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Abstract A large production of anomalous dense water in the northwestern Mediterranean Sea during
winter 2005 led to a widespread abrupt shift in Western Mediterranean deep waters characteristics. This
new configuration, the so‐called Western Mediterranean Transition (WMT), involved a complex
thermohaline structure that was tracked over time through a deep hydrographic station located NE of
Minorca Island, sampled 37 times between 2004 and 2017. In this study, the thermohaline evolution of the
WMT signal is analyzed in detail. Using a 1‐D diffusion model sensitive to double‐diffusive mixing
phenomena, the contribution to the heat and salt budgets of the deep Western Mediterranean in terms of
ventilation and diffusive transference from the intermediate layers above is disentangled. Results show
distinct stages in the evolution of the deep waters, driven by background diffusion and intermittent
injections of new waters. The progression of a multilayered structure in the deep ocean is well represented
through existing parameterizations of salt fingering and diffusive layering processes and makes it possible to
infer an independent estimate of regional background diffusivity consistent with current knowledge.
Overall, the deep layers of the Western Mediterranean underwent substantial warming (0.059 °C) and salt
increase (0.021) between 2004 and 2017, mostly dominated by injections of dense waters in the 2005–2006
and 2011–2013 periods. Thus, within the WMT period, heat uptake rate in the deep Western Mediterranean
was substantially higher than that of the intermediate levels in the global ocean.

1. Introduction

Ocean ventilation is a fundamental piece in Earth's heat redistribution dynamics and hydrological cycle.
Winter buoyancy loss of surface waters in dense‐water formation areas is the main mechanism driving
the ventilation of the ocean interior and modulating heat storage below the permanent thermocline. For this
reason, areas prone to deep convection activity are hot spots for the study of ocean circulation and climate
(Marshall & Schott, 1999; Winton et al., 2013).

The northwestern Mediterranean Sea is one of the few active dense‐water formation areas outside the polar
regions (MEDOC Group, 1970). The area is characterized by a wind‐driven cyclonic circulation that induces
the uplift of isopycnals. Winter northerly cold and dry winds blow over the region in violent bursts
enhancing evaporation and cooling and, therefore, causing surface layers to lose buoyancy and sink.
Inside the cyclonic gyre (Figure 1a), the doming of the isopycnals favors winter vertical mixing between
the surface Atlantic Water (AW) and the intermediate levels beneath occupied by the Levantine
Intermediate Water (LIW), formed in the Eastern Mediterranean. This results mainly in salinification of
the former and, accordingly, a further reduction in vertical stability. At interannual scales, intense surface
buoyancy loss during extreme winters can trigger mixing to reach deep waters and even the ocean bottom,
transferring heat and salt downward from the LIW and giving rise to the Western Mediterranean Deep
Water (WMDW). The WMDW spreads over the whole Western Mediterranean (WMED; Rhein, 1995) and
eventually contributes to the characteristics of the Mediterranean Outflow Water (MOW; García‐Lafuente
et al., 2009). Concurrent with this open‐sea process, distinct dense‐water formation occurs over the shelf
of the Gulf of Lions (GoL; Figure 1a) with intermittent recurrence. These dense waters cascade through
submarine canyons and contribute to the newly formed WMDW characteristics (Canals et al., 2006).

During winter 2005 a large production of anomalous dense water led to a widespread abrupt shift inWMDW
characteristics (Font et al., 2007; López‐Jurado et al., 2005; Salat et al., 2007; Schroeder et al., 2006). This
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event, the so‐called Western Mediterranean Transition (WMT; Schroeder et al., 2016) induced drastic
changes in the classical vertical structure of the deep waters and disrupted the smooth progressive salinifica-
tion and warming trends detected in the twentieth century.

Since its formation, the evolution of the WMT has been tracked and studied directly or indirectly by
different projects and monitoring programs, from the formation area in the GoL to the Algerian basin
(e.g., Durrieu de Madron et al., 2013; Houpert et al., 2016; Puig et al., 2013; Schroeder et al., 2009, 2013;
Schroeder et al., 2016; Waldman et al., 2016). The conspicuous signature that emerged after winter 2005
has progressively eroded, resulting in much warmer, salty waters that currently fill the deep layers of the
WMED. Several projects carried out by the Instituto Español de Oceanografía and grouped nowadays under
the RADMED ('RADiales del MEDiterráneo') monitoring program (López‐Jurado et al., 2015) have been
gathering hydrographic data on a seasonal basis along the Spanish Mediterranean coast since the late
1990s. The deep stations included in this program provide a detailed picture of the evolution of the
WMT along the eastern continental slope of the Iberian Peninsula, midway between the WMDW origin
at the GoL and the Alboran Sea.

In this study, the thermohaline evolution of the WMT signal, its fade and subsequent deep‐water renewal
variability are analyzed in detail using hydrographic data from a station located NE of Minorca Island. A
1‐D diffusion model sensitive to double‐diffusive mixing phenomena is used in order to obtain the theoreti-
cal diffusive evolution of the θ‐S profiles. This numerical approach enables us to disentangle the contribu-
tion to the heat and salt budgets of the deep WMED in terms of ventilation due to the advection of dense
waters injected in the formation area and the diffusive transfer of heat and salt from the intermediate
layers above.

The paper is organized as follows. The data set is presented in section 2. In section 3, the processing applied
to the hydrographic data is explained and the diffusion model scheme is described in detail. In section 4, the
obtained results are exposed, and these are subsequently discussed in section 5. Lastly, final conclusions and
considerations are presented in section 6.

2. Data Set

The Minorca deep station (40°10.00′N, 04°34.96′E, 2,540 m deep) is a deep hydrographic station located on
the outer continental slope included in the sampling strategy of the RADMED monitoring program (López‐
Jurado et al., 2015; Figure 1a). This station, located outside the dense‐water formation area, is a privileged
site since the continental slope of the Balearic Islands is the preferential advective pathway of the newly
formed deep waters toward the Algerian basin (Beuvier et al., 2012) and also of the cascading waters
(Durrieu de Madron et al., 2013). Through the RADMED surveys and other projects in support, it was occu-
pied 37 times from 2004 to early 2017 (Figure 1b). It offers a comprehensive view of the temporal variability
of the thermohaline changes induced by the WMT and the subsequent intermittent injections of dense
waters in the formation region (Figure 1c). This hydrographic time series was obtained by means of an
SBE 911plus CTD (conductivity‐temperature‐depth) installed on an SBE 32 carousel water sampler (occa-
sionally SBE 25 or SBE 19plus). Instrument calibration and cast processing were performed following stan-
dard protocols as described in López‐Jurado et al. (2015).

The thermohaline signature of the different water masses present below 300 dbar in the WMED is easily
identifiable in the θ‐S diagram (Figure 1c). The warm and salty LIW core is located between 300 and
600 dbar, followed by a transition region with a smooth stratification where salinity (S) and potential tem-
perature (θ) decrease with depth toward theWMDWcore at the bottom of the basin. The complex thermoha-
line structure that emerged in winter 2005 modified this classical vertical structure and created a hook‐
shaped θ‐S profile in the deep waters due to the appearance of a saltier and warmer new deep water mass
(nWMDW) beneath the old WMDW (oWMDW) and a cascading‐origin fresher and colder water at the bot-
tom (cWMDW; López‐Jurado et al., 2005; Puig et al., 2009; Salat et al., 2007; Schroeder et al., 2006; see nota-
tions in Figure 1c). Even though thermohaline anomalies in the deep layers of the WMED have been
observed previously (as bottom increments of θ and S or even complete hook‐like features; Bethoux &
Tailliez, 1994; Bethoux et al., 2002; Lacombe et al., 1985; Puig et al., 2013; Salat et al., 2009), the large input
of dense water in 2005 created an unprecedented structure hundreds of meters thick that triggered a large
uplift of the isopycnals over the whole basin (Schroeder et al., 2008) causing the appearance of an
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interface between the oWMDW and the nWMDW at about 1,000 dbar above the bottom (clearly identifiable
in Figure 1c).

3. Methodology

This study focuses on the relative role of diffusion versus advection of dense waters in the long‐term thermo-
haline evolution of the deep waters at the Minorca station during the WMT period. To address the issue, the
output of the theoretical diffusive evolution of the water column from a 1‐D model is compared with the
actual 12‐year hydrographic time series. Divergences between observations and the model are then attribu-
ted to lateral advection of ventilated dense waters from the formation area in the GoL. This approach treats
local observed profiles as the result of decoupled advection and diffusion, which is an approximation of a
much more complex 3‐D process in which the advected water column mixes vertically while spreading,
strongly conditioned by background shear. The idealized 1‐D diffusive evolution requires assumptions
regarding diffusive coefficients values and its vertical structure that have to be based on current knowledge
of ocean mixing processes while being consistent with the local observed evolution. The limitations of what
the 1‐D model can represent, that is, spatial heterogeneity in mixing and spreading cannot be taken into
account, should be kept in mind when discussing the outcomes.

Since raw hydrographic time series have a noisy character, a necessary first step is to construct a smoothed
version of the hydrographic evolution. Then, a brief description of the diffusive processes expected in the
deep waters of the WMED within the WMT configuration is provided, followed by a description of the
procedure for the numerical treatment of such a diffusion process.

3.1. Smoothed Evolution of the Hydrography

Preprocessing of the raw hydrographic record is required to obtain a smooth evolution of the WMT struc-
ture. Filtering of natural noise due to mesoscale or higher frequency processes is not straightforward, since
the vertical and temporal scales are not comparable and time series are not evenly sampled. While different
approaches could be followed, this specific study only required a reasonable smooth temporal variation of
the hydrographic structure to be achieved; therefore, a simple approach was applied as described below.

Discarding the surface layer (0–300 dbar), the 37 θ‐S profiles were first stabilized to remove small scale
density inversions using the algorithm described in Barker and McDougall (2017) and included in the
TEOS‐10 software (IOC, SCOR & IAPSO, 2010). Then a digital filter with a 50‐dbar window was applied
to remove small‐scale structures below such a range. Since five profiles did not reach the bottom (see
section 4), the vertical structure of the closest profile (in time) was used to interpolate the time series matrix.
Finally, a locally estimated scatterplot smoothing (LOESS; Seifert & Gasser, 2004) was used as a smoother for

Figure 1. (a) Location of the RADMED #88 deep station (red dot). Red dashed line shows the open‐ocean deep water formation area, and the black dashed
line shows the cascading‐origin dense waters formation area as stated in Houpert et al. (2016). (b) Occupation from 2004 to 2017. (c) θ-S diagram from 300 dbar to
the bottom from July 2004 to February 2017. Gray lines denote isopycnal levels (σθ) every 0.02 kg/m3. WMDW = Western Mediterranean Deep Water.
RADMED = 'RADiales del MEDiterráneo'.
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the temporal variation of θ and S, making it possible to obtain continuous time series at each pressure level
encompassing the period between 15 July 2005 and 12 February 2017 (section 4). A fortnightly series of pro-
files was then extracted. Vertical stability of the interpolated profiles was carefully examined to verify that
there were no spurious density inversions larger than the instrument resolution (10−4 kg/m3) due to the data
treatment. Further checks indicated that the LOESS smoother applied here is similar to a third order
Butterworth digital filter (Emery & Thomson, 2001) with a cutoff frequency of 12–18 months, adequate to
remove intra‐annual noise and to maintain the signal of interannual injections of dense waters. The
LOESS approach was preferred since it is less sensitive to outliers, mainly present in the interface region.

A comparison between the smoothed and original profiles can be observed in Movie S1 in the supporting
information. Root‐mean‐square deviation between raw and smoothed time series can be considered as
indicative of the intrinsic noise of the data set. Hereafter this smoothed time series will be considered as
the observational record.

3.2. Turbulent Diffusion and Double‐Diffusive Mixing Parameterization

In the absence of ventilation, the water column structure generated by the WMT should evolve by diapycnal
mixing, mostly accomplished by transient turbulent motions induced by dynamical instabilities such as
internal wave breaking or current shear (Klymak & Nash, 2009). By analogy with molecular fluxes, turbu-
lent fluxes of heat and salt are commonly parameterized by Fickian diffusion. Thus, following Fick's second
law, vertical (z) temporal (t) diffusive evolution of the thermohaline properties (c) of the water column in
Minorca can be straightforwardly estimated in terms of the tracer gradient and an eddy diffusion coefficient
(Kc; Klymak & Nash, 2009). In one dimension,

∂c
∂t

¼ ∂
∂z

KcðzÞ ∂c∂z
� �

: (1)

General circulation models usually approach diapycnal mixing assuming same depth‐dependent Kc for both
scalars (S and θ; e.g., Jayne, 2009). However, under certain thermohaline configurations of the water column
(both θ and S decreasing or increasing with depth) asymmetries may arise between θ and S diffusion coeffi-
cients due to the difference in heat and salt molecular diffusivity. This so‐called double‐diffusive mixing
(Kelley et al., 2003; Radko, 2013; Schmitt, 2009) can become of great importance if turbulence is not strong
because it may greatly vary both Kθ and KS and transfer heat and salt unequally.

During the WMT, the vertical thermohaline structure in the Minorca deep station appears to be favorable for
both forms of double‐diffusion: salt fingering (warmer salty waters over colder and fresher ones) and diffusive
layering (cold and relatively fresh waters over warmer and saltier ones; Bryden, Schroeder, Borghini, et al.,
2014). The warm and salty LIW overlying the fresher and colder WMDW is a permanent feature of the basin,
causing salt fingering instabilities to be operating transporting salt downward more efficiently than heat. Its
main fine‐scale signature, the thermohaline staircases (Schmitt, 1994), has been observed repeatedly in
this region and seems to be a ubiquitous feature throughout the Algerian and Tyrrhenian subbasins
(Bryden, Schroeder, Borghini, et al., 2014; Bryden, Schroeder, Sparnocchia, et al., 2014; Durante et al.,
2019; Johannessen & Lee, 1974; Zodiatis & Gasparini, 1996). Additionally, the injection of anomalous warm
and salty dense waters during the WMT created a transition region between the oWMDW and the nWMDW
prone to diffusive layering, known to transfer heat upward more efficiently than salt. Similarly, the deepest
region of the water column, between the nWMDWand the cWMDW, became a region prone to salt fingering.

In order to identify where double‐diffusive mixing processes are operating in the water column, the refer-
ence parameter is the local density ratio Rρ= (αTz)/(βSz) (Turner, 1973), where Tz and Sz are the vertical gra-
dients of temperature and salinity and α and β are the thermal expansion and haline contraction coefficients
of seawater, respectively. Under static stability, the condition for double diffusion is Rρ > 0 and its intensity
depends, besides Rρ value, on the Lewis number (τ = κT/κS), where κT and κS are the molecular diffusivities
of heat and salt. Salt fingering is active when 1 < Rρ < τ ≈ 100, whereas diffusive layering requires 1 > Rρ >
τ−1 ≈ 0.01 (Kelley et al., 2003; Schmitt, 2009).

Both forms of double diffusion are more active and have a major impact on diapycnal mixing when Rρ

approaches one (Schmitt, 1994). In this study, large‐scale Kθ and KS under these mixing regimes are
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estimated following Rρ‐dependent parameterizations used in Zhang et al. (1998) and Zhang and Schmitt
(2000), which evaluate diffusivities as a separate contribution of double‐diffusive mixing added to constant
background mixing. Accordingly, for the salt fingering regime,

KS ¼ K*

1þ ðRρ=RcÞn þ K∞ and Kθ ¼ 0:7K*

Rρ½1þ ðRρ=RcÞn� þ K∞; (2)

where K* = 2 × 10−4 m2/s is the maximum salt finger diffusivity, Rc = 1.6 is the critical density ratio above
which salt‐finger‐driven diffusivities decrease abruptly, n = 6 controls the drop of Kθ and KS regarding the
increment of Rρ, and K∞ is the constant diapycnal diffusivity due to background mixing related to intermit-
tent dynamical instabilities and not to double diffusion.

For the diffusive layering regime, Zhang et al. (1998) parameterize Kθ and KS according to the empirical for-
mulations of Kelley (1984, 1990) but with minor modifications to address both forms of double diffusion and
to represent the effects of background turbulence:

Kθ ¼ CR1=3
a κT þ K∞ and KS ¼ RFRρðKθ − K∞Þ þ K∞; (3)

where

C ¼ 0:0032exp 4:8Rρ
0:72

� �
Ra ¼ 0:25 × 109R−1:1

ρ RF ¼ 1=Rρ þ 1:4ð1=Rρ − 1Þ3=2
1þ 14ð1=Rρ − 1Þ3=2

and

κT ¼ 1:4 × 10−7 m2=s:

For regions where the water column is doubly stable for both S and θ (no double diffusion), a classical tur-
bulence parameterization is adopted to represent the background mixing induced by transient dynamical
instabilities:

Kθ ¼ KS ¼ K∞: (4)

It should be noted that the general vertical structure of the WMED is prone to double‐diffusive regimes and
the doubly stable portions of the water column are a minority and, generally, transient.

The same parameters as used in Zhang and Schmitt (2000) are adopted here. As opposed to Zhang et al.
(1998), who discard double‐diffusion in the deep layers, no constraint to the double‐diffusion activity is
applied. Indeed, regions prone to both forms of double diffusion can be found in the deep waters of the
Mediterranean (Meccia et al., 2016; Onken, 2003).

KS,θ(z) values (both under double‐diffusive regimes and not) can be found in the literature inferred from ana-
lytical studies or derived from field observations (e.g., Kunze & Toole, 1997; Ledwell et al., 1993, 1998, 2000;
Polzin et al., 1997; Schmitt et al., 2005; Schmitt & Ledwell, 2001; Schmitt et al., 2005; St. Laurent & Schmitt,
1999; St. Laurent et al., 2001; Toole et al., 1994). As described below, specific periods where the evolution of
the profiles is consistent with pure diffusion were used here to estimate an optimal K∞ local value.

3.3. Numerical Integration of the Diffusion Equation

The basis of this study was the comparison between the actual evolution of the deep ocean hydrography and
what would be caused by pure diffusion alone. Therefore, it was necessary to integrate the diffusion equation
numerically given some boundary conditions and a KS,θ(z) parameterization; that is, it was necessary to set
up a simple 1‐D diffusion model. The setting was as follows:

The vertical coordinate (z) was discretized regularly on a vertical grid of n points and height H, with a
resolution of δz = H/n. At each time step (δt), mixing regimes throughout the water column were identi-
fied by means of the Turner angle (Ruddick, 1983) and Kθ and KS profiles were estimated following the
Rρ‐dependent parameterizations previously described (section 3.2).

10.1029/2019JC015094Journal of Geophysical Research: Oceans

PIÑEIRO ET AL. 8751



The one‐dimensional diffusion equation (1) was solved numerically for both θ and S using a Crank‐Nicolson
scheme (second‐order implicit; Crank & Nicolson, 1947), with δt = 2.4 hr and δz = 10 m (chosen to secure
numerical stability while allowing quick runs). The domain ranged from 800 dbar, well below the influence
of the LIW core fluctuations, to 2,420 dbar. Simulations started with an observed profile from
the smoothed set.

Density is used here as a diagnosis variable. Since evolution of θ and S is considered independently, it is in
principle possible to create spurious density inversions invalidating the simple diffusion scheme. Finally,
this was not the case in any of the simulations so no convective adjustment scheme for unstable stratification
regions was required.

To close the scheme, two boundary conditions were set. At the seafloor it is assumed that there is no flux (i.e.,
a Neumann condition ∂c/∂z = 0 at z = H). This is obvious for salinity and can be arguable for temperature
due to geothermal heating, as discussed below.

Conditions at the upper boundary of the domain were set by the θ and S values and their vertical gra-
dient at the thermohalocline, inferred from the observed profiles below the LIW core. These values
change over time, modulating the heat and salt fluxes toward deeper layers. To include this time vary-
ing boundary condition, an assimilation scheme was applied that replaced, at each δt, the upper domain
of the profile with a combination of the simulated profile and the observed profile in such a way that
the top of the simulation matched the observations, imposing continuity in the profile and its gradient
(Figure 2). The assimilation was performed above an isopycnal level slightly lighter than the bottom
limit of the oWMDW, ensuring that the heat and salt fluxes transferred by downward diffusion into
the WMT structure were modulated by the actual hydrographic record but never altering the anomaly.
An isopycnal level was preferred rather than a fixed isobaric level because it integrates changes in the
vertical position of the structures due to heave effects (Bindoff & McDougall, 1994). Further details con-
cerning the numerical assimilation can be found in Appendix A. Movie S2 in the supporting informa-
tion illustrates the process.

Figure 2. Assimilation term scheme used in the 1‐D diffusion model. Two θ profiles are shown: the simulated
one (gray) and the one inferred from the observations (red) at that particular moment of the time series. The resulting
profile (black) is a combination of both. zmin refers to the upper limit of the domain (800 dbar) and zmax to the assimilation
limit, which in turn corresponds to the pressure of the heaviest isopycnal that always remains above the oWMDW‐

nWMDW interface. For further details on nomenclature and formulation, the reader is referred to Appendix A.
WMDW = Western Mediterranean Deep Water.
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3.4. K∞ Local Estimation

Due to the nearly seasonal frequency sampling, it is possible to look for periods within the overall 12 years
when the thermohaline evolution had a clear purely diffusive behavior. An estimate of K∞ can be inferred
from such periods. In order to identify these, certain criteria were followed: (i) no appearance of new isopyc-
nals at the bottom, (ii) no large doming of isopycnals in the time series that could indicate lateral advection at
intermediate depths, (iii) θ‐S profile maxima and minima erosion over the period, and (iv) no bibliographic
evidence of deep convection in the formation area within the period.

Over the periods identified as diffusive, θ and S differences between the model and the observations were
computed. Since both variables were measured simultaneously and had different ranges of variation in
the water column, the error of the two measurements can be normalized by dividing each measure (ci) by
the standard deviation (σc) after subtracting the mean (c), that is, ZðcÞi ¼ ðci − cÞ=σc. Therefore, a combined
normalized root‐mean‐square error (RMSE) can be defined:

RMSEnor
θS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

1
n
∑ ZðθÞmod − ZðθÞobs
� �2 þ 1

n
∑ ZðSÞmod − ZðSÞobs
� �2� �s

: (5)

A locally estimated optimum K∞ can be obtained by minimizing RMSEnor
θS from an exhaustive inspection of

K∞ over realistic ranges in the simulations of markedly diffusive periods.

4. Results
4.1. θ‐S Shape Evolution

The local thermohaline evolution of the deep waters in Minorca is roughly governed by continuous diffusive
mixing and water renewals by irregular inputs. Considering the shape of the θ‐S diagrams in the deep layers
(Figure 3), it can be noticed that since the event that gave rise to the WMT, different waters with specific sig-
natures were injected at interannual scales. Advection of these new waters to Minorca caused an enhance-
ment of the thermohaline gradients and the appearance of new structures in the θ‐S plane that distorted the
initial signature of the WMT.

Three main stages in the evolution of the deep waters can be distinguished from the hydrographic data: first,
a hook‐shaped stage from July 2005 to presumably December 2010 (since the CTD did not reach the bottom
depth) corresponding to the appearance of the initial WMT structure and the consequent interface between
the oWMDW and the nWMDW at about 1,200 dbar. Within this period, after winter 2006, the production of
deep water seems absent or not relevant for the evolution of the new deep waters, which appear to be domi-
nated by diffusive mixing processes. The cascading waters and the θ‐S maximum associated with the
nWMDW were progressively eroded. In 2009, a small disturbance appeared at the bottom and established

Figure 3. Detail in shape evolution of the θ‐S diagram below the LIW core in Minorca. Axes refer to the 2004 profile.
Subsequent profiles are shifted in time by δS. Arrows indicate the profiles that did not reach the bottom depth.
LIW = Levantine Intermediate Water.
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the beginnings of the second stage, defined by a more complexm‐shaped θ‐S structure, ranging from 2010 to
2014. Several major deep‐water formation events occurred within this period (see section 5.1). From
November 2014 to February 2017, without evidence or report of large‐scale convective events, the θ‐S profile
turned into an V‐shape, defining the third stage.

4.2. Best Estimate of K∞

Figure 4 shows contours of the smoothed observational records where short‐term and small‐scale variations
were filtered (see also supporting information). A key portion of the water column is the oWMDW‐nWMDW
interface created by the WMT, clearly visible in the contours as a salinity minimum starting around
1,200 dbar (Figure 4a). This interface remains traceable until around mid‐2014, when the structure of the
deep waters is strongly eroded. By inspection, the σθ = 29.1088 kg/m3 isopycnal (white dashed line in
Figure 4) was selected as the reference level closest to the oWMDW‐nWMDW interface, since it always
remained above it throughout the entire time series. This isopycnal was taken as the limit of assimilation
in the simulations and the maximum pressure reached was 1,280 dbar. This pressure was later used as a
reference to compute changes in the heat and salt budgets of the deep waters within the WMT.

Potential density anomaly (σθ) contour corroborates what was anticipated by the analysis of the θ‐S profiles
shape, showing the occurrence of new density levels at the bottom and a generalized uplift of the isopycnals
in the whole water column in the two periods characterized by the presence of anomalous structures below
1,000 dbar, 2005–2006 and 2009–2013 (Figure 4c). Within the a priori diffusive periods inferred from the
observed profiles (Figure 3), the hook‐shaped stage after 2006 and the V‐shaped stage, two periods that
met the criteria established in section 3.4 were selected to infer a local estimate of K∞: the first one, from
15 February 2008 to 26 December 2008 (315 days); and the second one, between 6 September 2015 and
2 July 2016 (300 days). Both periods, highlighted in Figure 4, include four observed profiles each.

Figure 4. (a) Smoothed S, (b) θ, and (c) σθ evolution between July 2005 and February 2017 in Minorca from 300 to
2,420 dbar. July 2004 profile is included for reference. The white dashed line indicates 29.1088 kg/m3 isopycnal
pressure. Highlighted boxes delimitate the diffusive periods (DF) where local K∞ was estimated. Vertical white dotted
lines indicate the date of each conductivity‐temperature‐depth cast and their maximum pressure reached.
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Since the periods have substantially similar time intervals, giving equal
weight to both, the RMSEnor

θS were combined and a minimum in
K∞ = 4.25 × 10−4 m2/s was obtained (Figure 5). This value minimizes
the differences between the simulations of both periods and the observa-
tional record. Roughly speaking, K∞∈ (3.5 × 10−4 m2/s, 5.5 × 10−4 m2/
s) is consistent with the observed evolution of the purely diffusive stages.
Taking the combined optimized K∞, specific simulations for each period
yield maximum θ differences of 10−3 °C and <10−3 for S.

4.3. The 2005–2017 Simulations: Long‐Term Single Runs

In order to evaluate what the degradation of the WMT structure would be
like if only diffusion were present, two 12‐year simulations were carried
out using 15 July 2005 as the initial profile (i.e., the profile in which the
anomaly was observed for the first time). Every 15 days an output profile
was obtained from the simulation, enabling a comparison with the fort-
nightly observational record. In the first simulation, the assimilation term

was not included; that is, the initial θ and S values at the upper boundary (800 dbar) were kept constant, thus
allowing the thermohalocline below to evolve freely by diffusion. The second simulation included the assim-
ilation term up to the indicated 29.1088 isopycnal pressure, forcing the thermohalocline to evolve toward
observations (see Figure 6 andMovie S2 in the supporting information). As indicated, the inclusion of assim-
ilation modulates the downward transference of heat and salt from intermediate layers by taking into
account their actual evolution.

In both simulations, the initial Turner angle profiles show a complex interleaved succession of mixing
regimes throughout the water column derived from the WMT structure. As expected, mixing near the

Figure 5. Total normalized RMSE for the two diffusive periods between
the simulations and the observational record for simulations with
K∞∈ (1 × 10−4 m2/s, 8 × 10−4 m2/s). RMSE = root‐mean‐square error.

Figure 6. (a) θ profile evolution between July 2005 and February 2017 (800–2,420 dbar). Initial profile (turquoise line) and observed (blue line), simulated without
assimilation (red line) and simulated with assimilation (black line) profiles in February 2017. (b) Same as (a) but for S. (c) Same as (a) and (b) but for σθ. Shaded
areas indicate the maximum assimilation pressure range during the simulation. (d) Kθ (brown line) and KS (dark blue line) simulated profiles with assimilation in
February 2017. Kθ (thin orange line) and KS (thin light blue line) profiles correspond to the July 2005 initial profile. (e) Turner angle profile in February 2017
simulated with assimilation (black line) and July 2005 initial profile (turquoise line). Dotted vertical lines delimit the three mixing regimes (see Ruddick, 1983). To
observe the complete simulation, the reader is referred to Movie S2 in the supporting information.
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bottom in the transition region between the cWMDW and the nWMDW core presents salt finger activity of
moderate intensity (Tu ≈ 69°) with some enhancement of diffusive coefficients from background values (up
to Kθ ≈ 4.3 × 10−4 m2/s and KS ≈ 4.5 × 10−4 m2/s), thus salt is transported downward more efficiently than
heat. In the transition region between the nWMDW core and its interface with the oWMDW, diffusive layer-
ing is operating (Tu ≈ −81°) transporting heat upward more efficiently than salt (Kθ ≈ 4.4 × 10−4 m2/s and
KS ≈ 4.3 × 10−4 m2/s). Above the interface, at the base of the thermohalocline, the mixing regime returns
to salt finger activity that is much stronger than at the deepest levels (Tu ≈ 87°), yielding values up to
Kθ ≈ 5.4 × 10−4 m2/s and KS ≈ 6 × 10−4 m2/s (Figures 6d and 6e).

As the structures erode, transitions between the different water masses are subjected to weaker gradients
and hence the intensity of double‐diffusion below the interface decreases. By mid‐2008, the transition region
above nWMDW core reverses its θ gradient, halting diffusive layering. By the end of 2011, regions prone to
double diffusion below 1,600 dbar are no longer detected. As the profiles evolve and the WMT degrades, the
influence of the salt fingers of the thermohalocline deepens until reaching a maximum at about 1,700 dbar
by the end of the simulation. Strictly speaking, in 2017 there are areas prone to salt fingers down to 2,000 dbar
but salinity gradients are so weak that salt fingering instabilities cannot develop to effectively influence the
eddy diffusion coefficients (Figures 6d and 6e).

Differences between simulations (with and without assimilation) are subtle at the interface and the water
masses beneath are degraded in the same fashion (Figure 6). By 2011 only a cold‐haline tongue is perceptible
in the deepest part of the θ‐S diagram as a remnant of the WMT (see Movie S2 in the supporting informa-
tion). At the end of the simulation in 2017 the WMT signature is barely perceptible; its erosion is practically
complete (Figures 6 and 7a).

After 12 years of simulation, a comparison between the modeled diffusive evolution and the observational
record highlights a large deficit of heat and salt in the deep waters (Figures 6a, 6b, and 7). The origin of this
deficit is irremediably water renewal, that is, lateral advection. To evaluate the relative contribution of both
terms (diffusive transference from the intermediate layers and lateral advection) to the evolution of heat
(QC) and salt contents (SC) in the deep layers, budgets were calculated for the simulated time series and
for the observed profiles below 1,280 dbar (Figures 7b and 7c).

Figure 7. (a) θ‐S diagram evolution between July 2005 and February 2017 (800–2,420 dbar); initial profile (turquoise line) and modeled with assimilation (black
line), modeled without assimilation (red line), and observed (blue line) profiles in February 2017. Dots indicate the maximum assimilation pressure (1,280 dbar).
Gray lines denote isopycnal levels (σθ). (b) QC evolution between July 2005 and February 2017 (1,280–2,420 dbar) in the model with assimilation (black line), in
the model without assimilation (red line), and in the observed profiles (blue line). (c) Same as (b) but for SC. QC and SC in 2004 (1,280–2,420 dbar) are included in
(b) and (c) for reference (blue dot). Thin vertical lines on the x axis in (b) and (c) indicate the date of the conductivity‐temperature‐depth casts. Corresponding < θ>
and < S > changes of the layer were obtained as θ ¼ QC=ðρCpVÞ and S ¼ SC=ðρVÞ. Cp ¼ 3; 926 J·kg−1·°C−1, ρ ¼ 1; 029 kg/m3, and V = 1,140 m3.
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On the whole, QC and SC in the deep layers evolved similarly in both simulations (with and without assim-
ilation), with slight differences due to the thermohalocline assimilation. As the gradients of the deep regions
weakened, transfer of heat and salt through the thermohalocline expanded the extension of the salt fingering
influence. Therefore, after 2008, as the thermohaline structure of the WMT faded from the θ‐S diagram, QS
and SC began to increase more rapidly (Figures 7b and 7c)

QC and SC below 1,280 dbar calculated from the observed profiles showed that, after the 2005–2006 large
increase, the deep layers continued to gain heat and salt in a fairly progressive manner over time, showing
swings attributed to injections of differentiated advected waters. Between 2005 and 2017, θ and S of the deep
layers (below 1,280 dbar) rose by 0.073 °C and 0.013, respectively. This represents an increase in the QC and
SC of 3.35 × 108 J/m2 and 15.10 kg/m2. Heat uptake of this portion of the water column within the period

was _Q ¼ 0:92W/m2. The diffusive heat transfer from the thermohalocline as estimated from the model runs

was _Q ¼ 0:21 W/m2, that is, 22%, leaving 78% to lateral advection. In the case of salt, 3.13 kg/m2 was trans-
ferred from the intermediate layers between 2005 and 2017, representing 21% of the observed increments.

An estimate of the relative contribution of background diffusion and double diffusion to _Q and _S can be
inferred from specific model runs evaluating separately both terms. If double diffusion is discarded, down-
ward heat and salt fluxes are reduced by 8% and 21%, respectively, for the whole period. The greatest advec-
tive contribution of heat and salt occurred in the first years after the onset of the anomaly. Around half of the
QC and SC was injected between 2005 and 2006. After such a period, the relative importance of the diffusive
transference through the thermohalocline to the heat and salt budgets of the deep layers increased to around
40%.

4.4. The 2005–2017 Simulations: Restarting Runs by Observations

In order to evaluate the interannual evolution of heat and salt advection, short‐term simulations were car-
ried out starting on the dates when the station was occupied (i.e., starting on the actual profiles that deter-
mine the smoothed fortnightly time series). After evolving by diffusion to the next actual observed profile,
differences in QC and SC were estimated (Figure 8) and grouped annually to obtain the time series of
advected heat and salt budgets (Figure 9). Due to the irregular sampling frequency, it was not possible to spe-
cify when advected water actually arrived between years and it was assumed a smooth progression between

Figure 8. (a) QC differences between the observations and the model 2005–2017 (1,280–2,420 dbar; gray bars). (b) SC
differences between the observations and the model 2005–2017 (1,280–2,420 dbar; gray bars). Black bars are the differ-
ences between the observations and the model at model runs restart. The red bars in 2005 include the differences between
2004 and 2005. Highlighted boxes delimit the periods in which K∞ was estimated.
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consecutive occupations. RMSE between theQC (RMSEQC= 2.29 × 107 J/m2) and SC (RMSESC= 2.5 kg/m2)
computed from the smoothed time series and the actual observations may be considered an intrinsic error
estimate for the observational record in terms of annually advected heat and salt and are included in
Figure 9 as error bars (in gray) for reference.

As expected, the best fit between observed andmodeled heat‐salt evolution is found in the periods previously
regarded as diffusive and chosen to infer K∞ (highlited boxes in Figure 8), especially in the case of salt. It is
worth noting that the first markedly diffusive period starts on 15 February 2008, and over 60% of annual heat
advection in 2008 (Figure 9b) occurred prior to this date.

To assess the changes caused by the advection of ventilated waters in the density structure, the average σθ
and the potential energy deficit (de Boer et al., 2008; Planque et al., 2006) of the layer were computed, as well
as the σθ at 2,240 dbar (Figure 9a).

5. Discussion

The existence of the Minorca hydrographic station regularly occupied since the WMT formation enables a
detailed view of the evolution of the anomaly at a key site that complements our current knowledge of this
event. The signature of yearly renewals of deep waters in the basin and their relevance in terms of heat and
salt content evolution is discussed in this section. Moreover, we address how the formation and free evolu-
tion of a multilayered structure with a sharp interface provides insights into the mixing behavior of the
deep waters.

5.1. Interannual Contribution of Lateral Advection Versus Vertical Diffusion

Assessment of diffusive heat and salt fluxes through the thermohalocline provided by the model enables us
to infer the contribution to the QC and SC of the deep waters due to lateral advection. These contributions
provide information on the characteristics of the newly formed deep water along its passage across the NE of
Minorca toward the Algerian basin. In practice, if any of the locally observed properties (salt or heat) diverge
from what would be consistent with purely diffusive evolution, advection of new waters should be present.
Lack of such divergence may be assumed as indicative of the absence of advection, although strictly speaking

Figure 9. (a) Mean σθ (purple line), bottom σθ (black line) and potential energy deficit (ϕ; blue line) evolution in the
observed profiles 2005–2017 (1,280–2,420 dbar). The 2004 values are included (purple, black, and blue dots). (b) Annual
heat lateral advection evolution 2005–2017 (1,280–2,420 dbar). (c) Annual salt lateral advection evolution 2005–2017
(1,280–2,420 dbar). Error bars are included in (b) and (c) (upper right corner, in gray) for reference (see section 4.4).
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this is not certain since arrival of waters with the same hydrographic signature would yield no signal.
Estimates of deep‐water formation rate and properties can be found in the bibliography from observational
data and models. This enables us to understand the tracking of changes as seen at the Minorca station. The
sequence is as follows.

From the inventory of annual heat and salt advective component (Figures 9b and 9c), it was observed that
the onset of the WMT in winter 2005 entailed the largest advective contribution to the salt content of the
deep layers on record. In contrast, despite the nWMDW being markedly warmer than oWMDW, heat con-
tent below 1,280 dbar was reduced in 2005 due to the presence of very cold cascading‐origin waters (Canals
et al., 2006; Font et al., 2007). The water column above the newly created interface also cooled due to the
generalized uplift of the oWMDW (López‐Jurado et al., 2005; Zunino et al., 2012). The cold fresh cascading
waters signature progressively vanished within a year, likely due to the combination of its erosion due to
mixing and its continued advection toward the deepest part of the basin. The following year, 2006,
nWMDW was again created and the formation area extended to the Ligurian Sea (Schroeder et al., 2008;
Smith et al., 2008; Somot et al., 2018; Zunino et al., 2012) but cascading events were much less prominent
(Fuda et al., 2009; Puig et al., 2013). Large amounts of heat and salt were incorporated into the water col-
umn in 2006 (Figures 9b and 9c) in agreement with observations at the DYFAMED site (Schroeder
et al., 2010).

No deep convective events were reported in theMEDOC formation area in the two following years, 2007 and
2008 (Houpert et al., 2016; Puig et al., 2013; Schroeder et al., 2013). Local balances at Minorca suggest salt
loss in 2007 (below estimated uncertainty) and heat gain in 2007 and 2008, in the latter mostly gathered
at the beginning of the year. We interpret this outcome as the progressive rearrangement of the water col-
umn after the two convective years 2005–2006. 2007–2008 evolution implied a reduction in density, that
is, consistent with leakage of denser (colder) water toward deeper areas of the basin.

In 2009 and 2010 deep‐water formation events were reported in the GoL (Houpert et al., 2016; Fuda et al.,
2009; Schroeder et al., 2013) as well as minor cascading events (Puig et al., 2013). The hindcast simulation
of Somot et al. (2018) identified 2009 as strongly convective, but small advective contributions were detected
off Minorca, especially in terms of salt (Figures 9b and 9c). New thermohaline structures in the deep layers
emerged in the GoL region in 2010 (Houpert et al., 2016; Puig et al., 2013) and by 2011 the signature in the
Minorca station was prominent.

From 2011 to 2013, moderate to intense deep‐water formation events were reported in the GoL (Durrieu de
Madron et al., 2013; Houpert et al., 2016; Puig et al., 2013; Schroeder et al., 2013; Waldman et al., 2016). The
record at Minorca shows that within the period 2011–2013 almost as much salt as in 2005 was incorporated
into the deep layers. The 2012 case, a remarkably cold winter in the Mediterranean (Chiggiato et al., 2016;
Durrieu de Madron et al., 2013; Houpert et al., 2016; Somot et al., 2018), is notable since it is the only one
showing cooling + freshening signature. The newly formed WMDW along with the dense cascading water
formed that year occupied the deepest part of the basin underlying the resident deep waters (Durrieu de
Madron et al., 2013) thus causing the complete development of them‐shape in the θ‐S diagram characteristic
of the 2011–2013 convective period. Accordingly, 2012 shows a bottom density maximum and an increase in
stratification of the deep layers that reflect the dense cascading signal and the appearance of such a complex
structure. In 2013, an intense deep water formation event occurred again (Houpert et al., 2016; Waldman
et al., 2016), but no cascading signal was detected. This event was the subject of detailed observational
and modeling studies presented in Journal of Geophysical Research‐Oceans and Journal of Geophysical
Research‐Atmospheres special issues (Conan et al., 2018). After this period no further convective events were
reported except for one of minor intensity in 2015 (Durrieu de Madron et al., 2017).

The years following 2013 revealed salt loss (2014) and heat gain (mostly 2015). This sequence partially
resembles the postconvection stages after the WMT onset in 2005, despite the very different water column
structures emerging after both events. A year with extreme cascading (2005 and 2012) was followed by a year
with large deep convection but weaker or absent cascading (2006 and 2013). A year later, salt loss was
observed (2007 and 2014) and further gain of heat followed next (early 2008 and 2015). Density dropped
smoothly throughout the process (2005–2008; 2012–2015). The overall sequence is consistent with the arrival
of signatures of newly formed waters at time scales within a year or less, followed by a more complex
transient stage which involves further leakage of denser portions of the water column. The salinity drop
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in both cases—2007 and 2014—is mostly driven by sinking of the salinity minimum at the oWMDW‐

nWMDW interface. The last years of the series—2016 and 2017—showed a stable water configuration
consistent with further diffusive erosion of the remnants of the structures.

Continuous tracking of changes at the Minorca station provides a complementary record that, being consis-
tent with current knowledge of deep‐water formation events, adds insights regarding transient postconvec-
tive stages and propagation time scales across the basin. Overall balance indicates that≈ 80% of the heat and
salt injected into the water column disturbed by theWMT anomaly came from ventilation. It is worth noting
that warming and salting through the thermohalocline is not a process that ought to occur at a homogeneous
rate across the basin. Indeed, studies of the diffusive evolution of the WMT anomaly in the Algerian basin
(Borghini et al., 2014; Bryden, Schroeder, Borghini, et al., 2014) suggest that downward heat‐salt fluxes along
the local higher‐gradient thermohalocline may be comparable to episodic large injections of dense waters;
that is, diffusion would be much relevant than at our site. Neither are diffusive downward heat‐salt fluxes
homogeneous over time: saltier‐warmer intermediate layers (LIW levels) since mid‐2013 at the Minorca site
yielded an increase in gradients of the thermohalocline and consequently in downward heat‐salt fluxes
(Figures 4a, 4b, 7b, and 7c). These observations are consistent with the progressive increment of θ and S
of the LIW overflowing the Sicily Channel since 2011 reported by Schroeder et al. (2017) and are of special
interest since it may have important implications for the preconditioning of the water column in the GoL
and therefore, for the new dense water formation.

5.2. Bulk Changes in the Deep Western Mediterranean: Heat, Salt, and Density

In a steady state ocean basin the downward diffusive transfer of heat and salt from the intermediate layers
should be balanced by its removal through ventilation of the deep layers. The global ocean is currently out of
equilibrium, gaining heat progressively for decades due to global warming (Cheng et al., 2019). During the
early 21st century, the WMED has been markedly out of equilibrium, with the injection of ventilated waters
adding heat and salt to the deep layers (rather than removing them) at a much higher rate than the contin-
uous diffusive transfer.

Robust warming and salinification trends in the WMED deep waters have been reported for the twentieth
century (e.g., Vargas‐Yáñez et al., 2010) and diverse explanations of such trends have been discussed includ-
ing atmospheric patterns (Rixen et al., 2005), modified properties of the AW entering through the Strait of
Gibraltar (Millot, 2007) and changes in fresh water inputs due to river damming (Rohling & Bryden,
1992). Trends of around 0.002 °C/year for temperature and 0.001 year−1 for salinity in the deep layers of
the WMDW for the 1950–2000 period are accepted estimates (Vargas‐Yáñez et al., 2009). When the WMT
is added to the long‐term series, temperature trends double (0.004 °C/year [below 600 dbar], Vargas‐
Yáñez et al., 2017).

Although we rely on a single site time series, our trends are aligned with those of the overall WMED.
Between 2004 and 2017 θ and S in the deep layers (1,280–2,420 dbar) off Minorca increased 0.059 °C and
0.021, respectively, from which 0.022 °C and 0.015 occurred during 2004–2006 through the onset of the
WMT. This abrupt rise added the equivalent of previous decadal increments in just 2 years. Linear trends
for the 2007–2017 period (i.e., after the event) are similar to the long‐term background salt‐increase
(0.001 year−1) but still higher for warming (0.003 °C/year).

Therefore, the effect of the WMT on the bulk changes of temperature and salinity of the deep WMED is

outstanding. Translated into energy uptake, the 1,280–2,420 dbar layer in Minorca warming rate of _Q ¼
0:92 W/m2 (2005–2017) is more than two times that of the global intermediate ocean in the same period
(0.4 W/m2, 700–2,000 dbar, 2005–2016, Von Schuckmann et al., 2018). Such warming rate of the deep

layers in the Western Mediterranean is even higher than the _Q ≲ 0:7 W/m2 estimated for the upper
2,000 dbar in the global ocean in recent decades (Cheng et al., 2019; Von Schuckmann et al., 2018),
indicating the relevance of the WMT as a case study of heat transfer into the deep ocean.

We have not considered so far the possible effect of geothermal heating on the evolution of the deep waters
structure, however it is known to have a non‐negligible contribution. Estimates of heat fluxes through the

lithosphere in the WMED basin range between _Q ≈ 0:05 W/m2 (Hofmann & Morales Maqueda, 2009) and
_Q ≈ 0:1 W/m2 (Davies & Davies, 2010), with slightly higher values for the more geothermally active
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Tyrrhenian basin. Mean geothermal flux for the Algero‐Provencal basin taken in Ferron et al. (2017) is _Q ≈
0:1W/m2. This is about half of our estimation of downward diffusive heat flux during the 2005–2017 period.
Geothermal heating was not included explicitly in the diffusion model since it is irregular in space and inter-
mittent, so the inclusion of a fixed flux boundary condition at the seafloor would be arguable. Whatever the
case, geothermal heating could account for up to 50% of the heat diffused from the intermediate layers into
the deep waters. This extra heat coming across the seafloor should be removed from the budget assigned to

lateral advection, that is, roughly speaking _Q would be shared as 0.6, 0.2 and 0.1 W/m2 for advection of
ventilated waters, diffusion from the thermohalocline and geothermal heating respectively.

In addition to heat and salt increments, substantial changes were recorded in the density structure and stra-
tification of the deep waters off Minorca. The onset of theWMT caused an increase in the potential density of
the deep layers in just one year, inducing a strong stratification beneath the base of the thermohalocline
(Figures 3 and 9a). After 2005, stratification was rapidly reduced to increase again with the arrival of new
convective waters in the 2011–2013 period. Over the last years, deep‐water density stabilized above 2004
values. Deep waters therefore show a quick stratification increase after major deep‐water production events,
followed by smooth stratification erosion afterward. Density and stratification of the deep waters play a
major role in the formation rates of new deep waters, since they set the threshold for upper ocean densifica-
tion. Deep water density levels higher than those pre‐2005 hinder further deep‐convection events. On the
other hand, large periods when deep‐water formation is absent will lighten the deep waters. Model projec-
tions suggest that the density of the deep waters formed in the WMED during the 21st century may be dras-
tically reduced under a climate change scenario, leading to a sharp reduction in the formation rate of deep
waters that penetrate below 1,000 m and consequently a weakening of the deep thermohaline circulation
(Somot et al., 2006). Additionally, the recurrence of anomalous atmospheric patterns such as that of the
extreme winter of 2005 is expected to increase due to global warming (Somavilla et al., 2016), so it seems
likely that renewal of the deep WMED may be driven in the future by abrupt step‐like shifts like the event
that gave rise to the WMT.

5.3. Diffusive Mixing of the WMT Structure

Diffusive mixing was not dominant in the evolution of bulkQC and SC of the deep layers inMinorca, but it is
a decisive agent in the overall evolution. Besides being the main driver in nonconvective periods, its action
erodes the transient signals by homogenizing the water column, thus causing stratification to decrease
relatively quickly. Simulations indicate that the signature of the extraordinary injection of 2005, without
considering subsequent convective events, would need only 15 years to completely fade from the θ‐S plane
due to diffusive mixing.

The creation of the anomalous structure of 2005, showing distinct layers prone to the development of salt‐
fingering and diffusive layering, enabled us to run specific simulations based on state‐of‐the‐art parameter-
izations and to infer a best guess of the general background turbulent diffusion coefficient due to processes
not related to double‐diffusion phenomena (K∞). The obtained value of K∞= 4.25 × 10−4 m2/s is an order of
magnitude higher than those representative of the ocean interior (Thorpe, 2007; Zhang et al., 1998) but com-
parable to those typical of the abyssal ocean, especially in areas near seamounts or steep continental slopes
(Waterhouse et al., 2014). Previous observational studies in the Mediterranean showed large spatial variabil-
ity ranging from 0.1–1 × 10−4 m2/s for the deep waters in the abyssal plain between Sardinia and the Balearic
Islands and much greater variability in certain areas such as the Ligurian Sea (1–3 × 10−4 m2/s), especially
over the continental slope (Ferron et al., 2017). Cuypers et al. (2012) obtained estimated eddy diffusivity
values ranging from 0.1–10 × 10−4 m2/s in the WMED basin below 1,500 dbar. Local K∞ is estimated here
from two periods, with four observations each, in which the thermohaline evolution is consistent with small
or negligible advective contributions. Nevertheless, as stated before, diffusion and advection are not
decoupled in the actual 3‐D ocean. The implicit premise is that within each of these periods, the water col-
umn is homogeneous within the spatial advective scale. Since this is an arguable assumption, our K∞ should
be understood as a regional average which is in agreement with the upper limit of current estimates but is
not necessarily as reliable as those emerging from specific ocean‐mixing studies.

Treatment of double‐diffusion processes considers specific terms to be added to an independent background
K∞. Using parameterizations from Zhang et al. (1998) and Zhang and Schmitt (2000), we found a
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satisfactory representation of the succession of mixing regimes and the asymmetries created in the mixing
efficiency of heat and salt. Maximum transfer occurs at the base of the thermohalocline, where the greatest
salt fingering activity was detected. Mean KS = 5.8 × 10−4 m2/s derived in the thermohalocline is similar to
that estimated by Bryden, Schroeder, Borghini, et al. (2014) and Bryden, Schroeder, Sparnocchia, et al.
(2014) from profiles in the Algerian basin at the same water column levels, although our mean
Kθ = 5.2 × 10−4 m2/s is slightly higher.

An interesting feature within the WMT is the oWMDW‐nWMDW interface at the base of the thermohalo-
cline since it allows us to follow the spatio‐temporal evolution of the anomaly (Schroeder et al., 2008,
2016) and to study the convergent effects of two different mixing phenomena. Upward fluxes due to diffusive
layering below the interface supplement the downward transference of salt and heat due to the salt fingers
above, causing an increase in θ and S over time (Bryden, Schroeder, Borghini, et al., 2014). It is well known
that diffusive layering is less effective than salt fingers in transferring heat and salt but the magnitude of the
diffusive fluxes depends to a large extent on thermohaline gradients. Model runs indicate that for our WMT
onset configuration the relative contribution of the diffusive layering to the evolution of salt in the interface
during the first year of the anomaly represents up to 30%. By the end of 2008, diffusive layering was no longer
operating effectively in the oWMDW‐nWMDW region.

6. Conclusions

The onset of the WMT in 2005 created an unprecedented multilayered hydrographic structure in the deep
ocean. The existence of a repeated hydrographic station, sampling this structure at seasonal frequency,
enabled its evolution to be tracked for over 10 years until its almost complete erosion. The thermohaline evo-
lution of the deep waters was understood as the combination of background diffusive mixing and intermit-
tent advective renewals. Following this approach, a 1‐D diffusion model sensitive to double‐diffusion was set
up in order to reproduce the hydrographic record. The exercise enabled us to show the large‐scale specifici-
ties of double diffusion using current parametrizations of salt fingering and diffusive layering processes, to
infer a regional background diffusivity value, and to describe the properties of the newly formed waters mid-
way along their track from the formation area to the deepest part of the basin.

Two convective periods (2005–2006 and 2011–2013) account for most of the heat and salt gain of the deep
water. Remarkably, heat uptake in the deep layers in the early 21st century period exceeds the estimated
warming rate of the upper 2,000 dbar in the global ocean in the same period. After 12 years of evolution,
the WMT hydrographic signature had been effectively eroded by the combined effect of the successive injec-
tions of dense waters and the diffusive mixing of their properties, yielding markedly warmer, saltier and
slightly denser deep water than that present in the profiles prior to 2005. This may have a substantial impact
on WMDW ventilation since the newly formed deep waters currently need to overcome a higher density
threshold in order to penetrate to the deepest levels.

This study complements current knowledge of the WMT climatic event, as well as giving new insights
into the mixing dynamics in the WMED interior. The data set and results presented here can be a useful
tool to validate numerical simulations of deep‐water formation. The importance of maintaining and
expanding deep‐water observatories such as the RADMED deep station in Minorca under a global change
scenario should be highlighted. Finally, it is worth stressing the unique opportunity afforded by the for-
mation of a well‐defined interface in the deep ocean so as to understand the diffusive evolution in the
ocean interior.

Appendix A: Data assimilation in the model upper boundary
Data assimilation from the observed profiles in the upper boundary of the model is performed up to a pres-
sure determined by an isopycnal depth that always remains above the oWMDW‐nWMDW interface. Before
estimating Kθ and KS profiles, at each δt,

cðz; tÞ ¼ cassiðz; tÞ · γðz; tÞn þ cmodelðz; tÞ · ð1− γðz; tÞnÞ; zmin ≤ z ≤ zmaxðtÞ; (A1)

where c is the thermohaline tracer, z is the vertical coordinate, t is time, zmax is isopycnal pressure and the
maximum pressure to assimilate, zmin is the minimum pressure of the simulation, cmodel is the thermohaline
tracer in the model and n controls the smoothness of the tracer assimilation in zmax (n = 4 was used in this
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study but since the diffusion equation (1) is solved by a second‐order approximation, any correction above
that order would be suitable). γ is defined as follows:

γðz; tÞ ¼ zmaxðtÞ− z
zmaxðtÞ− zmin

; (A2)

zmax is obtained from the observed profiles, for each δt:

zmaxðtÞ ¼ ð1− ϵðtÞÞ · σi þ ϵðtÞ · σiþ1 (A3)

ϵðtÞ ¼ t − iðtÞ · δt − t0
δt

(A4)

iðtÞ ¼ t − t0
δt

j k
(A5)

where t0 corresponds to the initial time (t= 0), i indexes the position of the first observed profile of the 15‐day
time window in which assimilation is taking place, and σ is the isopycnal pressure in the observed profile
indexed by i.

The cassi term in equation (A1) is the thermohaline tracer profile to be assimilated obtained from the fort-
nightly time series (cobs) indexed by i. It is obtained as follows:

cassiðz; tÞ ¼ ð1− ϵðtÞÞ · cobsiðzÞ þ ϵðtÞ · cobsiþ1ðzÞ: (A6)
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