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Meridional and zonal changes in water properties along the continental slope off 

central and northern Chile 

Abstract 

The Humboldt-09 cruise, accomplished in March 2009, covered a narrow meridional 

band along the Chilean continental slope, from 44 to 23 ºS. Here we use physical and 

biochemical data from one long meridional section (about 4000 km) and three short 

zonal sections (some 100 km each) to describe the along and cross-slope distribution of 

the different water masses found in this region. Six water types are identified: 

Subantarctic Water (SAAW), Summer Subantarctic Water (SSAW), Subtropical Water 

(STW), Equatorial Subsurface Water (ESSW), Antarctic Intermediate Water (AAIW), 

and Pacific Deep Water (PDW). The thermodynamic and chemical properties of the six 

water types (potential temperature, salinity, dissolved oxygen, nitrate, phosphate, and 

silicate) are reassessed using the classical and quasi-extended forms of the Optimum 

Multiparameter Analysis (OMP). A novel full set of values is proposed for SSAW and 

new nutrient and dissolved oxygen values are proposed for all the other water types. 

The classical method gives very small residuals between observations and predictions, 

although the existence of substantial denitrification processes within ESSW prevents 

from using nitrate. Therefore, the distribution of the different water masses is assessed 

with the quasi-extended OMP method, which also gives very small residuals; in this 

method the biologically corrected forms of nitrate and phosphate replace oxygen, nitrate 

and phosphate. The spatial distribution of the contributions from the different water 

types is presented over the meridional and zonal transects. A slow meridional transition 

from antarctic and subantarctic to tropical and equatorial water masses, takes place at all 

depths over distances of the order of one thousand kilometres. This smooth transition 

contrasts with rapid zonal changes, of comparable magnitude, in the cross-slope 

direction over distances of the order of one hundred kilometres. The interleaving of 

relatively low salinity, low nutrient and high oxygen AAIW with relatively high 

salinity, high nutrients, and very low oxygen ESSW is the most remarkable feature at 

intermediate water levels. 

Key words: Quasi-extended OMP analysis, Eastern South Pacific, water masses, 

Humboldt Current System.
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Cambios meridionales y zonales en las propiedades de las masas de agua a lo largo 

del talud continental costa afuera del centro-norte de Chile.  

Resumen 

El crucero científico Humboldt-09, realizado en marzo de 2009, cubrió una estrecha 

franja latitudinal a lo largo del talud continental chileno, desde los 44 hasta los 23 ºS. En 

el presente estudio hemos utilizado los datos físicos y bioquímicos de una extensa 

sección latitudinal (unos 4000 km) y tres secciones longitudinales (alrededor de 100 km 

cada una) con el fin de describir la distribución longitudinal y latitudinal de las 

diferentes masas de agua presentes en esta zona. Se identificaron seis masas de agua 

tipo: Agua Subantártica (SAAW), Agua Subantártica de Verano (SSAW), Agua 

Subtropical (STW), Agua Ecuatorial Subsuperficial (ESSW), Agua Antártica 

Intermedia (AAIW) y Agua Profunda del Pacífico (PDW). Las propiedades químicas y 

termodinámicas de las seis masas de agua (temperatura potencial, salinidad, oxígeno 

disuelto, nitrato, fosfato y silicato) fueron estimadas por medio del Análisis Óptimo 

Multiparamétrico (OMP). Se proponen valores tipo de oxígeno disuelto y nutrientes 

inorgánicos para todas las masas de agua presentes en la zona, aunque para la SSAW se 

propone un conjunto completo de valores tipo. El método clásico genera residuos bajos 

entre las predicciones y las observaciones, aunque la existencia de procesos de 

desnitrificación dentro de la ESSW previene sobre la utilización de nitrato. Por tanto, la 

distribución de las masas de agua se ha determinado utilizando el método OMP cuasi-

extendido, que también proporciona unos residuos muy bajos; en este método las 

formas biológicamente corregidas de nitrato y fosfato reemplazan al oxígeno, nitrato y 

fosfato. Las participaciones de las distintas masas de agua en la columna de agua se 

representan a lo largo del transecto latitudinal y de los transectos longitudinales. Puede 

apreciarse una progresiva transición en latitud de aguas subantárticas a aguas tropicales 

en todas las profundidades y a escalas de miles de kilómetros. Esta suave transición 

contrasta con los cambios abruptos, de magnitud comparable, que se detectan en las 

secciones longitudinales sobre distancias del orden de 100 kilómetros. A niveles de 

profundidad intermedios destaca la presencia de una cuña de AAIW, poco salina, baja 

en nutrientes y rica en oxígeno que, en su transición hacia el trópico, se intercala con 

otra cuña de ESSW, caracterizada por un contenido muy pobre en oxígeno, alto en 

nutrientes y en salinidad. 
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1. Introduction 

The current system off central and northern Chile is quite complex, with the alternation 

of equatorward and poleward currents that bring different water masses over a zonal 

band of a few hundred kilometres (Figure 1). These currents have high meridional 

coherence, of thousands of kilometres, but are separated in the cross-shore and vertical 

directions by only tens of kilometres and meters respectively (Strub et al., 1998). In a 

sense we may talk of large horizontal cells that connect tropical with temperate regions, 

and the latter with subpolar regions.  

In the offshore tropical and temperate regions we find a dominant equatorward current, 

the Humboldt Current (HC, also named Peru Current) (Silva et al., 2009). The HC feeds 

from the West Wind Drift (WWD), a wind-driven high-latitude broad eastward current 

(roughly between 40 and 50 ºS), and runs towards the equator far off the continental 

slope bringing relatively cold waters as far north as the Peru coast (Silva et al., 2009). 

The HC finally feeds into the South Equatorial Current (SEC) and its cold tongue can be 

appreciated as far as 4 ºS (Penven et al., 2005). In these tropical and temperate regions, 

near the slope, we also encounter a poleward current system. This poleward flow is 

commonly split into an undercurrent adjacent to the slope, the Poleward Undercurrent 

(PU), and a further offshore surface current, the Peru-Chile Counter Current (PCCC) 

(Strub et al., 1998), although it is likely that the latter is simply the surface and offshore 

manifestation of the former. Near shelf we also find an equatorward Peru-Chile Coastal 

Current (PCC), which is wind-driven by the southerly winds and originates off northern 

and central Chile either from the WWD or from a reversal of the poleward currents 

(Halpin et al., 2004). The PCC waters are directly influenced by upwelling and remain 

separated from the HC by the poleward current system (PU and PCCC), except during 

summer at high latitudes (between about 35 and 45 ºS) where the whole region flows 

equatorward. In the subpolar region the single dominant poleward current, the Cape 

Horn Current (CHC), experiences substantial buoyancy gain due to high precipitation 

while being driven by poleward downwelling winds (Halpin et al., 2004).  

The meridional limits of these currents change seasonally according to the high 

atmospheric pressure in the southern Pacific. It is likely that some of these currents may 

locally converge, or even feed from each other, hence forming meridional cells. For 

example, the near-slope poleward current system (PU and PCCC) may feed the coastal 
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PCC, so that the latter begins further south in summer than during winter (Strub et al., 

1998). These meridional motions are accompanied by normal-to-shore vertical motions 

also induced by the southerly winds, in what constitutes an upwelling cell much smaller 

in size but running over nearly four thousand kilometres (Strub et al., 1998). The 

vertical and horizontal cells are connected: as the wind intensifies the coastal jet gets 

stronger but upwelling also strengthens, with diapycnal transfer and offshore transport 

(from wind-driven Ekman transport and along-shore convergence) likely bypassing the 

meridional connections. The interplay of these different processes actually controls the 

meridional and zonal extension of the main water masses in the region. The relevant 

issue for our study is that we expect to find substantial changes in water masses as we 

move over short cross-slope distances, as compared with the long along-slope distances 

necessary to change from subpolar to temperate and tropical waters.  

Traditionally five different water types have been identified in our study area (Silva et 

al., 2009). Three of these are found down to some 500 m, the Subtropical Water (STW), 

the Subantarctic Water (SAAW), and the Equatorial Subsurface Water (ESSW). 

Between 500 and down to some 1000 m we find Antarctic Intermediate Water (AAIW) 

and, further deep, Pacific Deep Water (PDW) is found. An additional summer water 

mass off central and southern Chile results from SAAW modified by relatively fresh 

water coming from intensified spring runoff and summer melting from the fjord region 

between 40 and 45 ºS), here we will name it Summer Subantarctic Water (SSAW). 

High-quality hydrographic data of this region are sparse, taken over a few transects. To 

our knowledge, the major previous cruises in this area are the 1967 Scorpio cruise 

(Scripps Institution of Oceanography, 1969; Stommel et al., 1973), the 1969 Piquero 

cruise (Scripps Institution of Oceanography, 1974), the 1974 Krill Leg 4 cruise (Silva 

and Konow, 1975), the 1995 Sonne 102 cruise (Leth et al., 2004) and the 2000 Cimar 6 

and Cook-2 cruises (Schneider et al., 2007),. Under the framework of the recently 

created “Laboratorio Internacional de Cambio Global” (LINC-Global), the Humboldt-

09 cruise was conducted on March 2009 along the eastern South Pacific. One of the 

targets of this cruise was to contribute to the physical and chemical longitudinal and 

latitudinal characterization of water type properties in a 100-km nearshore band 

between 23 and 44 ºS (Figure 1). These included not only salinity and potential 
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temperature, whose water type values are reasonably well known for the area, but also 

nutrients and dissolved oxygen. 

 In Section 2 we introduce the data set obtained along the meridional and zonal transects 

and carefully revise the classical, quasi-extended and extended Optimum 

Multiparameter techniques used to determine the contributions of the distinct water 

masses. In Section 3 we show the distribution of physical and biochemical water 

properties along these transects and present the data points in several property-property 

diagrams. In Section 4 the relative contributions of the different water types are 

calculated using the Optimum Multiparameter analysis and the relative contributions of 

these water masses are plotted on the vertical transects and the property-property 

diagrams. We sum up with the major conclusions on the zonal and meridional 

interleaving of the different water masses (Section 5). 

 

2. Data set and Methodology 

2.1. Data set 

The data set was obtained during the Humboldt-09 cruise on board the Spanish R/V 

Hespérides. The cruise spanned more than 20º of latitude along the continental slope off 

Chile, from 44 to 23 ºS (Figure 1). The hydrographic measurements consisted of an 

along-slope meridional transect (M transect), with Conductivity-Temperature-Depth 

(CTD) stations spaced about 100 nautical miles (nm) and Expendable 

Bathythermographs (XBTs) deployed at intermediate positions in between the CTD 

stations. Additionally, it comprised three short zonal transects with a length of some 50 

nm, going from the continental platform to the deep ocean, and labelled North (N, at 23 

ºS), Central (C, at 31 ºS) and South (S, at 42 ºS). Each of these cross-slope transects had 

three CTD casts. 

A total of 22 CTD stations were taken down to 1500 m. In these stations 12-liter water 

samples from a 24-bottle rosette were analysed for salinity, dissolved oxygen and 

inorganic nutrients. Dissolved oxygen concentrations were calibrated with high-

precision Winkler titration using a potentiometric electrode and automated endpoint 

detection (Mettler Toledo, DL28 titrator). Water samples were also frozen at 20ºC 
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below zero and later analysed with a AA3 Bran-Luebbe Autoanalyzer in order to obtain 

nutrient concentrations of phosphate, nitrate, nitrite and silicate. In addition, a total of 

23 XBTs were deployed along the cruise track. Throughout the cruise, velocity data in 

the upper few hundred metres of the water column were collected by the vessel’s 

Acoustic Doppler Current Profiler (ADCP) mounted on the hull. The thermosalinograph 

and fluorometer continually collected data from the ship’s underway system. 

Meteorological variables were monitored using the on board meteorological sampling 

system.  

In this paper we use the XBT data only to get a high resolution view of the temperature 

fields and then use the potential temperature, salinity, dissolved oxygen and inorganic 

nutrient data from the CTD stations to characterize the meridional and zonal 

distributions of the water masses present in the region. 

2.2. Optimum Multi-Parameter Analysis 

The Optimum Multi-Parameter (OMP) method was originally developed by Tomczak 

(1981) and subsequently improved by Mackas et al. (1987). The OMP is an inverse 

modelling technique widely used to study the distribution of water masses at scales 

where its properties are approximately conservative (e.g. Tomczak and Large, 1989; 

Pérez et al., 2001; Tomczak and Liefrink, 2006; Silva et al, 2009). In this subsection we 

briefly revise the basics of the OMP technique, while in the following two subsections 

we have a more detailed discussion of its implementation for our study area. 

The OMP method relies heavily on the definition of the water types or source water 

mass properties. The characteristics of a water type are defined by the region were it 

was formed, although this region may actually lie quite far away from the study area. 

Hence, the water type properties used by the OMP method have to compromise between 

maintaining the most distinctive original source water type characteristics and still being 

indicative of this water mass after the transformations that it has suffered while reaching 

the study area. Two different strategies may be used: to set local water types for the 

subset of variables with the least conservative behaviour or to use non-local water types 

for all variables. The local approach is the basis of the classic OMP method and 

assumes that all variables behave conservatively in a small enough region. The second 

approach, with water types defined in the formation region, takes into account the 
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biogeochemical transformations within the water masses as they travel from their source 

regions. 

There are two techniques to consider the biogeochemical changes of the non-

conservative properties. The first one adds a new unknown to the equations for the non-

conservative variables. This unknown accounts for the biogeochemical changes of all 

non-conservative variables, under the assumption that they change jointly in accordance 

to the Redfield ratios of degradation of organic matter. This technique is known as the 

extended OMP analysis (Karstensen and Tomczack, 1998; Poole and Tomczack, 1999). 

Its main advantage is that allows to calculate water-mass ages if the oxygen utilization 

rate (OUR) is well known. The difficulty lies on the fact that the OUR is not constant 

throughout the ocean, changing with time and location; therefore, estimates of the OUR 

are subject to substantial errors unless other data, such as chlorofluorocarbon (CFC) 

data, is available (Karstensen and Tomczack, 1998). The second technique is a 

refinement of the classic OMP method where the non-conservative variables are 

converted into conservative variables (Broecker, 1974; Anderson, 1995; Fraga et al., 

1998; Perez et al., 2001). Because of the lack of accurate OUR values in our study area, 

we will use this second technique and leave the use of the extended OMP analysis to 

future works. Hereafter, we will refer to this technique as the quasi-extended OMP 

analysis, its implementation is further discussed in Section 4.2 

The OMP method assumes that each parameter sampled in each data point may be 

expressed as a linear combination of original water types which are still present in the 

area (Tomczak and Large, 1989). An underlying assumption is that mixing operates 

equally for all parameters and has no preferential direction, i.e. isotropic turbulent 

mixing is assumed (Karstensen and Tomczak, 1999). Consequently, a linear system of 

mixing equations with the contributions of the different water types, or mixing 

coefficients, can be set up for each single data point. In this system the water-type 

contributions constitute a set of non-negative mixing coefficients that represent the best 

linear mixing combination. 

The best solution is found using a non-negative least squares method to solve the 

system of equations (Mackas et al., 1987). In order to solve each system of mixing 

equations in a physically sensible way there are two principal conditions: (1) the 

number of water types (n) should not exceed in more than one the number of variables 
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sampled at every single point (n-1), and (2) any data point should be within a region (in 

any property-property space) encompassed by the water types, i.e. all points are within 

the spreading path of the source water masses. The mass conservation equation is added 

to each of these systems, which may sometimes be over-determined.  

Once we have defined the water types of each water mass, we normalize and weight the 

data and the water types. Each variable is weighted according to the accuracy of its 

measure (Table 1). The normalization process is accomplished by subtracting the mean 

to the original value and dividing by its standard deviation. In this manner all variables 

have maximum variations of the same order so changes of the different variables are 

directly comparable (Tomczak and Large, 1989). We place the largest weight on the 

mass conservation equation, because this condition must be met, followed by the 

potential temperature and salinity equations as these variables are not affected by 

biogeochemical processes. Once the data is normalized and weighted, an equation is 

defined for each variable C : 

∑
=

+=
n

i

Cii RCXC
1

     (1) 

where iX  is the relative contribution (mixing coefficient) of the ith water type (subindex 

i) with value iC , so that the combination of all n water types leads to the observed C  

value. The combination has a residual, R (the subindices identify the variable 

corresponding to each residual), which is to be minimized.  

A system of mixing equations is constructed and solved by using the non-negative least 

squares method for each data point. The number of equations (n) is equal to the number 

of variables plus one, the last necessary equation being mass conservation, i.e. the sum 

of all mixing coefficients adds up to one. The system of equations may be written in 

matrix form as  

RCxA
rrr

rr
+=⋅ ,      (2) 

where A
rr

 is an n×n matrix containing the values of the n-1 variables plus water mass 

conservation (which takes a value of one) for all n water types, ),...( 1 nXXx =
r

 is the 

vector containing the mixing coefficients for all n water types, )1,,...( 11 == − nn CCCC
r
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is the vector containing the observations, and ),,...( 11 massnn RRRRR == −

r
 is the vector of 

the residuals for each variable (including mass).  

Finally, we employ an iterative process in order to minimize the residuals and, 

consequently, to improve the final solutions. The method is used to recalculate the water 

types for all variables except potential temperature and salinity, so that we get values 

that are slightly different from the original ones. With this new set of water types the 

system of equations is solved once again for each data point and we obtain a new set of 

mixing coefficients and associated residuals. This iterative process is executed until the 

associated residuals are minimized or, in other words, when no noticeable improvement 

is obtained in the next run of the loop. Once this stage is reached we may still further 

adjust the end-member values of some variables with the objective that, when viewed in 

the property-property domains, all data points are approximately encompassed by the 

water type definitions (condition 2 of the OMP method). 

2.3. Implementation of the classic OMP analysis 

The classic approach assumes that the biogeochemical changes of oxygen and nutrients 

within a single water-mass are negligible at a regional scale, i.e. all variables used in the 

analysis are considered to be conservative (Tomczak, 1981). Therefore, a key aspect is 

to properly identify the thermohaline and biochemical characteristics of the water types 

(end-members) which may be present in the study area.  

Two different water-type definitions are investigated (Table 1). For each of these we 

have carried out two different runs, without and with nitrate, as described further below. 

The first definition uses the values obtained from the Gouretski and Koltermann (2004) 

climatology. However, this option showed poor skill to explain the variance (r2) of the 

data set, particularly for salinity and the biochemical (oxygen, phosphate and nitrate) 

variables (Table 2). This is true independent on whether we include or not nitrate as an 

additional variable. Therefore this first option was rejected. The second option, i.e. to 

use local water types as deduced through the analysis of our own data set, was found to 

explain much better the data variance (Table 2).  

The characteristic values of the variables (potential temperature θ, salinity S, dissolved 

oxygen O, phosphate P, nitrate �, and silicate Si) for each of the six different water 
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types (STW, SAAW, ESSW, AAIW, PDW and SSAW) were estimated as follows. The 

potential temperature and salinity water types were taken from Silva et al. (2009). We 

further defined the SSAW thermohaline values, as a high-latitude surface end-member, 

based in the surface data values south of 40 ºS found in the Humboldt-09 cruise (Table 

1). After defining the potential temperature and salinity water types we may obtain the 

end-members for each of the remaining variables (oxygen, phosphate, nitrate and 

silicate; not available in the literature) by calculating its mean value from all data points 

that are located close enough to the potential temperature and salinity values of the 

water type, specifically for this calculation we respectively define windows of ± 0.2 ºC 

and ± 0.05 around the potential temperature and salinity values of each water type. 

These are used as the initial end-members for oxygen, phosphate, nitrate and silicate. 

The iterative procedure is then carried out, as described in the last section. Finally, the 

phosphate, silicate and oxygen water types for the AAIW and ESSW are reassessed by 

plotting the data points in the phosphate-oxygen and silicate-oxygen spaces and 

determining which slight changes in the water types may ensure that all data points are 

embraced by the water type values (condition 2 of the OMP method) while the residuals 

remain equally small or even decrease. The final values are given in Table 1. 

Once the end-members are properly characterized, the system of equations (2) may be 

solved using either five (θ, S, O, P, and Si) or six variables (now including nitrate �, 

therefore setting an overdetermined system of equations for each point). For those runs 

without nitrate, for example, we have five variables so we may determine the 

contributions from up to six water types, i.e. in the system of equations (2) A
rr

 is a 6×6 

matrix, ),,,,,( 654321 XXXXXXx =
r

 is the vector containing the mixing coefficients 

for all six water types, )1,,,,,( SiPOSC θ=
r

 is the vector containing the observations, 

and ),,,,,( massSiPOS RRRRRRR θ=
r

 is the vector of the residuals for each variable 

(including mass). The water types to be considered are those discussed in the 

Introduction: SAW, STW, SAAW, ESSW, AAIW, and PDW (Table 1). 

The inclusion of nitrate does not serve to improve the results. With this additional 

variable the variance explained by the model (r2) decreases, and the model does very 

poorly at reproducing the variance of the nitrate data (Table 2). This is probably due to 

the non-conservative behaviour of this variable and the importance of the denitrification 
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process which takes place at several depths, with anoxic conditions, within our study 

area (Silva el al., 2009). Therefore, we discarded the use of nitrate in order to optimize 

the classic OMP analysis. 

After this process we finally managed to minimize the residuals markedly, with 

minimum residuals corresponding to mass conservation (less than 10-3) and maximum 

residuals for oxygen (~0.3 ml ml l-1) and phosphate (~0.2 µmol kg-1). This fact indicates 

that these variables do not actually behave conservatively at the scale of our study area 

as we had assumed. Therefore, their concentrations must be conditioned by the 

remineralization of organic matter. However, the use of local values for the water types 

(under the assumption that all variables will behave conservatively in a regional scale), 

the low weight assigned to the non-conservative parameters and the minimization of the 

residuals by means of an iterative process, have allowed us to obtain an optimized set of 

mixing coefficients. The final model explains most of the variance of our data set 

(99.4% of potential temperature data, 72.8% of salinity data, 81.2% of oxygen data, 

99.8% of silicate data and 91.7% of phosphate data) (Table 2). This is quite a 

remarkable performance, simply based on the assumption that our study area is local 

enough to lessen the importance of biogeochemical cycles. 

2.4. Implementation of the quasi-extended OMP analysis 

For the quasi-extended approach we define conservative preformed parameters for 

nitrogen and phosphorous as 
23

33.9 O�O�O +=  (Anderson, 1995; Fraga et al., 1998; 

Perez et al., 2001) and 
24

135 OPOPO +=  (Broecker, 1974). The formulation is as in 

the system of equations (2) but now with the two previously defined additional 

variables. The procedure includes calculating the �O and PO values for each data point 

with the help of the two above equations. The water types for these two near-

conservative variables may be determined using a procedure equivalent to that used for 

the biochemical variables (i.e. calculating the mean of all available data points within a 

window around the θ  and S  water-type values). This is equivalent to using the 

calculated mixing coefficients (Xi) in order to solve the equations ∑
=

=
6

1i

ii �OX�O and 

∑
=

=
6

1i

ii POXPO  for the ( )ii PO�O ,  values corresponding to each water type. 
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Once we have obtained the water types we can recalculate the mixing coefficients of 

each data point solving the system of equations set for each data point with the 

following set of approximately conservative variables: θ, S, �O, PO and Si (Table 1). 

We have assumed Si behaves conservatively in our study area because the OMP classic 

model explained 99.8% of the Si variance. From this point on the methodology to 

follow is the same as in the case of the OMP classic but with the conservative variables 

replacing nitrate, phosphate and oxygen. Therefore, both the data and the water types 

are normalized and weighted (Table 1) and the system of equations is solved for each 

data point by the non-negative least squares method. 

The mixing model obtained explains 99.1% of the θ variance, 72.8% for S, 99.7% for 

Si, 79.4% for PO and 74.6% for �O. The standard deviation of �O residuals (50.06 

µmol/kg) is half that expected from the combination of the standard deviations of the 

oxygen and nitrate residuals ( 5.9433.9 =+ O� σσ  µmol kg-1). In addition, the standard 

deviation of PO residuals (32.8 µmol kg-1) is also smaller than the one expected from 

the combination of the standard deviations of oxygen and phosphate residuals 

( 1.48135 =+ OP σσ  µmol kg-1) (Table 2). 

The quasi-extended OMP analysis allows to indirectly overcome the problem due to the 

biogeochemical variability (by using preformed nutrients) and the difficulty to estimate 

an accurate value for the OUR in the study area. In addition, it allows including the 

nitrate in the analysis in the form of �O. Therefore, this method was selected for this 

work and the set of mixing coefficients obtained is used in Section 4 to depict the 

participation of the different water types during the Humboldt-09 cruise, in the water 

column along the transects and in the different property-property domains. 

 

3. Results 

3.1 Vertical distribution of properties 

In this section we firstly focus on the distribution of properties on the along-slope (M) 

and cross-slope (N, C and S) transects. Figures 2 through 4 show potential temperature, 

salinity, phosphate, dissolved oxygen, nitrate and silicate distributions along these 

sections. Let us first consider the surface and subsurface layers (top 150 m). In these 
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layers both potential temperature and salinity progressively increase towards tropical 

latitudes, from 12.5 to 17.5 ºC and from 33.5 to 35 respectively (Figure 2), reflecting the 

transition from subpolar to subtropical waters. Subpolar surface waters flow 

equatorward and enter the southern part of our study area, carrying the influence of the 

sub-polar low pressure systems. This water mass comes from a region were stormy 

conditions reduce the amount of solar radiation reaching the sea surface and high rates 

of precipitation drastically reduce the salinity of the surface layers (Silva et al., 2009). 

On the other hand, the Subtropical Pacific Anticyclone favours high rates of evaporation 

and solar radiation over the northern (tropical) part of our study area, therefore, 

increasing the salinity and potential temperature of the surface layers, giving birth to 

STW. The warm (~20 ºC) and salty (~35.2) subtropical waters contrast with the much 

fresher (~33.8) and cooler (~11.5 ºC) subpolar waters (Figure 2).  

The above description is consistent with the dominant advective patterns for the near-

surface waters in the central region of Chile: SAAW is brought equatorward by the HC 

and encounters STW, which is advected poleward from tropical latitudes by the PCCC 

(Strub, 1998). SAAW is believed to subduct below STW near 35 ºS, originating a 

shallow salinity minimum (Leth et al., 2004). In the southern end of the study area we 

also find surface waters with remarkably low values of salinity (~33) and high oxygen 

content (~5.7 ml l-1) (Figures 2 and 3). This fresh water mass is SSAW, or subantarctic 

waters modified through high spring precipitation and high fresh water discharge at the 

fjords of southern Chile probably due to summer glacier melting. 

In the potential temperature-salinity M section (Figure 2) we may also appreciate a 

subsurface high salinity core in the north part of the section that appears to stretch south 

with the PU and which is progressively eroded with distance. This high salinity core 

occupies the top 500 m of the water column along section N. However, this core 

appears constrained to the near-slope region of section C and is missing at section S 

(Figure 2). This high salinity core presents extremely low values of dissolved oxygen (< 

0.5 ml l-1) and high concentrations of nutrients like phosphate (> 2.5 µmol kg-1) or 

nitrate (> 40 µmol kg-1) (Figures 3 and 4). It is remarkable how the oxygen minimum 

zone (OMZ) perfectly fits the core of high salinity. The high nutrient content is due to 

the remineralization of organic matter, which reduces the oxygen concentration in the 

water. The water mass characterized by these features is likely to be ESSW, centered at 
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200-250 m depth and flowing poleward along its density level while progressively 

mixing and losing its identity. ESSW is no longer recognizable in transect S at 41.6ºS 

(Figures 2, 3 and 4). 

At intermediate depths (400-1200 m) and along the M transect we observe a tongue 

characterized by low salinity (~34.25) and potential temperature (~3 ºC) values, that 

seems to spread northward from 44 ºS until almost 30 ºS. This tongue advects AAIW, a 

quite homogeneous water mass formed by winter convection north of the Polar Front 

(Hartin et al., 2011), which has been reported to fully cross the equator before 

completely losing its identity (Strub et al., 1998). AAIW has a relative maximum of 

dissolved oxygen (3-4.7 ml l-1) and a relative minimum of nutrients (P < 2 µmol kg-1, � 

< 30 µmol kg-1) and low values of Si (Si < 50 µmol kg-1) (Figures 3 and 4). 

Below AAIW, at depths larger than 1200 m, we find a more homogeneous water mass, 

the PDW. We sampled this water mass from 1200 m to 1500 m depth, the maximum 

cruise sampling depth. PDW is supposed to fill the remaining water column down to the 

sea bottom (Leth et al., 2004). This water mass is saltier (~34.68) and slightly colder 

(~1.75-3 ºC) than the overlying intermediate waters. It is also characterized by low 

dissolved oxygen (~1.7 ml l-1) and high nutrient concentration (P > 2.5 µmol kg-1, � 

>40 µmol kg-1), being remarkably abundant in silicate (> 80 µmol kg-1) (Figures 2, 3 

and 4). For our region the PDW has been reported to move poleward (Shaffer et al., 

2004) at velocities always less than 0.5 m s-1 (Leth et al., 2004). 

3.2 Property-property diagrams 

It is useful to examine how all data points are distributed in several property-property 

diagrams (Figure 5). In the potential temperature-salinity diagram (Figure 5a), we may 

distinguish the presence of the six water types at different density levels. Three surface 

waters (STW, SSAW and SAAW) appear within layers of potential density ( θσ ) less 

than 26 kg m-3. The STW presents potential temperature and salinity values higher than 

SSAW and SAAW and is located in the northern part of our study area. In addition, 

SSAW is fresher and warmer than SAAW, both water types are predominant in the 

southern part of our study area. 
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At around θσ  = 26.25 kg m-3 we find ESSW, saltier and slightly colder than SSAW, 

mainly located at the northern part of the area analysed. Further deep ( θσ  = 27.2 kg m-3) 

and in the southern part of this region we find the AAIW, colder and fresher than 

ESSW. Finally, at greater depths ( θσ  > 27.4 kg m-3) we find PDW, characterized by the 

lowest potential temperatures found in our study area and salinity values above those of 

AAIW (Figure 5a and Table 1). 

In Figure 5b we may distinguish some characteristic properties of the six water types 

with participation in our study area. The two Antarctic surface water masses present 

relatively high values of dissolved oxygen, in contrast with the anoxic ESSW. AAIW 

also has relatively high oxygen concentrations, indicative of the proximity of its 

formation region north of the Antarctic Polar Front (APF) (Hartin et al., 2011). With 

regards to the phosphate content, we find that deep waters have higher content than the 

surface ones, with STW being less rich in phosphate than SSAW and SAAW. The 

ESSW and PDW present the highest phosphate concentration among the six water 

masses found in the area (Figures 5b,c). Finally, we may observe that PDW presents the 

largest silicate concentrations, with values at least five times greater than within other 

water masses (Figure 5d). 

In Figure 5c we may appreciate the Redfield ratio among nitrate and phosphate (16:1), 

as shown by the straight line formed by the data points. The outliers are explained by 

the hypoxic conditions mainly found within the ESSW layers (located below and to the 

right of the straight line with θσ  = 26.25 kg m-3) and in some PDW points ( θσ  > 27.4 

kg m-3). This is because the Redfield ratio (�:P) is defined for the degradation of 

organic matter in oxygenated waters and, consequently, it is not valid in hypoxic 

environments where denitrification takes place. In quasi-anoxic conditions there is not 

enough dissolved oxygen in the water to maintain the oxidation of the organic matter. In 

this situation the degradation of the organic matter is maintained by nitrate, which plays 

the role of the dissolved oxygen as electron acceptor and is finally reduced to elemental 

nitrogen in a few steps (Thomas, 1966; Anderson et al., 1982; Codispoti and 

Christensen, 1985). In the first of these steps nitrate is reduced to nitrite, a situation that 

generates local nitrate minimum and nitrite maximum values (Wooster et al., 1965; Zuta 

and Guillen, 1970; Diaz, 1984; Codispoti and Christensen, 1985). This nitrate deficit 

disrupts the molar ratio �:P presenting a high deviation from the 16:1 ratio’s slope 
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found when the organic matter is remineralized in aerobic conditions (Silva et al., 

2009). 

 

4. Discussion 

4.1 Property-property diagrams per water type 

The OMP classic method, with water types estimated using the cruise data (discarding 

nitrate for the analysis) and the quasi-extended OMP method, again with water types 

determined from our own data set, performed equally well at explaining the data 

variance and presented similar standard deviations (Table 2). It is fair to recognize that 

both methods showed less skill at reproducing the salinity data (73% in both cases). The 

quasi-extended version can only reproduce 75 and 70% of the PO and �O variables, 

apparently because of the denitrification process taking place in the study area. 

Nevertheless, the plots obtained with these methods are very similar. Therefore, and 

because the quasi-extended method has the advantage of avoiding the problem due to 

the biogeochemical variability within the study area, we have used it to calculate the 

participation of the different water masses to each of the data points gathered during the 

Humboldt-09 cruise.  

Through the OMP analysis we have defined the characteristics of the six water types 

that are present in the study area. The characteristics may be appreciated in Figures 6, 7 

and 8 where we have plotted our data set in several property-property spaces, indicating 

the location of the water types in these different domains. In the potential temperature 

versus salinity diagrams (Figure 6) we may appreciate the gradation of characteristics as 

a function of water depth, with STW, SAAW and SSAW occupying the near surface 

layers, ESSW and AAIW the intermediate layers and PDW the deep layers. However, 

there is also a remarkable gradation in latitude, with STW (ESSW) being very salty and 

warm as compared with SSAW (AAIW). In the phosphate versus oxygen diagram 

(Figure 7) the most striking difference appears at subsurface layers, with ESSW having 

much less oxygen and much more phosphate than the AAIW. In the silicate versus 

oxygen diagram (Figure 8) all waters appear very poor in silicate except for the PDW 

and, to a lesser degree, the ESSW.  
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The results confirm that the points located near a water type have a substantially high 

participation of the corresponding water type. This gives confidence on the high skill of 

the OMP technique to properly identify the contributions of the different water types to 

any data point. 

4.2. Vertical distributions per water type 

The OMP quasi-extended analysis gives the contributions of the different water types to 

each data point. Given this information we may plot the contributions of each water 

mass along the meridional and zonal Humboldt-09 transects. Figures 9 and 10 provide 

useful information about what is the spreading path of the water masses and how much 

mixing they undergo during their propagation. 

In Figure 9 we show the distribution of the contributions of all water types for transect 

M. The upper plot zooms at the surface layers, spanning from the sea surface down to 

180 m, and the lower one looks from 200 down to 1400 m. In the surface layers we find 

SSAW, its core located between 43 and 36 ºS and stretching along the whole section S 

(Figure 10), which is eroded during its equatorward path as it mixes with SAAW and 

STW. We identify SAAW below SSAW, at depths spanning from 40 to 120 m in the 

nearshore region of section S and reaching even deeper (180 m) further offshore in 

section S (Figure 10).This water mass is advected northward by the HC (Strub et al., 

1998), mixing along its path with SSAW and STW, and subducting under STW at the 

Subtropical Convergence, beyond 35 ºS (Silva et al., 2009). On its way it rises over the 

ESSW, occupying a thinner strata, from 20 m down to 70 m in section C and thinning to 

a width of about 20 m in section N. SSAW shoals in the nearshore region, displacing 

STW to the west in sections C and N (Figure 10). 

STW is found in the surface and spans a layer up to 45 m thick between 23 and 26 ºS 

(Figure 9). STW is advected poleward from tropical latitudes by the PCCC (Silva et al., 

2009). During its path it encounters a wedge of mixed SSAW and SAAW which 

separates STW from the Chilean coast, diverting STW further west (Figure 10). 

Remnants of STW are still found at 75.3ºW in the C zonal transect but it completely 

disappears in zonal transect S. Below STW we find ESSW, at 23 ºS (Figure 9) this 

water mass occupies about 500 m of the water column, with a relatively shallow core at 

140 m depth. The ESSW moves south as a wedge advected by the PU (Leth et al., 
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2004). On its poleward path, its upper part sinks under SAAW from 70 m in section C 

to 140 m nearshore in section S (Figure 10). ESSW progressively loses its identity by 

mixing with SAAW on its upper-side and with AAIW on its bottom-side (Figures 9 and 

10). 

At intermediate depths we identify AAIW (from 400 down to 1000 m) (Figures 9 and 

10), originated north of the Polar Front (Hartin et al., 2011). AAIW is advected 

equatorward and is progressively eroded as it mixes with quite salty ESSW in its upper-

side and with PDW in its bottom-side. AAIW is found along the whole meridional 

transect and in the three zonal transects, although its participation in the water column at 

tropical latitudes is relatively small. Its core is located at 600 m depth and spreads 

northward like a tongue of relatively fresh water with salinity values between 34.1 and 

34.3. In addition, AAIW presents a local maximum of dissolved oxygen (3-4.7 ml l-1) 

and a relative minimum of nutrients (P < 2 µmol kg-1, N < 30 µmol kg-1) (Figures 3 

and 4). 

Below AAIW, at depths greater than 1200 m, we find PDW. Here we may only 

appreciate the upper tip of this water mass, as it extends down to about 3000 m (Silva et 

al., 2009). This water mass slowly flows south while it mixes with AAIW in its upper-

side (Figures 9 and 10). PDW presents values of nutrients/oxygen higher/lower than 

AAIW (Table 1). 

 

5. Concluding remarks 

The analysis of the potential temperature, salinity, inorganic nutrients and dissolved 

oxygen data from the Humboldt-09 cruise indicates the presence of different surface, 

intermediate and deep water masses which progressively mix and erode along their 

particular spreading paths. The distribution of the physico-chemical properties along 

meridional and zonal transects clearly shows quite stratified water masses that are 

approximately distributed in four different water strata: near surface (down to ~60 m), 

central (60 to about 200-400 m), intermediate (200-400 to some 1200 m) and deep 

waters (below 1200 m). One main feature is that surface and central waters, formed 

within the very large South Pacific subtropical gyre, occupy a relatively thin water 

stratum as compared with intermediate and deep waters of extratropical origin. This 
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contrasts with other boundary systems, such as the Canary, Oregon and Benguela 

Current systems, where central waters reach much deeper (Tomczak and Godfrey, 

2003). 

Our first task has been to properly identify the potential temperature, salinity, dissolved 

oxygen and inorganic nutrient values that characterize the six water types in the region: 

SAAW, SSAW, STW, ESSW, AAIW and PDW. To our knowledge there are no 

inorganic nutrient and dissolved oxygen values in the literature that characterize these 

water types, neither potential temperature nor salinity values for SSAW. With the 

objective of defining these values we have examined the available data and have used 

the OMP classic and quasi-extended methods to optimize the definition of the water 

types through an iterative procedure that leads to minimum residuals. The variables that 

characterize the different water types comprise all the data points (in all different 

property-property domains, including the classical salinity-potential temperature 

diagram), and the OMP analysis is able to properly resolve what are the different 

contributions of the six water types to all data points. Table 1 summarizes the 

characteristic values we have eventually calculated for the six water types present in our 

study area. 

The area of interest exhibits a transition from waters of antarctic and subantarctic origin 

to those of equatorial and tropical origin. After calculating the contribution of each 

water type to all data points we have examined how these relative contributions are 

depicted in the meridional and zonal sections. The main outcome has been to appreciate 

that along-slope (meridional) water masses transition is relatively smooth, in contrast 

with much faster changes in the cross-slope (zonal) direction. This is true at all depths 

except for deep waters where PDW is the single dominant water mass.  

As we move north the contributions from the different water masses change 

progressively. Near-surface (top 60 m) there is a progressive transition from SSAW and 

SAAW into STW. Just below, within the upper central waters (60 to 200 m), the 

southern and northern ends have very little SSAW and STW, respectively, which are 

replaced by SAAW and ESSW. Further deep, in the northern locations we find that 

AAIW encounters, subducts and partially mixes with ESSW in the lower central strata 

(200 to 400 m) while in the southern locations AAIW is the single dominant 
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intermediate water mass (400 to 1000 m). Between 1000 and 1100 m we still find 

AAIW at the southern locations but further north this depth range is occupied by PDW.  

In contrast with the smooth changes in water properties found along latitude, water 

masses change much more abruptly in the cross-shore direction. Near the sea surface 

(top 60 m) SSAW dominates in section S, SAAW and STW (further offshore) alternate 

in section C, and STW is the dominant water mass in section N. Just below (60 to 200 

m) we find greater variability, with ESSW and SAAW present in all sections, ESSW 

dominating at low latitudes and higher depths and SAAW at high latitudes. The SAAW 

is found deeper as we move offshore in section N but at shallower depths in section C. 

Further deep we find substantially less cross-shore variability, with ESSW as the single 

dominating water mass between 200 and 400 m except in section N where some SAAW 

is present offshore, and AAIW is the predominant water mass down to 1100 m. Further 

deep PDW is the prevailing water mass.  

A remarkable feature in our data is the contrast of low salinity, low nutrient and high 

oxygen AAIW with relatively high salinity, high nutrients, and very low oxygen ESSW. 

These are the two dominant water masses between about 250 and 650 m throughout the 

whole meridional transect, although either of them is found to contribute at least 40% as 

shallow as 50 m and as deep as 1200 m. Approximately 40% of AAIW is found 

between 250 and 1100 m at 44 ºS and between 550 and 650 m at 23 ºS, while there is 

more than 40% ESSW between 550 and 650 m at 44 ºS and between 50 and 550 m at 23 

ºS. The ESSW is associated to very low dissolved oxygen and high nutrient values, this 

tongue stretches south illustrating the penetration of this water centered at 250 m. The 

low oxygen content of ESSW may influence the underlying AAIW and even PDW at 

low latitudes, as suggested by Silva et al. (2009). 

The differences observed in meridional and zonal gradients are undoubtedly the 

outcome of the regional circulation patterns with rather narrow meridional jets that 

stretch over our whole domain (Silva et al., 2009). These jets become paths for 

substantial meridional transport over long distances, hence bringing tropical water into 

subantarctic regions and vice versa, but also act to enhance cross-slope zonal gradients. 

Our results can only give some hints about the regional offshore variability, being 

limited by the relatively low number of zonal sections and their small offshore 

extension, but yet point at the high variability of the water masses in this important 
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climatic region and the necessity of carrying out further physico-chemical 

characterizations.  
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Table 1. Water types and their characteristic property concentrations.  

Table 2. Comparison of the performance of the different OMP models evaluated. For all 

models, the explained variance (r2) and the standard deviation of the residuals (σ) are 

shown for each variable. The explained variance and the standard deviation are related 

as 222 σσ mr =  where ∑ −=
dataj

jm CC 22 )ˆ(σ  and ∑ −=
dataj

j CC 22 )(σ . The summation is 

over all data points jC  , the hat denotes the values predicted by the model, and the bar 

denotes the mean value as calculated with the data. 
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Water 

mass 

Potential 

Temperature 

(ºC) 

Salinity 
Oxygen  

(ml/l)
*
 

Phosphate 

(µmol/kg)
*
 

Silicate 

(µmol/kg)
 *

 

6itrate 

(µmol/kg)
*
 

6O 

(µmol/kg)
†
 

PO  

(µmol/kg) 
†
 

Mass 

conservation 

SSAW 15 33 5.7 0.66 0 2.20 272.63 350.94 ----- 

STW 20 35.2 4.88 0.28 0 0.07 190.62 270.98 ----- 

SAAW 11.5 33.8 5.83 0.84 0 14.88 358.40 417.59 ----- 

ESSW 12.5 34.9 0.1 3.02 24.39 17.12 245.98 452.87 ----- 

AAIW 3 34 4.7 1.95 9.76 36.70 501.54 507.66 ----- 

PDW 1.75 34.68 1.7 2.92 108.21 39.15 517.42 574.90 ----- 

Weights 24 12 2 2 12 2 6 6 100 

(*) These water types are obtained from local values as explained in section 2.3. (†) From these preformed values of NO and PO it is possible to estimate preformed values of 
nitrate and phosphate assuming saturated values of oxygen in the formation region as explained in Pérez et al. (1993) 

Table 1. Water types and their characteristic property concentrations.  

Tabla 1. Aguas tipo y  valores característicos de sus propiedades. 
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 Pot. Temp. Salinity Oxygen Silicate Phosphate PO 6itrate 6O 

r
2
 0.9944 0.7225 0.8287 0.9949 0.7800 ----- 0.1681 ----- 

OMP classic 
Water types from climatology 

σ 0.3257 0.1445 24.2613 0.9549 0.2359 ----- 8.3754 ----- 

r
2 0.9943 0.7280 0.8108 0.9968 0.9182 ----- 0.5839 ----- OMP classic 

Water types from local values 
(with nitrate) σ 0.3274 0.1451 21.8543 0.8116 0.1943 ----- 7.7867 ----- 

r
2 0.9944 0.7282 0.8119 0.9975 0.9166 ----- ----- ----- OMP classic 

Water types from local values 
(no nitrate) σ 0.3279 0.1452 21.8144 0.8070 0.1945 ----- ----- ----- 

r
2 0.9910 0.7283 ----- 0.9974 ----- 0.7941 ----- 0.7465 OMP quasi-extended 

Water types from local values 
(with NO+PO) σ 0.4133 0.1450 ----- 0.8846 ----- 32.8008 ----- 50.0614 

 

Table 2. Comparison of the performance of the different OMP models evaluated. For all models, the explained variance (r2) and the standard deviation of the 

residuals (σ) are shown for each variable. The explained variance and the standard deviation are related as 222 σσ mr =  where ∑ −=
dataj

jm CC 22 )ˆ(σ  and 

∑ −=
dataj

j CC 22 )(σ . The summation is over all data points jC  , the hat denotes the values predicted by the model, and the bar denotes the mean value as 

calculated with the data. 
 
Tabla 2. Comparativa de la capacidad predictiva de los diferentes modelos OMP evaluados. Se muestra, para cada variable, la variabilidad (r2)  del conjunto 
de datos explicada por cada modelo y la desviación estándar (σ) de los residuos. La varianza explicada y la desviación estándar se relacionan como 

222 σσ mr =  donde ∑ −=
dataj

jm CC 22 )ˆ(σ  y ∑ −=
dataj

j CC 22 )(σ . La sumatoria es sobre todos los datos jC  , el sombrero representa los valores predichos 

por el modelo, y la barra representa el valor medio calculado a partir de los datos. 
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List of Figures   

Figure 1. (a) Map of the eastern South Pacific with schematic arrows indicative of the 

patterns of motion for the dominant water masses. The lines sketch the dominant 

currents (HC: Humboldt Current, PCCC: Peru-Chile Counter Current, PUC: Poleward 

Undercurrent, PCC: Peru-Chile Coastal Current, CHC: Cape Horn Current, SEC: South 

Equatorial Current and WWD: West Wind Drift) with red/purple lines indicating waters 

of tropical/subpolar origin. The dashed lines correspond to intermediate waters. The 

solid and dashed lines are suggestive of the main direction of propagation of the upper 

and intermediate waters. (b) Study area with the hydrographic (blue triangles) and XBT 

(red circles) stations. The meridional (M) and three zonal sections (northern N, central 

C and southern S) are shown.  

 

Figure 2. Distributions of potential temperature (black solid contour lines) and salinity 

(coloured) along the (a) meridional (M), (b) northern (N) (23.6 ºS), (c) central (C) (30.8 

ºS) and (d) southern (S) (41.6 ºS) sections; in the zonal sections the longitude axis 

increases in the offshore direction. 

 

Figure 3. Distribution of phosphate (black solid contour lines) and oxygen (coloured) 

along the (a) meridional (M), (b) northern (N) (23.6 ºS), (c) central (C) (30.8 ºS) and (d) 

southern (S) (41.6 ºS) sections; in the zonal sections the longitude axis increases in the 

offshore direction. 

 

Figure 4. Distribution of nitrate (black solid contour lines) and silicate (coloured) along 

the (a) meridional (M), (b) northern (N) (23.6 ºS), (c) central (C) (30.8 ºS) and (d) 

southern (S) (41.6 ºS) sections; in the zonal sections the longitude axis increases in the 

offshore direction. 

 

Figure 5. Water types (red stars) from Table 1 are identified in all panels. (a) Potential 

temperature-salinity diagram with isopycnals of potential density ( θσ ) shown as grey 

contour lines and latitude colour-coded; (b) phosphate-oxygen diagram; (c) nitrate-

phosphate diagram with the Redfield ratio shown by a dashed line; and (d) silicate-

oxygen diagram. Potential density is colour coded in (b), (c) and (d). 
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Figure 6. Potential temperature-salinity diagrams showing the relative contribution of 

each water type (colour-coded). Top panels: Subtropical Water (STW), Subantarctic 

Water (SAAW) and Equatorial Subsurface Water (ESSW); bottom panels: Antarctic 

Intermediate Water (AAIW), Pacific Deep Water (PDW) and Summer Subantarctic 

Water (SSAW). In each panel the corresponding water type is indicated with a red star.  

Figure 7. Phosphate-oxygen diagrams showing the relative contribution of each water 

type (colour-coded). Top panels: Subtropical Water (STW), Subantarctic Water 

(SAAW) and Equatorial Subsurface Water (ESSW); bottom panels: Antarctic 

Intermediate Water (AAIW), Pacific Deep Water (PDW) and Summer Subantarctic 

Water (SSAW). In each panel the corresponding water type is indicated with a red star.  

Figure 8. Silicate-oxygen diagrams showing the relative contribution of each water type 

(colour-coded). Top panels: Subtropical Water (STW), Subantarctic Water (SAAW) 

and Equatorial Subsurface Water (ESSW); bottom panels: Antarctic Intermediate Water 

(AAIW), Pacific Deep Water (PDW) and Summer Subantarctic Water (SSAW). In each 

panel the corresponding water type is indicated with a red star. 

Figure 9. Vertical distributions of the different water masses along the meridional 

section (M). Upper panel: zoomed down to 180 m depth; bottom panel: down to 1400 m 

depth. We show the contributions of Summer Subantarctic Water (SSAW) in green 

solid contour lines, Subtropical Water (STW) in black solid contour lines, SubAntarctic 

Water (SAAW) colour-coded, Equatorial Subsurface Water (ESSW) in brown solid 

contour lines, Antarctic Intermediate Water (AAIW) colour-coded and Pacific Deep 

Water (PDW) in black solid contour lines. 

Figure 10. Vertical distributions of the different water masses along the three zonal 

transects. From left to right we present the (a) northern (N), (b) central (C) and (c) 

southern (S) transects. Upper panels: zoomed down to 180 m depth; bottom panels: 

down to 1400 m depth. We show the contributions of Summer Subantarctic Water 

(SSAW) in green solid contour lines, Subtropical Water (STW) in black solid contour 

lines, SubAntarctic Water (SAAW) colour-coded, Equatorial Subsurface Water (ESSW) 

in brown solid contour lines, Antarctic Intermediate Water (AAIW) colour-coded and 

Pacific Deep Water (PDW) in black solid contour lines. 
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Figure 1. (a) Map of the eastern South Pacific with schematic arrows indicative of the patterns 
of motion for the dominant water masses. The lines sketch the dominant currents (HC: 
Humboldt Current, PCCC: Peru-Chile Counter Current, PUC: Poleward Undercurrent, PCC: 
Peru-Chile Coastal Current, CHC: Cape Horn Current, SEC: South Equatorial Current and 
WWD: West Wind Drift) with red/purple lines indicating waters of tropical/subpolar origin. The 
dashed lines correspond to intermediate waters. The solid and dashed lines are suggestive of the 
main direction of propagation of the upper and intermediate waters. (b) Study area with the 
hydrographic (blue triangles) and XBT (red circles) stations. The meridional (M) and three 
zonal sections (northern N, central C and southern S) are shown.  

 

HC  

WWD  

CHC  

SEC  

PCC 

PCCC  

PUC  

M 

 N 

C 

S 

a) b) 



 33 

 

       

Figure 2. Distributions of potential temperature (black solid contour lines) and salinity (coloured) along the (a) meridional (M), (b) northern (N) (23.6 ºS), (c) 
central (C) (30.8 ºS) and (d) southern (S) (41.6 ºS) sections; in the zonal sections the longitude axis increases in the offshore direction. 
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Figure 3. Distribution of phosphate (black solid contour lines) and oxygen (coloured) along the (a) meridional (M), (b) northern (N) (23.6 ºS), (c) central (C) 
(30.8 ºS) and (d) southern (S) (41.6 ºS) sections; in the zonal sections the longitude axis increases in the offshore direction.  
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Figure 4. Distribution of nitrate (black solid contour lines) and silicate (coloured) along the (a) meridional (M), (b) northern (N) (23.6 ºS), (c) central (C) (30.8 
ºS) and (d) southern (S) (41.6 ºS) sections; in the zonal sections the longitude axis increases in the offshore direction.  
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Figure 5. Water types (red stars) from Table 1 are identified in all panels. (a) Potential 
temperature-salinity diagram with isopycnals of potential density (

θσ ) shown as grey contour 

lines and latitude colour-coded; (b) phosphate-oxygen diagram; (c) nitrate-phosphate diagram 
with the Redfield ratio shown by a dashed line; and (d) silicate-oxygen diagram. Potential 
density is colour coded in (b), (c) and (d). 
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Figure 6. Potential temperature-salinity diagrams showing the relative contribution of each water type (colour-coded). Top panels: Subtropical 
Water (STW), Subantarctic Water (SAAW) and Equatorial Subsurface Water (ESSW); bottom panels: Antarctic Intermediate Water (AAIW), 
Pacific Deep Water (PDW) and Summer Subantarctic Water (SSAW). In each panel the corresponding water type is indicated with a red star.  
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Figure 7. Phosphate-oxygen diagrams showing the relative contribution of each water type (colour-coded). Top panels: Subtropical Water (STW), 
Subantarctic Water (SAAW) and Equatorial Subsurface Water (ESSW); bottom panels: Antarctic Intermediate Water (AAIW), Pacific Deep 
Water (PDW and Summer Subantarctic Water (SSAW). In each panel the corresponding water type is indicated with a red star.  
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Figure 8. Silicate-oxygen diagrams showing the relative contribution of each water type (colour-coded). Top panels: Subtropical Water (STW), 
Subantarctic Water (SAAW) and Equatorial Subsurface Water (ESSW); bottom panels: Antarctic Intermediate Water (AAIW), Pacific Deep 
Water (PDW) and Summer Subantarctic Water (SSAW). In each panel the corresponding water type is indicated with a red star.
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Figure 9. Vertical distributions of the different water masses along the meridional section (M). 
Upper panel: zoomed down to 180 m depth; bottom panel: down to 1400 m depth. We show the 
contributions of Summer Subantarctic Water (SSAW) in green solid contour lines, Subtropical 
Water (STW) in black solid contour lines, Subantarctic Water (SAAW) colour-coded, 
Equatorial Subsurface Water (ESSW) in brown solid contour lines, Antarctic Intermediate 
Water (AAIW) colour-coded and Pacific Deep Water (PDW) in black solid contour lines. 
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Figure 10. Vertical distributions of the different water masses along the three zonal transects. From left to right we present the (a) northern (N), (b) central (C) 
and (c) southern (S) transects. Upper panels: zoomed down to 180 m depth; bottom panels: down to 1400 m depth. We show the contributions of Summer 
Subantarctic Water (SSAW) in green solid contour lines, Subtropical Water (STW) in black solid contour lines, Subantarctic Water (SAAW) colour-coded, 
Equatorial Subsurface Water (ESSW) in brown solid contour lines, Antarctic Intermediate Water (AAIW) colour-coded and Pacific Deep Water (PDW) in 
black solid contour lines. 
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