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Abstract - A time series spatial grid of sea surface temperature (SST) data provided by the archives of Meteo-France and 
covering the period 1972-1993 was analysed in order to define both the long-term and periodic (mainly seasonal) 
components at different locations in the Bay of Biscay. The study confirmed the existence of a long-term increasing trend 
in the SST, but showed that this trend was not homogeneous over the entire area. It revealed also that the amplitude of the 
cyclic components (summer-winter differences) is spatially heterogeneous. The south-eastern part of the Bay of Biscay, 
close to the French--Spanish border, shows the stronger warming trend (a mean increase of 1.4 “C for the period 1972- 
1993). This trend decreases in the adjacent regions and is not statistically significant in the northern part of the bay and the 
Celtic Sea. The increasing trend was recorded both in winter and summer periods with the winter slopes being slightly 
higher. The amplitude of the SST seasonal changes (summer-winter differences) is stronger close to the southern French 
Atlantic coast in the area off the Gironde estuary. The lowest values were observed in the SW of the bay in the region of 
intense upwelling processes. Finally, the analysis of the main components of this series provides a simple empirical model 
describing the time-related changes in the SST. This model could be useful for studies in the field of biological ocea- 
nography and in the context of comparative studies. The possible linkage of these observations with changes in the struc- 
ture of ecosystem in this area is also discussed. 0 Elsevier, Paris 
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Resume - Tendances temporelles et structures spatiales de la temperature de surface de la mer dans le golfe de 
Gascogne. Une serie chronologique de temperatures de surface de la mer (SST) a eti: analysee pour estimer les tendances 
a long terme et les composantes ptriodiques (principalement saisonnikes) en differents points d’une grille, dans le golfe 
de Gascogne. Les donnees, couvrant la periode 1972-1993, sont des valeurs decadaires moyennes fournies par Meteo- 
France. Le rechauffement a long terme est con&me, avec une reparition heterogene, observee Cgalement pour l’amplitude 
de la composante periodique (difference CtBhiver). Dans le sud-est du golfe, vers la front&e franco-espagnole, le rechauf- 
fement est plus Cleve (en moyenne 1,4 “C de 1972 a 1993). La tendance s’attenue dans les secteurs voisins et devient negli- 
geable dans le nord du golfe et dans la mer Celtique. Le rechauffement, enregistre aussi bien en hiver qu’en CtC, est un peu 
plus marque en hiver. L’amplitude des variations saisonniitres de la temperature de surface est plus prononcee pres de la 
c&e dans le secteur influence par l’estuaire de la Gironde. Les plus faibles differences entre l’Ct6 et l’hiver sont observees 
dans le sud-ouest du golfe, oti les phenomenes d’upwelling sont intenses. L’analyse principales composantes du signal 
SST fournit un modele empirique simple decrivant les variations temporelles de la temperature de surface de la mer. Ce 
modele pourrait s’appliquer en oceanographic biologique, dans le cadre d’etudes comparatives. Les liens possibles entre 
ces observations et les variations de structure de l’ecosysdme sont Cgalement discutes. 0 Elsevier, Paris 
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1. JNTRODUCTION 

The analysis of data sets of the earth’s surface tempera- 
ture (including continents, islands and ocean surface) 
reveals an increase by ~0.5 “C over the last 100 years 
with the decade of 1980s being the warmest on record 
[il. Pingree in 1994 [4] presented a data set of winter sea 
surface temperature (SST) off the Spanish coast in the 
south Bay of Biscay. This record shows an increasing 
trend in the mean January SST from 1972 to 1993 reach- 
ing I.5 “C for the entire period. 

The temperature of a water mass is mainly determined by 
three principal heat fluxes: heat exchanges at the atmo- 
sphere-ocean interface, heat transfert by advection and 
turbulent diffusion and heat exchanges on the sea bottom 
(which are generally negligible). Therefore, the SST is a 
synthetic parameter influenced by climatic, meteorologi- 
cal, hydrodynamic and topographic parameters. Because 
the distribution in space of these parameters is not homo- 
geneous, the analysis of long-time SST series over large 
spatial scales could reveal differences in both the long- 
term changes and the periodic fluctuations between areas 
underlying the influence of one or several of the parame- 
ters . 

If Pingree’s observation [4] is not limited locally but con- 
cerns a larger area, then this long-term trend in the abiotic 
parameters could have important consequences on the 
structure and functioning of the marine ecosystem. 
Changes could occur in the productivity of the pelagic 
ecosystem or in the geographic distribution of important 
species accompanied by modifications of the individual 
growth rates that are linked to the temperature. Several 
changes in morphometric population characteristics, the 
presence of new species or the structure of the marine 
communities have been previously reported in the Bay of 
Biscay [2, 5, 6: 91. Therefore, a further analysis of the 
prior mentioned changes in SST is of great importance for 
the field of biological oceanography and marine ecology. 

Pingree’s observation [4] leads naturally to two ques- 
tions: Is the recorded increasing trend in the SST the 
result of a winter warming or it is a general shift marking 
all the seasons? Is this phenomenon limited to the SW of 
the Bay of Biscay or does it extend over a larger area? 
These questions will be examined here. The analysis of 
the SST time series will also lead to the definition of a 
simple empirical model describing both the mean long- 
term and the seasonal changes in SST in the Bay of Bis- 
cay. This model can be a useful tool for research projects 
in the field of biological oceanography. 

2. THE DATA 

The exchanges of energy at the ocean-atmosphere inter- 
face seriously affect the climatic condrtions. These fluxes 
are conditioned by the existing differences between the 
temperature of the sea surface and that of the lower layers 
of the atmosphere. Consequently, the SST is an important 
input parameter for the meteorological models. For this 
reason, from the early 1970s the French National Service 
of Meteorology (MCtCorologie Nationale) has coilected 
information on the SST from selected vessels and meteo- 
rological buoys in order to use these elements in weather 
prediction models. The spatial distribution of the mea- 
surement points (vessels and buoys) is rather random; 
thus, the computation of a regular grid containing SST 
values and respecting the characteristics of the meteoro- 
logical models is necessary. Comments on the interpoia- 
tion methods used to generate this grid have been 
presented by Ratier [7] and Taillefer [8]. These authors 
explain that the interpolation process smooths the orjgi- 
nal data, eliminating the spatially limited structures and 
local anomalies. 

After the generation of the grid, several parameters are 
archived. The data used in this work was obtained from 
these archives. Each grid intersection corresponds to the 
mean SST per 10-d period so the high frequency fluctua- 
tions have been discarded. Some changes have been per- 
formed during the last 20 years in the structure of these 
archives leading to the storage of different types of SST 
grids. In the present work, we used two different grids 
containing SST values. The first one covers the area 
35” N to 53” N (step 20’) and 1”W to 21” W (step 30’). 
This grid covers the period from 1972 to July 1988. The 
second one has the following definition: 24” 45’ N to 
72” 45’ N (step 45’) and 44” E to 84” W (step I”). This 
series starts in August 1987 and covers the period up to 
the end of 1993. As the resolution of the grids may have 
an influence on the interpolated values, we tested the 
compatibility of the two series for their common 1987- 
1988 period and in common points. The results showed 
very slight differences, which for the present study COLM 

be disregarded. This element justifies the construction of 
the single time series used in this work. 

The points retained in this study correspond to intersec- 
tions of one of the two grids (several are common inter- 
sections of the two grids; figure I). Every time an 
intersection of the grid did not match the points of the 
other grid an interpolated value was computed using only 
the four values entouring the desired point (the inverse 
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Figure 1. Set of points for which sea surface temperature (SST) 
series for the period 1972-1993 were analysed. The circled trian- 
gle is presented in the text as the ‘reference point’ (45” N, 2” W) 
and serves to present the adopted analysis (crosses: grid 1; squares: 
grid 2; triangles: common points of the two grids; see text). 

distance squared method was used for the interpolation). 
Therefore, only lalcal information was used and the 
smoothing consequences of this additional interpolation 
were limited. In this way, complete time series containing 
the mean SST per lo-d1 period were obtained in each 
point offigure 1 (36 values per year, 792 values for the 
entire series). 

3. ANALYSIS 

At each point of the Bay of Biscay presented in figuve I, 
the following analysis has been applied. A step-by-step 
explanation of the method is presented in figure 2 and 
concerns the selected point indicated in figure 1 (point 
with coordinates 45” N, 2” W). Both long-term and cyclic 
components are included in the original SST series 
(figure 2~). First, the coefficients of a linear model were 
estimated (least squares) corresponding to the quasi- 
linear trend suggested by Pingree’s data [4] for the SST 

of the south-western part of the Bay of Biscay and the 
period 1972-1993. This long-term trend was removed 
and the periodic components were then searched in the 
resi-duals of the linear model. The autocorrelation dia- 
gram of the residuals of the linear trend shows clearly the 
exis-tence of a strong cyclic component of period 36 
corres-ponding to 1 year figure 2~). This 1 -year period is 
the main signal in the original series and is responsible 
for 91 % of the whole variance of the series. Using an 
iterative process, a least squares estimate of the amplitude 
and the phase of this component were estimated, and the 
remaining residuals after the extraction of this l-year 
period component are presented infigure 2d. As the auto- 
correlation diagram shows, there is another cyclic com- 
ponent less significant than the first one with a period of 
18 (half-year). In fact, this second component explains 
only 3 % of the variance of the original SST series. After 
the extraction of this second cyclic component the 
remaining residuals do not contain any other important 
periodic component cfigure 2x g). Therefore, the follow- 
ing empirical model has been retained to describe the 
SST series at the different points: 

T = a o b t + uy6 cos [2x/36 (cj6 + t)] 
+ q8 cos [2x/18 (c,~ + t)] + E 

where T is the sea surface temperature for the period t. 
The value oft is computed as t = (yy - 1972) 36 + d 

with yy the year of the estimate and d the decade (IO-day 
period, 1 to 36) in this year. a and b are, respectively, the 
intercept and the slope (long-term rate of temperature 
change) of the 1inea.r trend. The nature of the amplitude 
(Use, als) and the phase (cj6, cls) are presented inJigure 3. 
Considering the major contribution of the first harmonic 
component, the phase c is determined by the date of the 
highest temperature (usually late August at these lati- 
tudes) and the amplitude a corresponds to the half diffe- 
rence between the highest and the lowest temperature of 
the year (usually observed in late February) and E are 
residuals which in practice represent temperature ‘ano- 
malies.’ It is clear that the harmonic component with the 
l-year period has the major contribution in the series. The 
amplitude of the second component is very low and its 
contribution limited. Its presence is explained by the 
nature of the time-related changes in the SST. In fact, the 
SST is marked by two relatively long periods with little 
changes (winter, summer) followed by periods showing 
rapid temperature changes in spring and autumn. Thus, 
this second cyclic component contributes to the forma- 
tion of the two plateaux and the definition of the periods 
of rapid changes. 
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Figure 2. (a) The original sea surface temperature (SST) time series with the estimated linear trend and the predicted values of the empirical 
-model describing the mean time-related changes of SST at the ‘reference point’ in the Bay of Biscay. (b) Remaining residuals after extraction 
of the linear trend. (c) Autocorrelogram of the linear residuals (lag: 10 d). (d) Residuals after extraction of the linear trend and a cyclic com- 
ponent with l-year period (36 lags). (e) Autocorrelogram of the remaining residuals after extraction of the linear trend and the l-year period 
cyclic component (lag: 10 days). (f) Residuals after extraction of the linear trend and two cyclic components with I-year and half-year periods 
(36 and 18 lags, respectively). (g) Autocorrelogram of the f series. 
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Figure 3. The dotted line represents the mean sea surface temperature (SST) per 10-d period computed from the entire series (1972-1993) for 
the ‘reference point’. The solid, thick line shows the predicted SST values. The horizontal dashed line indicates the mean annual temperature 
computed from the entire series. The solid thin line represents the cyclic component with l-year period. The dashed, dotted line indicates the 
half-year period cyclic component. The arrows ua6 and ca6 present the amplitude and phase, respectively, of a cyclic component with l-year 
period (see text). 

A second question concerns the season that contributes to 
the long-term changes. Are the changes due to modifica- 
tions of the mean winter or summer temperatures? To 
answer this question the mean winter (January-March) 
and summer period! temperatures (July-September) were 
computed for the years 1972-1993. The linear trend for 
these two data sets was estimated and figure 4 gives the 
results for the reference point offigure 1. Obviously, the 
winter slope appears stronger than that of the summer, 
but no significant statistical difference was detected. 

This analysis, including the summer and winter esti- 
mates, was applied at each point of figure 1. Conse- 
quently, it is interesting to produce maps with the values 
of the parameters ‘of the model. In this way, interesting 
elements about the spatial structure of the SST can be 
obtained. 

4. RESULTS 

The estimates of the linear trend and the coefficients of 
the cyclic components for the Bay of Biscay and adjacent 
sectors are presented in figure 5. The spatial distribution 
of the slope of the linear trend shows clearly that the SE 
part of the bay (close to the French-Spanish border) is 
marked by higher values. Thus, the rate of increase of the 
SST in this region i.s stronger than in the adjacent areas. 
In the shaded regions of the map (southern Brittany, 
Celtic Sea) the slope is not significantly different from 
zero (95 % significance level). 

The distribution of the coefficient a (intercept) corres- 
ponding to the mean annual SST, shows a clear latitudinal 
trend with the southern areas considerably warmer. The 
Celtic Sea appears 2 “C colder than the southern Bay of 
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13 

Year 

Figure 4. Comparison of long-term changes (trends) in the mean annual winter (closed squal-es) and summer sea surface temperature (SST) 
(open squares) for the ‘reference point’. Winter includes SST values from January to March and summer corresponds to the July to September 
period. Solid and dashed lines are the linear trend of the winter and summer data set respectively. 

Biscay. The distribution of the coefficients of the i-year 
period cyclic component, which is the main signal in the 
series, also reveals some interesting features. The higher 
values of the as6 coefficient, which is the amplitude of the 
cyclic component and corresponds to the half summer 
and winter SST difference, are observed over the south- 
ern French continental shelf in the area influenced by the 
Gironde estuary. In this area a mean difference of 9 “C 
between summer and winter was recorded. The cold 
freshwater discharge in winter and the runoff of warmer 
continental waters in summer are probably responsible 
for this difference. In spite of the high similarity both in 
the seasonal changes and in the values of the freshwater 
runoff of the Gironde and Loire estuaries, the values of 
this coefficient remain lower in the region under the 
influence of the Loire plume, which is located in the 
northern Bay of Biscay. This could be due to the larger 
shelf and the increase of the strength of the tidal currents, 
which contribute to the vertical mixing of the water 
column towards the north of the bay. The lowest 
summer-winter difference is observed in the SW area, 
which is marked by important upwelling processes. The 
distribution of the cs6 coefficient (phase) values shows 

that the oceanic region of the bay reaches its maximum 
SST values slightly later in summer, but the difference is 
limited (about 1 week). The distribution of the half-year 
period component coefficient ni8 shows a main onshore 
gradient with lower values close to the French Atlantic 
coast. This means that the plateau characterising the 
lower SST values in winter and the higher in summer is 
limited. In other words the time period of high or low 
values is limited in the coastal areas in contrast with the 
oceanic sectors where the SST remains at its higher 
(lower) values for a longer period. No clear feature 
appears from the distribution of the cl8 coefficient. In this 
case also a mean value of 13.5 could be used all over the 
area with no significant decrease in precision. 
The estimates of the rate of long-term changes in the 
mean winter and summer temperatures show clearly that 
the two seasons contribute equally to the global increase 
of the SST values observed during the 1972-1993 record- 
ings. Figure 6 presents the spatial distribution of these 
estimates where both the seasonal values and distribu- 
tions in space are very similar. 
Finally, fisur-e 5 provides the possibility to obtain an 
empirical estimate of the SST for a given location and a 
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Figure 5. Spatial distribution of the coefficients 
of the proposed empirical model: slope and inter- 
cept of the linear trend, amplitude (a) and phase 
(c) of the two retained cyclic components with 
periods 1 year (36) and half a year (1X), respec- 
tively. In the grey areas the slope is not different 
from zero (significance level 95 %). 
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Figure 6. Spatial distribution of the slope of the linear trend (rate of increase) estimated from the mean annual winter (left) and summer (right) 
sea surface temperature (SST) values. In the grey areas the slope is not different from zero (significance level 95 %). 

precise date using the following model, which is the iden- 
tical to that presented earlier but in this case the time t is 
equal to (1972-year)*365.25 + d, where d is the day of 
the year (the coefficient q is equal to 36/365.25). 

T = a + b q t + a36 cos [2~/365.25 (c3@jq + t)] 
+ aI8 cos 12~082.625 (c18/q + t)] + E 

5. DISCUSSION 

The main information provided by the present study 
concerns the increasing trend of the mean SST in the Bay 
of Biscay during the period 1972-1993. Although the 
1980s has been recognised globally as the warmest of the 
last 100 years [l], the present study revealed that the 
warming trend was not homogeneous at the scale of the 
Bay of Biscay and the adjacent sectors. The south-eastern 
part of the bay showed the stronger warming trend and 
the mean increase of SST was 1.4 “C from 1972 to 1993. 

This warming trend decreased in the adjacent regions. 
The analysis also confirmed that the warming trend 
concerns the mean annliat temperature. The trend was 
recorded both in winter and summer periods with the 
winter slopes slightly higher but not statistically different. 
This observation completes the study of Pingree [4j 
which showed a winter warming trend in the south-west- 
ern slope region of the bay and the elements provided by 
Valencia and Borja (unpublished data) but also at a local 
scale. 
The reasons for the spatial limitation of the warming 
trend in the south-eastern part of the Bay of B&cay are 
not clear. This area has some particular meteorological, 
oceanographic and topographic features-a synthesis of 
which was presented by Koutsikopoulos and Le Cann [3]. 
At a seasonal scale the spring increase of the SST starts 
earlier and is more pronounced in the south-eastern part 
of the bay. The summer SST is also higher in this area, 
Already in 1942 Sverdrup et al. in their world oceans 
maps [IO] showed higher August SST values in this area 
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than in the adjacent sectors. The water temperature has an 
important influence on the productivity of the pelagic 
ecosystem. Because this parameter is determined by a 
combination of climatic, meteorological, oceanographic 
and topographic features, any long-term change in SST 
reflects changes in lthe abiotic characteristics of the eco- 
system. Changes with marked local or regional character 
can affect the structure of the pelagic community. There 
are several biological observations that can be reason- 
ably linked to the physical fragmentation of the Bay of 
Biscay and the recorded long-term changes: 

l Junquera and Perez-Gandaras [2], based on morpho- 
metric and meristic characters of the anchovy (Engruulis 
encrusicolus L.), concluded that individuals sampled in 
the north-west Iberian Peninsula are different from those 
found in the south-east Bay of Biscay. Using a similar 
approach, Prouzet ‘(IFREMER St PCelNivelle, personal 
communication) showed that morphological differentia- 
tion can also be observed in anchovy individuals from 
different locations of the south-eastern part of the bay. 

l A strong biological gradient has been repeatedly 
observed in the middle of the French continental shelf 
(close to the latitude of the ‘plateau de Rochebone’, 
46” N), separating clearly temperate fish species in the 
northern part and fish splecies with warm affinities in the 
south [5]. 

l The same author observed that a population of Argy- 
rosomus regius (maigre) exists in the southern Biscay 
area. The two other known populations of this species are 
located further south in warmer areas of the African 
coast. 

l Recent biological observations reveal an increasing 
trend in the abundance of species with warm affinities [6] 
which appeared recently in the bay and spread northward. 
Although the majority concern species living close to the 
bottom, a correlation appears with the rising SST. 

l Sauriau [9] analysed pttblished information over the last 
90 years indicating that, since 1983, Cyclope nevitea 
(eurythermic gastropod) has extended its range towards 
the north. Although this rapid spread is linked to the com- 
mercial transport of oysters, the author suggests that the 
recent changes in the climatic conditions in the Bay of 
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