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ABSTRACT 

The sea surface temperature and salinity (SST and SSS) derived from a dataset 

quantified by Gaillard et al., 2015 have been analyzed for the period 2001-2013 in the Bay of 

Biscay. The measurements were made with thermo-salinographs installed onboard research 

vessels selected for their regularity and routes. The high frequency sampling from these 

sensors has resulted in the description of temperature and salinity fronts along the routes 

followed by the ships (southern and northern parts of the bay) from seasonal to inter-annual 

time scale. This project has also reveals the year 2008 has the strongest gradients of small 

scale in the southern bay with values between -3.76/+4.78 for SSS and -2.37/+3.20 for SST 

could be regard as the year with weak Navidad associated with low current and  fewer storms. 

Also no clear correlation can be made establish between these gradients and the 

corresponding Navidad (strong SST and SSS) and river plume extension of the nominated 

years. It has been shown that the model output do not correctly reproduces the main features 

of the intra-seasonal time scales of the SSS and SST variability in the BoB in 2008. 

 

Keywords: bay of biscay, thermos-salinograph, navidad,  SST, SSS, gradient , small scale. 
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CHAPITRE I: INTRODUCTION   

Sea Surface Temperature (SST) and Salinity (SSS) have been measured in the oceans 

for more than one hundred years (Delcroix et al., 2005). The data were mainly collected for 

improving fishing capabilities. In some areas such as the tropics, scientific studies that were 

dealing with SSS relied either on sporadic oceanographic cruises or on routine measurements 

obtained from Voluntary Observing Ships (VOS) (e.g Hires and Montgomery, 1972; Donguy 

and Henin, 1976; ; Saur, 1980; Levitus, 1982, 1986). 

Nowadays, SST and SSS are collected for the main purpose of studying physical 

oceanography and the interconnection between the different spheres (atmosphere, 

hydrosphere, lithosphere and biosphere), and climatic evolution. Pierce et al., (2012) showed 

that joint changes in salinity and temperature yield a stronger indicator of human impact on 

climate than either salinity or temperature alone. Dispite the above importances, knowledge 

on these parameters is still limited due to the limited number of sample at global scale. 

Since the last decade, more interests were focused on Thermosalinograph observation. 

This constitutes a large dataset of high frequency measurements for Sea surface Temperature 

(SST) and Sea Surface Salinity (SSS)  and  they have  shown  their capability to depict small 

scales variability (e.g. Maes et al., 2013). In the Bay of Biscay (BoB),  even though the 

circulaion is well described (Charria et al., 2013),  the role of small scales ranging from 1 to 

10 km (like eddies, filaments, fronts)  that is of great importance not only to  sustain the 

average circulation  and  its  variations  but  also influencing the biological activities, is not so 

well understood at present time. The Thermosalinographes (TSGs) measurements from 

researche vessels (R/V) can then be a hopeful perspective in the study of ocean dynamics and 

small scales features together with the processes that contribute to their formation and 

evolution at differents temporal and spatial scales in the Bay of Biscay (BoB).  This project 

(Continental Shelf dynamics infered from thermosalinographe measurements in the Bay 

of Biscay) aims  to  explore  the  recent  and  validated dataset  of TSG in  the  Bay of Biscay 

(and the English Channel) produced at LPO (Gaillard et al., 2015). This analysis will be 

focused specifically on; 

 1)  Analysis of SST and SSS at inter-annual and seasonal time scale. 

 2) Characterization of Small scale and gradients ( for SST and SSS features) over the 

continental shelf and its evolution at  the interannual  time  scales. 

3) Comparing in situ measurements (SST and SSS) with high resolution model 

experiments over the same region. 
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This project is very important and significant to many categories of stakeholders 

including students and researchers.  Researchers and students of physical Oceanography and 

other related fields will no doubt see this material as a valuable document and could serve as 

base for futher researches in the dynamic of small scales features (frontal dynamics) in the 

BoB.  

In this report, we discuss the literature review of the description of the Bay of Biscay 

(BoB) and small scales features for SST and SSS in chapter 1. In chapter 2 we present the 

material and methods considered in this work. Results obtained are presented in chapter 3 and 

it is followed by chapter 4 which deals with discussion. Finally, a conclusion and some 

perspectives are presented in chapter 5. 
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CHAPTER I: LITERATURE REVIEW 

This chapter aims to review researches done on the general circulation, as well as the 

upwelling and downwelling system in the Bay of Biscay. This passes through a brief 

description and presentation of the area. 

I.1: Description and presentation of the area 

                                             

Fig. 1.1  Map of the Bay of Biscay (Charria et al., 2013)  

 The Bay of Biscay (figure 1.1), also call in Spanish Golfo De Vizcaya or Golfe De 

Gascogne in French is a wide inlet of the North Atlantic Ocean indenting the coast of western 

Europe forming a roughy triangular body with an area of about 223000 square km. It is 

bounded on the East by the west coast of France and on the south by the north coast of Spain. 

The maximum depth  is 4735m. The continental shelf is up to about 160km wide off the coast 

Brittany but narrows to less than 65km off the Spanish shore. There are also numerous 

submarine caynons where Capbreton’s canyon in the south eastern corner of the Bay is one of 

the largest. Beyond the continental slope lies the  Abyssal plain with depths of about 4550m 

and occupies about half of the surface area of the BoB. The range of mean Spring tide is 

about 6m on the French coast at the northern end of the bay near Ushant Island and decreases 

southward to about 3.5m  in the south eastern angle near Biarritz. Squalls are also present and 

are hazard to navigation and may occur at any time of the year. The climate on the shore is 

maritime with mild winters and cool summers. 
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I.1.1:  General circulation in the Bay of Biscay 

 The BoB has a very complex current system. The circulation here is affected by the 

strong thermal gradient between the south (Iberian current) and the north (part of the subpolar 

gyre), meteorological forcings, barotropic semidiurnal tides and density differences. In some 

frontal regions, a density driven circulation is known to interfere with the circulation induced 

by tide and atmospheric forcings (Muller et al., 2009). Also, the continental margin currents 

instabilities yield long lived anticyclonic eddies called SWODDIES (Slope Water Oceanic 

Eddies)  that propagate slowly westward with a tangential speed reaching 30cm s-1 (Charria et 

al., 2013). Along the slope, the circulation is cyclonic (Charria et al., 2013). The slope current 

structure is poleward, generally week (5-10cm s-1) with a spatial and  seasonal variations 

(Pingree et Le cann., 1990; Charria et al., 2013). This slope current is maximum in Autumn 

and Winter when the Iberian poleward current flows into the BoB ( also named Navidad) and 

this can also be associated to the eastward maximum velocities  values between 1.3 m s-1 and 

1.4m s-1 at 75m depth (Le cann et Serpette, 2009). The Navidad has been linked to SST 

anomalies in satellite pictures and years with a warm surface anomaly have been referred to as 

Navidad years (Garcia-Soto et al., 2002). Intense Navidad years have been associated with 

SWODDIES formation   in the Cantabrian Sea (Pingree and Le Cann, 1992a; Garcia-Soto et 

al., 2002).  A seasonal variation of the general circulation (fig 1.2) has been highlighted by 

Charria et al., (2013). The summer circulation is anticyclonic with a dominant south eastward 

flow and the presence of a well established westward current along the Spanish coast 

(figure.1.2d). 

 

 

Fig. 1.2 Schematic illustration of seasonal circulation in the BoB .the arrow thickness is 

proportional to the current speed. Slack zones  are depicted as crosses (Charria et al., 2013). 
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 Studies on vertical stractification in this area reveals that, most of the water masses are 

from North Atlantic origin (Pollard et al., 1996; González-Pola, 2006). The uppermost water 

mass is the  Eastern North Atlantic Central Water (ENACW), which extends to depths of 

about 400 to 600 m. Between 400-500 and 1500 m water depth, the mediterranean Outflow 

Water (MOW) follows the slope as a contour current. Between 1500 and 3000 m water depth 

the North Atlantic Deep Water (NADW) is recognised, and below it the Lower Deep Water 

(LDW), which mainly seems to result from the mixing of the Antarctic Bottom 

Water(AABW) and the Labrador Sea Water (LSW). 

 

Fig. 1.3 Water masses intrusion in the BoB showing the transportation of warm and salty 

subtropical eastern north Atlantic central waters poleward (Iorgal and lozier.,1999) and water  

profile (Hernandez-molina et al., 2009) 

1.1.2:  Rivers in the Bay of Biscay 

The principal rivers flowing into the bay are the Loire, Adour and Gironde (sustained 

by Dordogne and Garonne). By late April, most of the shelf is covered by a fresh water 

surface layer amounting to a fresh water volume of 49.109 m² (Reverdin et al.,2013). This 

fresh water is reported to be originating from the Aquitaine and Armorican shelves in the 

spring and summer seasons. During these periods, the maximum combined flow from the 

Gironde, Loire and Adour may exceed 4000 m3 s-1 (Castaing et al., 1999). Lazure and Jegou 

(1998) observed that during spring and winter, cold and fresh water from the main estuary 

cover the largest part of the continental shelf. The reverse situation is observed in summer and 

autumn and is explained by reduces river flow and coupled to changes in wind direction. 

Again, the evolution of plumes depends on wind and river runoff. The antagonist effects of 

river plume on salinity were studied in the Armorican shelf (Lazure et al., 2006).  
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Fig 1.4 Salinity time series at Oléon (solide line) and outflows of Gironde (dashed line)  from 

Lazure et al., (2006). 

I.1.3:  Temperature and Salinity general features 

Salinity is commonly defined as the salt concentration in sea water and it is measured 

without unit. It is defined as the grams of salt per 1000 grams of water and in oceanography 

sciences; salinity is usually reported in a practical salinity scale according to the 1978 

practical salinity scale (PSS) and, for simplification in the following, we will used the 

notation ‘ psu’ for salinity values’ (Practical Salinity Unity). Salinity values are forced by 

evaporation, precipitations, river runoff and ice melt. Along with temperature, it is the major 

factor contributing to change in density of sea water and therefore influencing directly the 

ocean circulation. Near the coast, predominant effects are local effects like plume or 

upwelling, and on the contrary, offshore variability of SST and SSS is modified by large scale 

circulation. The properties of the upper layer (up to 100 m depth), also called surface water, 

are closely related to the local climatological regime and coastal singularities, as well as by 

the circulation regime of the area. In the BoB more saline waters come from the western 

corner of the Iberian Peninsula in winter and less saline water advects from the central eastern 

part of the bay in summer. These features modify the properties of the surface water and 

explain part of the inter-annual variability. Lower temperatures ranged from 12 to 13 °C in 

winter (January-February), and higher temperatures were observed in summer (July-August) 

when temperature ranges varied from 18 to 21 °C. 

I.1.4: Small scales variations 

 Small scales are vertical or horizontal SST or SSS gradients with small length scales 

ranging from 0.1 to 100 m that contribute to mixing and dissipation of energy in the ocean 

(Thomas et Ferrari., 2008). The processes that contribute in the formation and evolution of 

these gradients at the surface are described by Boutin et al., 2016. The magnitude of these 

gradients is quantified whenever possible as a function of environmental conditions such as 

winds.  Several physical processes have been highlighted that might generate the small scale 
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features in SST and SSS, including rainfall, stirring by mesoscales eddies and coupled air-sea 

responses to intra-seasonal variability (Maes et al., 2013). Two other processes that could 

produce variations with similar amplitudes should also be included: Changes in the vertical 

stratification within the 10m of the ocean and air-sea interactions at the diurnal period 

(Henocq et al ., 2010; Reverdin et al., 2013). The addition of fresh water to the ocean surface 

(from precipitation, river runoff, or melting of sea ice) and the removal of freshwater (through 

evaporation) can generate salinity gradients in the upper few meters of the ocean. Vertical 

stratification can be strong under low wind speed conditions when there is little mixing in the 

upper few meters of the ocean.  When the wind speed at the ocean surface is greater than ~6 

m s-1, wind stress-induced momentum tends to homogenize the upper few meters of the 

ocean’s surface layer (Matthews et al., 2014). When cooling at the surface leads to unstable 

density stratification, as typically happens at nighttime, convective overturning can also 

generate a well-mixed surface layer.  The computation  small scales features  and  gradients 

can done as; 

Small scale 

T(2)-T(1) or T(i+1) – T(i) 

Temperature and Salinity gradient 

(T(i+1) – T(i)) / D (i+1) – D(i) 

T: the studied parameter (SST orSSS)  

D: the distance in kilometers (km) 

Note that the distance is obtained by converting the longitudes and latitudes into 

kilometers through the equations below: 

Dx=2πRTcosᶿ.∆long / 360 

Dy=2πRT.∆lat / 360  

Dx : change in longitude, Dy: change in latitude, RT:  radius of the earth ,  ᶿ:   angle  of 

longitude.  After simplifications we obtained the following relations 

1°long=110 km *cosᶿ 

1°lat=110 km 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 
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CHAPTER II: MATERIAL AND METHODOLOGY 

In this chapter, we briefly describe the tools used in data acquisition, the method 

applied as well as the analyzed parameters involved in this work. 

II.1: Material 

I1.1.1: Thermo-salinograph 

Surface temperature and salinity are routinely acquired from thermosalinographs 

(TSG) mounted on research and commercial vessels (Henin and Grelet, 1996). A TSG is a 

sensor installed onboard of ships that gives a snapshot of surface conditions (Temperature and 

Salinity) at a particular time. The research vessels (R/V) involved in this operation are R/V 

Thalassa (including Pelgas halieutic cruises each April), R/V L’Atalante, R/V Le Suroit, R/V 

Beautemps Beauprè and R/V Pourquoi Pas?.  The sampling is operated from 3 to 7 m depth, 

depending on the ship (configuration, speed and loads) and the state of the sea related to 

diurnal processes (rainfall, stirring by short lived eddies, daily sunshine intensity). The 

installation plan (fig 2.1) has been describe by Henin and Grelet, (1996) and more recently by 

Alory et al., (2015).  The tools and requirements are interconnected between the engine room 

and the bridge following the user’s guide for thermosalinograph installation onboard ships. 

High resolution measurements with accuracy of 0.001°C (temperature) and 0.0001 S/m 

(conductivity) is obtained in this way. However, some aliasing may be possible and this 

requires a dedicated calibration. In this study, the TSG dataset used was produced by Gaillard 

et al., (2015). 

I1.1.2: High resolution Mars3D Model 

The present study marks the used of Mars3D model to compare TSG measurements 

with the model output.  MARS3D model (Lazure et al., 2009; Lazure and Dumas, 2008) is 

forced by winds and atmospheric 6-hourly fields from ECMWF (European Centre for 

Medium-range weather forecasts). It is a sigma (following bathymetry) coordinate model run 

at IFREMER with very high horizontal resolution on the shelf (1 km horizontal resolution) 

and daily observed river run-offs. Open boundaries conditions come from a DRAKKAR 

global configuration named ORCA12 L46-MJM88 (1/12° resolution, NEMO model, Molines 

et al., 2014). 
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Fig. 2.1 schematic installation plan of a TSG onboard a R/V (Alory et al., 2015)  and an 

example of  a R/V with a GPS for real time transmission in a and b respectively 

II.2: Methodology 

II.2.1: Data acquisition  

The in situ data used in this project were collected from 2001 to 2013 following two 

methods (delayed time method and real time transmission method) described by Henin and 

Grelet, (1996); Alory et al., (2015). The sea surface salinity (SSS) is computed from the sea 

surface temperature and conductivity by a special software (Thermo) in the computer. The 

median value extract is record every 3 to 5 mins depending on the vessel. In order to detect 

small scales of very high frequency, a precision of 0.001 psu and 0.001°C was used for both 

salinity and temperature respectively. A typical yearly thermo-salinograph network (2004) is 

presented in figure (2.2a). The yearly evolution of TSGs measurements is also associated in 

figure (2.2b). Only tracks along the continental shelf were extracted and analyze by Matlab. 

   

Fig. 2. 2  a) TSGs network (trajectories) in the BoB in 2004 (http:/www.coriolis.eu.og) and b) 

time series of number of observations. 

 

a) b) 

a) b) GPS 
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CHAPTER III: RESULTS 

III.1: General description of SST and SSS from TSGs measurements 

 The SST and SSS from the TSG measurements were plotted for 12 years (2001-2013). 

The scattered plots showing the yearly snapshot conditions of the BoB are presented in 

appendix a. From these scattered plots, no clear inter-annual strength can be describe dispite 

the high resolution of TSGs measurements. This is due to the differences in sampling 

periodicity and frequences. However, they allow us to discuss and give a broad overview of 

different processes (river plumes,  intrusion of salty and warm water in the sout etc) that may 

be responsible for  annual SST and SSS variations in this region. 

 III.2: Inter-annual evolution of SST and SSS in the Bay of Biscay 

 The TSGs measurements were collected from 2001 to 2013. However, the seasonality 

and the positioning of the records could create a bias in the inter-annual distribution plots. In 

this section, we studied the inter-annual variation of SST and SSS using vessels with 

frequents routes (cruises) operating in the same periods at inter-annual time scale. The dataset 

permit us to have two important vessels tracks for this investigation. The Pelgas halieutic 

cruise of R/V Thalassa operating each spring in the south and the winter cruise in the north 

(figure 3.2a). We should keep in mind that the Armorican and Aquitaine shelf are consider 

here as southern part of the Bay of Biscay just to simplify our explanations. 

 III.2.1: Inter-annual evolution in the Aquitaine and Armorican shelves (springs) 

We used the data collected each spring by the R/V Thalassa order to reduce the bias of 

in the yearly maps of general TSGs measurements (appendix a).The Pelgas cruise (see 

appendix e) constitutes an important dataset capable of giving an overview of the year to year 

evolution of SST and SSS in the Armorican and Aquitaine shelves (southern part of the BoB). 

It also takes into account the dynamics induced by rivers discharge and saline water intrusion 

(Navidad events). These campaigns generally begin in early April (1- 4/04/yyyy) and last till 

early June. A good example showing this timing is the 2009 cruise that started on the 

01/04/2009 and ends on the 05/06/2009.  In 2008, the expedition run from 02/04/2008 to 

01/07/2008 and is regard as the longest cruise. 
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Fig. 3.1  Inter annual evolution of SST and SSS in the Aquitaine and Armorican shelves (43-

48°N and 1-10°W) at the center of the BoB.The tracks are obtained from the PELGAS cruise 

every spring seasons. 

 The results obtained from the Pelgas cruise mentionned above are presented in the 

scatter plots shown in figure (3.1).  This result shows  that 2011 has the greatest surface area 

covered by warm water and is imedietly followed by 2007 and 2006. In the same way, the 

years 2013, 2012 and 2009 have relatively lower surface areas occupied by warm water (years 

with lower temperatures). The overlapping warm track (red line ) presented in  2008 , 2012 

and 2009 were recorded in June and have  a mean SST of 18.1 , 17.3 and 16.8°C respectively. 

There is a clear inter-annual variability in the fresh water intrusion. Again on  the salinity 

plots , 2011 still with the largest surface area covered by saline water is in this case followed 

by 2012 rather than 2007 and 2006 as it is the case for SST. Overall, figure (3.1) present the 

evolution and distribution of fresh water over the Aquitaine and Armorican shelves, spreading 

across the shelf break at inter-annual time scale for years with the pelgas halieutic cruise only.  
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Years without this track (2001, 2003 and 2010) are not included. This result also confirms the 

one obtained by Reverdin et al., (2013) in studying the fresh water discharge in the BoB in 

2009. According to this author, most of the shelf is covered by a fresh water surface layer 

(SSS often lower than 34psu) originating from the high river outflow in late winter and early 

spring. 

 III.2.2: Inter-annual evolution in the Celtic shelf (Winters) 

  In the north (48°-50°N), the data used in the investigation of the inter-annual SST and 

SSS were still from R/V Thalassa but notably for a different cruise. The sampling duration for 

these cruises were performed for relatively shorter periods of time compared with those 

obtained  in southern bay. 2007 has the longest sampling period (22-31/01/2007) all the rest 

were for less than 3 days. For example, in 2001 and 2011 the TSGs measurements were only 

for one day, meaning from 30-31/01/2001 and 14-15/01/2011 respectively and two days in 

2013 (15-17/01/2013). Note that the expedition did not happen in all the years. 

 

Fig. 3.2: Inter-annual evolution of SST and SSS in the BoB. The vessels tracks (a) and the 

along track high resolution SST (b2) and SSS (b1-b) records from TSGs measurements for 

available campaigns from 2002-2013. 

a) 
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Figure (3.2) above shows the routes follow by R/V Thalassa every January from 2002 

to 2013. It can be viewed here that, all the years are marked by relatively low SST (<12°C) 

compare to those obtained in the southern part (43°N-48°N) and this may reflects the cold 

conditions of winter. From figure (3.2b2 and 3.2b1-b), the SST and SSS trends show that 

2013 (green lines) seems not only to be the warmest with a surface layer temperature around 

12°C but also the freshest with the lowest salinity value of 35.2 psu. But is not the case when 

looking SST at mean values of various records and this can be explained by the differences in 

sampling size. In this case, the warmest year is 2007 (black line) with a mean SST of 12.13°C 

followed by 2006 (blue line). The difference in trend between the curves (figure 3.2b2 and 

3.2b1-b) and the computed mean values of SST may be due to difference in sampling size and 

time. An overview of this result shows that SST and SSS are not linearly correlated  and high 

SST do not bring about corresponding high SSS values (example 2007, 2006 and 2013 have 

values of 12.13, 11.53 and 11.22 °C respectively for SST that are not linearly correlated with 

SSS values of 35.40, 35.47 and  34.90 respectively).  The absence of a covariation between 

SST and SSS observed here can be associated to the winds and river discharge. The year 2007 

(black line) shows an increase in SST around 3.5°W which is not observed in the SSS curve 

and could confirm an atmospheric forcing influencing on the SST conditions.  

III.2.3: Inter-annual evolution of SST and SSS from time series plots 

 We finally plotted time series curves to investigate if the trends in SST and SSS used in 

the Pelgas cruise correlate  with that obtained for all the records in the south  (figure 3.2) and 

the total sampling of every year (figure 3.2). Means values for  yearly measurements were 

computed and plotted with years. The barerror standard deviations were also included. 

 

Fig. 3.3 Inter-annual variation of  Temperature (up) and salinity (down) from total samples of 

all the tracks in the southern part of the bay (A) and from the Pelgas cruise only (B). 

B

A 
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Fig. 3.4  Inter-annual variation of yearly mean SST (top) and SSS (bottom) from yearly total 

TSGs measurements in the BoB (2001-2013). The error bars are of corresponding standard 

deviations. 

 Figures (3.3) and ( 3.4) above show  the time serie of  mean SST and SSS together with 

their corresponding standard deviations from 2001 to 2013. From figure (3.3a) presenting 

measurements obtained from total cruises of all the vessels in the southern Bay. this curve 

presents the year 2001 as the warmest with a mean SST value of about 19°C in during. 

Removing other tracks to considering only those from the Pelgas cruise (figure 3.3b), 2011 

becomes the warmest ( highest SST values).  2005 and 2001 have the largest SST values 

when considering the yearly mean values for the total sample size without restrictions. The 

year to year evolution of SST is more unregular compare to that observed in the SSS curve. 

All the curves have the same general trend in SST in which 2001 seems to be warmest (mean 

SST around 17°C) and this can be link to the limited sample size in this year. Other warm 

years are 2011, 2005 and 2003 with SST values of about 16.51, 16 and 16°C respectively. The 

gaps in the thalassa  records (figure3.4) are  due to non representation of the sample size 

during the concerned years. The SSS gives a max mean  ( about 35.5psu) in 2003. The years 

2005 and 2011 also give important values (34.62 and 35.26psu respectively).  The inter-

annual evolution of SST seems to be independent to each year (no regular or correlation 

between years). For instance the years 2008, 2005 and 2004 which were found to be free from 

the Iberian poleward current that could transport salty and warm water into the Bay (De castro 

et al 2011)  donnot show SSS variations (figure 3.3 and 3.4 showing smooth curves in SSS).. 
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III.2.4: Effects of river plumes in the southern BoB (Aquitaine and Armorican shelves) 

 The T-S diagrams were computed to investigate the effects of river runoff and fresh 

water intrusion in the southern and northern parts of the BoB respectively.  According to 

Steven et al., (2011); Sutherland et al., (2014), under normal conditions with no river 

discharges, and weak circulation, the density of the surface layer remains quasi uniform at 

spatial and temporal scales. The inverse effect is observed in situations with intense river 

plumes coupled to strong currents.  In (appendix g-a), we observed T-S diagrams in which 

density variability depends on the temperature and intensity of river plume figure (3.5a).  In 

the southern part (Aquitaine and Armorican shelves) the years 2008 and 2009 have the 

steepest density amplitudes of about 8.5kgm-3 and 7kgm-3 respectively. Again, 2009 has the 

highest thermal and saline amplitude (about 7°c and 8.5psu respectively). 

  Over the Celtic shelf, the T-S diagrams exhibits another type of variability where 

correlated changes in temperature and salinity occur in a compensating manner with little or 

no change in the density (see appendix g-b). In most cases, the changes are characterized by 

an increase in salinity compensated by a warmer temperature. The size of these variations are 

relatively smaller. The different clouds of points presented here (appendix g) show that the 

water masses are of different component with well defined physical propertie. For  example in 

the T-S diagram for 2004 (appendix g-a) we observed two claire clouds of points representing 

surface layers of water having values ranged between 24-27 psu , 26.5-27kgm-3 and 

temperatures laying from 09 to 11.5°C  and a second surface layer having values ranging from 

35.2 – 34.6psu for SSS. The  density in this case ranges from about 26.5 – 27 kgm-3 and the 

corresponding thermal amplitude is  1.5°C (10 -11.5°C) .  

III.2.5: Seasonal variation of SST and SSS in the Bay of Biscay (BoB) in 2008 

 After illustrating the inter-annual variation of SST and SSS in the BoB, the year 2008 

was chosen as a reference to evaluate the seasonal typical behaviour. This year was chosen 

because of it important sampling size, it preceeds 2009 which has been detailed for summer 

months by Reverdin et al (2013), lastly it presents a steep density amplitude and lastly 

becauses it presents the strongest river flow for the summer season (Mawren, 2014).  The 

limitation to this seasonal evolution is that, the data available are not evenly distributed  in 

time and space. ( differs in position and quatity from one to another season ). 
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Fig. 3.5:  Seasonal variation of SST and SSS observed in 2008 from thermosalinographs 

measurements. 

The figure above show the seasonal variation of SST and SSS obtained  from TSGs  

measurements in 2008. The track registered during winter shows cold conditions (with 

average SST of 12.48°C). A track with a  lower  temperature (<12°C) is observed north of 

47°N (figure 3.6a).  Spring shows relatively warmer  (average SST of 15.6°C)  surface 

conditions compare with Winter. The superimpose warmest track of about 18°C observed in 

spring was sampled in early June (relatively warmer conditions). The SSS curve during the 

spring season also reveals the presence of a zonal stratification from 5°W to 1°W in the BoB. 

Summer is the warmest season but however, the temperature are not evenly distributed. The 

mean summer SST is 17.14°C. There is also a mark meridional SST gradient showing a 

warmer southern part with SST values reaching 18.5°C  compare to the north were the 

maximun SST recorded is 16.7°C. Also, the strong zonal SSS stractification observed in 

spring has reduce in Summer and Autumn.  In the same way, Autumn is characterized by the 

most intense meridional stratification of  SST with a thermal amplitude of about 5°C which is 

partly linked to differences in periods of sampling. The frontal zone along the French coast 

was reduce drastically in autumn.This result confirms that of Reverdin et al., (2013) showing 

that the fresh water surface layer covering the whole shelf of the BoB during spring originates 

from the Armorican and Aquitaine shelves and is associated to the main rivers runoffs (Loire 

and Gironde).The SSS means values are 35.4, 34.77, 35.38 and 35.35for Winter, Spring , 

Summer Autumn respectively. The reduceds value in Spring can be attributed to the intense 

river discharge. 
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III.3: Variations of Gradients and small scales for SST and SSS 

       Strong plumes can cause horizontal salinity gradients with a spatial scale lower than one 

kilometer (Km) example Chao et al., (2015) reported gradients exceeding 0.2psu in the 

amazon and Congo Rivers which could extend to more than 250km from the river mouth.This 

section focuses on the characterization of small scales with a spatial resolution of O (1) km 

for SST and SSS at various time scales (from inter-annual to seasonal scales). The choice of 

direction (i.e zonal or meridional) and parameter (SST or SSS) is made in order to better 

reproduce the processes dominating in a particular area (south or north of the Bay) at a 

particular time. This section is concentrated along the French coast where river discharge 

greatly influences the physical properties (SST and SSS). Also note that the yearly data used 

in this computation of gradients and small scale histograms are limited only for particular 

seasons (spring). Our interest in this part is in comparing the zonal and meridional gradients 

as well as the small scales variations at inter-annual and seasonal time scales. The gradients 

(SST and SSS) were computed using equation (1.2) while the Small scales were obtained 

from equation (1.1). 

III.3.1:  Inter-annual evolution of the zonal gradient for SSS in the BoB 

 Figure (3.6) presents gradients dynamics for SSS over the continental shelf in the Bay 

of Biscay for 12years (2001 – 2013). 2003 and 2010 have been excluded due to their very low 

sampling sizes. These curves show the yearly evolution of the frontal zone on the shelf. This 

frontal zone is observed as a turbulent induced by river runoffs (frontogenesis) and marks the 

difference between the fresh water from the main rivers and saline water from the deep ocean. 

Their zonal displacements indicate the spreading of fresh water that depends on the intensities 

of river plumes and atmospheric fluxes. This study reveals that the turbulent is observed all 

the years but with different intensities. Generally, the disturbance shows a peak around 1.5°W 

as a result of fresh water influence and can spread to different extend in the west. Depending 

on the intensity of river runoffs and wind intensity, the frontal zone usually extends to 2.5°W. 

Exceptions to this spreading are observed in 2002 and 2009 were they were limited to regions 

near 1.5°W and this could be link to the low dataset for 2002 and wind regime for 2009. The 

weakest fronts are observed in 2002 (the steepest gradient is of the order of +0.005/-0.002psu 

km-1 recorded around 1.5°W) followed by 2004 (+0.06/-0.07psu  km-1) while 2006 and 2007 

have the most important fronts with gradients intensities of the order of +0.6/-0.4 and +0.6/-

0.2 psu km-1 respectively. A noticeable strong gradient is also observed in 2004 with gradients 

of +0.01/-0.01psu Km-1 near 5°W. 
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Fig. 3.6 : Inter-annual evolution SSS  gradients( psu km-1 ) showing meridional  variations 

(43-48°N)  in the Aquitaine and Amorican shelves  every  spring  (Pelgas cruise). 
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III.3.2:  Characterization of gradients over the continental shelf of the BoB in 2008 

          

Fig.3.7: Characterization of gradients for SST (left) and SSS (right) in 2008 

Figure (3.7) above represents the general spatial gradient map for both SST and SSS fields in 

2008. On the SST map, the gradients are scatter in the whole shelf. These gradients are mostly 

negative (blue color domination) indicating periodic fall in SST compared to normal 

conditions at a particular time and at a particular place. On the SSS gradient map, these drops 

(blue color) are limited along the northern Spanish and French coast. The distribution of these 

gradients can be associated to a wide range of processes such as stirring from eddies, mixing 

by tides along the coasts and the Ushant front. However, the evenly distributed gradient 

observed on the SST map is explained by the direct feedback loop of SST to atmospheric 

forcings (fluxes). In the same way the SSS gradients are limited to the coastal zones because 

it depends mainly on fresh water plumes and does not have direct feedback with atmospheric 

fluxes. 
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III.3.3: Seasonal evolution of small scales gradients in 2008 

 The gradients spatial curves were constructed to visualize the position of the small 

scales above (figure 3.8). 

 

B) Spring 

 

c) Summer 

 

d) Autumn 

A)  Winter 
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Fig. 3.8:  Seasonal evolution of small scales gradient showing SST (blue curves) and SSS 

(red curves) for Winter (A) Spring (B) Summer (C) and Autumn (D) with Zonal(up) and 

meridional (down) in 2008. 

 Figure (3.8) above shows the seasonal evolution of SST and SSS gradients in the BoB 

in 2008. The zonal (up curves) evolution shows an increasing trend in both SST and SSS 

gradients toward the east (upper curves of nominated seasons with maximum value near 

1.5°W for summer and spring and 3.5-4°W  for spring and autumn) while  the meridional 

curves (down curves) does not shows a constant increase in both SST and SSS in the north 

south direction. The intensities of these gradients show a clear seasonality with weak values 

in winter and autumn. The stronger gradients observed in spring and summer may be link to 

the intense river discharge, presence of extreme events such as storms and cold water 

intrusion ‘’Bourrelet froid’’(Koutsipoulos and Le cann., 1996). Oppositely, the smooth 

gradients in winter and autumn are related to the strong mixing induced by the strong winds 

during these seasons. 

Table 1:  Statistic of the TSG Data from 2002-2013 in the Bay of Biscay 

Years    Dates                     Min/Max for SSS 
                  Difference (in psu) 

       Min/Max for SST 
            Difference (in psu) 

2002 29 April - 02June            -1.98/+3.65 -2.16/+1.54 
2004 01 May - 01 June                      -1.45/+1.06 -1.93/+2.34 
2005 04 May - 01 June                          -0.76/+0.92 -1.45/+1.19 
2006 02 May - 29 May               -1.82/+2.22 -2.93/+2.32 
2007 02 May - 27 May               -2.47/+1.12 -1.08/+1.32 
2008 01 May - 01 June                 -3.76/+4.78 -2.37/+3.20 
2009 01 May - 01 June                -0.39/+0.42 -1.17/+1.16 
2011 01 May - 01 June                 -0.20/+0.22 -1.22/+2.28 

2012 01 May - 31 May                -3.62/+2.76 -1.81/+2.46 
2013 01 May - 31 May                 -1.14/+1.41 -1.61/+0.96 
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       Table1 above presents features for SSS and SST in the frontal zone (French eastern coast 

obtained from spring measurements of the Pelgas halieutic cruise (R/V Thalassa) only using 

equation (1.1). The most important range -3.76/+4.78psu and -2.37/+3.20°C for SSS and SST 

respectively are obtain in 2008. Also no clear interconnection can be established between 

these gradients (SST and SSS), meaning that the year with the strongest SST gradient does 

not necessarily have the strongest SSS gradient and vice versa). Example the years 2002 and 

2005 with the smallest gradients (figure.3.6) do not have the corresponding smallest scales 

values (table1). This situation can be link to the importance of spatial scales in gradients 

computation. Also the greatest small scale’s value for SSS in 2008 can be associated to it 

corresponding highest rate of river runoff for summer seasons (appendix f). In the same way, 

the least value of small scales for SSS in 2011 can be explained from it corresponding lowest 

river discharge. On the other hand, small scale values for SST does not depend only on 

mixing from tides and wind induced currents but also on atmospheric fluxes such as air-

atmosphere thermal exchanges ( Maes et al., 2013). It year to year evolution or variation will 

therefore rely on the intensity of these Three factors combined. 

III.3.4:  Seasonal variability in frequencies distribution of small scale features in 2008     

        Due to the worthy summer river discharge in 2008 (Mawren, 2014) coupled the highest 

gradient it reveals, a special interest was focused on the frequency of small scales features in 

this year. 

     

   

Fig. 3.9:  Seasonal frequency distribution of small scales features in 2008.  SST (blue curves) 

and SSS (red curves) for winter, Spring, Summer and Autumn. 
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The study of small scale in 2008 was limited to seasonal time scale despite its dependence on 

on stirring by mesoscale eddies, change in vertical stratification within the 10m and air-sea 

interactions at diurnal scale (Maes et al., 2013).  The spatial distribution of tracks also 

represents a limit to this analysis.  We computed the histograms as a function of gradients 

values for the corresponding seasons. 

      The histograms in figure (3.9) show that, winter and autumn have shorter scales for SSS (-

1/+1psu and -0.2/+0.4psu for winter and autumn respectively compared to spring (-3/+4psu) 

and summer (-1.5/+1.5psu). This trend does not change in the SST scale. The values are; -

0.2/+0.4, -3/+3,-0.5/+1 and -0.2/+0.2°C for winter, spring summer and autumn respectively. 

This seasonality in small scales evolution is link to several physical processes (Maes et al., 

2013).  However, the shorter scales values in winter and autumn showing the low variability 

is due to the strong winds that have homogenized the surface layer during these seasons. The 

main departure from the distribution of small scale is due to low-salinity measurements cause 

by intense river runoffs in spring and summer coupled to some events responding to 

atmospheric forcings. A good example that demonstrates the sharp SSS drops (causing greater 

values of small scales) is the track of 02/05/2009 and 06/05/2011 near 2°W during the Pelgas 

cruises of the respective years (Appendix C). 

 

III.4: Comparing small scales with High resolution Mars3D model. 

 In this section, we are going to focalize on the distribution of SST and SSS from TSGs 

measurements and the observed evolution in the high resolution MARS3D model, we will 

examine the model output of monthly mean SST and SSS of selected four months in 2008. 

These months were selected base on their ability to represent the various seasons. The tracks 

were on the other hand choice base on their lengths and position. The comparison between the 

model output and TSGs measurements has as aim to define how the model could represent the 

SST, SSS,  and gradients distribution with a finality of using the model output (current and 

gradients) for computing the advection of salinity gradient in fresh water influence zones. 
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III.4.1: Seasonal comparison of SST, SSS and gradients signal  

a)     January. 

 

 
 

b) May  

 

 
 

c)    August 
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d)  December 

 

 
 

  

 

     Looking at the various tracks and comparing with the high resolution model for the same 

period, we are able to see if the model gives the snapshot of physical conditions for the same 

area. From figure (3.9) we noticed that, the model SST and SSS fit with the TSG observation. 

The exception is in May, where the model gives lower SST than the TSG measurements 

(figure 3.9b). This could link to the transition conditions between the cold winter and warm 

summer picture by the TSG measurements compared to the mean conditions shown by the 

model. In August (figure 3.9c), the southward  intrusion of cold water from the English 

channel around 48°N  and 4°W observed in the model  is well seen from the TSG scatter plot 

(SST). The effect of the resulting mixing is well noticeable in the gradient plot with a 

condensation of blue dots indicating negative values. Similarly, the intrusion of fresh water 

along the French coast is well observed in the gradient curves. However the interpretation of 

the gradients maps (appendix h) values observed along the tracks routes in regions not 

indicating stirring activities in the model can be linked to the differences in resolution 

between the model and TSG sensors. Example the TSG scatter plots for SSS in January and 

December show gradients that cannot be explained from the model. 

 

Fig. 3.10   Comparison between TSGs measurements and Mars3D model output for January (a), May 

(b), August (c) and December (d) in 2008 with vessel track, TSG measurement and gradients. 
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CHAPTER IV:  DISCUSSIONS 

 The dynamic of the sea surface temperature and salinity in the Bay of Biscay is the 

main objective of this work. The dataset from TSGs measurements has shown an inter-annual 

variation in not only SST and SSS but also in small scales features and gradients intensities 

for a period of 12years (2001 – 2013). The year 2008 is taken as a reference year in evaluating 

seasonal variations and to compared SST and SSS in situ measurements with MARS3D 

model. This chapter gives explanation for the processes and reasons for this dynamic. 

IV.1 Inter-annual variability of SST and SSS in the southern and northern part of the 

BoB 

 The TSGs scatter plot does not show any inter-annual trend in physical conditions (SST 

and SSS) in the BoB.  However,  they show an overview of  process like rivers 

discharge,warm and cold water intrusions from the south and the north parts of the bay 

respectively creating a thermal gradient. This  thermal gradient, together with river plumes 

may be responsible for the annual SST and SSS variations. The observations in the southern 

bay reveals 2011 and 2007 to be the warmest years at the same time, it presents 2013 as the 

coldest. A different observation is made in the north,  this time 2013 is found to have the 

highest SST while 2011 is regards as the coldest. This difference evolution between the north 

and the south can be explained not only by the different processes controlling circulation and 

mixing activities in these two parts (northern and southern bay) during these months but also 

from the seasonality and duration duration of sampling. 

 The SSS curve shows a smooth gradient (The interannual variability is weaker) 

compare to SST. This is because the SSS variation depends mainly on fresh water discharges 

compared to SST that has a direct feedback loop with atmospheric fluxes. The observations 

obtained in springs reveal that he saltiest year is 2011(35.5psu) follow by 2012 (35.3psu). 

This result can be explain by the low river discharge ( see appendix f) during this years ( 

Mawren, 2014). In the north, the years 2005, 2006 and 2007 are the saltiest with salinity mean 

values of 35.4, 35.40 and 35.47psu respectively. These high salinities obtained in the northern 

part can not be link to river discharges shown by Mawren., 2014.  This situation shows that, 

the geostrophic shear transporting  fresh water towards the north along the aquitaine and 

Armorican shelves (southern bay)  induce by coastal freshening (Reverdin et al., 2013),  

having a strong current of about about 20cm s-1 (Charria et al., 2013;Valencia et al., 2004) 

could not have effects in this region (northern bay).   
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Overall, the general structure of the SST and SSS fields in the northern bay is nearly constant. 

However, there is a fall in values around 1°W and 4.5°W and this is related to the intrusion of 

water mass from the English channel. 

 T-S diagrams computed to investigate the effects of river plumes in the south of the bay 

(Aquitaine and Armorican shelves) and the northern bay (Celtic shelve) reveals that the year 

2008 and 2009 have the Steeper densities values with amplitudes 8.5kgm-3 and7kgm-3 

respectively. These steepest densities are link to the large duration of the river discharge in 

2008 and 2009 (see appendix f). In fact, the river discharges were still relatively intense 

during summers of these years (Mawren., 2014). The river plumes were spread offshore ward 

by the reversing upwelling favorable winds and therefore causes important dilutions and 

consequently strong density drops and further, large amplitudes in densities.  

IV.2 Analysis of small scales 

 The weakest front is observed in 2002 (the steepest gradient is of the order of +0.005/-

0.002psu km-1 recorded around 1.5°W) followed by 2004 (+0.06/-0.07psukm-1) while 2006 

and 2007 have the large fronts with gradients of the order of +0.5/-0.4 and +0.5/-0.2 psu km-1 

respectively.  Again no correlation can be made between river outflows and intensity 

(strength) of the gradients in this region (southern bay). This confirms that gradients intensity 

does not only depend on river discharges only but also to winds regime (Henoq et al., 2010; 

Maes et al., 2013). The yearly zonal evolution of gradients (figure 3.6) is very variable 

(example no frontal region around 2.5°W in 2009 compared to the extension of a frontal zone 

around 4.5° W in 2004). The reasons for this cannot be explained by TSG measurements only 

and therefore, additional data of eddies distribution, upwelling seasonality, the direction and 

intensity of slope currents and the wind regime should be taken into account.  

 The amplitude of the small scale features at the spatial scale of 1km varies from values 

of -0.20/+0.22psu in 2011 (lowest) to -3.76/+4.78psu in 2008 (highest) and from  -

1.08/+1.32psu in 2007°C (lowest)  to -2.37/+3.20°C in 2008 (highest) for SSS and SST 

respectively. These values are larger than those obtained by Maes et al., 2013 in a similar 

study taken in the Coral Sea where values of about -1.1 to +0.6 psu where obtained. This 

difference could be explained by the difference in the studied ground, periods of study and 

differences in processes sustaining small scales in the two areas. Such as intense river 

discharges in the BoB that have more effects on Small scale compare to the fall events in the 

Coral Sea. 
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 It is clear that the seasonal timescale show that, spring and summer are the most 

variable seasons with greater gradients ranges of small scales compared to winter and autumn.  

This can be linked to the greater mixing activity in winter and autumn compared to summer 

and spring. The stronger gradients observed in spring and summer may be associated to the 

the strong river discharge and change in wind regime. We also observed the broad dispersion 

of negative gradients (SST) over the Bay (figure3.7). This distribution is different from that 

observed in SSS gradient and is explained by the fact that SST has a direct feedback loop with 

atmosphericfluxes. 

IV.3 Model vs TSG 

 Looking at the relation between the model outputs and TSGs measurements, we can see 

that the model can represent the main structures of SST, SSS and gradients as the TSG. This 

representation may have some bias. For example December and January better represents the 

SST and SSS conditions compared to May and August. In facts winter and late autumn 

months are characterized by strong and frequent winds that turned to homogenize the surface 

layer over these periods.  However some small scale features cannot be seen in the model and 

this could be link to the difference in resolution between the model and the TSG sensors. The 

observed structures could be of very short lived (less than one day).  Although wind is force 

each 6hours, the model resolution could lost this information (gradients) in the process of 

averaging the atmospheric forcings over one day. 

A question to ask after this exercise is “could MARS3D model suitably compute advections 

of fresh water in the French coast of the BoB ?. 
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CHAPTER V:  CONCLUSION AND RECOMMENDATIONS 

V.1: Conclusion 

 In the present work, we analyze in situ measurements from TSGs sensors onboard 

research vessels (Thalassa, Suroit, Pourquoipas?, Beautemps Beauprè and Atalanta) in the 

BoB. This effort was made to get better in situ observations of SST and SSS and to explain 

their dynamic in the bay with a particular interest focus on 2008. With these datasets, we were 

able to show that the amplitude of small scales features at a spatial scale of 1km varies from 

values lower than -0.004/+0.004psu m-1 in 2005 to -0.1/+0.6psu m-1 in  2013) SSS (figure 

3.7). Again, we were able to highlight small scales and gradients variation from seasonal to 

monthly time scale. The impact of river runoffs on the water masse was analyzed every year 

and finally, in this Study we also demonstrated Mars3D output was able to reproduce SST and 

SSS and their evolution in the southern part of the BoB. However this work was limited due 

to the poor and non-regular distribution of the vessel tracks.  

V.2: Recommendations and perspectives 

Following the difficulties encounter during this work and the aim of increasing 

our knowledge in the dynamic of SST and SSS from TSGs measurement, we 

highlight the recommendations below. 

  1)  Research vessels should harmonize their cruises so as to have a global snapshot of large 

surface areas at the same time. Some zonal tracks should also be introduced in the data so as 

to give the zonal trends of SST and SSS with time. 

  2)  We recommend that this work should be repeated using other models like SYMPHONIE, 

ROMS, NEMO etc to validate the small scales and gradients. 

  3)    Diurnal temperature threats such as winds, cloud cover, rainfall and SWODDIES should 

be taken into consideration in other to give clear explanation of the small scales variations. 

   4) This study should be repeated in the presence of other data that will could explain short 

live events so as to bring out more clarification about the short lived processes. 

   5)  Further studies should be taken to investigate the influence of atmospheric modes (NAO, 

EA, EA/WR etc) on gradients, SST and SSS distribution and evolution at different time scales 

(months seasons annual etc)  
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APPENDIX 

Appendix a): general snapshot of yearly TSGs measurements in the BoB. 
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Appendix b): Inter- annual evolution of small scale features in BoB. 
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Appendix c): Thalassa track showing drop fall in SST and SSS in the BoB. 

 

 

 

Appendix e): Track of a normal Pelgas cruise from R/V Thalassa. 
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Appendix f): Time series of river runoffs computed for a period of 10 years (Mawren, 2014). 

 
 

Appendix g): Temperature and Salinity diagram observed during springs seasons with 
intense rivers plumes (2002-2012): T-S diagrams from the south showing the influence of 
river plumes with year (a) and T-S showing the surface water difference in the north (b). 
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Appendix h):  seasonal gradient distribution for Jan (a), May (b), Aug (c) and Dec (d) in 

2008 
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