−8 minimum value of turbulent kinetic energy [m2 s−2]

rn_epsmin 1× 10−12 minimum value of dissipation [m2 s−3]

ln_length_lim .true. limit on the dissipation rate under stable stratification (Galperin et al., 1988)

rn_clim_galp 0.267 Galperin limit

ln_sigpsi .true. Activate or not Burchard (2001) modification for k–ε closure and wave breaking mixing

rn_crban 100 Craig and Banner (1994) constant for surface wave breaking mixing

rn_charn 70 000 Charnock constant for wave breaking induced roughness length

rn_hsro 0.01 Minimum surface roughness

rn_hsri 0.03 Ice-ocean roughness

rn_frac_hs 0.4 Fraction of wave height as surface roughness

nn_z0_met 2 Method for surface roughness computation (0/1/2/3)
= 0 constant roughness
= 1 Charnock formula
= 2 Roughness formulae according to Rascle et al. (2008)
= 3 Roughness given by the wave model

nn_z0_ice 0 attenuation of surface wave breaking under ice
= 0 no impact of ice cover
= 1 roughness uses rn_hsri and is weigthed by 1-TANH(10*fr_i)
= 2 roughness uses rn_hsri and is weighted by 1-fr_i
= 3 roughness uses rn_hsri and is weighted by 1-MIN(1,4*fr_i)

nn_mxlice 0 mixing under sea ice
= 0 No scaling under sea-ice
= 1 scaling with constant Ice-ocean roughness (rn_hsri)
= 2 scaling with mean sea-ice thickness
= 3 scaling with max sea-ice thickness

nn_bc_surf 1 surface condition (0/1=Dirichlet/Neumann)

nn_bc_bot 1 bottom condition (0/1=Dirichlet/Neumann)

nn_stab_func 2 stability function (0=Galp, 1=KC94, 2=CanutoA, 3=CanutoB)

nn_clos 1 predefined closure type (0=MY82, 1= k− eps, 2= k−w, 3=Gen)

Appendix C

Throughput this paper, we define four statistics metrics (e.g.,
Willmott, 1981; Murphy, 1988, 1992; Oke et al., 2002, Oddo
et al., 2022): the root mean squared error (RMSE), the unbi-
ased root mean squared error (uRMSE), the mean bias (MB),
and cross-correlation coefficient (CC). We denote o andm as
the mean values of observations (o) and model data (m),N is
the total number of observation-model pairs, and σ repre-
sents the standard deviation. The metrics are computed as
follows.

The root mean squared error (RMSE), which combines
both systematic and random errors into a single measure of
overall discrepancy:

RMSE=

√√√√ 1
N

N∑
i=1

(mi − oi)
2. (C1)

The unbiased root mean squared error (uRMSE), which iso-
lates the random component of the model error by removing
the bias:

uRMSE=

√√√√ 1
N

N∑
i=1
[(mi −m)− (oi − o) ]

2. (C2)
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The mean bias (MB), which quantifies the average systematic
difference between the model and observations:

MB=m− o. (C3)

The cross-correlation coefficient (CC), which measures the
degree of linear association between model outputs and ob-
servations:

CC=
1
σo

1
σm

1
N

N∑
i=1

(mi −m)(oi − o) . (C4)

Code availability. The ocean hydrodynamic circulation model
is based on the Nucleus for European Modelling of the
Ocean (NEMO) version 4.2.0 (Madec and the NEMO Sys-
tem Team, 2023), available on GitLab (https://forge.nemo-ocean.
eu/nemo/nemo/-/releases/4.2.0, last access: 27 July 2026) un-
der https://doi.org/10.5281/zenodo.6334656 (Madec et al., 2022).
The wind-wave model is based on WAVEWATCH IIITM (WW3)
version 6.07 (Tolman, 2021), accessible through GitHub (https:
//github.com/NOAA-EMC/WW3/releases, NOAA-EMC, 2026).
NEMO namelist configurations for the vertical mixing closure
schemes used in this study are provided in Appendix B.

Data availability. Argo float data are available through the
Copernicus Marine Service (Global Ocean-In-Situ Near-Real-
Time Observations product, https://doi.org/10.48670/moi-00036,
E.U. Copernicus Marine Service Information (CMEMS), Marine
Data Store (MDS), 2026b). Atmospheric forcing fields are from
ECMWF and are provided by the Italian Air Force Meteoro-
logical Service. Boundary conditions at the Atlantic Ocean are
from the Copernicus Marine Service (Global Ocean Physics Anal-
ysis and Forecast product, https://doi.org/10.48670/moi-00016,
E.U. Copernicus Marine Service Information (CMEMS), Ma-
rine Data Store (MDS), 2026a). River runoff data are taken
from the European Flood Awareness System (EFAS v5.0;
https://doi.org/10.2905/JRC.QYN1A3R, Mazzetti et al., 2023).
Initial conditions are from the Copernicus Marine Service
(Mediterranean Sea Physical Analysis and Forecast product,
Clementi et al., 2023; https://doi.org/110.25423/CMCC/MEDSEA_
ANALYSISFORECAST_PHY_006_013_EAS8). The model out-
put data generated in this study amount to several terabytes and is
available upon request.

Author contributions. LG and PO conceived and designed the
study with input from HB, who had a central role in the discus-
sions and development strategy. LG implemented and tested the
model setup through sensitivity experiments, with valuable contri-
butions from FB and AM. LG performed the simulations and data
analysis. PM contributed to the validation and visualization of the
results. FM and EC participated in the discussions and provided
feedback. LG wrote the manuscript with input and contributions
from all authors, who reviewed and approved the final version of
the manuscript.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. The authors would like to thank Nadia Pinardi
for insightful discussions throughout the development of this study
and Paola Cessi for helpful comments. We would also like to thank
the reviewers and the editor for their constructive comments, which
helped improve the quality of this manuscript.

Financial support. This research was founded under the contract
for the Mediterranean Sea Monitoring and Forecasting Centre (Con-
tract No. 24252L05-COP-MFC MED-5200) within the Copernicus
Marine Service, funded by the European Union, implemented by
Mercator Ocean International, CUP no. C53C24001610006.

Review statement. This paper was edited by Deepak Subramani
and reviewed by two anonymous referees.

References

Axell, L. B.: Wind-driven internal waves and Langmuir circulations
in a numerical ocean model of the southern Baltic Sea, J. Geo-
phys. Res.-Oceans, 107, 25-1–25-20, 2002.

Bethoux, J. P., Gentili, B., Morin, P., Nicolas, E., Pierre, C., and
Ruiz-Pino, D.: The Mediterranean Sea: a miniature ocean for
climatic and environmental studies and a key for the climatic
functioning of the North Atlantic, Prog. Oceanogr., 44, 131–146,
1999.

Bryden, H. L. and Stommel, H. M.: Origin of the Mediterranean
outflow, J. Mar. Res., 40, 55–71, 1982.

Burchard, H.: Simulating the wave-enhanced layer under break-
ing surface waves with two-equation turbulence models, J. Phys.
Oceanogr., 31, 3133–3145, 2001.

Burchard, H. and Bolding, K.: Comparative analysis of four second-
moment turbulence closure models for the oceanic mixed layer, J.
Phys. Oceanogr., 31, 1943–1968, https://doi.org/10.1175/1520-
0485(2001)031<1943:CAOFSM>2.0.CO;2, 2001.

Burchard, H. and Petersen, O.: Models of turbulence in the marine
environment – A comparative study of two-equation turbulence
models, J. Mar. Syst., 21, 29–53, 1999.

Canuto, V. M., Howard, A., Cheng, Y., and Dubovikov,
M. S.: Ocean turbulence. Part I: One-point closure
model–momentum and heat vertical diffusivities, J. Phys.
Oceanogr., 31, 1413–1426, https://doi.org/10.1175/1520-
0485(2001)031<1413:OTPIOP>2.0.CO;2, 2001.

https://doi.org/10.5194/gmd-19-7041-2026 Geosci. Model Dev., 19, 7041–7068, 2026

https://forge.nemo-ocean.eu/nemo/nemo/-/releases/4.2.0
https://forge.nemo-ocean.eu/nemo/nemo/-/releases/4.2.0
https://doi.org/10.5281/zenodo.6334656
https://github.com/NOAA-EMC/WW3/releases
https://github.com/NOAA-EMC/WW3/releases
https://doi.org/10.48670/moi-00036
https://doi.org/10.48670/moi-00016
https://doi.org/10.2905/JRC.QYN1A3R
https://doi.org/110.25423/CMCC/MEDSEA_ANALYSISFORECAST_PHY_006_013_EAS8
https://doi.org/110.25423/CMCC/MEDSEA_ANALYSISFORECAST_PHY_006_013_EAS8
https://doi.org/10.1175/1520-0485(2001)031<1943:CAOFSM>2.0.CO;2
https://doi.org/10.1175/1520-0485(2001)031<1943:CAOFSM>2.0.CO;2
https://doi.org/10.1175/1520-0485(2001)031<1413:OTPIOP>2.0.CO;2
https://doi.org/10.1175/1520-0485(2001)031<1413:OTPIOP>2.0.CO;2


7066 L. Gualtieri et al.: Untangling the effects of vertical mixing schemes and convective adjustment

Clementi, E., Oddo, P., Drudi, M., Pinardi, N., Korres, G., and
Grandi, A.: Coupling hydrodynamic and wave models: first step
and sensitivity experiments in the Mediterranean Sea, Ocean Dy-
nam., 67, 1293–1312, 2017.

Clementi, E., Drudi, M., Aydogdu, A., Moulin, A., Grandi, A.,
Mariani, A., Goglio, A. C., Pistoia, J., Miraglio, P., Lecci, R.,
Palermo, F., Coppini, G., Masina, S., and Pinardi, N.: Mediter-
ranean Sea Physical Analysis and Forecast (CMEMS MED-
Physics, EAS8 system) (Version 1) [Data set], cmcc [data set],
https://doi.org/110.25423/CMCC/MEDSEA_ANALYSISFORE
CAST_PHY_006_013_EAS8, 2023.

Coppini, G., Clementi, E., Cossarini, G., Salon, S., Korres, G., Rav-
das, M., Lecci, R., Pistoia, J., Goglio, A. C., Drudi, M., Grandi,
A., Aydogdu, A., Escudier, R., Cipollone, A., Lyubartsev, V.,
Mariani, A., Cretì, S., Palermo, F., Scuro, M., Masina, S., Pinardi,
N., Navarra, A., Delrosso, D., Teruzzi, A., Di Biagio, V., Bol-
zon, G., Feudale, L., Coidessa, G., Amadio, C., Brosich, A.,
Miró, A., Alvarez, E., Lazzari, P., Solidoro, C., Oikonomou, C.,
and Zacharioudaki, A.: The Mediterranean Forecasting System –
Part 1: Evolution and performance, Ocean Sci., 19, 1483–1516,
https://doi.org/10.5194/os-19-1483-2023 2023.

Craig, P. D. and Banner, M. L.: Modeling wave-enhanced turbu-
lence in the ocean surface layer, J. Phys. Oceanogr., 24, 2546–
2559, 1994.

de Boyer Montégut, C., Madec, G., Fischer, A. S., Lazar,
A., and Iudicone, D.: Mixed layer depth over the global
ocean: An examination of profile data and a profile-
based climatology, J. Geophys. Res.-Oceans, 109, C12003,
https://doi.org/10.1029/2004JC002378, 2004.

Escudier, R., Clementi, E., Cipollone, A., Pistoia, J., Drudi, M.,
Grandi, A., Lyubartsev, V., Lecci, R., Aydogdu, A., Del Rosso,
D., Omar, M., Masina, S., Coppini, G., and Pinardi, N.: A High
Resolution Reanalysis for the Mediterranean Sea, Front. Earth
Sci., 9, 1060, https://doi.org/10.3389/feart.2021.702285, 2021.

E.U. Copernicus Marine Service Information (CMEMS), Marine
Data Store (MDS): Global Ocean Physics Analysis and Forecast,
E.U. Copernicus Marine Service Information (CMEMS), Ma-
rine Data Store (MDS) [data set], https://doi.org/10.48670/moi-
00016, 2026a.

E.U. Copernicus Marine Service Information (CMEMS), Ma-
rine Data Store (MDS): Global Ocean-In-Situ Near-Real-
Time Observations, E.U. Copernicus Marine Service Infor-
mation (CMEMS), Marine Data Store (MDS) [data set],
https://doi.org/10.48670/moi-00036, 2026b.
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