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Key Points:12

• A rapid erosion of bottom water thermohaline signatures was observed off Minorca13

Island during the WMT’s initial stages14

• Local evolution of the WMT deep hydrographic structure during 2005-2007 is con-15
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• Evidence that intense mixing occurs at the continental slope and mixed waters17

are exported offshore is found18
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Abstract19

Major deep-convection activity in the northwestern Mediterranean during winter20

2005 triggered the formation of a complex anomalous deep-water structure that substan-21

tially modified the properties of the Western Mediterranean deep layers. Since then, evo-22

lution of this thermohaline structure, the so-called Western Mediterranean Transition23

(WMT), has been traced through a regularly-sampled hydrographic deep station located24

on the outer continental slope of Minorca Island. A rapid erosion of the WMT’s near-25

bottom thermohaline signal was observed during 2005-2007. The plausible interpreta-26

tion of this as local bottom-intensified mixing motivates this study. Here, the evolution27

of the WMT structure through 2005-2007 is reproduced by means of a 1-D diffusion model28

including double-diffusive mixing that allows vertical variation of the background mix-29

ing coefficient and includes a source term to represent the lateral advection of deep-water30

injections from the convection area. Using an optimization algorithm, a best guess for31

the depth-dependent background mixing coefficient is obtained for the study period. WMT32

evolution during its initial stages is satisfactorily reproduced using this simple concep-33

tual model, indicating that strong depth-intensified mixing (K∞(z) ≈ 22×10−4 m2 s−1;34

z ' 1400 dbar) is a valid explanation for the observations. Extensive hydrographic and35

current observations gathered over the continental slope of Minorca during winter 2018,36

the first deep-convective winter intensively sampled in the region, provide evidence of37

topographically-localized enhanced mixing concurrent with newly-formed dense waters38

flowing along-slope toward the Algerian sub-basin. This transport-related boundary mix-39

ing mechanism is suggested to be a plausible source of the water-mass transformations40

observed during the initial stages of the WMT off Minorca.41

Plain Language Summary42

In winter 2005, an exceptional production of deep waters with anomalous temper-43

ature and salinity induced a series of drastic changes in the deep waters of the Western44

Mediterranean. The evolution of these new deep waters was traced up to the present day45

through hydrographic measurements in the outer continental slope of Minorca. During46

2005-2007, a rapid erosion of the bottom water characteristics was observed. This may47

be indicative of enhanced mixing near the seafloor. By means of an idealized numeri-48

cal model, the evolution of the deep waters off Minorca during that period is satisfac-49

torily reproduced, indicating that the deep waters experienced persistent, strongly depth-50
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intensified mixing. More than a decade later, extensive hydrographic and current obser-

vations gathered above the continental slope of Minorca evidence enhanced bottom mix-

ing associated with the along-slope flow of newly-formed deep waters during winter of

2018, a much less relevant winter in terms of deep-water formation albeit intensively sam-

pled. This boundary mixing mechanism is suggested to be a plausible source of the strong 

mixing necessary to reproduce the observed evolution of the deep waters during the 2005-

2007 period, as indicated by our modelling approach.

1 Introduction

The Gulf of Lion (GoL) is well-known to be an active dense-water formation area

(Figure 1a; MEDOC Group, 1970). In this region, the Western Mediterranean Deep Wa-

ter (WMDW) is formed in winter in some years by open-ocean deep convection (Mar-

shall & Schott, 1999), with additional, intermittent contributions of distinct dense wa-

ters formed over the continental shelf that cascade along the continental slope and sub-

marine canyons (Canals et al., 2006; Durrieu De Madron, Zervakis, Theocharis, & Geor-

gopoulos, 2005).

During winter 2005, an extraordinary deep convection event injected large amounts

of heat and salt into the deep Western Mediterranean (WMED), initiating a new stage

in the historical evolution of its thermohaline characteristics (Font, Puig, Salat, & Palan-

ques, 2007; López-Jurado, González-Pola, & Vélez-Belch́ı, 2005; Schroeder, Gasparini, 

Tangherlini, & Astraldi, 2006). This shift, termed Western Mediterranean Transition (WMT; 

Font et al., 2009; Schroeder, Chiggiato, Bryden, Borghini, & Ismail, 2016), modified the 

stratification of the deep layers through the occurrence of a complex deep-water struc-

ture with a distinctive hook-shaped signature in the θ-S plane. Such a signature was formed 

via contributions of two distinct water masses: a warmer and saltier deep water (nWMDW) 

formed in the open ocean and located beneath the old WMDW (oWMDW), and a cascading-

origin colder and fresher dense water mass at the bottom (cWMDW) (see notations in 

Figure 2; Salat, Emelianov, & López-Jurado, 2006).

Since then, the original WMT signal has been eroded by diffusive mixing and sub-

sequent instances of deep-water renewal, resulting in a denser, warmer, saltier and more 

stratified deep water (relative to that present before 2005) that currently (as of 2020)

fills the deepest layers of the WMED. The long-term thermohaline evolution of the deep81
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layers during the WMT was tracked by means of a seasonally-occupied deep hydrographic82

station located in the outer continental slope of Minorca Island (Figure 1), analysed in83

detail by Piñeiro, González-Pola, Fernández-Dı́az, and Balbin (2019). This comprehen-84

sive dataset enabled the study of deep-ocean mixing dynamics and their impact on the85

large-scale thermohaline evolution of the regional water masses. A remarkable feature86

of the WMT hydrographic structure evolution shown by Piñeiro et al. (2019) was the87

rapid erosion of the cWMDW-nWMDW portion of the water column during 2005-2007,88

concurrent with a prominent increase in the θ-S maximum associated with the nWMDW89

core (Figure 2).90

During the winter of 2006 (the following winter after the WMT onset), the deep-91

water formation area of the WMED was extended to the Ligurian Sea (Smith, Bryden,92

& Stansfield, 2008), and anomalous dense waters were formed again (Schroeder et al.,93

2008) with a much less relevant contribution of cascading waters (Fuda et al., 2009; Puig94

et al., 2013; Schroeder et al., 2013). No deep convection was reported in the two follow-95

ing winters (2007-2008; Houpert et al., 2016; Puig et al., 2013; Schroeder et al., 2013;96

Somot et al., 2018). The observed rapid erosion of the cWMDW-nWMDW water col-97

umn structure during 2005-2007 may thus be indicative of enhanced near-bottom mix-98

ing.99

Our goal in this work is to establish whether the observed evolution of the WMT100

hydrographic structure during 2005-2007 is indeed consistent with increased mixing near101

the seafloor, combined with the advection of warmer and saltier waters at shallower lev-102

els. To evaluate this hypothesis, we set up a 1-D diffusion model including double-diffusive103

mixing schemes that incorporates (i) a source term to represent the lateral advection of104

newly-formed dense waters under simple and realistic assumptions, and (ii) a depth-dependent105

vertical mixing coefficient that can be tuned so the simulated evolution of hydrographic106

structure may resemble the overall observed evolution.107

The outcomes of our analysis are discussed by reference to the local changes in den-108

sity structure and circulation measured during a much less dramatic, albeit intensively109

sampled, deep convective period in winter 2018. Since no extensive regional observations110

during the WMT initial stages are available, these measurements enable us to explore111

the impinging of newly-formed deep waters on the continental slope of Minorca and deep-112

ocean mixing dynamics during post-convective periods. The dataset entails two high-113
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resolution Conductivity-Temperature-Depth (CTD) sections in the NE flank of the con-114

tinental slope of Minorca occupied in 2017-2018, and a three current meter mooring de-115

ployed in the outer part of the slope during 2015-2018.116

The paper is organized as follows. Datasets used in this study, the 2005-2007 ob-117

servations and the working hypotheses are presented in section 2. Section 3 describes the118

1-D diffusion model setup, the spatio-temporal configuration of the advective term, and119

the mixing coefficient profile optimization procedure. Section 4 explicitly presents the120

configuration of the experiments. In section 5, results are reported, to be subsequently121

discussed in section 6. Final considerations and conclusions are gathered in section 7.122

2 Observational record and initial hypotheses123

2.1 The Minorca time series124

The Minorca deep station (40◦ 10.00’ N, 04◦ 34.96’ E, 2540 m deep; red vertical125

line in Figure 1b) is one of the deep hydrographic stations located along the Mediter-126

ranean continental slope of the Iberian Peninsula that are seasonally occupied by the RADMED127

monitoring program (’RADiales del MEDiterráneo’; López-Jurado et al., 2015) and other128

supporting projects. It is located to the NE of Minorca Island on the outer continental129

slope, within the main advective pathway of the newly-formed dense waters from the GoL130

toward the Algerian sub-basin (Beuvier et al., 2012; Durrieu de Madron et al., 2013).131

This station was first sampled in 2001, and established in 2005 as a deep-water obser-132

vatory to track the evolution of the WMED hydrographic structure following the WMT.133

After 15 years of monitoring and 45 seasonal occupations (2005-2020), the station offers134

a detailed picture of the variability in WMED deep layers induced by this climatic event135

and successive injections of dense waters up to the present. All CTD casts in this time136

series were obtained, processed and calibrated following common oceanographic stan-137

dards (RADMED program protocols as described in López-Jurado et al., 2015).138
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Figure 1. (a) Location of the study area (red square). (b) 3D perspective of the bathymetry

in the study area and location of the Minorca deep station (vertical red line), the ATHAPOC

section stations (vertical whites lines) and the ATHAPOC mooring (yellow vertical line). North-

South (y), East-West (x), along-slope (y′) and cross-slope (x′) axes are included for reference.

The x′ and y′ axes are rotated 38◦(α) counterclockwise relative to x and y.

Since this study focuses on the thermohaline evolution of the deep waters observed139

off Minorca during the 2005-2007 period, we consider as our observational record for the140

study period a subset (15 July 2005 - 06 January 2007) of the fortnightly hydrographic141

time series used in Piñeiro et al. (2019). These time series were constructed by spatio-142

temporally smoothing of the raw profiles of the Minorca deep station during 2005-2017143

in order to filter natural noise and to obtain a reasonably smooth, continuous evolution144

of the hydrographic profiles which can be compared with the theoretical evolution ob-145

tained from the 1-D model (see animation, Movie S1, included as supporting informa-146

tion in that paper to observe a comparison between smoothed and raw profiles).147
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2.2 The ATHAPOC CTD section and mooring148

Unfortunately, the initial occupations of the Minorca deep station during the WMT149

onset period did not include extensive regional, synoptic observations. Instead, cross-150

slope oceanographic sections carried out in November 2017 and February 2018 (which151

was also a deep convective period, but much weaker than that in 2005) under the aus-152

pices of the ATHAPOC project provide insight into the impact of deep-water formation153

on the local hydrographic structure across the continental slope, which cannot be ob-154

tained from a single hydrographic station such as the Minorca deep station. Each sur-155

vey involved a 25-km cross-slope section (40◦ 2.28’ N, 04◦ 25.00’ E – 40◦ 10.92’ N, 04◦156

38.58’ E) of 11 CTD stations that spanned the entire bathymetric range of the continen-157

tal slope beneath 800 meters (white vertical lines in Figure 1b).158

Additionally, information on the local circulation patterns of the deep waters over159

the continental slope of Minorca and changes due to the arrival of newly-formed dense160

waters in winter 2018 are provided by the ATHAPOC deep mooring, equipped with 3161

single-point current meters at 1000, 1600 and 2500 dbar. This deep mooring was installed162

on the outer continental slope (40◦ 9.64’ N, 04o 36.87’ E; yellow vertical line in Figure 1b)163

and remained in the water between September 2015 and April 2016, and between Febru-164

ary 2017 and August 2018, with a sampling period of 30 minutes.165

2.3 Bottom-intensified mixing in 2005-2007: direct evidence and work-166

ing hypotheses167

Visual inspection of the evolution of the deep hydrographic profiles between 2005168

and 2007 in the Minorca deep station readily reveals the plausibility of the assumption169

that motivates this study and generates the working hypotheses.170

The remarkable thermohaline structure that emerged in the WMED deep layers171

as a result of deep convection in the winter of 2005, and its annual evolution during the172

two following years, is shown in Figure 2. Beneath the intermediate layers, occupied by173

the markedly salty and warm Levantine Intermediate Water (LIW; 300−600 dbar), a174

smoothly stratified thermo-halocline within which θ and S decrease with depth extends175

toward the fresher and colder oWMDW, which historically occupied the deepest part of176

the basin. The intrusion of the anomalous WMT dense waters triggered an uplift of the177

resident deep waters by hundreds of meters and the appearance of a sharp transition around178
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1200 dbar, between the oWMDW and the new deep waters (the salty-warm nWMDW179

and the fresher-colder cWMDW at the bottom). Subsequent profiles in Figure 2 reveal180

the above-mentioned (i) increase of the θ-S maxima associated with the nWMDW over181

the 2005-2007 period, and (ii) the significant cWMDW signal erosion.182

The rapid fading of the cascading waters in the θ-S plane is still noticeable up to183

late 2007. Nevertheless, as argued in Piñeiro et al. (2019), observed changes in the wa-184

ter column during 2007 were strongly dominated by large heave of isopycnals (Bindoff185

& McDougall, 1994) throughout the water column, preventing a description based on186

our conceptual model based on vertical diffusion and a localized source term. Consequently,187

the analysis period in this study had to be curtailed to before January 2007. This con-188

straint is addressed in detail in the Discussion (Section 6.1.3).189
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Figure 2. (a) Observed θ profile in July 2005 (turquoise line), January 2006 (blue line) and

January 2007 (dark blue line) between 800 − 2420 dbar at the Minorca deep station. (b) Same as

(a) but for S. (c) Same as (a) and (b) but for θ-S. Gray lines denote isopycnal levels (σθ).

As stated before, this study focuses on reproducing the thermohaline evolution of190

the WMED deep waters during the two years following the onset of the WMT as observed191

in the Minorca deep station, in order to determine whether the erosion of the cWMDW-192

nWMDW portion signal may be explained by bottom-intensified mixing.193

Two hypotheses may be put forward to explain the observed evolution of the cas-194

cading waters in the 2005-2007 period:195
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(I) The erosion of the cWMDW-nWMDW segment simply responds to lateral ad-196

vection of heat and salt within the nWMDW density class, leading to an increase of ver-197

tical thermohaline gradients and, consequently, of the downward fluxes of heat and salt198

toward the deepest layers. In this scenario, no vertical structure in the mixing coefficient199

needs to be invoked.200

(II) Lateral advection of heat and salt in the nWMDW class fails to reproduce the201

observations if a constant mixing coefficient is assumed for the entire water column, such202

that it is mandatory to model thermohaline evolution with a depth-dependent mixing203

coefficient in order to match the observations. This would indicate that the rapid ero-204

sion of the cascading waters could have been effected by the presence of near-bottom tur-205

bulent mixing elevated above background levels.206

It is important to note that other combinations can be invoked to explain the ob-207

served thermohaline evolution. In particular, drainage of the thermohaline structures can-208

not be dismissed (i.e. cascading waters leaking from the sampling site toward deeper parts209

of the basin). Since this study relies on a single hydrographic station, a spatial descrip-210

tion is not possible. Nevertheless, this issue will be discussed in depth on the basis of211

the available knowledge of the post-convective response within the basin.212

3 Methodology213

To analyze the observed thermohaline evolution of the water column, the 1-D dif-214

fusion model described by Piñeiro et al. (2019) is used as the starting point. This model215

provides a theoretical description of the evolution of the θ-S profiles when subject to di-216

apycnal mixing, including double-diffusive mixing schemes. To represent the lateral ad-217

vection of dense waters formed in the winters of 2005 and 2006, a heat-salt source term218

is added (the design of this advective term is described in section 3.1). Finally, the back-219

ground turbulent mixing coefficient is allowed to vary with depth (K∞ ≡ K∞(z)), so220

an optimization algorithm is devised to minimize differences between the simulation and221

the observations while preserving overall consistency (section 3.3).222

3.1 Lateral advection of heat and salt223

In order to simulate the increases in θ and S within the nWMDW core induced by224

the 2005-2006 injections, bulk changes of these tracers in the 2005-2007 period are com-225
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puted beneath the base of the thermo-halocline (1300 dbar). This level is chosen to avoid226

the oWMDW-nWMDW interface region, which oscillates above ∼ 1200 dbar and is strongly227

influenced by a downward diffusive heat-salt transfer from intermediate layers. The spatio-228

temporal structure of the advective source is unknown, so assumptions must necessar-229

ily be made.230

As regards the vertical (z) distribution of lateral advection, the simplest approach231

would be to distribute the increases in θ and S homogeneously across a layer of the wa-232

ter column. This option is, however, unrealistic, as newly-formed dense waters mix ver-233

tically while advected, and also poses computational problems at the boundaries. Since234

the relative maximum associated with the nWMDW core increases prominently through-235

out the period, and lacking further information on the shape of the injected anomaly,236

a Gaussian shape centered at the nWMDW core is a convenient option to represent in237

a simple fashion the core’s erosion as it extends horizontally throughout the basin. With238

this choice, continuity in the θ-S gradients is then guaranteed. A caveat, which will be239

addressed below, is that independent injections of heat and salt should not create ver-240

tical instabilities, such that further fine-tuning of the source distributions is required.241

Assumptions regarding the injection rates of heat and salt into the nWMDW class242

are also needed. The observational record indicates a smooth increase of θ and S val-243

ues at the nWMDW core, whereas the physical setting of the process suggests that the244

two independent convective events in 2005 and 2006 may have provided two distinct ad-245

vective inputs. Whether the arrival of source waters at the sampling site is actually pro-246

gressive (i.e. oceanographic processes blur the distinct signatures of the two consecutive247

deep convection events) or our available observational record is insufficient to disentan-248

gle these, cannot be appraised. Therefore, the simplest approach is to add the heat-salt249

advective column as a decreasing curve throughout the 2005-2007 period, and a more250

elaborate strategy would be to include the distinct advective pulses (simulating the rem-251

nants of the 2005 injection and the following one in 2006) . Both of these approaches are252

analyzed in the simulations in order to explore the robustness of the of the K∞(z) pro-253

file optimization.254
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3.2 Diapycnal mixing parameterization255

As the discrete intrusions of the newly-formed dense waters in 2005-2006 distorted256

the original WMT structure observed in July 2005, continuous diapycnal mixing eroded257

the emergent thermohaline signals and weakened vertical gradients. Turbulent heat-salt258

fluxes are commonly parameterized following Fick’s diffusion equation (∂c∂t = ∂
∂z

(
Kc(z)

∂c
∂z

)
),259

which can be used to estimate the vertical evolution of the thermohaline tracers (c) over260

time (t). The rate of mixing is represented by the eddy diffusion coefficient (Kc(z); Kly-261

mak & Nash, 2009), usually assumed to be the same for all scalars (θ and S; e.g. Jayne,262

2009). Nevertheless, asymmetries between Kθ(z) and KS(z) can arise under specific ther-263

mohaline configurations of the water column, as a result of the different molecular dif-264

fusivities of heat and salt. Portions of the water column prone to developing both forms265

of these so-called double-diffusive mixing regimes (Kelley, Fernando, Gargett, Tanny, &266

Özsoy, 2003; Radko, 2013; Schmitt, 2009), i.e. salt fingering and diffusive layering, have267

been identified throughout the WMT structure (Bryden, Schroeder, Borghini, Vetrano,268

& Sparnocchia, 2014; Piñeiro et al., 2019).269

Thus, to simulate the evolution of the θ and S profiles effected by diapycnal mix-270

ing as the lateral advection of dense waters occurs, the 1-D diffusion model sensitive to271

double-diffusive mixing phenomena described in Piñeiro et al. (2019) was adopted. This272

model vertically integrates the diffusion equation using Kc(z) parameterizations to rep-273

resent the asymmetries of vertical heat-salt fluxes under double-diffusive and non-double-274

diffusive mixing regimes. The setting and treatment of advection-diffusion are summa-275

rized below. As stated before, the detailed description of the numerical model is provided276

by Piñeiro et al. (2019).277

The spatial domain of the one-dimensional (in z) model is discretized onto a reg-278

ular vertical grid ranging from depths of 800 to 2420 m with a resolution of δz = 10279

meters. Using the 15 July 2005 θ-S observed profile as initial condition, at each tempo-280

ral step (δt = 2.4 h), the corresponding percentage of the advective column of each tracer281

(c) is added following the different advective evolution rates, and the mixing regimes through-282

out the water column are identified by means of a Turner angle analysis (Ruddick, 1983).283

The 1-D diffusion equation is then solved numerically for θ and S using a Crank-Nicolson284

scheme (Crank & Nicolson, 1947).285
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The diffusion model is closed by a Neumann boundary condition at the seafloor (∂c/∂z =286

0 at z = 2420 m) and by an assimilation scheme at the upper boundary. This time-varying287

boundary condition is determined by the observed vertical gradients of θ and S in the288

thermo-halocline, which in turn modulate changes in the vertical heat-salt fluxes toward289

the deep layers. Data assimilation operates from the upper limit of the vertical domain290

up to an isopycnal level (29.1088 kg m−3) close to and above the oWMDW-nWMDW291

interface selected by visual inspection of the hydrographic time series, in order to avoid292

altering the WMT structure; therefore, θ-S values in the thermo-halocline relax toward293

observations at these levels. Beneath this region, θ and S evolve as a combination of the294

lateral advection of heat and salt and the continuous erosion of the thermohaline struc-295

ture by diapycnal mixing.296

Kc(z) within the model is estimated throughout the water column independently297

for θ and S, using the parameterizations of Zhang and Schmitt (2000); Zhang, Schmitt,298

and Huang (1998), which evaluate the mixing rate as an independent contribution of dou-299

ble diffusion in the regions prone to developing these instabilities (Kdd
c (z)), and added300

a constant turbulent background mixing coefficient (K∞) for the entire water column301

(i.e. Kc(z) =
[
Kdd
c (z) + K∞

]
). Contributions from salt fingering and diffusive layer-302

ing regimes are estimated from the thermohaline gradients according to the parameter-303

izations of Schmitt (1981) and Kelley (1984, 1990). Piñeiro et al. (2019) inferred a depth-304

independent K∞ = 4.25×10−4 m2 s−1 from observations between 2005 and 2017. This305

coefficient was understood as a regional estimate representative of the average background306

mechanical mixing levels in the water column off Minorca. The novel additions to the307

model in this study are the source term at the nWMDW core and the optimization scheme308

to obtain a best guess of K∞(z) for the 2005-2007 period.309

3.3 K∞ local optimization310

Once the inclusion of the advective term is defined in z and t, we may evaluate whether311

the observed thermohaline evolution is compatible with a bottom intensification of the312

mixing coefficient, by optimizing a depth-dependent K∞(z). We represent a theoreti-313

cal two-layer structure of K∞(z), as might be expected from a bottom intensification314

of the mixing coefficient, through a hyperbolic-tangent idealized target functional shape.315

This permits representation of the magnitude, location and steepness of the change in316

mixing coefficient with depth, i.e.:317
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K∞(z) = K∞b + 0.5 c1

(
tanh

(
z − c3
c2

)
+ 1

)
, (1)318

where K∞b = 4.25 × 10−4 m2 s−1 is the constant background mixing coefficient,319

c1 is the maximum increment over K∞b , c3 is the center of the hyperbolic tangent, and320

c2 refers to the slope at c3, since it sets the thickness of the transition region between321

the two layers. The factor of 0.5 forces c1 to be the maximum increment over K∞b .322

To find the parameters of the K∞(z) profile that minimize differences between the323

model and the observations, a combined θ-S normalized root-mean-squared error is de-324

fined:325

RMSEnor
θS = (1− η)

n∑
i=1

(θmod
i − θobsi )2

s2θ
+ η

n∑
i=1

(Smod
i − Sobs

i )2

s2S
, (2)326

where n is the number of vertical levels considered, θmod
i and Smod

i are the simu-327

lated θ and S values for each depth (zi), sθ and sS are the respective standard devia-328

tions of both tracers in the observations (θobsi and Sobs
i ) for a sample of size n (serving329

as scaling factors accounting for the different variation ranges of both variables in the330

water column), and η controls the weight of each tracer in the fitting. Here, θ and S are331

fitted giving equal weight to both, so η = 0.5 is adopted.332

Then, (2) can be minimized numerically by using a Differential Evolution (DE) global333

optimization algorithm (Chakraborty, 2008; Feoktistov, 2006) that seeks solutions based334

on linear combinations of the three hyperbolic function (1) parameters. Note that the335

constant-K∞ profile is a particular case in equation (1) with c1 = 0. Details concern-336

ing the algorithm function minimization procedure and the numerical parameters used337

in this study can be found in the Appendix.338

4 Simulations setup339

Before presenting the results of the complete simulations, it is necessary to precisely340

define the model setup of the experiments that address the targeted process. Since model341

outcomes, results and refined model runs are strongly interrelated, this section shares342

characteristics between Methodology and Results.343
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4.1 Source water term344

Differences in the heat and salt contents below 1300 dbar between July 2005 and345

January 2007 indicate that as much as 1.648 × 108 J m−2 and 7.494 kg m−2 were re-346

spectively injected in the deep layers as a result of the 2005-2006 convective events. To347

include these heat and salt inputs in the simulation, θ-S bulk changes are used to con-348

struct the advective water column (Figure 3a). This is done following a Gaussian-shaped349

distribution, with most of the heat and salt placed in the vicinity of the nWMDW core350

around 1800 dbar, whose θ-S maximum increased significantly over the 2005-2007 pe-351

riod. Upper and lower limits of the source term are set at 1400 dbar and 2200 dbar,352

400 dbar above and below the nWMDW core and spanning the portion of the water col-353

umn occupied by this deep water mass while preserving the cWMDW-nWMDW mix-354

ing line. Within these water column segments, the remaining heat and salt are allocated355

following the tails of the Gaussian distribution, i.e. diminishing with increasing verti-356

cal distance from the core.357
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Figure 3. (a) S (purple solid line) and θ (purple dotted line) source terms. (b) Observed S

profiles in July 2005 (turquoise line), in July 2005 plus the S source term (combined turquoise-

shaded purple area), and in January 2007 (dark blue line). (c) Same as (b) but for θ. (d) Same

as (b) and (c) but for θ-S. Gray lines denote isopycnal levels (σθ). Red dots refer to reported

observations of the nWMDW properties in 2006 in the GoL and Ligurian Sea (Puig et al., 2013,

2009; Smith et al., 2008; Somot et al., 2018). Pressure levels corresponding to the July 2005 pro-

file plus the source term profile are included for reference. Note that the source terms are not

completely injected at the start of the simulation, but added progressively.

Since the evolution of θ and S is considered separately within the model, assum-358

ing a theoretical functional shape for the independent advection of both heat and salt359

requires the resulting advective column to be stable, so that spurious vertical instabil-360

ities are not generated that would prevent the diffusive scheme from correctly solving361

the tracer evolution. Thus, fitting one of the tracers to a Gaussian curve to generate the362

advective column implies that the distribution of the remaining tracer is constrained by363

the equation of state. Whereas 100% of the salt is assigned following a Gaussian curve,364

only 90% of the heat can be normally distributed without generating density inversions.365

The remaining heat has to be allocated carefully throughout the advective column in or-366

der to ensure that stability is preserved. This is performed by successively adding heat367

(following a Gaussian-shaped distribution) to specific segments of the advective column,368
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selected and recursively smoothed in such a way so that the column remains statically369

stable. The ensuing distortion of the heat source term can be observed in Figure 3a.370

Figure 3 shows the observed θ-S profiles in July 2005, January 2007 and the com-371

bination of the former plus the advective term that is introduced in the simulation over372

time. As expected, the source water core (θ = 12.950 ◦C, S = 38.494, σθ = 29.113 kg m−3)373

is located on the isopycnal levels on which the nWMDW evolved, forming a mixing tri-374

angle between the three deep water masses with small perturbations around the mix-375

ing lines.376

The percentage of the advective column that is included in each δt in the simula-377

tion varies over time. Figure 4 shows the evolution of the heat-salt input rates under the378

three assumptions used to represent the arrival of the distinct 2005-2006 injections, which379

will enable us to test the robustness of the K∞(z) profile estimation. In all three approaches,380

a smoothly decreasing curve (Simulation 1) and a double Gaussian shape giving equal381

weight to each pulse centered on different times (Simulations 2 and 3), lateral advection382

is restricted to the first year of simulation, adhering to a reasonable spreading time of383

the newly formed deep waters toward our site. That is, 90% of the heat and salt input384

is already included in the model by mid-summer 2006, so that the thermohaline evolu-385

tion of the water column after that time is affected mainly by diffusive mixing processes.386
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Figure 4. (a) Percentage of the total source term included in the simulation in each tempo-

ral step. (b) Accumulated percentage of the source term included in the simulation over time.

Vertical arrow tips in the time axes of (a) and (b) indicate the dates in which the Minorca deep

station was occupied.

4.2 Vertical structure of the mixing rate387

Figure 5 shows the K∞(z) profiles optimized by the DE algorithm for the 2005-388

2007 period under the parameterizations used for lateral advection and diffusive mix-389

ing in the model. Following the first imposed condition on the advective input rate (i.e.390

smoothly decreasing over time; Simulation 1) and giving equal weight to both tracers,391

minimum errors RMSEθ = 0.004 ◦C and RMSES = 0.001 are obtained with c1 =392

17.84×10−4 m2 s−1, c2 = 35 m and c3 = 1446 m after 300 simulations within the evo-393

lutionary algorithm. The resulting K∞(z) profile shows a prominent increase in the mix-394

ing coefficient by about five-fold over the background value, not only within the cWMDW-395

nWMDW portion but over a thick layer that extends 1000 dbar above the bottom, co-396

inciding with the upper limit of the source term at 1400 dbar. The transition between397

the two layers occurs abruptly in a few tens of meters. Following the advective Gaussian-398
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shaped two-pulse distributions (Simulations 2 and 3) similar minimum errors and hy-399

perbolic function parameters are obtained, replicating the K∞(z) vertical structure op-400

timized for Simulation 1. Thus, K∞(z) exhibits little sensitivity to the temporal distri-401

bution of the advective pulses. In broad terms, K∞(z) ∈ (19×10−4 m2 s−1, 23×10−4 m2 s−1)402

below 1400 dbar is consistent with reasonable variations in the temporal distribution403

of lateral advection over the 2005-2007 period. The improvement achieved in the sim-404

ulations including vertical-varying K∞(z) instead of the constant-K∞ profile is described405

in the following section.406

K1 (z) DE optimization

4     9     14    19    24
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Figure 5. Optimized K∞(z) profiles for Simulation 1 (red line), Simulation 2 (blue line) and

Simulation 3 (purple line).
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5 Results407

5.1 Simulated 2005-2007 θ-S profile evolution408

In order to evaluate the realism of the modeled thermohaline evolution under the409

different assumptions regarding advection and their corresponding optimized K∞(z) pro-410

files, the outputs of the 540-day simulations are compared with the fortnightly observa-411

tional set.412

For the Simulation 1 (Figure 6 and Movie S1 in supporting information), advec-413

tion rate is set to smoothly decrease and the corresponding optimized K∞(z) profile is414

used (Simulation 1 in Figure 4 and Figure 5). The initial Turner angle profile indicates415

an intricate succession of mixing regimes in the deep layers (Figure 6d). As the lateral416

advection of dense water progresses, the vertical configuration of the complex deep-water417

structure that emerged in winter 2005 is maintained throughout the entire simulation,418

preserving water column segments prone to developing double-diffusive instabilities. The419

thermo-halocline region exhibits strong salt-fingering activity (Tu ≈ 87◦), resulting in420

an asymmetric enhancement of the diffusive coefficients (Kθ ≈ 5.4× 10−4 m2 s−1 and421

KS ≈ 6× 10−4 m2 s−1) and downward heat-salt fluxes (Figure 6e). Beneath the base422

of the thermo-halocline, diffusive layering operates (Tu ≈ −81◦), transporting heat up-423

ward more efficiently than salt (Kθ ≈ 4.4×10−4 m2 s−1 and KS ≈ 4.3×10−4 m2 s−1).424

Even though the entire oWMDW-nWMDW portion (1200−1700 dbar) is prone to moderate-425

to-strong diffusive layering activity, its effect is barely noticeable due to the background426

turbulent mixing intensification beneath 1400 dbar. The impact on vertical heat-salt427

fluxes of moderate salt fingering (Tu ≈ 69◦) operating in the cWMDW-nWMDW por-428

tion is likewise negligible for the overall thermohaline evolution in the deepest part of429

the water column, which is also dominated by background turbulent mixing.430

Discrepancies between the observational record and model runs are expected. The431

observed evolution of the nWMDW core progressively gained heat and salt within the432

modeled period while preserving a double θ-S maximum, which the model rapidly eroded.433

Such double maximum was caused by transient structures captured by the raw obser-434

vational record and that cannot be accounted for in an exercise aiming to understand435

the general hydrographic evolution of the water column from simple theoretical premises.436
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Overall, the θ-S profiles evolve similarly to the measured hydrography, and after437

540 days model outputs match the observations reasonably with maximum θ and S dif-438

ferences of O(10−3) ◦C and PSS respectively below 1210 dbar (the maximum pressure439

reached by the assimilation term. Figure 6a,b,f). The evolution of the density structure440

is also reproduced satisfactorily (Figure 6c). Erosion of the cascading waters is slightly441

more prominent in the simulation than observed, resulting in a warmer and saltier 29.12 kg m−3442

isopycnal occupying the bottom of the water column in January 2007.443
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Figure 6. (a) θ profile evolution between July 2005 and January 2007 (800 − 2420 dbar). The

initial profile is shown by the turquoise line. Observed (black line), Simulation 1 (red line) and

Simulation 1 with constant K∞(z) (blue line) profiles in January 2007 are also shown. Shaded

areas indicate the maximum assimilation pressure range during the simulations. (b) Same as

(a) but for S. (c) Same as (a) and (b) but for potential density anomaly (σθ). (d) Turner angle

in Simulation 1 in January 2007 (red line) and for the July 2005 initial profile (turquoise line).

Dotted vertical lines delimit the three mixing regimes: salt fingers (SF), diffusive layering (DL)

and doubly stable (DS). (e) Kθ (brown line) and KS (dark blue line) profiles in Simulation 1 in

January 2007, and initial Kθ (thin orange line) and KS (thin light blue line) profiles. (f) Same as

(a), (b) and (c) but for θ-S. Gray lines denote isopycnal levels (σθ). For the complete simulation,

the reader is referred to Movie S1 in the supporting information.
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For reference, the modeled evolution of the thermohaline profiles using a constant444

K∞(z) = 4.25 ×10−4 m2 s−1 is also shown in Figure 6. Lateral advection of heat and445

salt during the 2005-2007 period causes a pronounced increase of the nWMDW θ-S rel-446

ative maxima and a subsequent enhancement of the vertical gradients in the transition447

regions between water masses. In the absence of vertical structure in the mixing coef-448

ficient, the increased heat-salt vertical fluxes are not intense enough to effectively erode449

the θ-S maxima, ultimately producing a markedly warmer and saltier nWMDW and a450

weaker erosion of the cWMDW-nWMDW signal at the end of the simulation.451

Observations between 2005 and 2007 are therefore compatible with a lateral ad-452

vection of heat and salt in the nWMDW density levels and a deep intensification of the453

background mixing coefficient. Using different approaches to represent the evolution of454

the advection rate, similar optimized K∞(z) profiles and errors are obtained. Imposing455

a decreasing advection rate is the most straightforward approach given the impossibil-456

ity of extracting further information from the temporally sparse observations, but the457

distribution of the lateral source term into two discrete pulses is conceptually more ad-458

equate to realistically represent the arrival of dense water formed in the convection area459

during winter. The comparisons between simulations, the observations on the dates when460

the Minorca station was actually occupied (i.e. those underpinning the interpolated dataset;461

see vertical arrow tips in Figure 4) and the observed final θ-S profile on 6 January 2007462

are synthesized in Figure 7. On the whole, the observed evolution is correctly reproduced463

using a smooth progression of the input rate (Simulation 1). Giving the same weight to464

the pulses in 2005 and 2006 (Simulations 2 and 3), θ-S profiles are noticeably mismatched465

from the observations in September 2005, as they overestimate the remnants of the 2005466

injection. By June 2006, Simulation 3 (second pulse centered in April 2006) reproduced467

more accurately the observations than Simulation 2 (second pulse centered in July 2006),468

suggesting a rapid arrival of the newly-formed deep water to Minorca. During the clos-469

ing months of the time series, all simulations evolve according to the observations. In470

all cases, the optimized K∞(z) is similar between the three simulations, thus indicat-471

ing low sensitivity to the temporal evolution of the lateral advection.472
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Figure 7. (a) θ-S profile evolution between July 2005 and September 2005 (800 − 2420 dbar).

The initial profile is shown by the turquoise line. Observed (black line), Simulation 1 (red line)

Simulation 2 (blue line) and Simulation 3 (purple line) profiles in September 2005. (b) Same

as (a) but in June 2006. Gray dots refer to reported observations of the nWMDW properties

in 2006 in the GoL and Ligurian Sea (Puig et al., 2013, 2009; Smith et al., 2008; Somot et al.,

2018). Purple cross indicates nWMDW core properties in April 2006 in Simulation 3. (c) Same

as (a) and (b) but in October 2006. (d) Same as (a), (b) and (c) but in January 2007. Gray lines

in (a), (b), (c) and (d) denote isopycnal levels (σθ).

5.2 Slope density structure and circulation during winter 2017-2018473

Intensive hydrographic and current meter observations in the study area (Figure 1b)474

over the deep convective winter of 2017-2018 offer further insights into regional dynam-475

ics associated with the lateral advection of newly-formed dense waters toward the Mi-476

norca site.477

The θ-S diagram (Figure 8a) beneath 1200 dbar in November 2017 shows the pres-478

ence of much warmer, saltier and lighter deep waters than those occupying the deepest479
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parts of the basin in 2005-2007. The original thermohaline signature of the WMT is no480

longer present, and only a warm and salty tongue perturbs the bottom of the θ-S pro-481

file (see Piñeiro et al. (2019) for the complete description of the thermohaline evolution482

within the period). Beneath 800 dbar, profiles along the cross-slope section show a gen-483

eralized off-shore density reduction over isobaric levels, indicating an on-slope piling of484

the deep waters (Figure 8b). Maximum densities of 29.116 kg m−3 were recorded in the485

outermost stations of the section, in quasi-homogeneous bottom layers that extended 300 dbar486

above the bottom. Additional homogeneous layers of differentiated density in on-slope487

profiles indicates the presence of bottom boundary layers (BBLs) more than a hundred488

meters thick that are distinct from the weakly-stratified ambient bottom water mass (Fig-489

ure 8b).490

In February 2018, a new deep structure emerged in the θ-S diagram between 1400−491

1800 dbar as a result of the lateral advection of newly-formed dense waters, creating new492

relative maxima of θ and S in the deep layers (Figure 8a). Density profiles along the hy-493

drographic section show significant changes compared to November 2017. The outermost494

stations recorded density inversions of tens of meters throughout the water column por-495

tion where the dense water intrusion occurred, especially notable at station 224. Fur-496

thermore, new BBLs in on-slope profiles coinciding with that pressure range were reg-497

istered, as well as a generalized reduction of density in the BBLs that were observed in498

2017 (Figure 8c).499
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Figure 8. (a) θ-S diagram at station 224 (beneath 1200 dbar) in November 2017 (red line) and in 

February 2018 (blue line). Gray lines denote isopycnal levels (σθ ). Pressure levels cor-responding to 

the February 2018 profile are included for reference. Inset diagram in (a) shows

a comparison between θ-S profiles beneath 800 dbar in November 2017 (red line) and Febru-

ary 2018 (blue line) at station 224, and January 2007 (black line) at the Minorca deep station. 

29.10 kg m−3 and 29.12 kg m−3 isopycnal levels are included. (b) Potential density anomaly (σθ) 

profiles (800 − 2694 dbar) of the ATHAPOC section in November 2017. (c) Same as (b) but in 

February 2018. The profile color denote the station number (see locations in Figure 1b).

Circulation patterns in the outer continental slope of Minorca were captured by 

current meter measurements between September 2015 and August 2018 in the ATHAPOC 

mooring site, which show that the deep boundary circulation is characterized by a pre-

dominantly southward flow (Figure 9a). About 75% of all observations were directed to-

ward the S-SE (v̄ = 0.07 m / s), following the longitudinal axis of the continental slope. 

Records at 1000, 1600 and 2500 dbar reveal a depth-intensification of the current, with 

maximum velocities of 0.3 m / s. Decomposing current time series into cross-slope and 

along-slope components (38◦ anticlockwise rotation; see Figure 1b) yields Figure 9b,c.

As expected, along-slope circulation dominates over the cross-slope component, with a 

stable southward flow of varying intensity that appears to periodically oscillate through-

out the 2015-2018 period. Cross-slope velocities exhibited more variability, with recur-

rent swings between on-slope and off-slope directions. Maximum intensification of the
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along-slope current occurred during three depth-intensified strong pulses of 2-3 weeks512

each between February and March 2018, coinciding with the deep-water formation pe-513

riod and the intrusion of dense water detected in station 224 (Figure 8). From then un-514

til the end of the time series in August 2018, the intensity and variability of both cur-515

rent velocity components increased markedly.516

Daily current direction and velocity
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Figure 9. (a) 24-hour low-passed daily current direction and velocity at 1000 dbar (dark blue

dots), 1600 dbar (light blue dots) and 2500 dbar (turquoise dots) at the ATHAPOC mooring

site (see location in Figure 1b). Red axes refer to cross-slope (x′) and along-slope (y′) directions.

Percentages of the total observations for each direction range are included for reference. (b)

Along-slope component at 1000 dbar (dark blue line), 1600 dbar (light blue line) and 2500 dbar

(turquoise line). (c) Same as (b) but for cross-slope component. Vertical arrow tips in the time

axes of (b) and (c) indicate the dates on which the ATHAPOC section was occupied.

6 Discussion517

The evolution of the complex hydrographic structure emerging after the WMT on-518

set in the deep waters off Minorca Island is consistent with a rather simple conceptual519

study, explored through a numerical model in which a source term modulates nWMDW520

heat-salt advective gains and the background mixing coefficient is enhanced near the bot-521

tom. In this section, we will discuss the robustness of the assumptions behind the 1-D522

simulation that supports this study, the discrepancies between the observed and simu-523

lated evolution and their possible causes, and the insights that can be drawn on deep-524
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ocean mixing dynamics over the continental slope of Minorca during the post-convective525

periods.526

6.1 Simulation of the 2005-2007 θ-S evolution in the deep waters527

6.1.1 Source term properties528

Propagation of newly-formed dense waters from the convection area toward Mi-529

norca implies the advection of vertically heterogeneous water columns that evolve by mix-530

ing with the surrounding waters as they spread throughout the basin. Since the simu-531

lation of the thermohaline evolution of the deep layers over 2005-2007 depends on an ad532

hoc heat-salt source conveniently injected into the July 2005 initial profile, a first ques-533

tion that should be addressed is whether the idealized source term reasonably represents534

known properties of the dense-water formation in 2005-2006.535

The heat and salt lateral advection source term was concentrated around the nWMDW536

core, i.e. beneath the thermo-halocline and above the cWMDW-nWMDW class. The ra-537

tionale of this choice is that the observed evolution of the θ-S diagram indicates a strong538

pull from warmer and saltier water at around the 29.115 kg m−3 isopycnal, in accordance539

with the observed 2006 nWMDW characteristics in the Ligurian Sea and the GoL area540

(Figure 3c; Puig et al., 2013, 2009; Smith et al., 2008; Somot et al., 2018). Likewise, it541

is known that dense shelf waters barely modified the background characteristics of the542

deep water in winter 2006 (Fuda et al., 2009; Puig et al., 2013; Schroeder et al., 2013).543

Dedicated simulations revealed that the newly-formed dense waters in winter 2005 reached544

densities of 29.10 − 29.13 kg m−3 and a formation density threshold of 29.12 kg m−3545

the following winter (Beuvier et al., 2012; Somot et al., 2018), not inconsistent with our546

choice of density classes in which the source term adds heat and salt in the simulation,547

i.e. 29.110− 29.124 kg m−3 (Figure 3).548

6.1.2 Biases associated with cascading water sources549

As outlined above, the intensity of the cascading water signal is maximum at the550

start of the record (lowest θ and S beneath the thermo-halocline) and the 2006 cascad-551

ing event was not reported to generate a conspicuous dense water mass as in 2005, so552

we assume no further specific cascading water sources at these levels in our simple model.553

Nevertheless, a careful look at the evolution of the cWMDW-nWMDW water column554
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segment shows a subtle deviation from the straight mixing line that would be expected555

from diffusion (Figure 2). The actual evolution of heat and salt in the deepest part of556

the water column simulated by the model is slightly warmer and saltier on the near-bottom557

isopycnal levels in 2007 than observed (Figure 7); thus, a modest contribution of cascad-558

ing waters in 2006 may be an explanation for this mismatch.559

It is important to emphasize that, although the observations are consistent with560

the model constraints that we have defined (advection at nWMDW and enhanced deep561

mixing), this is not the only possible explanation of the observations. In particular, we562

are not considering the possible drainage (via advection) of deep cascading waters within563

the simulation period. If such a drainage was considered, the mixing coefficient required564

to match the observations would depend on the magnitude of the cascading water source/sink.565

This possibility cannot be explored without a 3D model and precise knowledge of hor-566

izontal property distributions. However, a simulation of the spatio-temporal evolution567

of the deep waters formed in the winter of 2005 by Beuvier et al. (2012) suggests that568

dense cascading waters were effectively eroded while circulating off Minorca in less than569

a year. While those authors argue that the waters’ spreading velocities may be under-570

estimated in their model, observations of the anomalous WMT structure in the central571

abyssal plain between Minorca and Sardinia in April-May 2005 (Schroeder et al., 2006)572

and in the Algerian sub-basin in the subsequent early-summer (López-Jurado et al., 2005;573

Schroeder et al., 2008) do not exhibit bottom waters denser than 29.125 kg m−3, thus574

endorsing the notion of a strong local consumption of the dense cascading waters off the575

continental slope of Minorca. In any case, the erosion of cWMDW at our observation576

site may be explained exclusively by mixing with overlying waters.577

6.1.3 The post-convective third year: the heave issue578

By construction, the model constrains the hydrographic evolution to arise from a579

combination of diapycnal mixing and a localized source term that simulates the advec-580

tive arrival of distinct water masses. Therefore, our scheme does not account for hydro-581

graphic changes due to the vertical displacement of isopycnals, known as heave (Bind-582

off & McDougall, 1994). Heave-induced changes preserve the θ-S diagram while alter-583

ing the volumetric expression of different water masses, and are commonly caused by dy-584

namical factors (e.g., perturbed currents driving a shift of isopycnal levels, or the lat-585

eral translation of a large-scale gyre).586
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Heave is thus an issue that must be considered in our attempts to isolate the hy-587

drographic signatures of diffusive processes in a single hydrographic station. Piñeiro et588

al. (2019) used the constant K∞-only version of the present model to analyze the long-589

term evolution of the deep waters over 2005-2017, seeking to disentangle advective vs590

diffusive contributions. Advective effects due to the formation of new water types clearly591

emerged in years when deep convection occurred, but other years (like 2007) when no592

deep-water formation was identified also exhibited heat-salt content changes of advec-593

tive origin in the deep layers, mostly linked to the vertical displacement of the overall594

water column structure (i.e. heave).595

In 2007, strong heave pushed downwards the oWMDW-nWMDW interface, as well596

as the underlying water masses. The overall deepening of isopycnals that year was in-597

terpreted as a large-scale dynamical effect, related to post-convective rearrangement of598

water masses following major deep-water formation events. The isopycnal deepening was599

associated with a reduction in near-bottom density, suggesting to stem from a leakage600

of the densest resident waters toward the deepest parts of the basin (Piñeiro et al., 2019).601

At any rate, from early 2007 onward the strong heave present in the record invalidates602

our modeling premises. Indeed, attempts to simulate this period with the adopted model603

setup and K∞(z) optimization were fruitless. K∞(z) estimated under strong heave is604

not only meaningless, but it is also not possible to satisfactorily reproduce the observed605

hydrographic evolution.606

6.1.4 Bulk heat and salt content: advection vs diffusion607

The net lateral advection of heat and salt into the deep layers was estimated from608

the bulk differences between the observed profiles in July 2005 and January 2007 beneath609

1300 dbar. This direct calculation is likely to underestimate the advective terms, since610

it doest not take into account the upward diffusion of heat and salt out of this domain.611

Simulated profiles in January 2007 display a heat and salt content deficit of 4 ×106 J m−2612

and 0.6711 kg m−2 when compared to the observations (Figure 7). Therefore, the ad-613

vective term should have been 2.4% and 8.9% warmer and saltier to balance such a heat614

and salt leakage.615

Piñeiro et al. (2019) estimated the advective contributions to the evolution of the616

deep layers’ heat and salt content between 2005 and 2017 off Minorca, by calculating the617
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differences between the observed profiles (i.e. those underpinning the interpolated dataset)618

and the evolution that each profile would have followed up to the next profile if only dif-619

fusion was operating. Accounting for the diffusive leakage of heat and salt toward the620

oWMDW-nWMDW interface, computed in this way, yields a mismatch error reduced621

to about 0.6%.622

A more rigorous approach would thus be to re-run the model with slightly enhanced623

advective sources and apply further corrections recursively, since the transfer of heat and624

salt depends on the simulated evolution of the hydrographic profiles. This further tun-625

ing has no significant impact on either the simulated evolution of the thermohaline struc-626

ture or the estimated K∞(z). Accordingly, no further corrections were implemented, in627

order to avoid adding unnecessary complexity.628

6.1.5 Advective inputs of newly-formed convective waters629

The evolution of source water inputs to the sampling site is not well captured by630

the relatively sparse hydrographic record, so up to three plausible distinct temporal dis-631

tributions of the source water injection were defined in order to test the robustness of632

the K∞ profile optimization (Figure 4). The model’s final outcome is rather insensitive633

to source water function choice , i.e. all the distributions provide similar vertical pro-634

files of the mixing coefficient. However, the modeled intermediate stage deserves further635

analysis (Figure 7). Simulations using two equally-weighted advective pulses in 2005 and636

2006 overemphasize the remnants of the 2005 injection, which are nearly fully integrated637

into the initial profile of July 2005. The θ-S profile in July 2006 is well reproduced when638

the 2006 injection is centered in March (Simulation 3) and not in April-October (Sim-639

ulation 2), once the deep-water formation period in the GoL is concluded (Somot et al.,640

2018). Further, nWMDW-core θ and S in late winter of 2006 in Simulation 3 are in close641

agreement with reported observations of the nWMDW characteristics in the convection642

area (see purple cross and gray dots in Figure 7b), suggesting that the source term is rep-643

resentative and that newly-formed deep waters spread rapidly toward our site.644

Schroeder et al. (2008) documented the spreading of the 2005-2006 anomaly from645

repeated CTD stations throughout the basin. By April-May 2005, the deep structure of646

the WMT was apparent in the θ-S diagrams to the east and south of the Balearic Is-647

lands and traceable in the Algerian basin, reaching the entrance of the Alboran Sea in648
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less than 6 months. By late 2006, the anomaly was detectable all over the basin. Esti-649

mates from CTD and current meter data in 2018 off Minorca show the same rapid spread650

of newly-formed deep waters. Persistent near-bottom peak velocities of 0.15−0.40 m / s651

are commonly reported on the Catalan continental slope and in the GoL abyssal plain652

(e.g. Durrieu de Madron et al., 2013, 2017; Houpert et al., 2016; Salat, Puig, & Latasa,653

2010) during the post-convective stages, as deep waters leave the convection area with654

the along-slope boundary current and are transported into the basin interior by subme-655

soscale eddies (Send, Font, & Mertens, 1996; Send & Testor, 2017; Testor & Gascard,656

2003, 2006). These velocities are similar to those recorded off Minorca in winter 2018657

in association with dense waters flowing south-eastward into the Algerian sub-basin. As-658

suming a sustained propagation at 0.15 − 0.30 m / s between the formation area and659

our site, newly-formed dense waters would arrive at the continental slope off Minorca660

in less than one month. Therefore, signatures of distinct newly-formed dense waters quickly661

arriving at our sampling site within each deep convective year should be noticeable in662

the hydrographic profiles. A higher sampling rate is required to confirm this in future663

deep-water formation events.664

6.2 Bottom-enhanced mixing during the post-convective stages665

From consecutive observations with a marked diffusive behaviour, Piñeiro et al. (2019)666

estimated a depth-independent coefficient for the entire water column of K∞ = 4.25×667

10−4 m2 s−1, which was considered representative of the mean level of mechanical mix-668

ing in the region. In this study, we find the evolution of the hydrographic structure dur-669

ing the convective and post-convective stages of the 2005-2007 period to be best described670

by a K∞(z) profile with a sharp increase from ∼ 1400 dbar to the bottom, where the671

mixing rate is five times larger than the previously estimated local background diffusiv-672

ity (Figure 5).673

Since the present study was motivated by the rapid erosion of the cascading wa-674

ter properties, it is somewhat surprising that the observed thermohaline evolution can-675

not be satisfactorily reproduced with a mixing intensification restricted to near the bot-676

tom, where the cascading waters lie. Instead, the layer of elevated turbulence extends677

1000 dbar above the bottom, coinciding with the upper limit of the source term beneath678

the base of the thermo-halocline. Thus, enhanced diapycnal fluxes of heat and salt in679

the deep layers effect a more efficient transfer of the laterally-advected properties through-680

–31–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR-Oceans

out the water column, leading to a rapid erosion of the intruding signals (see red and blue681

lines in Figure 6).682

While the representativeness of the imposed temporal distributions of lateral ad-683

vective sources and the suitability of a temporally invariable K∞(z) profile may be de-684

bated, our results robustly indicate that the dense waters injected in 2005-2006 expe-685

rienced persistent, intense diapycnal mixing. Evidence of such strong mixing has not been686

reported so far in observations or estimates from previous ocean mixing studies in the687

WMED basin interior. Our estimated K∞ ∼ 22×10−4 m2 s−1 in the deep layer greatly688

exceeds the upper limit of reported values in the deep WMED interior, which are in the689

range 0.1−10×10−4 m2 s−1 (Cuypers, Bouruet-Aubertot, Marec, & Fuda, 2012; Fer-690

ron, Bouruet-Aubertot, Cuypers, Schroeder, & Borghini, 2017), as well as characteris-691

tic mixing rates beneath the permanent thermocline of the global ocean (Waterhouse et692

al., 2014). Thus, the occurrence of this intense deep mixing calls for further discussion.693

Local intensification of turbulent mixing is commonly observed in association with694

shear stresses at the seabed, and results in well-mixed bottom boundary layers (BBLs)695

that can extend tens of meters above the bottom (Lueck, 2001). The deep amplification696

of K∞(z) in our model spans well above the vertical range where intense mixing might697

be expected to be sustained by locally-generated near-bottom turbulence. Indeed, the698

presence of BBLs in the four actual observations that underpin our interpolated record699

is intermittent and detectable at most up to 60 m above the bottom. This suggests that700

the intense mixing required to explain the observed hydrographic evolution off Minorca701

during 2005-2007 does not reflect an in situ mixing process, but may be the signature702

of well-mixed waters being laterally advected toward our site.703

The continental slope of Minorca is regarded as a plausible source of the mixing704

necessary to reproduce the 2005-2007 observations. Topographic stress generated by a705

steady flow along a sloping boundary produces an associated downwelling Ekman trans-706

port if the background flow is in the direction of Kelvin wave propagation (Benthuysen707

& Thomas, 2012). The bottom Ekman transport across isobaths advects relatively light708

water beneath denser waters, rendering stratification unstable and triggering convective709

instabilities. The ensuing mixing over the sloping bottom induces a tilt of isopycnals and710

a thickening of the BBLs, which have been suggested to act as hotspots for water mass711

transformation in the abyssal ocean (Ferrari, Mashayek, McDougall, Nikurashin, & Campin,712
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2016). Recently, boundary-interior communication of the effects of such topographically-713

localized turbulence associated with a Southern Ocean deep current flowing along a slop-714

ing bottom was thoroughly documented by Naveira-Garabato et al. (2019) (Figure 10),715

who reported large K∞ values in the near-boundary region comparable to those estimated716

with our optimization-based approach. The occurrence of such a deep boundary mix-717

ing in the continental slope of Minorca is explored by means of the ATHAPOC CTD cross-718

slope high-resolution section and mooring, which captured the arrival of newly-formed719

dense waters in winter 2018, over a decade after the WMT onset.720

Figure 10. Schematic of the deep boundary mixing mechanism developing over a linear

topographic slope. Solid contours indicate density surfaces and dashed lines indicate the weakly-

stratified bottom boundary layer (BBL). The direction of the background flow is denoted by

the circled dot. Topographic stress induced by the boundary current triggers a downwelling Ek-

man transport of relatively light waters across the BBL, enhancing diapycnal mixing. Lateral

exchange between well-mixed near-boundary layers and the stratified interior advects away the

effects of the topographically-localized water transformations.

Hydrographic and current data gathered above the continental slope of Minorca721

during 2017-2018 exhibit a range of features indicative of the deep-ocean mixing mech-722

anism documented in the Southern Ocean. Current meter data during 2015-2018 show723

that the general circulation pattern over the continental slope is characterized by a depth-724

intensified, predominantly southeastward flow that follows the longitudinal axis of the725

continental slope (Figure 9a), in line with the deep cyclonic circulation of the WMED726

basin (Send & Testor, 2017). In February-March 2018, the along-slope velocity inten-727

–33–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR-Oceans

sified to values of 0.3 m / s in three distinct episodes (Figure 9b), and lateral advection728

of newly-formed dense waters is evident at the outer continental slope (Figure 8). The729

expected response in the density structure due to the topographic stress associated with730

the intensified along-slope flow may be registered in the on-shore stations in February731

2018, which show the occurrence of new thick BBLs (not present in the November 2017732

profiles) coinciding with the isobaric range where the intrusion’s core was detected in the733

off-shore station (Figure 8). Interestingly, cross-slope velocity variability and intensity734

increased markedly following the along-slope transport of the newly-formed dense wa-735

ters until the end of the time series in August 2018 (Figure 9c). This is compatible with736

the lateral exchange of well-mixed boundary layers that effectively propagates the effect737

of the BBL turbulence away from the sloping boundary (Naveira-Garabato et al., 2019).738

The overall sequence observed in winter of 2018 is, thus, plausibly consistent with in-739

tensified bottom boundary mixing over the continental slope induced by the enhanced740

along-slope circulation that follows deep-water formation in the GoL area. This deep-741

ocean mixing mechanism is expected to have been operating after the much more dra-742

matic deep-water formation events in 2005 and 2006, and could explain the strong deep743

mixing diagnosed by our optimization procedure in the outer continental slope off Mi-744

norca during the WMT initial stages. A future targeted study of boundary mixing in745

this region is called for to corroborate and develop the indicative evidence presented here.746

7 Conclusions747

Hydrographic time series from a regularly-occupied deep station in the outer con-748

tinental slope off Minorca enables to trace the changes in the WMED deep layers fol-749

lowing the appearance of the WMT thermohaline structure in the winter 2005, up to the750

present day. The rapid erosion of the original WMT near-bottom hydrographic struc-751

ture, observed during the first two years of the record, is shown to provide evidence of752

regional bottom-intensified mixing. The local evolution of the WMT hydrographic struc-753

ture during 2005-2007 was reproduced through a combination of lateral advection of dense754

waters and diapycnal mixing, using a 1-D diffusion model with a source water term that755

encapsulates our current knowledge of dense-water renewal in the area. An optimization756

algorithm was adopted to infer a depth-dependent turbulent mixing rate.757

We find that almost the entire water column influenced by the WMT experienced758

persistent, intense mixing greatly exceeding previous rates estimated for the region, and759
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not only in the densest waters. As no indication of such a vertically extensive, local depth-760

intensified mixing can be obtained from the observations, ex situ mixing of the deep wa-761

ters and subsequent transport toward our site was considered. New hydrographic and762

current measurements above the continental slope off Minorca in the winter of 2018 show763

evidence of mixing intensification near sloping topography as along-slope flow of newly-764

formed dense waters occurs. This suggests that strong boundary mixing and lateral ex-765

port is a plausible source of the remarkably intense and extensive deep-water transfor-766

mation inferred during the 2005-2007 period offshore Minorca Island.767

This study advances our knowledge of the WMT evolution during its initial stages,768

and points to a boundary mixing mechanism not previously described in the WMED.769

A dedicated investigation of this mechanism will be the subject of future work.770

A Differential Evolution global optimization algorithm771

The best guess of the K∞(z) profile is obtained by means of a Differential Evolu-772

tion (DE) global optimization algorithm which finds the parameters of (1) that minimize773

errors between the observed θ and S profiles and the simulation. DE is an iterative method,774

not derivate-based, which use a population of individuals, here representing the param-775

eters of (1), that evolves generation by generation toward the solution that minimises776

the objetive function. The algorithm operates as follows:777

Initially, a random population of size m, is generated in the search space. Every778

individual, j ∈ [1,m], is defined by a vector vj = [cj1, cj2, cj3] which contains a value779

for each parameter of (1). For every j, a fit value is also defined, gj , in our case the er-780

ror computed by means of (2). At every generation, the best individual (b) in the pop-781

ulation that satisfies gb = min(gj) for all j is identified. The initial values for v are taken782

from a uniform distribution between two limits for each parameter:783

vj = Lmin
j + (Lmax

j − Lmin
j )U [0, 1). (A.1)

In our case, appropriate values for theses limits were: c1 ∈ [0.0010, 0.0040] m2 s−1,784

c2 ∈ [10, 100] m and c3 ∈ [zmin, zmax], where zmin and zmax correspond to the upper785

and lower limit of the vertical domain of the simulation.786
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There are several variants of DE. In this study, DE/current-to-best/1 scheme was787

used. The evolution process at each generation, ig ∈ [1,ng ], follows the algorithm:788

1. ig is increased in 1. The fit, gj , of every individual, j, is then calculated, and the789

best one, b, is detected.790

2. For each individual, j, two individuals are randomly selected k1, k2, j 6= k1 6=

k2, and the following calculation is performed:

ujl = (1− µ)vjl + µvbl + F (vk1l − vk2l), (A.2)

where F is a mutation factor and µ is the weight of the best individual in the mix-791

ing (A.2). l ∈ [1, 3] refers to each parameter of function (1) defining vj .792

3. A crossover is carried out, depending on a probability, CR, by:

wjl =

 ujl, if xjl < CR,

vjl, otherwise,
(A.3)

where xjl is a randomly selected number that satisfies xjl = U [0, 1).793

4. If some of parameters wjl violate the constraints, they are returned into the fea-

sible area:

vjl = max(min(wjl, L
max
j ), Lmin

j ). (A.4)

Then vjl, j ∈ [1,m], l ∈ [1, 3], is the population for the next generation.794

5. If ig reaches ng or the population has little dispersion, due to ḡ < tol · sg, be-795

ing ḡ the mean and sg the standard deviation of gj , j ∈ [1,m], then the itera-796

tion is halted, with the best individual as the solution.797

Otherwise step 1 follows.798

Numerical parameters adopted in this study were: m = 15, ng = 60, tol = 0.0025,799

F = 0.5671, CR = 0.5. Weight of the best individual in the mixing, µ = 0.2+0.8(ig/ng)2,800

changes at every generation, ig . This enables the optimization algorithm to first widely801

explore the search space, but afterward it focuses on the exploitation of the most promis-802

ing area. For further information on DE, the reader is referred to Chakraborty (2008);803

Feoktistov (2006).804
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A., Fernandez de Puelles, M. L., . . . Vargas-Yáñez, M. (2015). The901
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Figure 9.
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Figure 10.
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