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                                                                     Résumé 

       Nous avons analysé la variabilité  des eaux modales subtropicales de l’océan Atlantique  

nord encore appelé  eaux de 18 degrée (EDW) . Ces eaux de quelques mètres d’épaisseur près 

de la surface de l’océan ont une temperature et salinité presque uniforme . Une nouvelle  

metrique basée sur le calcul de probabilité a été appliquée sur les données des profiles de 

temperature  in-situ collectées sur les flotteurs Argo pendant la période 2000-2013 dans la 

zone subtropicale de l’ocean Atlantique nord. Cette methode statistique a permis de faire une 

analyse du volume des eaux modales subtropicales. L’avantage de cette methode  est qu’elle 

n’utilise ni interpolation ni représentation en carte de donnée .  De cette analyse,  il a été 

observé que la variabilité du volume des EDW reflecte principalement celle de l’épaisseur . 

une  distribution des EDW a été mis en évidence. Cependant à  l’échelle interannuelle  on a 

observé un maximum d’anomalie de l’indice de volume des EDW en 2007, un minimum en 

2003 et une double phase de stabilité respectivement pour les années  2004-2005 et 2008-

2010.  
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                                                                ABSTRACT 

   We have analysed the interannual variability of Subtropical Mode Water (STMW) aslo 

called Eighteen Degree Water (EDW) in the north Atlantic ocean. It is upper ocean water 

masses with nearly uniform temperature and salinity over a thickness of  hundred meters. A 

new metric based on probability computation has been applied on  in-situ  temperature 

profiles  data collected during the period 2000-2013 from the Argo floats over North Atlantic 

ocean. This statistical method has allowed to monitor the volume of subtropical mode waters 

with time. It has the benefit to  not imply mapping  nor interpolation on a regular grid.  The 

results has shown that the variability of the EDW volume reflects mainly that of the EDW 

thickness. On the other hand the computation of  the probability has brought out a good 

distribution of  EDW. On a interannual scale,  analysis has demonstrated  a maximum  of 

volume index in 2007, a minimum in 2003 and a  double stability respectively  in the years 

2004-2005 and  2008-2010.                                                                                                                                                                               
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INTRODUCTION 

    Subtropical Mode Water (STMW) is upper ocean water masses, a common feature of the 

subtropical gyres in the North Atlantic and the North Pacific with nearly uniform temperature 

and salinity over a thickness of  hundred meters . It is  found at the pycnostad below the 

seasonal pycnocline and above the main pycnocline (e.g., Worthington, 1959; Masuzawa, 

1969; Roemmich and Comuelle, 1992). It is formed during the winter by convective mixing 

on the warmer (equatorward) side of the separated western boundary currents  such as Gulf 

Stream and Kuroshio(e.g., Bingham, 1992) and flown out away from the formation area (e.g., 

McCartney, 1982).  

     Mode waters are a manifestation of very basic ocean dynamics and have a considerable 

importance  in climatic point of view, since they occur in a region of intense air–sea exchange 

where the ocean transfers heat to the atmosphere (Climode Group, 2009), releasing intense 

wintertime convection on both sides of the air–sea interface. The fundamental mechanism of 

mode water formation has been the subject of recent debate.  Classically, a weakly stratified 

column is formed by buoyancy-driven convection that subsequently restratifies by lateral 

advection (Warren 1972). On the other hand Thomas (2005) asserted that the water column 

can destabilize by winddriven Ekman processes, which advects fluid masses over winds. 

Mode waters also play an important role in injecting water in to the thermocline each winter. 

Oceanic uptake and decadal variability of atmospheric CO2 is modulated by the STMW 

reservoir (Climode Group, 2009). Studying the variability of NASMW could allow to 

understand better oceanic processes and its importance to climate. 

          Mode waters were first observed over 130 yr ago by Thomson (1877) and Subtropical 

Mode Water were first introduced by Worthington (1959) and Masuzawa (1969). Since then, 

a large number of studies have investigated STMW; Talley (1982) studied Eighteen Degree 

Water variability in Western North Atlantic; Suga (1989) analysed STMW in the 

137°E section.  More recently; Kwon and Riser (2004) investigated the seasonal variability of 

North Atlantic Subtropical Mode Water; observation of the cycle of convection and 

restratification over Gulf Stream were made by the Climode Group (2009); Maze (2009) used 

transformation and formation maps to study the role of air-sea heat fluxes in north atlantic 

eighteen degree water formation; Forget (2011) Estimated seasonal cycle of north atlantic 

eighteen degree water volume.  

    All the studies of variability of mode water in the north Atlantic were based either on 

mapped or interpolation method. Here, we have used a new metric based on a simple analysis 

of Argo in-situ vertical profiles of temperature, which does not imply mapping nor 

interpolation on a regular grid. It is the vertical integral of ocean’s layer probability to have a 

temperature in the mode water range over a given time range t. 

    Our work aims to explore the interannual variability of North Atlantic Subtropical Mode 

water using this metric. How does NASTMW (EDW) volume vary using this statistical 

method? 

   The plan is presented as follows: In section 1, we have exposed the history of Mode Water, 

explaning the  basic processes of Mode Water. The presentation of study area, data and 

method have been carried out in section 2. Finally result and disussion have been made in 

section 3. 
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                                                   MODE WATER  HISTORY 

 In this section mode water history is reported in order to explain differents processes linked 

to it . In other term to issue what is the meaning of mode water , how and where it is formed . 

For this purpose , it is first exposed the ventilation and mode water generation , then the 

Definition, detection and general characteristics of mode waters, next Geographical 

distribution of mixed-layer depth and mode waters in the world’s oceans and finally Temporal 

variability of mode water properties and distribution is displayed. 

1.1  Ventilation and mode water generation 

 

‘Mode Water’ is the name given to a layer of nearly vertically homogeneous water found over 

a relatively large geographical area. Mode waters usually occur within or near the top of the 

permanent pycnocline, and hence are apparent through the contrast in stratification with the 

pycnocline waters. Therefore, in a volumetric census in, for instance, a temperature–salinity 

diagram, this homogeneity in comparison with surrounding higher stratification produces a 

maximum inventory. Masuzawa (1969) first introduced the term ‘Subtropical Mode Water’ 

(STMW) in reference to the thick layer of temperature 16–18°C in the northwestern North 

Pacific subtropical gyre, on the southern side of the Kuroshio Extension. This STMW is the 

counterpart of the previously identified Eighteen Degree Water associated with the Gulf 

Stream Extension in the North Atlantic (Worthington, 1959). The terminology ‘Mode Water’ 

was extended to the thick near-surface layer north of the Subantarctic Front by McCartney 

(1977), who identified and mapped the properties of the Subantarctic Mode Water (SAMW). 

McCartney and Talley (1982) then applied the term ‘Subpolar Mode Water’ (SPMW) to the 

thick near-surface mixed layers in the North Atlantic’s subpolar gyre. The term ‘Mode Water’ 

now is nearly ubiquitous for describing any thick, broadly distributed, near-surface layer. To 

distinguish it from other mode waters, the Subtropical Mode Water described by Masuzawa 

(1969, 1972) is now usually referred to as North Pacific Subtropical Mode Water (NPSTMW) 

and the North Atlantic’s Eighteen Degree Water is sometimes called North Atlantic 

Subtropical Mode Water (NASTMW). Mode waters have been identified in every ocean 

basin, always on the warm side of a current or front. Subtropical mode waters are associated 

with every separated western boundary current of subtropical gyres. Mode waters have been 

identified recently in the northeastern portions of several subtropical gyres – this 

identification is extended herein to all basins. In the southern hemisphere, the Subantarctic 

Front is the southern boundary of the subtropical gyres. Because isopycnals plunge so rapidly 

towards the north across the front, a very thick mode water is found to the north of the Front. 

Mode waters are generally distributed below the surface far beyond their formation areas. 

Ventilation of the ocean interior occurs when fluid is subducted, or pushed down, from the 

ocean surface. The initial view of how this occurs dates back to Iselin (1939), who proposed 

that water would be pushed downwards along sloping isopycnals from the base of the Ekman 

layer by the wind-induced vertical Ekman pumping velocity. Stommel (1979) recognized that 

only the fluid leaving the deep winter mixed layer irreversibly enters the permanent 

pycnocline (the ‘mixed-layer demon’ hypothesis), and this biases the temperature and salinity 

properties of the main thermocline toward those of the deep winter mixed layer. 

Consequently, it is actually the flow through the base of the winter mixed layer (rather than 

the Ekman layer) that ventilates the underlying ocean, and, as pointed out by Woods (1985), 

the absence of a mixed layer in idealized models precludes lateral induction (by horizontal 

advection) across the sloping base of the mixed layer. Williams (1989) therefore included a 

spatially varying mixed layer in the model of Luyten et al. (1983), and found that the volume 
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of ventilated fluid within the subtropical gyre was indeed much increased due to lateral 

induction. In fact, several studies have now shown that the subduction rate in the North 

Atlantic subtropical gyre due to lateral induction is about two to four times greater than that 

resulting from Ekman pumping alone (Jenkins, 1982; Sarmiento, 1983; Marshall et al. , 1993; 

New et al., 1995).  

Mode water studies are useful from various view points.  First, mode water reflects temporal 

variations of oceanic and hence climatic conditions. Variations in mode water properties, 

distribution and circulation are manifestations of variations in wintertime air–sea interaction 

(surface cooling) in the formation area, oceanic heat transport to the formation area, eddy 

activity in the formation area and spin-up/spin-down of the gyre. Second, mode water 

simulation is a good target for numerical models, particularly those with mixed layers. In 

order to model mode waters and their variations accurately various processes must be 

correctly simulated, including: plausible separation of western boundary currents and their 

extensions, frontal systems, mixed-layer processes given proper surface forcing, eddy activity 

in the formation area, advection/ ventilation/subduction processes and isopycnal/ diapycnal 

mixing. Numerical simulations of NASTMW (Marsh and New, 1996; Hazeleger and 

Drifhout, 1998, 1999) and SAMW (Ribbe and Tomczak, 1997) have been carried out.  

 

1.2  Definition, detection and general characteristics of mode waters 

 

Mode waters are characterized by homogeneity of water properties in the vertical as well as 

the horizontal. Thickening of isopycnal layers occurs in many places, so the following several 

characteristics are generally used to identify mode waters.  

(1) In a volumetric sense, a mode water has a substantial volume in some region, in 

comparison with surrounding water masses.  

(2) Water properties such as temperature, salinity and oxygen are highly homogeneous in the 

horizontal and vertical.  

(3) At a given station, that is, in a single vertical profile, mode water appears as a pycnostad 

(low vertical density gradient) between the seasonal and main (or lower) pycnoclines (high 

vertical density gradient).  

(4) Mode water is found well beyond its outcropping area as a result of advection. 

 (5) Mode water formation or maintenance is usually associated with wintertime convective 

mixing due to buoyancy loss from the ocean surface, in a much more limited region than the 

total area occupied by the mode water.  

(6) Mode water formation areas occur in conjunction with permanent fronts, on the low-

density side of the front, where the isopycnal slopes precondition the region for a thicker layer 

than occurs on the high-density side of the front.  
 

1.3  Geographical distribution of mixed-layer depth and mode waters in the world’s oceans 

 

Mode water formation areas are generally characterized by wintertime mixed layers that are 

relatively thick compared with other mixed layers in the same geographical region.  

Globally the thickest mixed layers are in the northern North Atlantic and around the northern 

region of the Southern Ocean in the Pacific and eastern Indian Oceans. These thick layers are 

associated with the North Atlantic’s Subpolar Mode Water and the Southern Ocean’s 

Subantarctic Mode Water, described below. Relatively thick mixed layers are also found in 

the subtropical mode water areas near the separated western boundary currents. Mode waters 

originate as thick winter mixed layers, but are then subducted and advected away from the 

formation areas. They are usually defined as mode waters after they are capped by either a 

seasonal pycnocline or the permanent pycnocline under which they are subducted. The global 

distribution of mode waters as it was understood in the late 1970s was mapped by McCartney 
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(1982). Talley (1999a) used the global hydrographic data sets compiled by J. Reid and A. 

Mantyla (personal communication) as well as numerous World Ocean Circulation Experiment 

(WOCE) stations to produce a new schematic map of mode waters, including the same 

features as McCartney (1982) and adding newly defined eastern subtropical mode waters and 

central mode waters (see below). 

 
Fig 1.1  Mode water distributions in the world’s oceans, after Talley (1999a). Red coloured areas show the subtropical mode 

waters (STMWs) associated with the subtropical western boundary currents in each ocean (the first type). Purple coloured 

areas show the eastern type of subtropical mode waters (the second type), including Madeira Mode Water, North Pacific 

Eastern STMW and South Pacific Eastern STMW. Brown coloured areas show the third type of subtropical and subpolar 

mode waters, including North Atlantic Subpolar Mode Water, Subantarctic Mode Water and North Pacific Central Mode 

Water.Approximate potential densities (σ0) are indicated. Black arrows denote the subtropical gyre circulation (Hanawa, H., 

and L. Talley, 2001: Mode waters. Ocean Circulation and Climate).  
 

 Figure 1.1  is a slightly updated version of Talley’s (1999a) map, including here more 

information regarding the density of the mode waters. Subtropical mode waters associated 

with western boundary current extensions of subtropical gyres, Type I, are found in all basins 

(associated with the Kuroshio, Gulf Stream, East Australian Current, Brazil Current and 

Agulhas Current). These arise from convection in the thickened layers on the south (north) 

side of the current axes in the northern (southern) hemisphere, where a natural bowl in 

isopycnal surfaces occurs between the separated current and its recirculation. STMWs, 

especially in the northern hemisphere, are associated with large surface heat loss from the 

ocean as a result of cold, dry air outbreaks in winter from the nearby continents. Low 

potential vorticity (weak stratification or thick mixed layer in winter) associated with these 

mode waters arises as a result of convection near the axis of the separated western boundary 

currents, and possibly also from the origin of some of the source water from the equatorward, 

negative relative vorticity side of the separated current. Equatorward Ekman transport into the 

STMW formation area may also modify STMW properties, particularly in making them 

fresher to the east, as is observed in the North Pacific (Suga and Hanawa, 1990). Eddy 

exchange across the separated boundary current could also accomplish a freshening (Talley, 

1997). 

A second type of subtropical mode water, of density not very different from STMWs 

associated with the western boundary current, Type II, is found in the eastern part of the 

subtropical gyres (light pink in Fig. 1 .1). The Madeira Mode Water (Käse et al., 1985; 

Siedler et al., 1987) is the archetype of this mode water.  

A third, denser, type of subtropical mode water, Type III, is associated with the subpolar 

fronts on the poleward boundaries of the subtropical gyres (dark in Fig. 1.1). The densities of 

these mode waters are considerably higher than for the first two types just described. The 

archetype is the Subantarctic Mode Water, found just north of the Subantarctic Front 

(McCartney, 1977). A similar mode water is found in the North Pacific (North Pacific Central 

Mode Water; Nakamura, 1996; Suga et al., 1997), just south of the Subarctic Front. In the 
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North Atlantic, the Subpolar Mode Water of density near 26.9 to 27.0 σ0  on the south side of 

the North Atlantic Current should be identified as this denser type of subtropical mode water, 

circulating southward into the subtropical gyre, as described by McCartney (1982). 

 

1.4  North Atlantic Ocean 

 

The North Atlantic subtropical mode water (Eighteen Degree Water: Worthington, 1959) has 

properties centred at 18°C, 36.5 psu and 26.5 σ0  

 It is found throughout the northwestern part of the subtropical gyre. Its formation area is just 

south of the Gulf Stream Extension, most likely associated with the wall and meanders of the 

current (Talley and Raymer, 1982), and in an area of very high surface heat loss to the 

atmosphere. In winter the mixed layer where Eighteen Degree Water is formed is as deep as 

350 to 400m (Worthington, 1959). The temperature of the core is lower to the east, suggesting 

that advection and cooling along the Gulf Stream are part of the formation process. The 

Eighteen Degree Water is advected southward out of the Gulf Stream Extension region, filling 

the western subtropical gyre (Worthington, 1976).  

  The stability of Eighteen Degree Water properties was demonstrated by Schroeder et al. 

(1959) using data near Bermuda dating back to the Challenger voyage in 1873 and including 

the  4-year time series at the Panulirus station (1954–58). Ebbesmeyer and Lindstrom (1986) 

showed that newly formed NASTMW may persist for several years within the Gulf Stream 

recirculation. On the other hand, within the relative stability of Eighteen Degree Water 

existence and properties, variations are clear – thickness changes reflect variations in 

formation rate while temperature and salinity changes also reflect changes in surface forcing 

and possibly exchange with other regions.  

 

1.5  Temporal variability of mode water properties and distribution 

 

A marked characteristic of mode waters is their apparent stability in properties and location 

(Schroeder et al., 1959; Warren, 1972). Thus mode water distributions, such as shown in   

Fig.1.1, and approximate core properties can be mapped using data sets from all decades. The 

stability of properties and, indeed, the interbasin similarity in temperature (although not 

density because of interbasin salinity differences) are remarkable and clearly associated with 

the largest scale, longest time-scale wind and buoyancy forcing. Of course, however, there is 

some variation in properties of the mode waters, which has been studied in areas where time 

series are adequate. These variations in these near-surface water masses, in temperature, 

salinity, density and thickness, are linked to surface forcing changes, although in some cases 

the connection is not yet obvious. In this section, we briefly review the temporal variability of 

mode waters. 

 

      1.5.1  Seasonal variation 

 

After the formation of mode water in late winter, it is capped by the seasonal thermocline, due 

to incident solar radiation. As the seasons progress, mode water is advected away from the 

formation area and sometimes becomes permanently capped. In order to trace the seasonal 

evolution of North Pacific STMW, Suga and Hanawa (1995b) mapped potential vorticity and 

deduced that the main body of NPSTMW formed in the western part of the formation area is 

advected westward by the Kuroshio recirculation. During this movement, the NPSTMW is 

subject to substantial diapycnal mixing. The seasonality of NASTMW has not been 

investigated to the same degree as NPSTMW. At Bermuda, which is well downstream of the 

formation area, seasonality of the mixed layer depths is clear, with a sudden shoaling of near-
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surface isopycnals during late winter followed by a gradual deepening of the isopycnals 

through the rest of the year (Talley and Raymer, 1982). However, a seasonal cycle in mode 

water properties at this site, which is some distance from the mode water outcrop, is not easily 

apparent.  

      1.5.2  Interannual variations 

 

Interannual variability is roughly defined as variability on time scales of 2 to about 7 years, 

encompassing the El Niño time scale, but not extending to the decadal time scale. 

The North Atlantic Eighteen Degree Water has demonstrable decadal variations, possibly 

associated with variations in the North Atlantic Oscillation. Using Sea Surface Temperature 

(SST) records in the Eighteen Degree Water formation area and at Bermuda and Ocean 

Weather Station E, Fieux and Stommel (1975) described a warming of late winter SST from 

1910–20 to a maximum in 1950– 60, and thereafter cooling. Talley and Raymer (1982), 

Jenkins (1982) and Talley (1996b) documented the variability of Eighteen Degree Water core 

and isopycnal properties using the hydrographic time series at Bermuda, which was started in 

1954 (Fig.1.2, from Talley, 1996b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 FIG 1.2 Potential vorticity () at the Bermuda time series station (Panulirus) at 32°10’N, 64°30’W. Blue is 

potential vorticity less than 0.7, green is 0.7–1.0, and yellow is 1.0–1.3 x 10-10
 m-1s-1. (b) Salinity on isopycnals 26.2-26.8. 

Solid curves are low-passed with a cut-off period of 2 years. Dashed curves are the actual data. (c) North Atlantic Oscillation 

(NAO) index (atmospheric pressure at the Azores minus atmospheric pressure at Iceland, December–February average), 

courtesy of D. Cayan. Reproduced from Talley (1996b). 

 

 

Joyce and Robbins (1996) and Talley (1996b) continued the Bermuda time series analysis, 

showing that salinity changes on isopycnals in the upper ocean at Bermuda, including through 

the Eighteen Degree Water core, correlate well with the North Atlantic Oscillation (NAO) 
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index. The Eighteen Degree Water was strong in three periods – 1956–57, the late 1960s and 

the early 1980s – coinciding with low NAO. The mode water was weakest from 1975 to 1978, 

just following a year with high NAO and low surface salinity.  

     As mentioned in the beginning of this subsection  4, the existence of substantial temporal 

variability on various time scales is expected since mode water formation reflects late winter 

conditions, which have interannual and decadal variability. Variability in circulation strength, 

which is related to windfield strength, also affects mode water properties, for instance in the 

effect of a strengthened Kuroshio on NPSTMW temperature, or the effect of the Kuroshio 

large meander on NPSTMW distribution. The variability of NASTMW and NPSTMW have 

been documented to some degree, although the mechanisms for their variations have not been 

fully explored. Unfortunately at present data are lacking to undertake such studies for the rest 

of the mode waters. It is expected that the accumulation of monitoring data like XBT/XCTD 

measurements, among others, will make the description of variability possible in the near 

future and that these results will provide new insight to ocean climatic variations and changes. 

    

  Conclusion  

 

    Mode waters are part of the continuous stratification of the upper oceans, where they are 

prominent because of their volumetric significance. Thus they are likely to have a 

disproportionate influence on surface water and surface temperature evolution, which are 

central to ocean–atmosphere climate interactions 

It was presented the  historic of mode water and studies which have been carried out in the 

field. It is important to note that we are only interested in the mode water type I , which is 

found in the north western boundary of subtropical gyre in the  north atlantic and Pacific  

oceans. It has homogenous properties in temperature, salinity and oxygen . It is  formed 

during the winter just south of the Gulf Stream (the warmer side)  at the base of mixing layer, 

when cold and dry air from continent colds off  the surface water masses, generating the 

convection process . 
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DATA USED AND METHOD 

We have organised  this section as follows: we have first started by the study area, then 

displayed Argo profile data, COPODA toolbox and the method of the study. 

2.1    Study area 

The study area stands in the subtropical gyre of midlatitude in the North Atlantic Ocean and 

extends between latitudes 18°N and 42°N and longitues 84°W and 35°W. Its main 

characteritic is the western boundary current, the Gulf Stream, which transports heat along  

 

Fig. 2.1 STMW area  just  south  of Gulf Stream (GS)  from  Worthington (1976). Isolines correspond barotropic 

current function. 

 

the north atlantic ocean . It is a zone of deep convection during the winter when cold and dry 

air outbreak near the continent (south west of Europe) colds off the surface water masses and 

generates the convection process under the ocean and formation of mode water.  

2.2 Presentation of argo profile data 

 

Argo data are intended to be research-quality and include estimates of data quality and 

accuracy, but it is possible that these estimates or the data themselves may contain errors. 

It is the sole responsibility of the user to assess if the data are appropriate for his/her use, 

and to interpret the data, data quality, and data accuracy accordingly. These data were 

collected and made freely available by the international Argo project and the national 

programs that contribute to it. 

 

2.2.1  Argo program, data management context  

 

The objective of Argo program is to operate and manage a set of 3000 floats distributed in 

all oceans, with the vision that the network will be a permanent and operational system. 

The Argo data management group is creating a unique data format for internet distribution 

to users and for data exchange between national data centres (DACs) and global data 
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centres (GDACs). Profile data, metadata, trajectories and technical data are included in 

this standardization effort. 

The Argo data formats are based on NetCDF because : 

- It is a widely accepted data format by the user community, 

- It is a self-describing format for which tools are widely available, 

- It is a reliable and efficient format for data exchange. 

 

 2.2.2  Argo float cycles  

 

The graph below shows the description of the typical  argo float which takes  the measures of 

the ocean state.      

 

                            
                                                                                                                                                                                                                                                                

 
                                           Fig 2.2  Argo float  (from Argo-brochure-2006.pdf) 

 

A typical Argo float drifts for three years or more in the ocean. It continuously performs 

measurement cycles. Each cycle lasts about 10 days and can be divided into 4 stages: 

-  A descent from surface to a parking pressure (e.g. 1500 decibars), 

-  A subsurface drift at the parking pressure (e.g. 10 days), 

-  An ascent from a fixed pressure to surface (e.g. 2000 decibars), 

-  A surface drift with positioning and data transmission to a communication satellite 

(e.g. 8 hours). 
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Profile measurements (e.g. pressure, temperature, salinity) are performed during ascent, 

occasionally during descent. Subsurface measurements during parking are sometime 

performed (e.g. every 12 hours). 

 

 

 

 Fig 2.3  typical Argo float performs continuously measurement cycle during 3 years or more in the ocean (from argo-dm-

user-manual-version-2.4.pdf). 

 

2.2.3  Cycle naming convention 

Float cycle numbers usually start at 1. The next cycles are increasing numbers (e.g. 2, 3,…N). 

If the float reports cycle number, this is what should be used in all Argo files. 

Very conveniently some floats transmit their configuration during the transmissions before 

they descent for profile 1. Cycle 0 contains the first surface drift with technical data 

transmission or configuration information. This data is reported in the technical data files. 

Cycle 0 may contain subsurface measurements if a descending/ascending profile is performed 

before any data transmission. The time length of this cycle is usually shorter than the next 

nominal cycles. The cycle time is therefore regular only for later profiles and may be variable 

if the float is reprogrammed during its mission. 

 

2.2.4  Real-time and Delayed mode data 

 

Data from Argo floats are transmitted from the float, passed through processing and automatic 

quality control procedures as quickly as possible after the float begins reporting at the surface. 

The target is to issue the data to the GTS and Global Data servers within 24 hours of 

surfacing, or as quickly thereafter as possible. These are called real-time data. 

The data are also issued to the Principal Investigators on the same schedule as they are sent to 

the Global servers. These scientists apply other procedures to check data quality and the target 

is for these data to be returned to the global data centres within 6 to 12 months. These 

constitute the delayed mode data. The adjustments applied to delayed-data may also be 

applied to real-time data, to correct sensor drifts for realtime users. However, these real-time 

adjustments will be recalculated by the delayed mode quality control. 
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2.2.5 Argo data Validation 

The Argo data system has three levels of quality control. 

-  The first level is the real-time system that performs a set of agreed automatic checks 

on all float measurements. Real-time data with assigned quality flags are available to 

users within the 24-48 hrs timeframe. 

-  The second level of quality control is the delayed-mode system. 

-  The third level of quality control is regional scientific analyses of all float data with 

other available data. The procedures for regional analyses are still to be determined. 

 

Quality control procedures exist only for the parameters 

JULD, LATITUDE, LONGITUDE, PRES, TEMP, PSAL and DOXY. 

 

2.2.6 Quality control tests 

 

Automatic quality control procedures are applied  as well in real-time as delayed-mode data 

on vertical profiles and trajectories .  The following table shows the differents test with its 

oder, test number and test name which are performed on profile dataset  in oder to check and 

validate  their quality and accuracy.  

 

Table 2.1 Different test applied on argo profile measurement (from argo-dm-user-manual-version-

2.4.pdf) 

It is displayed in the next  table , the quality control flags which was assigned to data after the 

test of verification . This is used to appreciate the quality of the data. 



  
      12 

 
  

 

Table 2.2 Quality control flag  from argo-dm-user-manual-version-2.4.pdf 

2.3 Presentation of COPODA 

2.3.1  COPODA  Introduction 

COPODA stands for COllaborative Package for Ocean Data Analysis . It is a Matlab package 

based on the use of Matlab classes to manage, manipulate and work with hydrographic (such 

as temperature, salinity and biogeochemical tracers like oxygen, nitrate, phosphorus etc ...) 

datas from various origins. Available hydrographic datas are distributed in many different 

formats (such as netcdf, grib, mat, hsv, etc ...) and sometimes using different conventions. 

Although they are very large databases aiming at uniforming such datas (hydrobase for 

example), scientists often have to compare, merge and work with informations coming from 

different sources and therefore have to develop custom routines to perform standard 

diagnostics. The primary goal of COPODA is to provide an uniform and collaborative 

platform for diagnostics development under Matlab. Therefore it provides an interface 

between different datas (and as many sources) and diagnostics users would like to perform on 

them so that diagnostics could be written independently of the data format such as illustrated 

in the following schematic.  
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COPODA is a set of Matlab scripts, functions and classes. A Matlab class is an object with 

specific behaviors. For example '2' is a double class instance (object) and when you type 2+2 

on the prompt, Matlab calls the function plus.m (a method) to perform an addition between 

two double objects and return the result as another double object. Matlab allows the 

construction/definition of new classes and the re-definition/creation of methods. As illustrated 

on the schematic here above, COPODA is organized around the use of two Matlab classes:  

 he class Transect which is going to contain informations about one campaign (or a 

specific set of profiles such as coming from a single measurement platform like an Argo 

profiler). A Transect object contains informations about the geo-localization of the datas, 

the platform, the cruise and the datas. Although this mix of meta and raw informations 

looks similar to a netcdf file, its use is more powerful as it will be illustrated in the 

following sections.  

 he class Database which provides the possibility to organize, manipulate and visualize a 

set of Transect objects.  

2.4 Method    

Here, an objective method was developed for the characterisation of North Atlantic 

Subtropical Mode Water (NASTMW) from Argo profiles. It is based on two criteria: 

- Selected temperature profiles must be in the range of EDW, i.e.  between 17 and 19  

degree celsius  



  
      14 

 
  

-  Profiles thickness which is the difference of the depth corresponding to these two 

temperatures 17 and19, must be greater than 20 m.  

  H = depth(17)-depth(19)>20 

Only profiles satisfying both criteria are considered as EDW. 

 

In oder to compute and study the interannual variability of EDW volume, volume index has 

been assessed focusing in the vertical integral of ocean’s layer probability .  

This new metric is solely based on a simple analysis of in-situ vertical profiles of temperature. 

It does not imply complex mapping nor interpolation on a regular grid. 

We call this new metric V and define it as the vertical integral of ocean’s layer probability to 

have a temperature in the mode water range over a given time range t: 

  
Where H is the total sampling depth, i.e. the sum of all layer’s thickness dz. The probability 

p(t; k) is the probability for a water parcel temperature in the pre-defined layer k of thickness 

dz(k) to be in the range of the mode water. It is thus given by: 

  
Where N

k
p  is the number of samples available in layer k and δ(k; p) is the water mass 

mapping function: it is 1 if the temperature T(k; p) in layer k of profile p is in the range 

defining the mode water and 0 otherwise. This is simply the ratio between the number of 

mode water samples with the total number of samples. Note that we consider that one 

profile provides no more than one sample for each layer. A lower bound of the error 

associated to p(t; k) can be computed if we consider all samples of a given layer to be 

independent realizations of a random variable. This would be the case if the region considered 

is large enough. This error is given by: 

 

Where σ
k

θ  is the standard deviation of temperature samples in layer k. As pointed out by Gatz 

and Smith (1995a,b), there’s no rigorous formulae to estimate the standard error on a 

weighted mean such as V (t). So here we choose to use: 

 (4) 

Note that this estimate tends toward the standard error on the mean if all layers have a similar 

thickness. If the entire domain of analysis is filled with mode water, the probability p will be 1 
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at each layer and V (t) = 1. To the opposite, if no mode water is found in the domain, the 

probability p is null at each layer and V (t) = 0. 

Our working hypothesis is that, even using a limited number of vertical profiles, in an 

appropriately chosen region of the ocean V (t) will be able to capture the temporal variability 

of the mode water true volume in that region. The true normalized volume of mode water in a 

given region of the ocean can be computed as: 

  
 

where VR is the total volume of the region, H is the mode water mapping function (1 if the 

temperature at location (x; y; z; t) is in the range defining the mode water and 0 otherwise) 

and dV volume elements. This is a simple sum of the points where the temperature is in the 

range defining the mode water, each point being weighted by a volume element. Similarly to 

the estimator V (t), the true volume fraction of mode water V (t) is 1 if the region is filled with 

mode water and 0 if no mode water is found. 
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                               RESULTS AND DISCUSSION  

 

We have presented in the last section the Argo data and the method of study. Here 

analysis and characterisation of  North Atlantic Subtropical Mode Water (NASTMW) 

also called Eighteen Degree Water (EDW) are made and their interannual variability 

studied. 

 

3.1 Characterisation of Subtropical mode water properties in the North 

Atlantic Ocean from Argo data  

The method of EDW characterisation was exposed   in section 2. It holds the essential 

informations to monitor, study and analyse the variability of NASTMW. This method is 

applied on Argo datasets from all existing floats for the period 2000-2013 over the study area. 

All profiles containing Eighteen Degree Water were selected as results of this method and 

represented. 

Figure 1 shows the Eighteen Degree Water (EDW) temperature profiles, which is defined as 

profiles containing temperature within 17 and 19 degree celsius over the study area and whose 

thickness between the both layers containing these temperatures is greater than 20m. All the 

temperature profiles during the period 2000-2013 were plotted. 

 Around 200m depth and near the surface, there are globally profiles whose temperature 

decreases rapidly from 27° to 19°C with the depth, and these correspond to seasonal 

thermocline. Between 200 and 600m depth, there is a place, where temperature is almost 

constant round 18 degree, forming nearly isothermal layer or thermostad (Seitz, 1967), this is 

the EDW core. From 600m to 1200m depth, temperature decreases less rapidly with depth, 

this is permanent thermocline. From 1200m to more than 2000m  temperature is almost 

stable. The maximum of temperature reachs 32°C at the surface and the minimum is at 3°C to 

the bottom (2000m depth). 

    The seasonal thermocline obtained nearby 200m stands on the top of EDW. It is formed 

during the spring and summer and wiped away during winter cooling, when water is exposed 

to action of surface cooling and thus loss of flotability (Schroeder, 1959).                           

However the main thermocline observed between 600m and 1000m persist throughout the 

year and is found at bottom of EDW (Wortthington, 1959). We can see from the figure 1 that 

it moves up and down from nearby 500m to proximity 1000m depth. One of the reason would 

be the variation of the profile with the time and space. As matter of fact the main thermocline 

is deeper in winter than the rest of the year due to surface-cooling and convection process 

during this time. Also, the characteristic of surface water over the study area is not the same 

throughout.                                                                                                                                    

The isothermal layer (round 18°C) between 200m and 600m is homogeneous water called 

Eighteen Degree Water. It is found between main thermocline and seasonal thermocline (e.g., 

Worthington, 1959; Masuzawa, 1969; Roemmich and Comuelle,1992), and is formed and 

renewed each winter by convection. This constitutes the main characteristic of the EDW that 

we are going to use for the study of the interannual variability.   
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Fig 3.1 Eighteen Degree Water temperarure profiles from the period 2000-2013 with thick 

greater than 20m over the study area(18°N- 42°N ; 84°W- 35°W).                                         

EDW thickness and geographical position was also mapped from above selected and 

represented temperature profiles for more comprehensive characteristic of EDW . It was 

obtained by computing the difference between layers of temperature 17°C and 19°C for each 

profile of the period 2000-2013 over the study area.  

It is displayed in figure 3.2, the  informations about thickness and geographical position of 

EDW from 20922 Argo profiles over the study area. All profile thicknesses from 2000 to 

2013 were plotted.                                                                                                                            

EDW thickness has its maximum  rising at 500m  just south  of Gulf Stream, particularly 

between longitude 60W and 72W and latitude 30N and 36N. This thickness decreases rapidly 

to 20 m  from 48W  toward the East, and slightly to 100 m from 80W toward the south . We 

note a front on the flank of Gulf Stream, where thickness deeply decreases, explaning the fact 

that there is no EDW north side of the GS.                                                                                                     

    It is shown on this graph just south of GS that thickness is much larger than overall. That 

could be explained by the deeply convection which occurs mostly during the winter when 

water masses are cold off. One of the important characteristic of this zone is the higher heat   
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(Hanawa and Talley, 2001). In fact surface water masses are warmer on the south side of          

 

Fig 3.2 EDW thickness and geographical position from 20922 profiles during the period 

2000-2013. 

GS than on the north. Thus during the winter, there is on this region(warmer) a lot of  heat 

loss by transfer  to the atmosphere when cold and dry air cool the surface water and generates 

convection (Hanawa and Talley, 2001).  For demonstration of this heat loss of the ocean, the 

annual mean net surface heat flux over zone was analysed and represented on the figure 3.3. It 

is annual mean of net surface heat flux for the period 2001- 2009 over the study area. 

             

Fig 3.3  Annual mean net surface heat flux, it is balance heat flux over the ocean surface 

noted qnet  in Wm
-2

, negative value correspond to upward heat flux. 
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It is well shown along the right flank of Gulf stream a maximum annual mean net heat flux 

within range -100 to -200 wm
-2

 (Worthington, 1972). This is consistent with the result 

observed in the previous part suggesting a lot of heat loss of the ocean to atmosphere(upward 

heat flux) and generation of convection process which explains higher thickness over the 

outccrop area. We can note on the figure 3.2 the front of GS separating EDW on the south and 

subpolar water on the north. Observing thicknesses in the range 20-500m, we can note they 

form a gyre. That suggests EDW is found within the gyre, it is the north atlantic subtropical 

gyre. Particularly, EDW stand  in northwestern part of  north atlantic subtropical gyre 

(Wortthington, 1959).       

    The histogram  of EDW  profile thickness variation over the study area is represented in 

figure  3.4. It shows well a skewed distribution of data profiles , which reaches its  

                                                   
Fig 3.4 EDW thickness histogram distribution of the temperature profiles from 2000 to 2013. 

maximum round 250m thickness. EDW thicknesses  round 250m have taken the majority part 

of profile number  with its maximum at 2490. Only few numbers of profiles (125) have 

thicknesses round 500m and the minimum corresponds to thicknesses about 600m.  

      Histogram shows well that the most profiles distribution have thicknesses in the range 

100-350m with a mean at 250m. Throughout the year, thickness of 250m persists south of GS. 

Profiles with largest EDW thicknesses (400-600m) would likely correspond to the deep 

mixing layer penetrating the EDW core by the wintertime. 

    The depth of EDW core, considered as layer with eighteen degree temperature  is shown in 

figure 3.5. It is seen just south of Gulf Stream the deeper layers of EDW core, which is on 
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average  about 400m deep and stand between 62W - 72W and 30N -36N.                                             

 

            Fig 3.5 Depth with Eighteen Degree Water temperature . 

The shallower EDW core layers  with the depth not exceeding 100m, are found on the East of 

the study area from  48°W to 35°W and 30°N to 40°N . Throughout the south the depths are 

around 300m. 

     It is observed that the EDW core depth graph matches well with that of EDW thickness. 

As matter of fact, the region of thicker layer just south of GS on the figure 3.2 corresponds 

well to that of deeper layer on the figure 3.5.  This could be related to the deep convection 

occuring during the winter. During this period of the year there are a deep subduction of 

surface water masses which generates high mixing and lower stractification of water column 

(Climode Group, 2009).  The GS plays an important role to convection process and formation 

of EDW on the subduction region. It loses heat flowing Eastward, thus the convection 

vanishes toward East (Hanawa and Talley, 2001). So this explains why EDW is less thick in 

the East and EDW water core depth shallower. 

    Another characteristic of EDW is its salinity, defining on average as 36.5 PSU by 

Wortthington (1959) . We have represented the salinity of EDW core on figure 3.6, which is 

the salinity of the layer with temperature of 18 degree. Matching well with the Worthington 

definition , the salinity is throughout  round 36.5 psu, except  in the East where salinity is 

sligthly under 36.4 psu and on the north side of GS where there is no mode water .  
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               Fig 3.6 Salinity of the eighteen degree water layer. 

The graph of EDW core salinity demonstates simply that  salinity of EDW is remarkably 

constant  in accord with Wortthington (1959). 

  EDW is found between the main thermocline and the seasonal thermocline in the isothermal 

layer called thermostad. Its thickness is greater and its core deeper  just south of GS than 

overall due to the winter convection. Its salinity is constant and its thickness decreases toward 

east and south. These pictures bring out  a good characteristic of North Atlantic Subtropical 

Mode Water as seen in the previous studies of  EDW literature. 

3.2 Interannual-variability of Subtropical Mode Water 

   From the characterisation made in the first part, we have studied as well the interannual 

variability  of  EDW thickness and  interannual variability EDW volume.   

 

                                  3.2.1  EDW thickness variability 

The interannual thickness variability of  EDW was made by computing the monthly average 

of profiles over the study area. It is important to note that profiles come from many floats 

distributed over the study zone. Each float has a cycle of ten days and it could happen that  a 

float move away from the study area. 

   It is displayed on the figure 3.7 the monthly timeseriess of EDW thickness for the period 

2000-2013. On average, the EDW thickness varies in the range 160 to 300 m. It has a 

maximum round february-march of each year and decreases gradually to a minimum in 

autumn. The maximum increases gradually year to year from 2002 to 2007 and then decreases 

sligthly to 2013. The highest maximum is observed at about 475 m in 2001 and lowest 
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minimum at 170 m  in 2011. 

 

 

Fig 3.7 Monthly mean timeseries of Eighteen Degree Water from September 2000 to May 

2013. 

  

The seasonal cycle of EDW is well seen in the timeseries of thickness  by the picks observed 

in the late winter of each year. This could be explained by the formation and renewal of EDW  

occuring every year in late winter (Kyon, 2004).  In the outccrop area , there is deep 

convection which causes a rapid deepening of surface mixing during winter-april and slower 

restratification the rest of the year.   
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Fig 3.8 Monthly mean timeseries of profile numbers (red line),monthly mean of  EDW 

thickness (blue line) and initial profiles (black scatter plot) 

The variation of EDW thickness is very particular before 2002 with very high value in winter 

different from the rest of the time. It could then be inquired about the robustness of this result. 

Therefore it is presented in figure 3.8 monthly timeseries of initial profiles represented by 

scatter plot in black, monthly mean timeseries of profile numbers with red line and monthly 

mean timeseries of EDW thickness with blue line. 

We can notice that the number of profiles increases each year from 2002 to 2013 while before 

2002 there were very little number of profiles (red line). The seasonal cycle only appears on 

EDW thickness and initial profiles (black dot). In fact there are more and more floats which 

are deployed in the world ocean. In the beginning of 2001 we observed the maximum value of 

EDW thickness at 470 m. This is very surprising since it is much greater than other value 

observed  in the rest of the time. However it could clearly be explained by the few number of 

profiles which are just found around the outccrop area where convection is deeper. Thus this 

cause error in the evaluation of EDW thickness. On the figure 3.9 it is shown the error bar of 

EDW thickness during the study period. It was obtained by computing the following formula:                                              

Relative error = Err*100/abs(X), where Err is monthly mean standard error relative to EDW 

thickness and X  the value associated to EDW thickness.                                                           

In comparison with the EDW thickness, the error bar go down while thickness is increasing. 

Therefore the  raising number of profiles with the time impact on the estimation of thickness 

contributing to reduce the error. This is very clear. The more profiles are, the less error on the 

variance is.  
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                                        Fig 3.9 Timeseries of Monthly mean error bar 

 

3.2.2  Volume index variability 

The analysis of the variability of  EDW thickness is not sufficient to explain the variability of 

EDW. In the climatic point of view, it is the volume which is essential since it is reservoir of 

heat and carbon. We are interested in heat or carbon content in the water mass.                    

Technically, volume is defined as thickness multiplied by the surface of zone. Since this 

surface is unknown and  thickness varying with space, so we can not only based our study on 

the variability of the thickness. 

 Since the analysis is only based on observation, we need an estimation of volume by using an 

volume index. The stake of this estimation would be to attribute the variation of the volume 

either to surface or thickness or the combination of the both:  

 V' = (S*H)' = S'*H + S*H' + S'*H'. 

For this analysis of  EDW volume index variability we have applied  a new metric based on 

the analysis of 20922 Argo in-situ vertical profiles of temperature. It is the vertical integral of 

ocean’s layer probability to have a temperature in the mode water range over a given time 

range t. It does not imply mapping nor interpolation on a regular grid.  

Figure 3.10 displays the timeseries of EDW volume index from 2000 to 2013.  

As It was already observed on the EDW thickness timeseries, EWD volume index illustrates a 

maximum in late winter of each year. There is no more doubt to the fact that the seasonal cyle 
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is well visible  as on thickness variability  as volume index variability. Also we see a slight 

increase of  the volume index from year to year which reaches its maximum in late winter 

2007 and then the weak decreasing to 2012. But for better understanding of the interannual 

variability it would be interesting to focus deeply analysis of this signal.  The error bar for this 

method were also plotted on figure 3.11. It was used the same formula as the EDW thickness 

error:  Relative error = Err*100/abs(X), where Err is monthly mean standard error relative to 

EDW volume index and X the value associated to EDW volume index.                                             

 It shows  a diminishing from year to year. The more profiles are, the smaller is the error. 

 

 

 

 

 

 

    

             Fig 3.10 Monthly timeseries of EDW volume index for the period 2000-2013. 
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                                     Fig 3.11 Timeseries of volume index error 

In the term of the analysis, it very clear that the variability of the EDW volume reflects 

mainly this of the EDW thickness. So the volume is directly proportional to the thickness:    

V' ~ S*H'. This is one of the important result of the study. Physically it means that dynamic or 

horizontal circulation of the gyre which could influence the EDW surface, seems to not have a 

great importance on the variability of EDW volume.                                                                      

    The computation of the probability can also provide more informations, such as vertical 

distribution of  EDW. We have  represented  the timeseries of  EDW probability profiles or 

vertical distribution on figure 3.12. We can noticed a good distribution of the EDW volume 

index, which have increased gradually to a maximum in 2007. Then from 2007 to 2012 there 

is a reduction of this volume index.  
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                Fig 3.12 Monthly timeseries of EDW probability profiles   

                                                                       

            Fig 3.13 Timeseries of temperatuure profile 

Another picture is the temperature profile representation on the figure 3.13, which lay out 

almost the same distribution as probability distribution. The region in yellow characterising 

temperature between 17° and 19°C  is the EDW. It  appears on this graph as the deepening of 
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mixed layer each late winter and the restratification the rest of the year. This exposed how 

EDW is formed. 

     In order to extract only the interannual signal we have faced to separate initial signal to 

seasonal cycle and low frequency signal. For this purpose we have first computed the mean 

annual cycle and then we have soustracted it from initial signal by using the following 

formula:    V(t) = Vsc(t) + Vbf(t) + V’(t). 

   The seasonal cycle of volume index  is displayed on figure 3.14.  It is the mean of each 

yearly month over the study period. It shows a maximum in late February, the period where 

EDW formation is maximal. It gradually decreases to a minimum in early november, 

characterising the complete restratification of the outccrop region. 

         

 

                                           
Fig 3.14 Seasonal cycle of EDW volume index   

  The  interannual signal extracted from the method explained above is shown on figure 3.15.  

        The low frequency anomaly contains much noise.We have also applied a filter to smooth 

the interannual signal. This aimed to eliminate noise from low frequency signal. Globally,The 

signal increases slowly from 2002 to  a maximum in 2007 and then decrease till 2012. For 

better description , The EDW low frequency anomaly is abnormally low in 2003 and 2011 . It 

increases from 2003 to 2004 and from 2005 to 2006. It remains constant in 2004-2005, 2008-
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2010. It decreases from 2007 to 2008 and 2010 to 2011.

 

                            Fig 3.15  Low frequency signal (interannual ) of EDW volume index 

The  maximum anomaly observed in 2006/2007 means a great variation of  interannual signal 

in relation to seasonal cycle. An interpretation of this situation would be a strong increase of 

EDW volume index by this time as it is was shown in the analysis of volume index variability 

(fig 3.10) and timeseries of probability profile (3.12).  The anomaly is relatively stable in 

2004/2005 and 2008/2010 and close to value 0.This relates the fact that  interannual signal 

does not vary  much with the seasonal  mean. The low anomaly noted in 2003 relates the 

dimunition of interannual signal with reference to seasonal signal. 
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                                         CONCLUSION AND PERSPECTIVES 

The objective of this work was to explore the interannual variability of  North Atlantic 

Subtropical Mode water from Argo data profiles. 

For this objective, it was firstly characterized the EDW properties by using  profiles from 

Argo floats.The result has shown that this characterisation is well consistent with Worthington 

prediction (1959), showing EDW in isothermal layer between main thermocline and seasonal 

thermocline and the salinity of EDW core constant. The EDW thickness is greater and its core 

deeper  just south of GS flank than overall. This is due to the winter convection.                                                                                                                 

From this characterisation, the variability of  EDW thickness and volume index was 

investigated. The result has very clearly shown that the variability of the EDW volume 

reflects mainly this of the EDW thickness. So the volume of EDW is directly proportional to 

the thickness: V' ~ S*H'. This one of the important result of the study. Physically it means that 

dynamic or horizontal circulation of the gyre which could influence the EDW surface, seems 

to not have a great importance on the variability of EDW volume.                                         

The computation of the probability has brought out a good distribution of  EDW.                                                                                                                                                        

The interannual analysis of  EDW has shown that the volume index anomaly is maximum in 

2006/2007, stable in 2004/2005 and 2008/2010 and minimum in 2003. The maximum means 

a great variation of  interannual signal in relation to seasonal cycle. An interpretation of this 

situation would be a strong increase of EDW volume index by this time.  The stability of this 

anomaly in 2004/2005 and 2008/2010 relates the fact that  interannual signal does not vary  

much with the seasonal  mean. The low anomaly noted in 2003 relates the diminishing of 

interannual signal with reference to seasonal signal. 

   In this work, the study of variability of EDW has demonstrated some important results, but 

it would be interesting to know what could influence this variability. For example, what could 

be the contribution of  heat flux, vertical mixing  or Ekman advection on this variability? 
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