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ABSTRACT

The Mediterranean Outflow Water (MOW) spills from the Mediterranean Sea (east North Atlantic basin)

west off the Strait of Gibraltar. AsMOWoutflows, it entrains easternNorthAtlantic CentralWaters (ENACW)

and IntermediateWaters to form the neutrally buoyantMediterraneanWater (MW) that can be traced over the

entire NorthAtlantic basin. Its high salinity content influences the thermohaline properties of the intermediate–

deepwater column in theNorthAtlantic and its dynamics. Here, the composition ofMW in its source region (the

Gulf of Cádiz, west off Strait of Gibraltar) is investigated on the basis of an optimum multiparameter analysis.

The results obtained indicate that mixing of MOW (34.1% 6 0.3%) occurs mainly with overlying ENACW

(57.1%6 0.8%) in a process broadly known as central water entrainment. A diluted form (80% of dilution) of

the Antarctic Intermediate Water (AAIW) reaches the region and also takes part in MW formation (8.3% 6
0.5%). Finally, the underlying Labrador SeaWater (LSW) also contributes (0.4%6 0.1%) to the characteristics

ofMW. From these results and considering 0.74 Sverdrups (Sv; 1 Sv[ 106m3 s21) as themean outflow ofMOW,

the MW exportation rate was inferred (2.2 Sv), which, decomposing MW, means that the MOW outflow is

accompanied by 1.24 Sv of entrained ENACW, 0.18 Sv of AAIW, and ,0.01 Sv of LSW.

1. Introduction

Mediterranean Water (MW) provides the North At-

lantic basin with unique thermohaline properties. Its sa-

linity maximum can be clearly traced in the entire North

Atlantic (Reid 1994), and it has been the subject of nu-

merous studies (Arhan and King 1995; Iorga and Lozier

1999a,b; van Aken 2000b). MW transfers some thermo-

haline signature to the lower meridional overturning

circulation limb by means of the North Atlantic Deep

Water formation (Reid 1994), and therefore it plays a

notable role on the meridional overturning circulation

and, by extension, in the large-scale climate (Lionello

et al. 2006). Also significant, MW is the water mass with

the highest lead content (Malakoff 2014), thus printing

and extending a traceable signal of pollution from the

Mediterranean Sea into the North Atlantic. MW origi-

nates in the Gulf of Cádiz (GoC), a region south of the

Iberian Peninsula (from the Strait of Gibraltar until

approximately 78W; Fig. 1), by mixing of the outflow

from the Mediterranean Sea [Mediterranean Outflow

Water (MOW)] with the subsurface and intermediate

waters of the northeast Atlantic basin (Worthington

1976; Baringer and Price 1997).
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The Mediterranean Sea is a semienclosed sea located on

the eastern side of the NorthAtlantic basin (Fig. 1), and it is

characterized by a two-layer thermohaline cell of circulation

with an order of magnitude of 1Sverdrup (Sv; 1 Sv [
106m3s21) (Lionello et al. 2006). Atlantic Water—mean

value of the salinity minimum at the Strait of Gibraltar of

S 5 36.2psu (García-Lafuente et al. 2007, 2011)—inflows

through the Strait of Gibraltar (Fig. 1) in the upper layer

toward the Mediterranean Sea. As it spreads eastward, its

salinity (and consequently its density) increases through in-

tense evaporation. During winter, the cooling increases its

density evenmoreand favors thewatermass sinkingbydeep

convection. This newly formed water mass spreads back to

the west at intermediate levels, mixing on the way with the

surrounding waters, and reaches the Strait of Gibraltar as

MOW (Zenk 1975; Rhein and Hinrichsen 1993; Baringer

and Price 1997; Siedler et al. 2001; Huertas et al. 2012).

After leaving the Strait ofGibraltar,MOW(S5 38.402–

38.408psu and u 5 13.1458C; García-Lafuente et al. 2007,
2011) spills over the slope, dragging and entraining eastern

North Atlantic Central Water (ENACW; Zenk and Armi

1990; Price et al. 1993; Rhein and Hinrichsen 1993). This

process of downwelling and mixing generates an area

of convergence and subduction (overturning circulation)

in theGoC thatwill have a dynamical impact on the upper-

layer circulation of the subtropical eastern North Atlantic

(Jia 2000).

As a result of the mixing undergone, the MOW volume

increases more than twice [from 1 to 3Sv, according to

Worthington (1976), or from 0.7 to 1.9Sv, according to

Baringer and Price (1997)], and the result is a less saline

watermass, whichwewill particularly refer to asMW(Ríos
et al. 1992; Ambar et al. 1999; van Aken 2000b; Àlvarez

et al. 2004, 2005; Fusco et al. 2008; Alves et al. 2011). With

MOW being the origin of MW and the real input from the

Mediterranean Sea, MWwill become a well-differentiated

neutrally buoyant water body that will spread from the

Cape St. Vincent (Fig. 1) into the entire North Atlantic.

In the GoC, until approximately 78W, MW is still a

bottom-trapped density current (Baringer and Price 1997).

By about 7.58W, the deeper portion of the MW starts to

detach from the bottom and begins to intrude into the

North Atlantic thermocline. Once the flow reaches Cape

St. Vincent (Fig. 1), it becomes neutrally buoyant and

FIG. 1. Location of the station data used in this study (see Table 1 for reference). Shaded arrows

roughly indicate main currents and water masses advective paths: Portugal Current (PC), Azores

Current (AC),AzoresCounterCurrent (ACC),CanaryCurrent (CC),ENACW(188, 128, and 108C),
MW,AAIW, LSW, andNEADWL. Inset map shows the salinity contours [WorldOceanAtlas 2009

(WOA09); psu] on the s1 5 32.2mmol kg21 (s1; potential density referred to 1000dbar).
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floats off the bottom (Baringer and Price 1997, 1999). MW

flows mainly northward along the European western

margin, parallel to the bathymetry contours until the

Porcupine Bank (538N). It also follows a westward/

southwestward route mostly associated with the move-

ment of intermediate anticyclonic eddies (meddies; Bower

et al. 1995; Shapiro and Meschanov 1996; van Aken

2000b). A less pure core than that of the MW northward

vein or meddies also spreads westward (Fig. 1), within a

secondary advective route related to the Azores Coun-

tercurrent (Carracedo et al. 2014, 2015).

The relevance of the contribution of MW on

intermediate–deep layers of the North Atlantic circu-

lation has been noticed (Reid 1978, 1979, 1994; Saunders

1982; Emery and Meincke 1986; Arhan 1987; Schmitz

1996) and considered in previous studies intending to

quantify the water masses mixing in this region of the

ocean (Álvarez et al. 2004, 2005; Louarn and Morin

2011; Carracedo et al. 2012, 2014, 2015). All these latter

studies have made use of optimum multiparameter

(OMP) analyses (Tomczak 1981; Tomczak and Large

1989), which are relatively simple mathematical ap-

proaches to solve the water mass structure. In particular,

the composition of the MW has been investigated in

various previous studies. Zenk (1975) estimated MW as

the mixing between MOW and North Atlantic Central

Waters (32% and 68%, respectively, based on temper-

ature and salinity). Lately in a deeper study, Rhein and

Hinrichsen (1993) investigated the contribution of

MOW and central waters to the double maximum fea-

ture of MW (Zenk 1970, 1975; Howe et al. 1974; Ambar

and Howe 1979a; Zenk and Armi 1990). They found a

higher in situ nutrient concentration than expected by

ENACW–MW mixing, which was attributed to the

possible local nutrient sources in theGulf. As a response

to these latter result, Louarn and Morin (2011) outlined

the possible implication of the Antarctic Intermediate

Water (AAIW) in the formation of MW, thereby mak-

ing Rhein and Hinrichsen’s hypothesis of an external

nutrient source no longer necessary. Louarn and Morin

(2011) quantified the proportion ofAAIW in theMWby

using a highly diluted local form (u 5 10.2548C; S 5
35.623psu).

Considering the potential influence that the Medi-

terranean Sea and its variability may have on the dy-

namical scenario of the North Atlantic circulation, it can

be an advantage for future water mass studies to con-

sider the signal of MW from its original sources. This

study provides new and robust estimates of the compo-

sition of MW (i.e., the ratio between MW source water

masses), as well as a more general view of the mixing

between the water masses characterizing the GoC re-

gion (Fig. 1). We have used historical data in order to

obtain a more extended sampled area with respect to

previous studies. Besides, we have developed an OMP

analysis based on more general definitions of the water

masses and for the whole water column in order to

have a clear vision of the water mass interaction in the

GoC. In the analysis, the main subtropical and subpolar

varieties of the ENACW are considered separately and

the influence of the deep and bottom North Atlantic

waters is also taken into account. Here, we consider the

characteristics of the AAIW core flowing in the eastern

North Atlantic as it passes through the Lanzarote Pas-

sage on its way northward (Fig. 1), which is the location

that provides the most complete and reliable AAIW

characterization in the eastern North Atlantic at these

latitudes (Machín and Pelegrí 2009). The characteristics
of the resulting MW define the main core, which enters

the circulation system of the North Atlantic region. Our

results tend to be concordant with the water mass

transports assigned to the MW flow into the North

Atlantic.

The paper is organized as follows: In section 2, we

describe the data used in the study (section 2a), the

methodology followed for the OMP analysis (section

2b), including a description of the water masses par-

ticipating, the variables included, and how we model

their mixing and the methodology followed to provide

the MW decomposition. In section 3, we describe and

discuss the results from theOMP analysis (contributions

to the mixing of the different water masses; section 3a)

and the decomposition ofMW in its source water masses

(section 3b). And finally, in section 4, we resume the

results and conclude the study.

2. Data and method

a. Dataset

We have compiled historical data in the GoC region

(Fig. 1) that covered this area from 348 to 378N in lati-

tude and from 5.58 to 98W in longitude. The dataset

(Table 1) was constructed by means of two databases

and seven particular cruises. The hydrographic cruises

included in the dataset were Bord-Est 3 (DB3-1989;

Fig. 1, asterisks), Sortie des Eaux Méditerranéennes en
Atlantique Nord-Est (SEMANE-2002; Fig. 1, squares),

Producción Pelágica en la Plataforma Atlántico-Anda-

luza (P3A2-2007; Fig. 1, plus signs), and two last cruises

from the Southern European Seas: Assessing and Mod-

eling Ecosystem Changes (SESAME-2008) project

(Fig. 1, crosses). Regarding the databases, we took only

those data having all the variables needed for the OMP

analysis [see appendix A]. Two databases were used: the

Global Ocean Data Analysis Project (GLODAP; http://

cdiac.ornl.gov/oceans/glodap/), where we obtained data
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from 1981 to 2013, and the Mediterranean Data Ar-

chaeology and Rescue (MEDAR)/Mediterranean Hy-

drographic Atlas (MEDATLAS; http://www.ifremer.fr/

medar/), where we selected data from 1998 to 2001.

b. Multiparameter mixing (OMP) analysis

Themain principle behind theOMPanalyses (Tomczak

1981) is to consider the physical and chemical proper-

ties, measured at each single point in the ocean, to be

the result of the mixing of a certain number of water

masses [source water types (SWTs)] present in the re-

gion. From their beginning, the OMP analysis have

been widely used in oceanography and not only to

study the water masses structure and mixing (Castro

et al. 1998; Poole and Tomczak 1999; Álvarez et al.

2004, 2005, 2014; Johnson 2008; Louarn and Morin

2011; Pardo et al. 2012) and/or their temporal vari-

ability (Carracedo et al. 2012; García-Ibáñez et al.

2015), but also to solve nutrient mineralization and

oxygen utilization patterns (Pérez et al. 1993, 1998,

2001; Lønborg and Álvarez-Salgado 2014; Álvarez-

Salgado et al. 2014), the age of the water masses

(Karstensen and Tomczak 1997), or the anthropogenic

carbon storage in the ocean (Álvarez et al. 2004, 2005;

Flecha et al. 2012; Pardo et al. 2012).

In mathematical terms, the OMP analysis is a

mathematical approach based on measured data that

solves the mixing between SWTs by a least squares

method constrained to be positive definite. The SWTs

are points in the n-dimensional parameter space (with

n as the number of properties that characterize each

SWT) and refers to a water body used as reference,

either corresponding to a water mass originally formed

at its source region by air–sea interaction or to a va-

riety of it. SWTs’ physicochemical characteristics are

supposed to be well known, constant with time, and

equally affected by mixing. Directly related to this

latter assumption, those layers of the water column

affected by air–sea interaction are excluded from

the analysis (broadly first 50 dbar). Because of the

assumption of time invariance of the SWTs’ properties,

the distribution of the SWTs may also reflect, in ad-

dition to the spatial variability of their spreading, the

interannual variations of the pure SWTs during their

formation. As result, the fractions Xi of a specific

subset of i SWTs (mixed by diapycnal or isopycnal

mixing processes) are obtained from the characteris-

tics of a given water sample. The different subsets of

SWTs involved in a mixing process are what we will

refer to as mixing figures (MFs). The term figure refers

to the geometrical space in the u–S plane formed by

two SWTs (line segment), three SWTs (triangle), four

SWTs (square), and so on. Actually, the mixing figures

are n-dimensional spaces. In this study, each mixing

figure was constituted by a maximum of four SWTs in

order to solve the system of seven equations (appendix

A; Table A1) and five unknowns (X1, X2, X3, X4, and

DO; with DO as the oxygen consumed in the sample

due to the respiration of organic matter) with at least

two degrees of freedom (i.e., number of unknowns ,
number of equations).

The choice of the MFs will be based on the following

aspects: (i) the characteristics and vertical distribution

of the water masses, (ii) the dynamics of the SWTs in

the region of study, and (iii) the continuity of the

mixing by imposing that eachMF has at least two SWTs

in common with the neighboring MF. For a given

sample, the MF whose fractions Xi reproduce the best

the properties (produce the lowest residual) will be

assigned to this sample on the basis of an OMP analysis

using only conservative variables [for more in-

formation see the works by Pardo et al. (2012) and

García-Ibáñez et al. (2015)].
Here, we make use of a (two step) methodology

[section 2b(2)] based on OMP analyses in order to

obtain the fractions of eight SWTs characterizing

the GoC. Of relevance for the eOMP setup, we

will first describe [section 2b(1); Table 2] the main

water masses in the region of study and their

definitions (SWTs).

TABLE 1. Summary of data combined to construct the Gulf of Cadiz OMP database.

Data Date No. stations No. bottle data References

Databases MEDATLAS 1948 to 1998 71 790 Fusco et al. (2008)

GLODAP 1981 to 2013 87 1185

Additional Cruises BD3 9 May 1989 26 May 1789 13 160

SEMANE 16 Jul 2002 22 Jul 2002 37 331 Louarn and Morin (2011);

Alves et al. (2011)

P3A2-COASTAL 13 Oct 2007 23 Oct 2007 14 15

SESAME I–II 13 Apr 2008 14 Apr 2008 6 25 Huertas et al. (2012)

25 Sep 2008 27 Sep 2008 6 38

Total data 311 3174
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1) u–S DIAGRAM AND WATER MASSES

CHARACTERIZATION

In the eastern North Atlantic, the central waters

(ENACW) are characterized by a u–S mixing line that

can be split into two segments (Fig. 2) that represent the

subtropical and the subpolar branches (Ríos et al. 1992).
The inflection point (ENACW12, 12.28–12.308C, 35.66psu;
Castro et al. 1998) between both segments is the upper

limit of the subpolar ENACW given by Harvey (1982).

Originally the Subtropical Mode Water is formed at the

northern margin of the Azores Current (around 368N;

Fig. 1) spreading toward the Iberian Peninsula (Ríos
et al. 1992) and reaching the GoC region. Because its

properties vary mainly due to air–sea interactions

(Pollard and Pu 1985), here we will refer to this upper-

most ENACW extreme as ENACW18, characterizing

the upper layers of the GoC region with a straight line

(ENACW12 to ENACW18) in the u–S diagram (Fig. 2;

Gascard and Richez 1985; Criado-Aldeanueva et al.

2006). As for the lowest ENACW bound, ENACW10

accounts for the Subpolar Mode Water that is originally

formed at high latitudes in the Subpolar Gyre by winter

convection, commonly known in that source region as

Subpolar Mode Water (8.08C, 35.23psu; McCartney and

Talley 1982; Brambilla and Talley 2008). At lower latitudes,

the presence of this water mass likely relates to the south-

ward recirculation of the North Atlantic Current in the

eastern basin. A pronounced southward subduction exten-

sion of SubpolarModeWater is depicted (Paillet andArhan

1996), ventilating the permanent thermocline at those lati-

tudes (Keffer 1985). Off the Portuguese coast, and as we get

closer to the GoC region, the mixing with the underlying

MW (vanAken 2000b) abruptly erodes the SubpolarMode

Water u–S extreme (Emery and Meincke 1986). We re-

sorted to water mass studies off the Iberian coast (Fig. 1;

Harvey1982; Fiúza et al. 1998),whosedefinition, from in situ

data, coincided with the lower limit of the deeper ENACW

straight segment (10.08C, 35.40psu), that is, ENACW10.

The overflow from theMediterranean Sea stays below

the central waters. MOW properties (13.28C, 38.4 psu;

Fig. 2) were selected as the extreme properties of the

TABLE 2. Summary and references for the main Source Water Types (SWTs) found in the Gulf of Cádiz region.

Name Acronym Characteristics References

Central Eastern North Atlantic Central

Water Subtropical

ENACW18 Warmest subtropical centralmodewater

found in the area of study, originally

formed at the northern margin of the

Azores Current (ENACW16) at about

368Nandmodified a posteriori by air–

sea interaction

Gascard and Richez (1985);

Ríos et al. (1992);
Criado-Aldeanueva

et al. (2006)

Eastern North Atlantic Central

Water of Harvey

ENACW12 Limit between subpolar and

subtropical modes

Harvey (1982); Ríos
et al. (1992); Castro

et al. (1998)

Eastern North Atlantic Central

Water Subpolar

ENACW10 Coldest central mode water originally

formed at the cyclonic gyre located

in the northeast Atlantic

Harvey (1982); Fiúza
et al. (1998)

Intermediate Mediterranean Outflow Water MOW Saltiest water spilling down across

the Strait of Gibraltar originally

formed in the Mediterranean Sea

Reid (1994); García-
Lafuente et al. (2007)

Mediterranean Water MW Characterized by a salinity maximum,

water mass formed in the Gulf of

Cádiz region by entrainment of

central waters to the MOW

Ambar and Howe

(1979a); Price et al.

(1993); Pérez et al.
(2001); Álvarez et al.

(2005)

Antarctic Intermediate Water AAIW Originally formed in the Antarctic

Subpolar Front, is characterized by

a salinity minimum and silicate

maximum

Tsuchiya (1989); Talley

(1996); Machín and

Pelegrí (2009)

Deep Labrador Sea Water LSW Originally formed in the Labrador

Sea, is characterized by an oxygen

maximum

Paillet et al. (1998)

Bottom Northeast Atlantic Deep

Water lower

NEADWL Remains of the Antarctic Bottom

Water that enters the eastern

Atlantic basins at the Vema

Fracture Zone near 108N. Charac-

terized by a silicate maximum

Harvey (1982); Saunders

(1982)
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overflow in the Strait of Gibraltar, at Camarinal Sill

(5.758W;Gascard andRichez 1985; Rhein andHinrichsen

1993; Reid 1994; García-Lafuente et al. 2007). Once

MOW reaches the GoC it mixes with central and in-

termediate waters forming MW. Actually, the mixing

process between MOW and the surrounding waters in

the GoC region leads to the formation of two cores of

MW at different depths: intermediate (;800m) and

deep (;1200m; Howe et al. 1974; Zenk 1975; Ambar

and Howe 1979a; Baringer and Price 1997; Iorga and

Lozier 1999a,b). Moreover, some studies have iden-

tified a very local presence of a shallower subsurface

core (;400m; Madelain 1970; Ambar 1983). At 208W
generally the intermediate core is no longer distin-

guishable (Tsuchiya et al. 1992) so that the deep MW

core will be the diffuse Mediterranean ‘‘tongue’’

spreading, at about 1200-m depth, through the entire

North Atlantic, mixing with the surrounding waters and

modifying mostly the salinity of intermediate-to-deep

waters in the North Atlantic basin (Talley 1996). In

the northeast Atlantic, the typical properties for MW

(11.748C; 36.5 psu; Fig. 2) correspond to that deeper core
once stabilized at 98W (Ambar and Howe 1979a; Price

et al. 1993; Pérez et al. 2001;Álvarez et al. 2004, 2005). In

this study, we are interested in this more general un-

derstanding of MW, rather than differentiating between

cores, in order to provide a simplified relation between

the Mediterranean Sea and the North Atlantic water

masses’ contributions. Note, in that case, that the upper

core of MW will be understood as a continually de-

creasing contribution of MW upward from its deepest

core with extreme thermohaline properties.

AAIW forms in southern polar regions (3.148 , u ,
5.68C, 34.14 , S , 34.4 psu; McCartney and Talley

1982), near the Subantarctic Front (Tsuchiya 1989;

Talley 1996), and flows northward in the Atlantic Ocean

mainly through the western boundary current system

and its eastward extensions (Tomczak andHughes 1980;

FIG. 2. Potential temperature (u, surface reference level) vs salinity diagram showing the

position of the source water types. Dark (light) gray circles (crosses) correspond to data west

(east) Cape St. Vincent. Inlet figure shows in dark (light) gray, the area for which data are

shown. Gray lines correspond to s1 isopycnals. East North Atlantic Central Water (ENACWu;

with u 5 188, 128, or 108C), MW, MOW, AAIW, LSW, and NEADWL. The dotted square

comprises data used in section 3a(2).
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Reid 1994). It has been identified as far as 328N in the

eastern North Atlantic basin (van Aken 2000a; Álvarez

et al. 2005). Despite the erosion while it spreads, AAIW

is commonly characterized by a salinity minimum and,

north of 208S, by a silicate maximum. Typical thermo-

haline values given to this water mass in the North At-

lantic are in the ranges 6 , u , 7.98C, and 34.9 , S ,
35.0 psu (Tsuchiya et al. 1992; Pérez et al. 2001;Álvarez

et al. 2004, 2005; Carracedo et al. 2012, 2014, 2015).West

off the Iberian Peninsula, the presence of MW affects

abruptly its salinity minimum.Machín et al. (2006, 2010)

and Machín and Pelegrí (2009) have identified and ex-

tensively characterized the passage of AAIW (78 #

u# 88C, S, 35.4 psu, and SiO2. 15mmolkg21) between

the Canary Islands and the African coast (Lanzarote

Passage; Fig. 1). They set this channel as the main path

for AAIW penetration along the North Atlantic east-

ern margin, that is, the exact location where its ex-

treme properties are found. Here, the u–S properties

of AAIW (Fig. 2) were selected as obtained from the

2009 Shelf–Ocean Exchanges in the Canaries-Iberian

Large Marine Ecosystem (CAIBEX) Project Boxlike

cruise (CAIBOX-2009) data in the Lanzarote Passage

(7.248C; 35.3 psu; Carracedo et al. 2015).

Finally, the deep to bottom layers of the domain

(western half region, from ;1500m down) are charac-

terized by the presence of the relatively high ventilated

(high oxygen) Labrador Sea Water (LSW) and the un-

derlying Northeast Atlantic Deep Water (NEADW).

LSW flows anticyclonically into the eastern basin

(Paillet andMercier 1997). To define the SWT for LSW,

we have considered the u–S properties (3.48C, 34.89 psu)
widely accepted for LSW once it crossed the Mid-

Atlantic Ridge (Álvarez et al. 2005) but slightly adjust-

ing the salinity to 35.0 psu, a value that is characteristic

for the LSW at the Azores–Biscay Rise (Fig. 1; Paillet

et al. 1998). As for theNEADW, this watermass initially

originates in the subpolar region as a result of different

entrainments that occur along the journey of the

Iceland–Scotland Overflow Water through the Iceland

basin (van Aken 2000a). On its way southward through

the northeast Atlantic basin, NEADW recirculates an-

ticyclonically in the Iberian basin (Paillet et al. 1998),

being influenced by LSW and MW on its upper bound

(Dickson and Brown 1994; van Aken 2000a) and by the

low salinity, high silica Antarctic Bottom Water of

southern origin on its deepest bound (van Aken 2000b).

We will refer to this modified AABW SWT as lower

NEADW (NEADWL), defined in the eastern basin by

the point 1.928C, 34.89 psu (Fig. 2) following Castro et al.
(1998). Those properties correspond to the NEADWL

flowing north across theVema Fracture Zone (McCartney

et al. 1991). NEADWL circulates strongly constrained by

the topography, forming a cyclonic gyre in the eastern

basin (Paillet and Mercier 1997). From about 3000dbar to

the bottom, there is a practically linear u–S relationship for

the NEADW (Saunders 1982).

Once the most suitable u and S properties were de-

fined (Table 3), the chemical characterization of the

SWT was completed with their oxygen (O2
0) and nutri-

ents (NO3
0, PO4

0, and SiO2
0) concentration values (the

superscript 0 means preformed variables). The O2
0

values were initially established equal to saturation

(Table 3, in parentheses; Weiss 1970) and then adjusted

so as not to get negative values for respiration (DO$ 0)

and to account for the disequilibrium between the O2

content in the atmosphere and in the water mass at its

time of formation (in the surface ocean; Ito et al. 2004).

In the case of nutrients (Table 3, in parentheses), for

ENAWC18 they were initially (preiteration values) set-

tled at 0. For ENAWC12, ENACW10, MOW, and LSW,

we based our initial selection on literature [ENAWC12

TABLE 3. Characteristics of SWTswith their correspondent STD, the square of correlation coefficients (r2, values expressed on a per one

basis) of the regression between the measured (samples) and predicted variables (obtained substitutingXi in the equations), the SDR, the

accuracies of the measured properties («), and the SDR/« ratios from the data below 400 dbar. Note O2
0 concentrations represent close to

saturation values (saturation values in parentheses) and nutrients are those recomputed after iteration (departure values in parentheses).

O2 and nutrients represent preformed values (superscript 0).

u (8C) S (psu) O0
2 (mmol kg21) SiO0

2 (mmol kg21) NO0
3 (mmol kg21) PO0

4 (mmol kg21)

ENACW18 18.0 6 0.4 36.50 6 0.02 250 (250) 6 3 0.0 (0.0) 6 0.1 0.0 (0.0) 6 0.1 0.00 (0.00) 6 0.01

ENACW12 12.20 6 0.4 35.66 6 0.02 256 (261) 6 3 3.81 (4.00) 6 0.08 5.7 (6.1) 6 0.1 0.30 (0.31) 6 0.01

ENACW10 10.0 6 0.3 35.40 6 0.01 185 (274) 6 3 6.6 (6.6) 6 0.1 17.2 (17.8) 6 0.4 1.06 (0.92) 6 0.02

MOW 13.17 6 0.03 38.40 6 0.01 181 (251) 6 3 8.0 (7.9) 6 0.4 8.3 (9.36) 6 0.7 0.43 (0.49) 6 0.07

AAIW 7.24 6 0.1 35.30 6 0.02 160 (291) 6 3 19.5 (19.5) 6 0.4 28.6 (28.7) 6 0.9 1.72 (1.75) 6 0.05

LSW 3.40 6 0.2 35.00 6 0.12 255 (319) 6 3 16.5 (17.7) 6 0.4 18.6 (20.1) 6 0.5 1.22 (1.37) 6 0.03

NEADWL 1.92 6 0.03 34.885 6 0.003 248 (332) 6 3 47.8 (47.0) 6 1 21.5 (20.5) 6 0.5 1.50 (1.39) 6 0.03

r2 0.9996 0.995 0.98 0.9925 0.96 0.96

SDR 0.04 0.01 2.7 0.6 1.0 0.06

« 0.005 0.005 3.3 0.5 0.2 0.002

SDR/« 10 7 1 2 6 4
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from Carracedo et al. (2012); ENACW10, MOW, and

LSW from Louarn and Morin (2011)]. Finally, for

AAIW the selected chemical properties (O2
0, NO3

0, PO4
0,

and SiO0
2) were defined at the same location, and from

the same in situ data, as u–S values [Lanzarote Passage,

CAIBOX-2009 cruise; Carracedo et al. (2015) in

agreement with Machín et al. (2006, 2010)]. The final

chemical properties (SiO2
0, NO3

0, and PO4
0; Table 3) for

each SWT are obtained by means of an iterative pro-

cedure, which reconstructs the nutrients’ values from the

water masses’ contributions (see appendix A).

The standard deviation (STD) of the SWTs properties

(Table 3) were taken from different sources. The u and S

STDs values were all taken from Álvarez et al. (2005)

except for NEADWL (García-Ibáñez et al. 2015) and

MOW (in situ data of Huertas et al. 2012). We set the

STDs for the nutrients and oxygen as a value equal to 2%

and 1%of the preformed value, respectively, sincewhen a

water mass is formed the content of O2 is not exactly the

saturation value (Ito et al. 2004). STDs are used to

perform a perturbation analysis of uncertainties (appen-

dix B) that tests the robustness of the eOMP analysis.

2) OMP AND MEDITERRANEAN WATER

DECOMPOSITION METHODOLOGY

To obtain theMW composition, the methodology was

divided in two steps of increasing complexity. We first

focused on applying the eOMP analysis with the most

simplified setup so that we could obtain a first guess of

theMWSWTdefinition. In the second step, we aimed to

solve the water masses mixing, including all the end

members present in the entire domain of study.

(i) First step

As the very first approximation to the mixing process af-

fecting the MW formation, we limited the domain (by lati-

tude, longitude, and depth) on which we applied the eOMP

analysis. For this first guess, we limited the input data to the

northern part of the GoC (between 35.58 and 378N, east of
98W) and above 1500dbar. Taking into account the ther-

mohaline characteristics of this specific region, we selected

three predefinedmixing figures (see polygons inFig. 3a) that

will model the mixing of the six SWTs characterizing this

region: 1) [ENACW18–ENACW12–ENACW10–MOW];

2) [ENACW12–ENACW10–AAIW–MOW], and 3)

[ENACW12–ENACW10–MOW–LSW].

After applying the OMP analysis and in order to

quantify and identify the different sources that compose

MW, we delimited a u–S interval around the u–S MW

core traditionally found in literature (11.748C; 36.5 psu;

Ambar and Howe 1979a; Price et al. 1993; Pérez et al.

2001;Álvarez et al. 2004, 2005).We chose the60.58C and

60.15-psu ranges, trying to encompass the thermohaline

variability reported for this water mass in the last decades

(Fusco et al. 2008). We averaged the contributions of all

water masses involved in that thermohaline square in

order to obtain a first guess of the MW SWT properties:

SWT
MW

5 SWT
ENACW12

3X
ENACW12

1 SWT
ENACW10

3X
ENACW10

1 SWT
MOW

3X
MOW

1 SWT
AAIW

3X
AAIW

1 SWT
LSW

3X
LSW

,

(1)

where SWTi refers to the array of SWTs’ properties of

the water mass i, and Xi refers to the mean contribution

FIG. 3. Potential temperature u (surface reference level) vs sa-

linity diagram showing the MFs. Black dots mark the position of

the SWTs, and polygons show the MFs selected a priori for the

OMP analysis. (a) MFs selected for the first step of the method-

ology (data north of 35.58N, east of 98W and shallower than

1500 dbar); (b) MFs selected for the second step of the methodol-

ogy. Color legend for dots (field data) shows the oxygen concen-

tration (mmol kg21).
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of the water mass i within the defined u–S interval. The

reconstructed MW SWT was as follows: u 5 11.738 6
0.308C, S 5 36.53 6 0.08 psu, O2 5 220 6 9, SiO2 5
7.10 6 0.88, NO3 5 9.1 6 1.3, and PO4 5 0.51 6
0.08mmolkg21. The u–S properties are consistent,

within their STDs, with the MW SWT used in previous

studies (Table 4).

(ii) Second step

Once MW becomes a well-defined water mass body, it

directly mixes with surrounding waters. So in order to

solve themixing throughout the whole region of study (all

data points available) and to obtain better adjusted and

more robust results, we introduced a second step in the

methodology. We rerun the procedure, as in step one, but

this time using MW as an independent end member

(SWT) in the analysis. For the MW SWT thermohaline

properties, we kept those broadly accepted in the litera-

ture (11.748C; 36.5psu; Table 4), and for the chemical

properties we used those of the first-step estimate (Table

4). Thermohaline and chemical properties for all the

other SWTs were taken the same as the initial setup

(Table 3).

This time considering all the domain in study and a total

of eight SWTs characterizing the region, we solved the

mixing bymeans of five predefinedMFs (see line/polygons

in Fig. 3b): 1) [ENACW18–ENACW12], 2) [ENACW18–

ENACW12–MOW], 3) [ENACW12–ENACW10–AAIW–

MOW], 4) [ENACW12–ENACW10–AAIW–MW], and 5)

[ENACW10–MW–LSW–NEADWL]. Note that MFs 3

and 4, are equivalent but changing the Mediterranean

origin end member from MOW to MW. On the basis of

the robust assumption that all MOW-to-MW trans-

formation takes place east of Cape St. Vincent (Gulf of

Cadiz domain), and having done a profile-by-profile u–S

evaluation to validate that assumption, MFs 2 and 3

were geographically constrained to the east of Cape St.

Vincent (east of 98W; Fig. 1). In MF 5, MW was in-

troduced as the only Mediterranean origin end member

(not MOW) because it is assumed that below 1000dbar

the mixing with NEADWL only takes place with water

already transformed into MW.

Again, once the OMP analysis was performed, we

repeated the procedure to obtain the MW de-

composition, delimiting the u–S interval around the

u–SMW SWT (11.748 6 0.58C, 36.56 0.15 psu; Fig. 4).

To compute the final MW SWT composition, we con-

sidered all points available (samples) within this ther-

mohaline domain (Fig. 4, black squares). Those points

within MFs 4 and 5, that is, those points with MW

contribution (whose contribution ranges between 85%

to 100%; Fig. 4d), were reconverted into its main end

members according to XMF3
i 3XMW, with XMF3
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mean contribution of the SWTs within MF3 (with i 5
ENACW12, ENACW10, AAIW, and MOW). Then, for

the overall estimate within the defined u–S interval, we

considered both the MW–SWT decomposed contri-

butions (Fig. 4d) and all the non-MW SWTs contri-

butions (Figs. 4a–c,e,f). The final MW composition

(Fig. 4, inlet gray rectangle) was obtained as the av-

erage (6standard deviation) of all SWT percentages in

that thermohaline square.

The results obtained in this second step of the meth-

odology will be shown and discussed in section 3.

3. Results and discussion

a. Water masses’ contributions

1) SPATIAL DISTRIBUTION OF WATER MASSES

The distributions of the water masses’ contributions

Xi are shown in Figs. 5 and 6. In Fig. 5, we have defined

five different vertical sections that tend to follow the

path of the MOW flow off the Mediterranean Sea

(sections A and B), its mixing and deepening in the

GoC leading to the formation of MW (section C), and

the export of the formed MW (once stabilized at in-

termediate depths; sections D and E). From east to

west (from sections A to E, Fig. 5), the profile depth

increases, as does the number of water masses

characterizing each section. In Fig. 6, the maximum

contribution of each SWT in the latitude–longitude

2D plane is shown.

The upper 400m of all sections are occupied by

ENACW18 and ENACW12, which likely reach the GoC

region as part of theAzores Current and/or recirculation

of the Portugal Current. ENACW18, whose maximum

contribution is present at a mean pressure of 70 dbar,

flows over ENACW12, beingmost relevant in the central

part of the GoC (Fig. 6). On the other hand, ENACW12,

with the maximum contribution at 360 dbar, affects a

wider range in the water column (Fig. 6).

MOWpresents its maximum contribution at 310 dbar

within the Strait of Gibraltar (Fig. 6). Off the strait, it

is a bottom-trapped density flow (Fig. 5, sections A and

B). Note that MOW contribution isolines are parallel

to s1 isopycnals (Fig. 5, gray dotted lines), with the

densest core of MOW (XMOW . 50%) being well de-

limited by the s1 5 32.4 kgm23 isopycnal [Fig. 5, sec-

tions A and B; where sn 5 value for a potential density

of (10001 value) kgm23 referred to as n3 1000db]. As

it spreads, the MOW veers northward due to the Cori-

olis effect and progresses along the Iberian continental

slope following the bathymetry until at least 78W(Fig. 5,

section C). There is a progressive deepening of MOW in

the water column, accompanied by an intense mixing

mostly with ENACW12 (Fig. 5, sections A to C) that

FIG. 4. Zoom of the potential temperature u (surface reference level) vs salinity diagrams near the SWT for MW (open circle). (a)–(f)

Each plot refers to a SWT, and colored scales represent the contribution of the SWTs (range between 0% and 100% for all SWTs). The

black square delimits the area in which the percentage of the SWT contribution was averaged (mean contribution in parentheses). Gray

dashed lines correspond to potential density anomaly at 1000-dbar reference level (s15 31.6 to 32.6 kgm23). TheMW composition panel

in the lower right shows the final decomposition of MW into its sources considering all data.
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dilutes the MOW core. ENACW10 reaches deeper

layers (from 400m to the bottom) of the southern part of

section C (Fig. 5) because of the Ekman veering on its

displacement eastward. The ENACW10 core locates

around 720 dbar and is present in the central area of the

GoC (Fig. 6) and at the eastern side of section E (Fig. 5),

close to the Iberian shelf.

In section C (Fig. 5), the features of the distribution of

ENACW10 together with those of MOW and MW in-

dicate the recent formation of MW between 6.38 and
6.88W. This result corroborates those of Rhein and

Hinrichsen (1993), Johnson et al. (1994), and Baringer

and Price (1997), among others, who delimited the area

between 6.58–78W as the one where the process of for-

mation of MW occurred. At 8.38W (section D, Fig. 5),

MW is stabilized at 1220 dbar (Fig. 6) and covers the

1000–1500-m depth range, below ENACW10 (Fig. 5,

sections D and E). The northward veering of the MW

main vein can be deduced from the maximum contri-

butions west of Cape St. Vincent in Fig. 6.

The presence of AAIW in the GoC, although rela-

tively weak, can be corroborated. Mostly, it reaches this

regionwith amaximum contribution of 35% (Fig. 6), but

on average, it accounts for up to 17% of the character-

istics of the waters in the GoC (Fig. 5, sections D and E;

Fig. 6). Since we consider the SWT for AAIW as the one

crossing the Lanzarote Passage, these results indicate

that AAIW has experienced a 65% dilution until it

reaches the GoC, where the degree of dilution will be

more than 80% on average.

As for the deep waters, they are limited by depth

(from about 1500m to bottom), and they only partici-

pate in the characteristic of the outside regions of the

domain (sections D and E, Fig. 6). Since LSW is situ-

ated over NEADWL, it affects the inner regions of the

GoCmore than the latter. In fact, some mixing with the

MW above can be deduced from section D distribu-

tions (Fig. 5). In section E (Fig. 5), both deep SWTs are

clearly differentiated, with LSW characterizing mainly

the ;2000-dbar east–west layer of the water column

FIG. 5. SWTs’ contributions along five different sections in theGulf of Cádiz region. From east to west: meridional sectionA in the Strait

of Gibraltar (5.98W); meridional section B, west off Strait of Gibraltar (6.38W); meridional section C in eastern Gulf of Cádiz (6.88W);

meridional section D (8.38W) as defined by Louarn and Morin (2011); and zonal section E, near Cape St. Vincent (37.38N). Dotted gray

isolines are the potential density levels s1 5 31.6 and 32.4 kgm23. Shaded areas highlight the water masses’ percentages . 70%.
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and NEADWL limited to the western bottom layers of

the section.

2) ANALYSIS OF THE WATER MASSES’
CONTRIBUTIONS BY DENSITY LEVELS

Several studies in the GoC have dealt with the dy-

namic characterization of the westward density current

related to the Mediterranean flow, broadly known as

Mediterranean Undercurrent (Ambar and Howe 1979a;

Ochoa and Bray 1991), differentiating between two ve-

locity cores: an upper one at s1 5 31.8 kgm23, and a

lower one at s1 5 32.2 kgm23. They directly related

these cores to the thermohaline MW (upper and lower

core) properties (Ambar and Howe 1979a,b; Ambar

et al. 2002). More recently, Barbosa-Aguiar et al. (2015)

also described these two eastward velocity cores: the

lower one centered as in previous studies (at s1 5
32.2 kgm23) and the upper one located at the s15 31.6–

31.8 kgm23 interval. However, in thermohaline terms,

they identified just a single well-defined vein of saltier

and warmer water, located at the 32.2–32.4 density

range. This latter core is consistent with the MW end

member defined from our OMP analysis.

To put our results into context, we selected those

data points under the influence of the Mediterranean

influence, that is, those within the thermohaline range

of 8.648 # u # 14.148C and 35.7 # S # 38.4 psu (Fig. 2,

dashed square). The thermohaline extremes were

chosen according to Barbosa-Aguiar et al. (2015) but

with the upper salinity bound extended to MOW SWT

definition, in order to account for all MOW-influenced

data points. The data within that interval were then

divided into five density intervals between 31.6 # s1 #

32.6 kgm23 (Barbosa-Aguiar et al. 2015) and in five

zonal regions (defined so that they composed the sec-

tions shown in Fig. 5). For each layer and region, the

water masses contributions obtained from eOMP were

averaged. Despite the fact that the number of samples

per layer and level (see Table 5) can be a limiting fac-

tor, we will highlight some interesting remarks in view

of our results.

Close to the Strait of Gibraltar (regions 1 and 2,

between 5.58 and 6.58W), the water masses’ mixing

consists just of ENACW18, ENACW12, and MOW.

The mixing is quite homogeneous both vertically and

horizontally but shows a logical vertical increasing

(decreasing) gradient in the MOW (ENACW12) con-

tribution. In the lightest layer, there is a lateral change

in the ENACW18/ENACW12 proportion, with EN-

ACW18 reducing its presence more than half in region

2 with respect to region 1 at the expense of ENACW12.

This change could be a reflection of the differential

mixing between MOW and central waters of different

temperatures (Ambar and Howe 1979a). However, we

have to take into account that, in region 1, the density

range 31.6 # s1 # 32.6 kgm23 comprises the interface

between the central waters inflow and the MOW out-

flow (Barbosa-Aguiar et al. 2015), which is an active

thick transitional interface layer in which the speed of

the water flow changes gradually in the vertical

FIG. 6. Maximum SWTs contribution per station. Black open circles represent the highest contribution for each SWT. Pressures in

parentheses represent the mean pressure of the respective SWT core (open circles).
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(Sannino et al. 2009), resulting in a net horizontal

transport (Bray et al. 1995). However, lacking the

dynamics of the layer, we cannot assure that the lateral

change in the ENACW18 presence means that is being

incorporated to the outflow.

As shown in the previous section,MW starts to appear

as a water mass body with its own thermohaline and

chemical characteristics from region 3 (6.58W) on-

ward, coinciding with the appearance of AAIW and

ENACW10, which will contribute toMW formation.We

can differentiate two main steps of formation: first, ap-

pearing in the lightest density range 31.6 to 32.4 kgm23

at region 3, and, second, appearing in the densest 32.4–

32.6 kgm23 level between regions 3 and 4. There is ev-

idence that this second mixing process will lead to a di-

apycnal MW flow, from 32.4 to 32.6 kgm23 (region 4) to

the 32.2 to 32.4 kgm23 density level (region 5); that is,

not only the diapycnal fluxes will occur as result of the

cascading of MOW to deeper levels while becoming

MW, but MW, once already formed at region 4, also

suffers diapycnal readjustment until it reaches its ‘‘nat-

ural’’ buoyancy at 32.2–32.4 kgm23, in the vicinity of

Cape St. Vincent.

b. Mediterranean Water composition and export
off the Gulf of Cádiz

From the procedure described in section 2 [section

2b(2)(ii)], we determined that MW is composed by

57.1% of central waters (44.6%6 1%of ENACW12 and

12.5% 6 1% of ENACW10), 34.1% 6 0.3% of MOW,

8.3% 6 0.5% of AAIW, and a small contribution of

0.4%6 0.1% of LSW. This result is compatible (within

the standard deviation) with the first guess (the step

one of the methodology): 50% 6 9% of ENACW12,

5%6 11% ofENACW10, 34%6 3%ofMOW,7%6 8%

of AAIW, and 4% 6 6% of LSW. Both results do not

show significant differences, but the MW composition is

more accurate by using the second step, which pres-

ents lower STDs in the contributions than the first

guess. Besides, considering the results from the first

guess, the contribution of LSW can be as important as

that of AAIW, and that would not be an appropriate

consideration for defining MW. The first step, however,

is really helpful and reliable enough to obtain a first

guess of the properties of MW in order to be included

as a SWT in the second step of the methodology.

Considering the obtained decomposition and the

properties of the SWT sources ofMW, the thermohaline

properties of MWwere reconstructed following Eq. (1).

This in situ redefinition of the MW SWT provides u and

S values consistent with the bibliography (11.818 6
0.28C, 36.53 6 0.07 psu; Table 4). For oxygen and nu-

trients, we obtained a new redefinition for theMWSWT

of O0
2 5 213 6 7, SiO0

2 5 7.0 6 0.6, NO0
3 5 9.9 6 1.1,

and PO0
4 5 0.566 0.07mmol kg21. Previous references

(Table 4) agree in degree more or less with our

results.

The ENACW:MOW mixing ratio obtained here

(57.1%:34.1%) is compatible with those given by Zenk

(1975; 68%:32%) or Rhein and Hinrichsen (1993;

66%:34%). The differences are due to the contribution

of AAIW and LSW here considered, which were not

included in either of the before cited studies. The

participation of AAIW in the formation of MW was

first quantified by Louarn and Morin (2011). The dif-

ference between our results and theirs are mostly due

to the different SWTs considered. Their AAIW and

LSW SWTs’ definitions correspond to more diluted

varieties, which, in terms of the OMP, will lead to

higher proportions of both water masses in the mixing

to form MW.

Having taken into account that the mean annual

MOW transport at the Strait of Gibraltar (Camarinal

Sill) is of 0.74 6 0.05 Sv, according to the most recent

estimations ofGarcía-Lafuente et al. (2011), and under a
first reasonable assumption that all MOW becomes

MW, we approximated the MW formation rate, that is,

the total volume of MW likely to leave the GoC, as

2.17 Sv (i.e., 0.74 Sv of MOW, 0.97 Sv of ENACW12,

0.27 Sv of ENACW10, 0.18 Sv of AAIW, and 0.01 Sv

of LSW). This result is comparable to the traditionally

reported values of 2–3 (Zenk 1975), 2.6 (Ambar and

Howe 1979b), 2.2 (Ochoa and Bray 1991), 2.9 (Rhein

and Hinrichsen 1993), 1.9 (Baringer and Price 1997), or

2.3 Sv (Álvarez et al. 2005). From this total volume,

1.25 Sv would correspond to the entrainment of EN-

ACW, in good agreement with the estimate by Baringer

and Price (1997) of 1.3 Sv, by Alves et al. (2011) of 1.2–

1.7Sv (with a mean value of 1.4Sv), or 1.1 Sv by Barbosa-

Aguiar et al. (2015).

However, Barbosa-Aguiar et al. (2015) demon-

strated, by means of a Lagrangian analysis, that when

MOW reaches 8.58W (their section II), a vast majority

(70%) ends up in the layer s1 5 32.2–32.4 kgm23,

while 11.6% and 11.2% spread to the immediately

upper (s1 5 32.0–32.2 kgm23) and lower (s1 5 32.4–

32.6 kgm23) adjacent layers, respectively. Just the

remaining MOW small proportion (,8%) would go

in the upper MW core. As we considered the MW

spreading in the North Atlantic to be the water mass

with an SWT that is defined by the u–S properties 11.748 6
0.58C and 36.5 6 0.15 psu, centered in the 32.2–

32.4 kgm23 density range; we can redo the volume es-

timates taking into account that not all MOW flowing

out the Strait of Gibraltar will take part of this MW

core but 70%. Under this second consideration, the
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final volume of MW we could expect from our MW

contributions’ decomposition would be 1.52 Sv (i.e.,

0.52 Sv of MOW, 0.68 Sv of ENACW12, 0.19 Sv of

ENACW10, 0.13 Sv of AAIW, and ,0.01 Sv of LSW).

This value agrees with the Carracedo et al. (2015) es-

timate for MW exportation (SWT for MW defined like

in the present study, 11.748C and 36.5 psu) from cli-

matologic data (1.61 6 0.15 Sv) and CAIBOX-2009

quasi-synoptic summer data (1.5 6 0.4 Sv).

The difference between both MW volume estimates

(1.5 or 2.2 Sv) remains in the definition of MW itself,

that is, if we just focus on the spreading of the ther-

mohaline extreme properties (here understood as MW

core, s1 5 32.2–32.4 kgm23) or, on the contrary, we

account for the whole Mediterranean Undercurrent

(broader density range s1 5 31.6–32.6 kgm23). Added

to the fact that the velocity veins and the thermoha-

line anomaly cores are not collocated (Barbosa-

Aguiar et al. 2015), all of this makes the interpretation

and comparison of results from both points of view

need to be considered with caution. That is, when

comparing MW exportation rates, it is crucial to pay

attention to the thermohaline and chemical defini-

tion of MW as well as to the density ranges of the

flow estimate.

4. Summary and conclusions

In the present work, we have quantified the mixing

of the water masses in the GoC region using a least

squares regression, OMP analysis. Based on u, S,

SiO2, NO3, PO4, and O2, the OMP analysis was ap-

plied on a broad compilation of data spanning be-

tween 33.58 and 388N and 5.58 and 128W. The

sensitivity of the analysis to sources of error in the

measured parameters and the SWTs properties were

evaluated using a perturbation test.

This methodology allowed us to describe the core

water masses’ distributions. Subtropical Central

Waters enter along the Strait of Gibraltar toward the

Mediterranean Sea, while MOW flows westward

constrained to the northward continental shelf of the

Gulf of Cadiz. Subpolar Central Water occupies the

center and southern regions of the domain, being

mainly entrained into the MOW between 6.38 and

6.88W. Mixed with Subpolar Central Water, AAIW

effectively reaches the region having experienced

around 80% of dilution since it crosses the Lanzarote

Passage between the Canary Islands and the African

coast.

This study quantifies the composition of the MW ther-

mohaline extreme, once stabilized at about 1200dbar south

of Cape St. Vincent (88–98W), thus providing a general

definition of this watermass formed in theGoC. This water

mass core corresponds to the widely used u–S extreme

point characterizing MW in the eastern North Atlantic,

whose mean properties were reestimated in this study as

u 5 11.818 6 0.28C, S 5 36.53 6 0.07psu, O0
2 5 213 6 7,

SiO0
2 5 7.0 6 0.6, NO0

3 5 9.9 6 1.1, and PO0
4 5 0.56 6

0.07mmolkg21. We determined MW to be composed by

57.1% of central waters (44.6% 6 1% of ENACW12 and

12.5% 6 1% of ENACW10), 34.1% 6 0.3% of MOW,

8.3% 6 0.5% of AAIW, and the small contribution of

0.4%6 0.1% of LSW. There is evidence of a differential

mixing betweenMOWand central waters, pointing out to

two main steps of formation: first in the lightest density

range 31.6 to 32.4kgm23 between 6.58 and 78W and

second in the densest 32.4–32.6kgm23 level between 78
and 98W, where deepest MW transformation takes place.

Once MW is formed, there is sign of diapycnal readjust-

ment until it reaches its natural buoyancy at 32.2–

32.4kgm23, close to Cape St. Vincent. Finally, by

assuming all MOW is involved in MW formation, we

inferred a formation rate for MW of 2.2Sv, comprising

TABLE 5. Mean SWTs contributions (%) in the main density range in which Mediterranean waters have influence (31.6 # s1 #

32.6 kgm23, with a thermohaline range of 8.648# u# 14.148C and 35.7# S# 38.4), averaged by five density layers (0.2 kgm23 intervals)

and delimited by longitude in five geographic regions (5.58–68W, 68–6.58W, 6.58–78W, 78–9.38W, and 9.38–128W).

Region 5 (9.38–128W) Region 4 (78–9.38W)

ENACW12 ENACW10 AAIW MW LSW NEADWL

No.

data ENACW18 ENACW12 MOW ENACW10 AAIW MW LSW NEADWL

No.

data

Layer 1

(31.6–31.8)

57 14 3 27 (9) 2 63 5 8 9 13 (30)

Layer 2

(31.8–32.0)

30 17 10 42 (26) 2 42 8 11 10 26 (142)

Layer 3

(32.0–32.2)

4 21 2 68 2 3 (39) 15 6 23 2 47 2 3 (198)

Layer 4

(32.2–32.4)

6 80 12 2 (31) 11 10 8 2 57 9 2 (169)

Layer 5

(32.4–32.6)

67 28 5 (4)
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0.97Sv of ENACW12, 0.27Sv of ENACW10, 0.74Sv of

MOW, 0.18Sv of AAIW, and 0.01Sv of LSW. This

means a central waters entrainment of 1.26Sv.

When comparing MW exportation rates, the need for

paying special attention to the definition followed to ac-

count for the Mediterranean Water mass and to the den-

sity ranges in which we are basing our definition has been

highlighted.Whether we are referring to the thermohaline

extreme that can be traced by OMP analysis in the wide

North Atlantic, as we aimed in this study, or whether we

are studying the dynamics of thewestwardMediterranean-

influenced undercurrent, both approaches are valid but

could comprise different water mass volumes.
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APPENDIX A

Specifications of the OMP Analysis

In this work, we applied a methodology previously

used and validated in different studies (Pardo et al. 2012;

Carracedo et al. 2012; García-Ibáñez et al. 2015), in

which a more detailed description can be found.

Briefly, we perform an extended OMP (eOMP) analysis

(Karstensen and Tomczak 1998) using u, S, and SiO2 as

conservative variables and NO3, PO4, and O2 as non-

conservative variables; these latter variables were affected

by the process of remineralization of the organic matter.

This process is represented in the eOMP analysis by a new

unknown (DO; Tables 4, A1), which is the oxygen con-

sumed in the sample due to the respiration of organic

matter and relates to the corresponding variables through

predefined stoichiometric coefficients. The stoichiometric

coefficients considered for O2 consumption (from the ini-

tial close-to-saturation conditions) into NO3 and PO4 were

rN 5 9.3 and rP 5 149 (Fraga et al. 1998; Pérez et al. 2001;
Álvarez et al. 2005). The final result from the eOMP

analysis is the contribution to themixing of each SWT i (Xi)

in each water sample for the corresponding MF (section

TABLE A1. System of equations of the eOMP analysis. The W

are the weights of each equation; uobs, Sobs, SiO2obs, O2obs, NO3obs,

and PO4obs are the sampled properties; ui, Si, SiO
0
2i, O2i, NO0

3 i, and

PO0
4 i are the properties of the ith SWT (the superscript 0 refers to

preformed values); and R is the residual of each variable (referred

to by the subscript) that the eOMP seeks to minimize.

eOMP W

15 �
nSWT

i51

Xi 1Rx (A1) 100

uobs 5 �
nSWT

i51

Xiui 1Ruobs (A2) 20

Sobs 5 �
nSWT

i51

XiSi 1RSobs (A3) 10

SiO2obs 5 �
nSWT

i51

XiSiO
0
2i 1RSiO2obs

(A4) 4

NO3obs 5 �
nSWT

i51

XiNO0
3i 1

DO

rN
1RNO3obs

(A5) 1

PO4obs 5 �
nSWT

i51

XiPO
0
4i 1

DO

rP
1RPO4obs

(A6) 1

O2obs 5 �
nSWT

i51

XiO2i 2DO1RO2obs
(A7) 1

TABLE 5. (Extended)

Region 3 (6.58–78W) Region 2 (68–6.58W) Region 1 (5.58–68W)

ENACW18 ENACW12 MOW ENACW10 AAIW MW NEADWL

No.

data ENACW18 ENACW12 MOW

No.

data ENACW18 ENACW12 MOW

No.

data

10 64 11 4 3 8 (8) 10 75 15 (3) 26 57 17 (3)

4 40 11 16 6 23 (13) 21 52 26 (3) 14 61 25 (1)

2 38 19 6 4 31 (7) 15 44 41 (2) 20 42 38 (4)

4 34 29 28 5 (3) 15 36 49 (3) 19 35 46 (1)

1 39 49 12 (2) 17 23 60 (2) 15 26 59 (6)
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2b),whichhas been selected previously to apply the eOMP.

MF selection procedure is detailed in Pardo et al. (2012)

and García-Ibáñez et al. (2015).
The system of equations is shown in Table A1. The

equations are normalized, using the mean and standard

deviation of the properties of each SWT (Table 3) and

weightedW in the functionof the accuracy of themeasured

property (Tomczak 1981). The weights were adjusted so

that the ratios between the standard error of the estimate

(SDR; Table 3) and the analytical error « (Table 3) were

almost the same for all the SWTs properties (SDR/«; Table

3;Álvarez et al. 2005). As a constraint to the minimization

process, mass conservation must be rigorously satisfied

[Table A1; Eq. (A1)]; hence, it takes the highest weight.

Besides, the contribution of each SWT must be positive.

To reduce the error of the whole OMP analysis, the

resolution algorithm of this methodology involves an iter-

ative procedure for nutrients (Álvarez et al. 2004) that

comprises all the samples, since they accumulate the highest

errors. Within this iterative process, SiO2, NO3, and PO4 of

the SWTs are reconstructed each time [Table A1; Eqs.

(A4), (A5), and (A6)]. These new estimates (note differ-

ences between initial and final values are small; Table 3) are

assigned to the SWTs and the methodology is rerun until

the total residual reaches an asymptote. This procedure

successively reduces the residuals on those variables and

hence the error of the whole OMP analysis (Álvarez et al.

2004, 2005; Pardo et al. 2012). Five iterations are enough to

reach that premise. Note, however, that the mean per-

centage of change in the SWTnutrients is low (3%, 5%, and

6% for SiO2, NO3, and PO4, respectively).

Themodel ability to reproduce themeasured values is

given as the correlation coefficient r2 (Table 3) between

the measured and modeled values. The fact that the r2 is

higher than 0.97 for any of the variables highlights the

reliability of the OMP analysis. More about the ro-

bustness (assured on the basis of a perturbation analysis;

Lawson and Hanson 1974) and accuracy (residuals of

the system) is detailed in appendix B.

APPENDIX B

Robustness of the OMP Analysis: Perturbations and
Residuals

The robustness of the OMP analysis has been

broadly assessed in detail in previous studies (Álvarez

FIG. B1. (a) Uncertainties of the contributions (standard deviation resulting from 100 perturbed contribution

fields) by depth. Dots refer to left axis and crosses to the right axis. (b) Residuals (modeled value minus observed

value) for the six variables used in the eOMP [(left) u, S, and total residual and (right) SiO2, NO3, PO4, and O2].
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et al. 2004, 2005, 2014; Pardo et al. 2012; García-Ibáñez
et al. 2015). Thinking about the reliability of this kind

of method, one of the main considerations is the non-

stationary nature of the SWTs properties, which acts

as a source of uncertainty. We certainly know that the

properties of the SWTs may fluctuate or change over

time at their geographical origin (source regions). To

account, in a certain manner, for such variability, we

have performed a perturbation analysis of uncertainties.

On one hand, we have randomly modified the SWTs

properties and, on the other hand (to account for un-

certainties in the measured variables), the field data,

both following a normal distribution, with (i) the prop-

erty as the mean value and (ii) the accuracy of the var-

iable as its standard deviation. The standard deviations

of the SWTs are shown in Table 4. In the case of the

standard deviations for the field data, we used 0.0058C,
0.01 psu, and 0.5, 0.2, 0.02, and 3mmol kg21 for u, S,

SiO2, NO3, PO4, and O2, respectively. A total of 100

perturbations were performed (Álvarez et al. 2004,

2005; Pardo et al. 2012), that is, we obtained 100 dif-

ferent solutions (100 Xi arrays for each SWT i) from

which we have estimated the mean and the standard

deviation (Fig. B1a). As previously mentioned, apart

from giving an idea of the stability of the system, this

standard deviation (for each single point) was used as

the uncertainty of the method. In general, the mean

SWTs’ distributions slightly differ from the solution

without perturbations, and the standard deviations of

such contributions rarely exceed 10%.

Once the water mass mixing is solved, the property

fields can be reconstructed with the values of the con-

tributions (Xi) and of the properties of the SWTs. The

difference between the values obtained and the ob-

served ones is what are known as residuals. These re-

siduals account for the nonconservative component

of the nutrients and for possible errors in the mea-

surements. A reference value of the reliability of the

method is provided by the sum of the squares of the set

of those residuals, known as the total residual (or total

error of the method; Pardo et al. 2012). In Fig. B1b (left

panel), we present the total residual by pressure levels.

Higher values are located in the upper levels of the

water column because of the variability induced by air–

sea interaction. The mean value of the total residual

is 0.46, which is notably reduced to a closer-to-zero

value (0.081) by disregarding the first 400 dbar of the

water column.

If we pay attention to the residuals by variables

(Fig. B1b), u and S are better fitted than the others, as

they have the highest weights in the analysis, with 0.046

and 0.009 as the respective standard deviations of their

residuals (below 400dbar; see SDR in Table 3). The O2

residuals mainly range between 65mmolkg21, those of

SiO2 and NO3 range between 61mmol kg21, and those

of PO4 range between 60.1mmolkg21, with 3.2, 1.1,

0.69, and 0.069 as the respective standard deviations of

the residuals (deeper than 400 dbar). These values

mostly respond to the weight assigned to each property

in the OMP analysis.
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