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Abstract — The temperature evolution over the past 40 years in the Bay of Biscay (North-East Atlantic) is investigated
from an in situ data analysis, completed with a satellite SST (Sea Surface Temperature) analysis over the last 20 years.
The in situ dataset is an interannual version of the BoByClim climatology, covering the Bay of Biscay area with a 10-km
horizontal resolution and a 5-m vertical step. The satellite dataset is the European COastral Sea Operational Observing
and Forcast System Program (ECOOP) daily analysis, covering the IBIROOS (Iberian-Biscay-Irish Sea) area with
a 4-km resolution. The study area (43°N-50°N/12°W-1°W) extends over the intersection of the domains covered by
these two analyses. In the 0-200 m layer of this domain, a heat budget has been computed from an ocean circulation
model over the period 1965-2004. Heat is essentially imported from the west by the North Atlantic Drift, then exported
southward and northward, or transferred downward into deeper layers. The annual average of air-sea flux is weak,
with a zero isoline crossing the domain from the northwest to the southeast. Ocean and atmosphere, forming a coupled
system, have comparable contributions and may both result in a heat sink or source. At the interannual scale, variability
is mainly controlled by the air-sea flux, with a secondary contribution from oceanic transport. A strong warming of
~0.2 °C/decade for the period 1965-2004 is apparent from the surface down to the 200-m depth. The decadal evolution
is consistent with several analyses over the North Atlantic. Meanwhile, warming is approximately twice faster than
in the whole basin. This trend is not steady, as a cooling period occurred until the early 1970’s, and the temperature
increase has been significantly stronger during the last 20 years (~0.3 °C/decade between 0 and 100 m, from 1986 to
2005). The trend and the interannual variability are maximal over the northern part of the shelf. The typical duration
of interannual anomalies is two years and their penetration depth is ~100 m, although they occasionally exceed 200 m.
The interseasonal anomalies are also stronger within the mixed layer (root-mean-square, RMS = 0.6 °C at the surface)
than below (RMS = 0.3 °C at 100 m). Their geographic distribution is radically different between the surface and
the deep levels. A seasonal dependence of the warming rate is evident in the upper layer, as the temperature trend is
stronger in summer than in winter (by a factor of 2 at the surface). Some of the potential implications for the ecosystem
are discussed, particularly in terms of species distribution and dynamics of species exploited by fisheries.

Key words: Upper layer / Climatic change / Air-sea flux / Ocean circulation model / Satellite and in situ
measurements / Ecosystem / Bay of Biscay

Résumé — L’évolution de la température durant les 40 dernieres années dans le golfe de Gascogne (Atlantique
Nord-Est) est étudiée a partir d’'une analyse in situ, complétée par une analyse des températures de surface océanique
(SST) issue de données satellitaires pendant les 20 dernieres années. Le jeu-de-données in situ est la version interan-
nuelle de la climatologie BoByClim, qui couvre le golfe de Gascogne avec une résolution horizontale de 10 km et un
intervalle vertical de 5 m. Le jeu-de-données satellitaire est I’analyse journaliere ECOOP, qui couvre la région IBIROOS
(mers ibériques, golfe de Gascogne et mer d’Irlande) avec 4 km de résolution. La zone d’étude s’étend a I’intersection
des domaines de ces deux analyses (43°N-50°N/12°W-1°W). Dans la couche supérieure (0-200 m) de ce domaine,
un bilan thermique a été calculé a partir d’un modele de circulation océanique sur la période 1965-2004. La chaleur
provient essentiellement de I’ ouest, apportée par la dérive Nord-Atlantique, puis est exportée vers le nord et le sud, ou
transférée vers les couches inférieures. Le flux air-mer est faible en moyenne annuelle, avec une isoligne zéro traver-
sant le domaine du nord-ouest au sud-est. L’océan et 1I’atmosphere, systeme couplé, ont des contributions comparables,
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chacun pouvant constituer un puits ou une source de chaleur. A I’échelle interannuelle, la variabilité est principalement controlée par le flux
atmosphérique, avec une contribution secondaire du transport océanique. Un fort réchauffement de ~0.2 °C/décennie pour la période 1965-
2004 apparait entre la surface et 200 m de profondeur. L’évolution décennale est cohérente avec plusieurs analyses dans 1’ Atlantique Nord.
Cependant, le réchauffement est environ deux fois plus rapide que dans I’ensemble du bassin. Cette tendance n’est pas monotone, car elle
inclut un refroidissement jusqu’au début des années 1970 et un réchauffement accéléré durant les 20 dernieres années (~0.3 °C/décennie entre
0 et 100 m, de 1986 a 2005). La tendance et la variabilité interannuelle sont maximales dans la partie nord du plateau. La durée typique
des anomalies interannuelles est de deux ans et leur profondeur de pénétration est de I’ordre de 100 m, mais dépasse parfois 200 m. Les
anomalies inter-saisonnieres sont également plus intenses dans la couche mélangée (racine de la moyenne des carrés, RMS = 0.6 °C) qu’en
dessous (RMS = 0.3 °C a 100 m). Leur distribution géographique differe radicalement entre la surface et les niveaux profonds. Dans la couche
supérieure, le taux de réchauffement dépend de la saison, étant notablement plus fort en été qu’en hiver (d’un facteur 2 en surface). Certaines
des implications potentielles pour 1’écosysteme sont discutées, notamment en termes de répartition et de dynamique des especes exploitées par

la péche.

1 Introduction

Climate change is ongoing, whether its causes are an-
thropic or natural, and is modifying the environment of ma-
rine ecosystems. Part of the ocean warming observed during
the last decades is attributable to natural fluctuations, such
as the Atlantic Multidecadal Oscillation, which may modu-
late human-induced changes in the future (Knight et al. 2005).
Warming affects the whole northern hemisphere, particularly
the North Atlantic (Curry and Mauritzen 2005; Levitus et al.
2005). However, strong regional modulations of temperature
changes have been evidenced. From 1950 to 2000, the sub-
tropical North Atlantic has warmed and the subpolar part has
cooled, with a separation line at about 40°N close to the east-
ern boundary (Lozier et al. 2008). More recently, from 1999
to 2005, the eastern North Atlantic subtropical regions (south
of 40° N) have been cooling, while subpolar regions (north
of 50° N) have been warming (Ivchenko et al. 2006). Thus,
the Bay of Biscay is located within the area of transition be-
tween warming and cooling areas. Moreover, the geographical
limit of this transition has likely moved considerably during
the last decades. The studies cited above address interannual
temperature change at the scale of the whole North Atlantic
basin. Few studies are dedicated to the regional scale of the
Bay of Biscay. Nonetheless, some authors concluded that the
sea surface of the area had warmed between the 1970s and
1990s, particularly in its southeastern corner (>0.6 °C/decade)
(Koutsikopoulos et al. 1998; Planque et al. 2003). However,
their findings lack robustness as their datasets were limited
to the surface layer and to a time period too short for cli-
matic scales.

The present study focuses on the temperature evolution in
the Bay of Biscay within the upper 200-m layer. The study area
includes shelf seas (Cantabrian, Aquitaine, Armorican and
Celtic shelves) as well as deep ocean areas (down to 5000 m).
In these regions, temperature in the upper and intermediate
layers has been measured regularly since the 1960s, using
in situ instruments. Sea surface temperature (SST) has been
monitored at high resolution and frequency by satellite remote
sensing since the mid-1980s. Additionally, ocean circulation
models enable understanding the mechanisms of temperature
variability. Here, we combine all three types of information
to study temperature evolution over the past 40 years at inter-
seasonal, interannual and decadal time scales. Another study
(Michel et al. 2009) is dedicated to the analysis of tempera-
ture interannual variations in this region and during the same
period over a deeper layer (0—800 m). This previous study has

shown that the warming trend culminates to 0.23 °C/decade
at 50 m and remains positive down to about 500 m. In the
present study, we focus on shallower waters, whose conditions
have more direct consequences on human activities (e.g. fish-
ing) and where seasonal variations are of a much larger ampli-
tude, making their estimation essential. It is stressed that the
datasets used in this study are different and at a higher resolu-
tion, both in time (season or month instead of year) and space
(about 0.1° in longitude and latitude, instead of 0.25°), from
those in Michel et al. (2009).

After introducing the topic, the observational datasets and
the numerical simulation are described first, then the statistical
quantities applied to these datasets are defined. Then, possi-
ble causes of observed temperature changes and anomalies are
investigated based upon the model simulation and the interan-
nual evolution, including decadal trends and annual anomalies,
is quantified. The spatial distribution of SST variations is de-
scribed in detail using satellite data, their spread into deeper
water is examined from in situ temperature data and seasonal
and interannual anomalies are investigated. Finally, some of
the implications for marine ecosystems are discussed and the
main results are summarised.

2 Data and methods
2.1 Datasets

2.1.1 Satellite SST

The satellite SST data are obtained from Advanced Very
High Resolution Radiometer (AVHRR) remote sensing of the
sea surface infra-red emission. These data are available from
the NOAA series satellites since 1985. An analysis was per-
formed during the European COastral Sea Operational Ob-
serving and Forecast system (ECOOP) programme over the
IBIROOS area (30°N-60°N and 12°W-12°E, Fig. 1), providing
daily fields from 1986 to 2006, at a spatial resolution of 0.044°
(~4 km) (Saulquin and Gohin 2009). The ECOOP product has
been generated by Saulquin and Gohin (2009) using the fol-
lowing method. First, an empirical model is determined at each
point, using all good quality data. Second, deviations from this
model are kriged (through an optimal interpolation) in order
to fill data gaps over the whole area and for all days within
the period. This method results in homogeneous SST fields,
which are almost free of missing data associated with clouds
and extend very close to coasts.
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Fig. 1. Bathymetric map and main circulation features in the upper
layer (0-200 m) of the NE Atlantic (continental shelves (<200 m) in
white; depth contours every 1000 m).

2.1.2 Global analysis of in situ temperature

For reference purposes, we use the interannual analysis of
temperature in the global ocean by Levitus et al. (2005). This
analysis is based on the World Ocean Database (WOD), con-
sisting of measurements from all kinds of instruments, which
were collected and archived by the National Oceanographic
Data Center (NODC). These data were interpolated, using an
objective analysis technique, onto a regular 2D grid with a 1°
spatial resolution (~110 km at the latitudes of the Bay of Bis-
cay). Annual fields were produced from 1955 to 2003, on ver-
tical levels separated by 10 to 200 meters, from the surface
down to 700 m.

2.1.3 Regional analysis of in situ temperature

Our main in situ dataset is the BoByClim analysis
(Vandermeirsch et al. 2008), dedicated to the Bay of Biscay.
This analysis includes the WOD data in this region (35%
of the dataset), as well as numerous eXpendable BathyTher-
mographs (XBT) profiles from Service Hydrographique et
Océanographique de la Marine (SHOM, French Navy, 46%
of the data) and additional measurements from Ifremer (17%
of the data). Thus, its data density is much higher than in
WOD and covers a slightly longer period (1950 to 2005). It is
produced using an optimal interpolation technique similar to
that of Levitus et al. (2005). The main difficulty in generating
this hydrological atlas consists in representing both the coastal
scales on the shelf and the deep ocean scales over the abyssal
plain. This problem is addressed by varying the influence ra-
dius, the key parameter in the objective analysis, as a function
of bathymetry. The analysed area spreads from 43°N (north-
ern Spanish coast) to 50°N (central Celtic Sea) and from the
French coast (about 1°W) to 15°W (Fig. 1), at a 1/10° spatial
resolution corresponding to about 10 km. The temperature data
is interpolated at depth levels set every 5 m from the surface
down to 50 m, then every 10 m down to 200 m. The analysis is

performed both at the annual scale and seasonal scale (every 3
months) from 1950 to 2005.

2.1.4 Ocean circulation model

Because of the lack of current velocity measurements at
the scales of interest, we used a 3D circulation model to esti-
mate oceanic transport of heat. We chose the ORCA025-G70
simulation, designed within the DRAKKAR project (Barnier
et al. 2006, http://www.ifremer.fr/lpo/drakkar/) and based on
the NEMO (Nucleus for European Modelling of the Ocean)
deep-ocean model. The horizontal grid covers the global ocean
with 1/4° resolution (~25 km in the Bay of Biscay) and the
vertical grid consists in 46 levels, whose thickness increases
with depth from 6 to 200 m. The simulation was run from
1958 to 2004, after a 7-year spin-up phase, using realistic daily
fluxes to force the ocean surface (Brodeau et al. 2007). These
fluxes (of heat, fresh water and momentum) are computed us-
ing state-of-the-art parameterisations (Large 2007). The mete-
orological fields are outputs from the ECMWF model (ERA40
reanalysis), whereas precipitations and solar radiation are ob-
tained from satellite data.

We extracted the simulated temperature, air-sea fluxes and
current velocity data at every grid points and at all depth lev-
els within our study domain. The model time step is one hour
and outputs are averaged and saved every five days. We use an-
nual averages of the simulated variables, as we focus on their
interannual variations.

2.2 Methods

2.2.1 Statistics

To extract relevant information from these large datasets,
some basic statistic calculations were applied, focusing alter-
natively on temporal evolution, spatial distribution or vertical
variation within the 0-200 m layer:

— A “layer average” is determined vertically from the surface
down to 200 m (or less, if the seafloor is shallower, e.g.
over the continental shelf).

— An “area average” is determined horizontally over the
Bay of Biscay domain, defined as the intersection of the
ECOOP and BoByClim areas (43°N-50°N / 12°W-1°W,
Fig. 1).

— A “domain average” is a 3D average, obtained from a hori-
zontal averaging combined with a vertical averaging. Note
that the domain heat content (HC) is proportional to the

domain averaged temperature (T):

HC() = CopoVI (1) (1

where C,, = 4200 J kg~! K™! (joule per kg kelvin) is the spe-
cific heat of seawater, pgp = 1020 kg m~3 is the reference den-
sity of seawater and V is the domain volume.

The “linear trend” is obtained by fitting a time series to a
straight line (through a least-square linear regression). Applied
to a temperature time series, this quantity represents the mean
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rate of change, e.g. climatic warming (or cooling) in a given
domain. Additionally, the “residuals” are obtained by subtract-
ing the linear trend from the original time series. Decomposing
a series into its trend and residuals is the simplest way of sepa-
rating time scales, by removing the slow evolution (trend) from
faster fluctuations (residuals):

T4) = T+T'(H) = T +Lt + T" (1)
N 1 =N =N =N
= ) (), ) T'(t) = ; T”(t) = 0 2)

where N is the number of time-steps, f is the time mean, 7" (¢)
are the anomalies, L is the linear trend and 7" (¢) are the resid-
uals.

Alternatively, an interannual time-series can be decom-
posed into its variations at seasonal and annual scales:

A
T(t) = T(y’ S) =T +Tannual(y) + Tseasonal(s) + Timerseasonal(y’(*;)

where y is the year number, s is the season number, 7, (y) is
the annual anomaly, T, .(s) is the mean seasonal cycle and

L erseasonal Y ) 18 the anomaly from the seasonal cycle. Note
that s ranges from 1 to 4 in case of a quarterly means (as in
the BoByClim interannual analysis) and from 1 to 12 in case
of monthly means (as from the ECCOP daily analysis).

The “standard deviation” is the root-mean-square of a time
series. It can be applied to anomalies, to residuals, to differ-
ences between two series, to a series of annual mean values
(interannual standard deviation), to the mean seasonal cycle,
etc.

The “temporal correlation” is the coefficient of correlation
between two time series.

The “empirical orthogonal functions” (EOF), also called
“principal component analysis”, are the decomposition of a
time-evolving field into stationary patterns. Each EOF repre-
sents a part of the total signal variability, called “explained
variance” and usually expressed as a percentage of total vari-
ance. A time series of coefficients is associated with each EOF,
indicating the modulation of the corresponding pattern as a
function of time (including sign reversals).

2.2.2 Thermal balance

The “thermal balance” (or “heat budget”) is a quantifica-
tion of the sources and sinks of heat within a fixed 3D domain.
Here, we consider a domain as a rectangular box for the sake
of simplicity. Our study domain (Fig. 1) is limited by three lat-
eral open boundaries in the south (at 43°N), west (at 12°W)
and north (at 50°N). The eastern limit and part of the south-
ern limit are closed by coasts. The domain is also limited by
two vertical boundaries: the sea surface and the 200-m depth
level. The heat budget is computed from model outputs, as ob-
served data are generally too sparse in time and space to esti-
mate properly all the budget terms.

At each grid point, the local heat budget can be written
as a sum of terms, with the dimension of a heat transport (in
joule s~! or watt). The heat content (HC) variations can be

simply expressed as the sum of three terms: the air-sea flux at
the surface (HTy), the sum of oceanic transports across each
boundary (HT7) and the heat diffusion (HTp) (accounting for
turbulent mixing, eddies and currents with typical sizes smaller
than a few grid cells). Thus, the budget is reduced to:

OHC[0t(x,y,t) = HTz(x,y,t) + HT7(x,y,t) + HTp(x, Yy, 1).

“)
The role of each term in the thermal balance can be quantified
through its mean amplitude (A;), representing its impact on
local temperature variations. The ratio of this amplitude with
respect to the sum of all amplitudes (P;) indicates the “contri-
bution” of this term to temperature variability. For example, in
the case of the air-sea heat flux, the amplitude (in watt) and the
contribution (in percent) can be written:

1 t=N
As(xy) = 5 ) IHTa(x.y.1)
t=1

AA (-x7 y) .
Ax(x, y) + Ar(x, y) + Ap(x, y)

Pa(x,y) = 100 (5)

Then, the thermal balance at each grid point can be sum-
marised by the contribution P4, Pr and Pp. These 3 contri-
butions can be plotted on a single map by allocating P4, Pp
and Pr to the red, green and blue components of the colour at
each pixel.

3 Results
3.1 Thermal balance in the 0-200 m layer

3.1.1 Mean thermal balance

We first describe the simulated thermal balance computed
from the ORCA simulation for the period 1965-2004 (Fig. 2).
On average, the atmosphere contribution is close to zero: the
mean over the 40-year period of the air-sea flux (HT,) is
+0.3 TW (1 terawatt, i.e. | TW = 10'2 watt). The heat input
associated with river runoffs, precipitations and evaporation is
weaker (mean = +0.08 TW). The heat input associated with
the rising sea level is even weaker by one order of magnitude
(mean = +0.01 TW). In addition, the two latter heat inputs ex-
hibit weaker variations (std. dev. < 0.1 TW) than the air-sea
flux, and the local contribution of the freshwater flux (E-P-R)
is negligible out of littoral and estuarine areas. As a conse-
quence, the impacts of sea level rise and freshwater flux on the
heat balance can be neglected at the domain scale.

The main heat input comes from the transport across the
western boundary (mean = +22 TW), as an extension of the
North Atlantic Drift (NAD) brings warm water into the do-
main (Fig. 1). The NAD is a wide current flowing eastward
through the North Atlantic, from the Gulf Stream to the Eu-
ropean shelf seas, that splits into a northward and a south-
ward branch while approaching the continental margin. The
NAD southern branch is responsible for the main heat out-
put (mean = —14 TW) from the domain. Note that the Iberian
Poleward Current (IPC), i.e. the southern part of the Poleward
Slope Current, brings warmer Mediterranean water northward.
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Fig. 2. Thermal balance in the 0-200 m layer averaged over the 1965-
2004 simulation. Coloured 3D surface: bathymetry in the 0-200 m
range. Arrows: heat inputs/ouputs in terawatt (TW, 10'?> watt) with
standard deviations in brackets (see text).

But as its core is located deeper than 200 m (Friocourt 2007),
its impact in the 0-200 m layer is secondary. A weaker heat
export takes place across the northern boundary (mean =
—4 TW), attributed to the Celtic slope current.

Note that these results depend on the domain limits, but
they are fairly robust when displacing the boundaries by a few
degrees (Michel et al. 2009). For instance, when moving the
western boundary toward the eastern coasts, the westerly im-
port is reduced but remains the main source of heat into the
domain. In parallel, the northward export diminishes and the
southward export switches to a heat import.

The vertical currents export heat downward into the deeper
layer, below 200 m, (mean = —4 TW) and approximately com-
pensate the heat input by horizontal currents. As a result, the
sum of horizontal and vertical heat transports is only slightly
negative (mean = —0.2 TW). The difference between the heat
input by air-sea flux (HT4 = +0.3 TW) and the heat loss by
oceanic transports (HTr = —0.2 TW) is due to heat diffusion
(HTp = —0.1 TW). Coincidentally, the sum of all these terms
is close to zero for this particular period because the heat con-
tent is almost the same at the beginning (zp = 1 January 1965)
and at the end (#; = 31 December 2004) (HC(ty) ~ HC(t)) ~
4.72 x 10! joules). However, this does not imply that the heat
content remains stable over the whole period.

3.1.2 Interannual evolution of the thermal balance

We now consider how the thermal balance varies from
year to year during the period 1965-2004 (Fig. 3a). The air-
sea flux is the major source of interannual variability (std.
dev. = 3.0 TW). In comparison, the variability of oceanic
heat transport (horizontal + vertical) is about twice lower (std.
dev. = 1.6 TW) and heat diffusion variability is much weaker
(std.dev. = 0.7 TW). The variability of annual heat content
change (std. dev. = 1.9 TW) is comparable to that of the air-
sea flux and oceanic transport. The heat content variations are

Total transport Air-sea flux= = = content change
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Fig. 3. (a) Interannual evolution of the heat budget in terawatt (TW,
10" watt) in the 0-200 m layer. (b) Interannual anomaly of the heat
content (in 10?° joules) and corresponding domain-averaged temper-
ature (right axis, in °C).

strongly correlated to the air-sea flux (correlation = 79%, sig-
nificant at more than 99%). As explained previously, the heat
content is proportional to the temperature averaged in the 3D
domain, whose annual variations are displayed (Fig. 3b).

In terms of linear trends, the air-sea flux tends to in-
crease over 40 years (trend = +0.6 TW/decade), while the
total oceanic transport tends to become more and more neg-
ative (trend = —0.3 TW/decade). The air-sea heat flux is sig-
nificantly negative during the first decade (mean = -0.9 TW),
then increasingly positive with frequent sign reversals during
the second and third decades, and generally positive during
the last decade (mean = + 1.1 TW). In contrast, the total trans-
port is positive during the first decade (mean = + 0.4 TW),
then predominantly negative, especially during the last decade
(mean = —0.7 TW). The air-sea heat flux and the total trans-
port are markedly anti-correlated (—34%, significant at 97%).
The compensation between these two terms may be attributed
to the atmosphere-ocean system coupling.

The domain heat content tends to decrease during the first
decade (cooling trend of —0.5 TW) (Fig. 3b). Then, the heat
content increases rapidly during the second decade and re-
mains almost unchanged during the third decade. Warming
starts again during the last decade, at a rate equivalent to the
whole period average: a heat content trend by 0.1 TW. Over
the whole 40-year period, the heat content trend becomes more
and more positive (from —0.5 to + 0.1 TW) and the upper layer
warming accelerates during the last decades.

3.1.3 Air-sea heat flux

We consider separately the atmospheric component of the
thermal balance in the domain. The mean air-sea heat flux
exhibits a much contrasted geographical distribution over the
Bay of Biscay area (Fig. 4a). Over the period 1965-2004, its
mean value ranges between —20 W m~ to the north of Brittany
and +30 W m2 to the west of Galicia. The heat flux is pos-
itive to the northwest of Spain, as far north as 47.5°N, while
it is negative further north and in the interior Bay of Biscay,
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Fig. 4. (a) Mean net air-sea heat flux from the 1965-2004 simulation. (b) Interannual standard deviation of net heat flux.

roughly east of 6°W. Low positive values are also found in the
northern Celtic Sea, as well as along a coastal fringe, south of
the Loire estuary (47°N). The seasonal cycle of the air-sea heat
flux has a strong amplitude (up to +200 W m~2), mainly due
to variations in solar heating (not shown).

The flux has a marked temporal trend towards higher val-
ues over the whole area, particularly offshore northern Spain,
and its zero isoline tends to shift with time toward the north
and east of the domain (not shown). This results in an atmo-
spheric warming spreading inside the Bay of Biscay, except
the Armorican shelf.

The interannual variability of the air-sea heat flux is also
heterogeneous (Fig. 4b). The variations are stronger along the
Cantabrian Sea (10 W m™2) and over the Armorican shelf
(8 W m™2), as these two regions are respectively exposed
to intense winds and variable cloud conditions. Conversely,
the variability is weakest along the French coasts (down to
5 W m™2), except northern Brittany, where the wind is gen-
erally lower and the meteorological conditions steadier. Note
that uncertainties on the mean values of air-sea heat fluxes are
probably of the same order of magnitude as their interannual
variability (~10 W m™2). Indeed, sensitivity experiments car-
ried on using a global ocean model result in +10 W m™? bi-
ases on the mean net heat flux in this region (Brodeau et al.
2007). The Bay of Biscay area is particularly sensitive to the
air-sea flux estimates, as its spatial average is close to zero (in-
tegral of +0.3 TW over the period, equivalent to a mean flux of
+0.1 W m™2). Thus, the sign of the air-sea flux long-term mean
is uncertain over the study area, but its spatial and interannual
variability is large enough to be captured by the simulation.

3.1.4 Relative contributions of atmosphere, ocean
circulation and mixing

We use the simulated heat budget evolution to quantify
the causes of temperature interannual variations. The ampli-
tudes of heat changes associated with the three major processes
are computed and compared using a trichromatic color scale
(Fig. 5). For example, a purple square signifies that in this
grid cell, interannual heat content variations are caused at 50%
by air-sea flux and at 50% by oceanic transport; a turquoise

square: 50% by oceanic transport and 50% by diffusion; a
yellow square: 50% by air-sea flux and 50% by diffusion. All
intermediary combinations of two or three terms are possible.

Air-sea flux appears important over most of the domain
and is generally combined with oceanic transport. Oceanic
transport dominates along the French coastal fringe, where air-
sea flux is low and weakly variable (Fig. 4). Oceanic transport
and diffusion dominate along parts of the continental slope,
particularly in the Cantabrian and Basque seas, as well as in
the western Celtic Sea. Diffusion alone (accounting for small
scale circulation and mixing) is the major term along the coast
of southern Brittany, where both the annual mean flux and the
permanent currents are low. Thus, the interannual variability of
temperature in the 0-200 m layer is rarely governed by a sin-
gle process, but more often by a combination of atmospheric
and oceanic processes.

3.2 Temperature interannual variations
3.2.1 Temporal evolution at the surface and at depth

The temperature variations in the domain are examined in
details by focusing on fixed depths, rather than on the 0-200 m
layer (Fig. 3b). In the following sections, we base our study on
the temperature observations (BoByClim and ECOOP analy-
ses), instead of the simulated temperature, to take advantage
of their higher resolution. Note that the area averaged temper-
atures from the simulation and from the observations are fairly
consistent (Michel et al. 2009). We can therefore rely on the
thermal balance inferred from the simulation. The WOD anal-
ysis was also used to validate the high-resolution datasets and
check their consistency. For instance, the correlation between
BoByClim and WOD, in terms of temperature averaged hori-
zontally and annually from 1965 to 2003, is higher than 90%
in the whole layer. Also the mean difference between these two
analyses is lower than +0.15 °C and its standard deviation is
lower than 0.18 °C, both of which decrease with depth.

At the surface (Fig. 6a), strong year-to-year temperature
fluctuations are superimposed on a clear warming trend. The
domain averages of the ECOOP SST and of the BoByClim
temperature at 5 m are correlated to 92%, a result which
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Fig. 5. Relative contributions of the three major terms to the interannual thermal balance in the 0-200 m layer from the 1965-2004 simulation

(see text). Black contour: 200 m isobath.

confirms the robustness of these temperature estimates. Over
the period 1965-2003, the standard deviation in BoByClim
amounts to 0.44 °C. Over the last 20 years, BoByClim exhibits
stronger variations (std. dev. = 0.47 °C) than during the whole
period, while the ECOOP satellite data has a slightly lower
variability (std. dev. = 0.41 °C). The 40-year trend is estimated
to +0.24 °C/decade in BoByClim. The trend is significantly
higher during the last 20 years: +0.30 °C/decade in BoByClim,
slightly below the warming rate from the ECOOP analysis:
+0.36 °C/decade. The variability of residuals also increases
during the last 20 years (std. dev. from 0.28 to 0.44 °C for
BoByClim). Thus, not only the decadal trend but also year-to-
year variations are higher during the second half of the period.

Because the 50 m level (Fig. 6b) is generally located within
the seasonal mixed layer, its temperature variability and trend
are similar to those of SST. The standard deviation is only
slightly lower than at the surface: 0.40 °C. In contrast, the lin-
ear trend is slightly higher than at the surface: 0.28 °C/decade.
Thus, a larger part of variability is due to slow (i.e. multi-
decadal) change compared to faster (i.e. year-to-year) fluctu-
ations. The 200-m level (Fig. 6¢) is situated at the base of the
seasonal thermocline, thus the temperature at 200 m is partially
isolated from the effect of air-sea heat flux variations. The stan-
dard deviation is about half its surface value: 0.23 °C. The
warming trend is still significant, although lower than above:
0.15 °C/decade.

Note that the trends are not uniform during the 40-year
period (Fig. 3b): there is a decrease in temperature until 1977-
78, then an increase during the rest of the period, with a faster
warming from 1995 onward. In the upper layers, the tempera-
ture minimum is reached around 1972, thus the cooling phase
ends sooner and the warming phase lasts longer. Therefore,
warming starts at or close to the surface in the early 1970s,
then slowly penetrates, reaching the 200 m depth level after
about five years. The trend values are significantly higher than
the warming rate estimated for the 0-300 m layer in the whole
North Atlantic (Levitus et al. 2005: +0.08 °C/decade over the
1955-2003 period). Their analysis shows a slight decrease of
temperature during the 1960s, followed by a strong increase

(a1)2— WOD — BoByClim — ECOOP = = = Trends
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Fig. 6. Interannual anomalies of temperature averaged over the do-

main area (43°N-50°N, 12°W-1°E), at three different depths: (a) 5 m,

(b) 50 m and (c) 200 m.

starting from the early 1970s. As a consequence, the long-
term evolution of temperature in the Bay of Biscay is similar
to those of the North Atlantic, although with a few years’ delay
and an enhanced magnitude.
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3.2.2 Geographic distribution of interannual variability

The ECOOP and BoByClim datasets reveal that variabil-
ity is far from uniform within the Bay of Biscay. At the
surface (Fig. 7a), the satellite SST shows that the warming
trend is highest over the northern Armorican shelf, where the
trend reaches 0.6 °C/decade. This value is consistent with
the study of the English Channel based on the same SST
analysis (Saulquin and Gohin 2009). The trend is also high
over the whole Celtic and Armorican shelves, except to the
south of 47°N. The warming is much lower elsewhere, about
0.3 °C/decade in the southern part of the Bay of Biscay. The
BoByClim temperature at 5 m (not shown) confirms this gen-
eral northeastward gradient, with even higher values over the
northern Armorican shelf (up to 1.0 °C/decade).

At the surface, the interannual variability exhibits approx-
imately the same distribution as the linear trend (Fig. 7c). A
high standard deviation is found over most of the Armorican
shelf (about 0.5 °C). The values are much lower in the Ushant
Front and Iroise Front areas, where strong permanent mixing
by tidal currents impedes temperature variations from one year
to another. The variability is particularly weak (0.3 °C) over
the Aquitaine and Cantabrian shelves, extending offshore to
the west of Galicia. Note that the distribution of interannual
variability differs markedly for temperature (Fig. 7c) and for
air-sea heat flux (Fig. 4b). This indicates that the surface tem-
perature evolution is not governed by atmospheric processes
alone, as we concluded from the simulated thermal balance

in the 0-200 m layer (Fig. 5). The BoByClim analysis overall
confirms the pattern from ECOOP (not shown), but also shows
a high variability in the coastal fringe of the south-eastern sec-
tor, probably because of data sampling issues.

At 100 m (Fig. 7b), the linear trend is also positive ev-
erywhere in the domain. A clear maximum (0.8 °C/decade) is
found over the northern Armorican shelf as a projection of the
surface maximum (Fig. 7a). The trend is much weaker over
the abyssal plain (lower than 0.4 °C/decade), particularly in
the southeastern corner (Basque Sea) and offshore Galicia, but
warming remains significant everywhere.

At this depth also, the distribution of standard deviation
(Fig. 7d) is similar to that of the linear trend, with a maxi-
mum around the same location (up to 0.6 °C). The variability
is high over the whole Celtic shelf, as well as over the shal-
lowest part of the Armorican shelf. It is almost uniform inside
the Bay of Biscay, with values about 0.3 °C everywhere to the
east of 10°W and slightly higher (0.35 °C) over the southeast-
ern abyssal plain. Therefore, the main features of warming and
fluctuations are roughly similar in the upper 100 m, with the
strongest interannual variations taking place over the Armori-
can shelf.

3.2.3 Horizontal patterns of interannual variability

The stationary patterns of interannual variability are
revealed by the empirical orthogonal functions (EOF)
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decomposition of annual mean temperature fields. Thus, time
scales below two years are filtered out. We use annual resid-
uals, rather than annual anomalies, to remove the influence of
trend.

At the surface, the first EOF (EOF1) is almost uniform over
the Bay of Biscay area (Fig. 8a), as its amplitude ranges be-
tween 0.2 and 0.3 °C everywhere (mean = 0.26 °C). This pat-
tern is largely dominant and explains 82% of the interannual
variance. The second EOF (EOF2) represents 6% of the inter-
annual variability and its amplitude is much weaker (mean =
0.06 °C). In contrast with EOF1, however, EOF2 consists in
a northwest/southeast gradient (Fig. 8b), with one pole con-
centrated along the Aquitaine shelf and Landes Plateau, while
the other pole is spread over the northwestern sector. In the
BoByClim analysis at 5 m (not shown), EOF1 and EOF2 ex-
hibit similar patterns as in ECOOP, but they are associated with
a lower explained variance. Thus, in the in situ analysis, inter-
annual variability is distributed into a larger number of modes.

At the 100 m depth, EOF1 from the BoByClim analy-
sis represents 44% of the interannual variability. Its pattern
is still single-signed (Fig. 8c), but a pole of intensified am-
plitude is located in the Cantabrian Sea. The distribution of

EOF2 (Fig. 8d) is close to that of the satellite SST (Fig. 8b),
dominated by a northwest/southeast opposition, with an elon-
gated eastern pole against the shelf-break and a diffuse western
pole over the abyssal plain. This mode is more significant than
in the SST, as it explains more of the variance (11%), and its
mean amplitude is similar (mean = 0.07 °C). Therefore, while
the interannual variations of surface temperature can be sum-
marised by a single mode, they become more complex at a
greater depth.

The North Atlantic Oscillation (NAO) is the first mode of
atmospheric variability over the whole basin. The NAO in-
dex is defined by the surface pressure difference between the
Azores region and Iceland, usually most intense in winter.
The winter NAO index is compared to the time series of the
main SST interannual modes (i.e. EOF1 and EOF2) (Fig. 8e).
As expected from the percentages of explained variance, the
EOF]1 time series is almost superimposed on the SST residu-
als, while EOF2 modulates the SST variations. The time series
of EOF1 is significantly correlated to the NAO index (29%)
and this correlation increases when considering the SST in
winter (41%, not shown). Note that the correlation between
EOF1 and the NAO increases when considering a larger area
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Fig. 9. Time/depth diagram of temperature interannual residuals (in
°C) from BoByClim, averaged horizontally over the study area.

(Michel et al. 2009). Moreover, EOF1 has a large-scale pat-
tern, suggesting it could originate from atmospheric variabil-
ity. Therefore, the dominant mode of SST interannual variabil-
ity in this region (EOF1) seems to be related to the major mode
of atmospheric variability over the whole North Atlantic (i.e.
the NAO). The same conclusion is reached when using the
in situ temperature from BoByClim at any depth between 5
and 200 m (not shown). A more detailed analysis would be
required to understand the mechanisms linking the Bay of Bis-
cay upper layer temperature and the NAO, for instance by us-
ing seasonally varying fields instead of annual mean fields.

3.2.4 Vertical distribution of interannual anomalies

Here, the vertical distribution of the temperature anomalies
is described (Fig. 9) to capture the connection between obser-
vations at selected depth levels (Fig. 6). Despite the removal
of the trend over the 40-year period, a cooling phase is clearly
seen until the mid 1970s, followed by a slower warming phase
during the last 30 years. Thus, the trend over the whole period
is not representative of the decadal evolution of temperature.
Moreover, the slow temperature variations are frequently mod-
ulated by cool and warm anomalies, with a typical duration of
~2 years.

Most anomalies are enhanced at the surface or in the top
layer, but a few exhibit a core at depth. For example, the
1966 warm anomaly has its maximum at about 120 m, and
the 1991-1994 cool anomaly starts at 60 m. The strongest
anomalies penetrate down to 200 m or more, such as the
1986 cool event and the 1989 warm event. During the last
decade, warm anomalies are more sustained, so that warm-
ing penetrates deeper and deeper from one year to the next.
For instance, the warm anomaly starting at the surface in 1995
reaches the 200 m depth in 1997, then the layer below 100 m
remains anomalously warm. The duration and vertical extent
of each anomaly are controlled by the competition between
the air-sea fluxes (forcing or attenuating anomalies at the sur-
face) and oceanic currents (importing anomalous water masses
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Fig. 10. Vertical and seasonal distribution of temperature interannual
variability from BoByClim (1986-2005), averaged horizontally over
the study area: (a) linear trend; (b) standard deviation of seasonal
anomalies. Dashed black line: mean of four seasons. Black line in
(b): std. dev. of interannual anomalies.

or transporting then away and deeper) as seen from the thermal
balance.

3.3 Temperature interseasonal variability

3.3.1 Seasonal dependence of trend and anomalies

In the previous section we have concluded that a con-
siderable warming occurred in the 0-200 m layer during the
past 40 years (up to 0.28 °C/decade in the BoByClim anal-
ysis). This warming was even faster during the last 20 years
(0.36 °C/decade in the ECOOP analysis). Besides, the warm-
ing trend fluctuates seasonally. Indeed, from the ECOOP anal-
ysis, the monthly trends over the period 1986-2005 range from
0.14 °C/decade in December to 0.61 °C/decade in June (not
shown). Consistently, the BoByClim temperature at 5 m in-
dicates the trends are lower during autumn and winter than
during spring and summer (Fig. 10a). More precisely, the in
situ data lead to an almost zero-trend during autumn (October
to December) and a maximum trend during spring (April to
June, ~0.6 °C/decade). Thus, the trend seasonal variations are
slightly in advance of phase with respect to the temperature
seasonal cycle, increasing the duration of the cool and warm
periods (“de-seasonalisation”, Fontén et al. 2008).

The temperature trend decreases with depth for each sea-
son, with a minimum in autumn at 50 m and a maximum in
winter at 25 m. Below 100 m, a depth which roughly cor-
responds to the deepest extension of the surface mixed layer
in winter, the trends are comparable at all seasons. Hence,
at 100 m the trends range from 0.23 °C/decade in autumn to
0.38 °C/decade in summer. At 200 m, all seasonal trends are
very close to their annual average, about 0.3 °C/decade.

Yearly anomalies also occur at preferential seasons
(Fig. 10b). In the analyses of the ECOOP SST and of the tem-
perature at 5 m from BoByClim, interseasonal anomalies are
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weaker during winter (std. dev. = 0.35 °C). This was expected,
as the mixed layer reaches its deepest extension in winter,
when atmospheric perturbations are integrated over a thicker
water column and produce moderate temperature variations. In
contrast, during summer the mixed layer is very thin; thus, me-
teorological events can modify dramatically its temperature.
Consequently, the interseasonal anomalies are highest during
summer in the SST analysis (not shown). From the in situ tem-
perature at 5 m, the standard deviation is slightly higher in
spring than in summer. Indeed, the 5-m level is more sensi-
tive to interannual changes in the mixed layer thickness, whose
variations are highest during spring (restratification period).

The standard deviation of seasonal anomalies quickly de-
creases with depth, except in winter, when it remains close
to its low surface value. Below 80 m, the interseasonal vari-
ability shows approximately the same value for each season.
For instance, at 100 m, the standard deviation ranges between
0.28 °C and 0.31 °C. At 200 m, the interseasonal variability is
about 0.25 °C for all seasons, very close to the interannual vari-
ability (0.20 °C). Thus, as for the long-term trend, the seasonal
dependence of interannual anomalies is strong in the mixed
layer and negligible below (on average, at depths greater than
100 m).

3.3.2 Geographic distribution of seasonal anomalies

The interseasonal temperature variability is obtained by re-
moving the mean seasonal cycle at each point. In the ECOOP
SST analysis (Fig. 11a), its overall amplitude is significantly
higher than that of the interannual variability (std. dev. =
0.56 °C, instead of 0.40 °C) and its horizontal distribution dif-
fers notably (Fig. 7¢). Indeed, the interseasonal variability is
high over the northern Armorican shelf, but the highest values
are found along the French coasts, apart from northern Brit-
tany. The latter areas are also characterised by a strong sea-
sonal cycle (not shown), largely dominating the temperature
variability (std. dev. = 2.66 °C). Indeed, in areas where the sea-
sonal cycle is strong, the inter-seasonal anomalies are poten-
tially larger. The interseasonal variability is also low where the
seasonal cycle is weak: along the Celtic and Armorican slopes,

just to the north-west of Brittany and offshore the northwest-
ern coast of Galicia. All three areas are characterised by in-
tense mixing, due respectively to internal waves, tidal currents
or slope currents. This mixing deepens the mixed layer and in-
tegrates the surface flux changes over a thicker water column,
thus reducing seasonal variations.

At 100-m depth (Fig. 11b), the inter-seasonal variability
is still higher than the interannual variability on average over
the area (std. dev. = 0.34 °C, instead of 0.15 °C). The inter-
seasonal variability is generally weaker at 100 m than at the
surface, except over the western Armorican shelf, where it ap-
pears much stronger than elsewhere (exceeding 0.8 °C). Its
spatial distribution is radically different from that of the sea-
sonal cycle (not shown), which exhibits a high amplitude along
the Celtic and Armorican slopes and a low amplitude in the
southeastern corner. Overall, the surface temperature is es-
sentially governed by the seasonal cycle, whereas interannual
variability emerges with increasing depth.

3.3.3 Exceptional seasonal anomalies

A seasonal anomaly can be qualified as ‘“exceptional”
when its magnitude exceeds + 1 standard deviation (Fontdn
et al. 2008). From the area averaged SST (Fig. 12a), the
monthly anomalies often exceed the change associated with
the 20-year trend (+0.7 °C). The coolest year is 1986, when
the annual mean SST anomaly reaches —1.17 °C. This event is
largely due to a very cool summer temperature, as the seasonal
anomaly falls to —1.3 °C in July, and to a particularly cold win-
ter temperature, as the seasonal anomaly reaches —0.6 °C in
March. Conversely, SST is exceptionally high in 2003, mainly
because of a very hot summer temperature, with a maximum
seasonal anomaly of +1.4 °C in July. As noted previously,
SST interseasonal variability is highest during summer. For in-
stance, (i) 1997 is characterised by an exceptionally hot SST
during summer, with a peak anomaly of +1.7 °C in September;
(i1) in 1991, a very hot anomaly reaches +1.7 °C in August;
and (iii) in 1993 a very cool anomaly is found during summer,
with a peak in September (—1.2 °C).

At 100 m (Fig. 12b), the quarterly anomalies amplitude is
comparable to the effect of the trend over 20 years (+0.6 °C).
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At this depth, interannual anomalies do not exhibit a preferred
season (Fig. 10b). Most seasonal anomalies last for one or two
quarters (examples in 1986, 1989, 1990, etc.), rarely during
the whole year (except in 1991, 1997 and 2002). This con-
trasts strongly with the surface (Fig. 12a), where exceptional
anomalies generally occur during summer (whether warm or
cool) and rarely persist for more than one or two months. How-
ever, these surface events may induce sustained perturbations
in the lower layers, through vertical advection and mixing.

4 Implications for the ecosystem and fishery

The results presented here on the temporal changes of tem-
perature in the Bay of Biscay may have serious implications
for the whole ecosystem and in particular for fishery resources.
Climate change has been found to affect several biological and
ecological processes from the scale of individual organisms to
that of basin-wide processes (Stenseth et al. 2002).

Concerning megafauna, fishes and top predators, the
results suggest that simplistic correlation analyses of the
warming effect may not be relevant for several reasons: (i) the
warming is not spatially homogeneous, (ii) annual anomalies
during the study period are large compared to the trend, (iii) the
warming is far from monotonous, with decreasing, steady and
increasing periods occurring during the past 40 years (Fig. 3b,
Fig. 6). At least in shallow waters, the average warming inten-
sity was much smaller than the seasonal cycle, so that the phys-
iological tolerance of adult fishes is unlikely to be affected.
Nevertheless, fish recruitment has been shown to depend upon
climatic effects (e.g. Stige et al. 2006) and the changes may af-
fect other ecosystem components such as plankton (e.g. Miller
and Harding 2007), whose modification could in turn impact
higher trophic levels including exploited populations of fishes,
molluscs and crustaceans. In addition to being complex and
transmitted throughout the trophic web, climatic effects are
combined with those of fishing, so that ascribing observed

changes in exploited populations and communities to one or
the other is not straightforward (Benoit and Swain 2008; Bran-
der et al. 2007; Hsieh 2008).

In the study area, the estimated changes are not uniform in
space and time. In particular, the Southern Celtic Sea appears
to have warmed much more than the Southern Bay of Biscay
during 1986-2005 (Fig. 7a,b). Previous studies concluded that
the southern Bay of Biscay underwent stronger warming from
the 1970s to the 1990s (Planque 2003; Koutsikopoulos et al.
1998). Planque et al. (2003) analysed SST data from Météo
France over 1971-1998 and from the Comprehensive Ocean-
Atmosphere Data Set (COADS) over 1844-2000. Based upon
COADS, they found an overall warming of more than 1 °C
over the past century and, based upon Météo France data, they
found that the warming reached 0.6 °C per decade in the south-
ern Bay of Biscay from 1971 to 1998. The difference in the
spatial distribution of the warming might come primarily from
different time periods: 1971-98 for Planque et al. (2003) vs.
1986-2005 in the present study. Also, the spatial resolution was
higher in our study (0.044°) than in the data used by these au-
thors (averaged of records from vessels, buoys and satellites
over 0.5° x 0.5° cells). Nevertheless, the spatial distribution of
warming and (probably to a lesser extent in our time interval)
cooling might have varied over time. Thus, ecological stud-
ies should only rely upon estimates of temperatures relevant
to their area and period, without any spatio-temporal extrapo-
lation. The seasonal aspect might also be essential as, for ex-
ample, the recent (1986-2005) warming was stronger in spring
(Fig. 10), when the plankton blooms and the spawning of most
fishes and other megafauna occurs. Lastly, the 3D analysis pro-
vided by BoByClim might allow better appraisal of the condi-
tions experienced by biological populations than the 2D sea
surface temperature previously available.

In the Bay of Biscay, some observed or modelled changes
in the geographical distribution of species and communi-
ties have been ascribed to the recent warming. Quéro et al.
(1998) observed the northward spread of a few sub-tropical
fish species. Increase in the abundance of boarfish (Capros
aper) and changes in the species composition of the demersal
fish community were correlated to warming (Blanchard and
Vandermeirsch 2005; Poulard and Blanchard 2005). Changes
of flatfish species abundance, both increase and decrease, seem
to have been driven by the effect of seawater warming (esti-
mated from SST) on recruitment (Hermant et al. 2009). How-
ever, the distributions of eight abundant demersal fish species
were not found to vary with changes in bottom tempera-
ture recorded during the same bottom trawl surveys (Persohn
et al. 2009). The latter finding suggests that during the stud-
ied season (autumn) and time period (1992-2006), the adults
and juveniles of the studied species were not sensitive to
the observed range of temperature variation. Lastly, in the
pelagic realm, anchovy (Engraulis encrasicolus) and, to a
lesser extent, sardine (Sardina pilchardus) spawning habitats
were shown to be mainly related to temperature conditions
(Planque et al. 2007). At the larger spatial scale of the North
Atlantic, Beaugrand et al. (2002) showed that changes in the
species composition of calanoid copepods were correlated to
large-scale hydroclimatic processes. No firm conclusion can
be drawn from the Beaugrand et al. study regarding the Bay
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of Biscay, because no time series of calanoid copepods was
available in the Bay. Nevertheless, changes in copepod and
other zooplankton are known to impact higher trophic levels
(Beaugrand et al. 2003). These results can be regarded as a
regional example of the complexity of interactions between
hydrological conditions and biological populations and com-
munities.

Understanding the full picture is a challenging task be-
cause the current ability to model and predict regional and
global fish production is still poor. Moreover, the formulation
of testable hypotheses and the investigations of probably com-
plex interactions between organisation levels are only begin-
ning (Brander 2007; Rijnsdorp et al. 2009). Lastly, although
the main focus of marine ecologists has been climate warming,
other climate factors including wind, freshwater runoff and
acidification (Fabry et al. 2008; Le Pape et al. 2003; Planque
and Buffaz 2008; Rijnsdorp et al. 2009) may affect popula-
tions and communities directly or indirectly. Their direct effect
can be studied through temperature and salinity climatology
and climate modelling (as in the present study). In addition,
these tools may be indicators of other hydrological factors
and might allow further research on the bio-ecological con-
sequences of environmental variations at different levels of in-
tegration, from individual species to ecosystem compartments
or trophic levels.

5 Conclusion

The temperature variations in the upper layer (0200 m) of
the Bay of Biscay have been described over the past 40 years,
in terms of decadal trends, interannual variations and seasonal
anomalies, with a spatial resolution of a few kilometres.

The 3D ocean model enables investigating the sources of
temperature variability. In the upper layer, the air-sea fluxes
primarily control the variability (std. dev. = 3.0 TW). How-
ever, when considering the whole 0-200 m layer, oceanic pro-
cesses contribute largely to such variability and even domi-
nate in some areas. In particular, the total transport (associated
with horizontal and vertical currents) represents considerable
sources (or sinks) of heat into (or out of) the domain (std.
dev. = 1.6 TW). As a consequence, the heat transport through
any of the three lateral boundaries of the studied domain ex-
hibits interannual variations (std. dev. ~ 9 TW) much larger
than those of the air-sea heat flux. It appears therefore that
ocean currents can drive considerable changes of tempera-
ture in some areas and layers. An enormous amount of heat
is brought into the Bay of Biscay by the North Atlantic Drift
(mean = +22 TW). Although most of this heat is evacuated by
currents toward the south and north (mean = —14 and 4 TW
respectively), a significant part remains in the horizontal do-
main (mean = +4 TW). Almost all this excess heat is then
transported downwards by vertical currents, heating deeper
layers of the Bay of Biscay. Therefore, upper ocean currents
not only impact temperature in the mixed layer, but also in-
directly control temperature changes in the underlying water
masses. Note that the details of the thermal balance depend on
the domain lateral boundaries and depth, but its qualitative fea-
tures remain unchanged when shifting the limits (Michel et al.
2009).

The Bay of Biscay temperature followed the evolution
observed over the whole North Atlantic: a marked cooling
until the mid 1970s, then a sustained warming over the next
30 years, which tends to accelerate during the 1990s (Levitus
et al. 2005). In this particular region, the warming phase started
2-3 years earlier at the surface than at the 200-m depth. In
addition, the warming phase is modulated by large oscilla-
tions, with a typical period of 6-7 years (similar to those
of the NAO). The amplitude of year-to-year anomalies de-
creases rapidly with depth, while the warming rate culminates
at about 50 m and decreases more slowly in deeper layers. As
a consequence, from the 50-m depth and below, the tempera-
ture variations associated with the decadal trend over 10 years
(0.28 °C/decade at 50 m) becomes higher than the interannual
fluctuations (yearly residuals std. dev. = 0.26 °C at 50 m).

At the sea surface, the warming and interannual anoma-
lies are stronger in the northern part, over the Armorican and
Celtic shelves. The warming would be even stronger further
north, over the English Channel (Saulquin and Gohin 2009).
High interannual variability is also found at all depths (for in-
stance, at 100 m) in the same regions, although its magnitude is
generally weaker than close to the surface. The main mode of
interannual variability in the upper 200 m seems to be related
to the NAO, but this link probably undergoes seasonal fluctua-
tions and would require more detailed studies to be confirmed.

The annual anomalies affecting the whole domain are gen-
erally localised in depth and time: their core lie in a specific
layer, not always at the surface; their duration is generally
limited to one or two seasons, not a full year. Moreover, the
vertical extent of anomalies ranges from a few tens of meters
to more than 200 m. The downward penetration of surface-
generated perturbations on some occasions persists for several
years. A seasonal dependence of trend and interannual anoma-
lies has been illustrated: the trend is higher during summer
and spring; the deviations from the seasonal cycle are weaker
during winter. This dependence is most marked at the surface
but also exists in the whole mixed layer. Below 50 m on av-
erage, the interannual variability is only slightly dependent on
seasons.

These temperature changes might impact the ecosystem
and the distribution of fisheries resources. In addition, they in-
teract with the effect of fishing in a complex way. Research in
this area is ongoing worldwide, and the accurate climatology
of the Bay of Biscay might allow for progress in understanding
changes at the regional scale.
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APPENDIX

List of the websites from which observational or model
data were used:

e WOD global analysis of interannual temperature change
from 1955 to 2003 (Levitus et al. 2005):
http://www.nodc.noaa.gov/OC5/DATA_ANALY SIS/heat_
intro.html

e BoByClim monthly climatology of temperature in the Bay
of Biscay:
http://w3.ifremer.fr/climatologie- gascogne/index.php

e ECOOP interannual daily analysis of SST in the IBIROOS
area from 1986 to 2006 (Saulquin and Gohin 2009):
ftp://www.ifremer.fr/pub/ifremer/cersat/products/gridded/
sst-14hr- AVHRR-fnd/

o ORCA global simulation of ocean variability from 1958 to
2004 (Barnier et al. 2006):
http://www.ifremer.fr/lpo/drakkar/index.htm

e NAO monthly index from 1950 to nowadays provided by
the Climate Prediction Center:
http://www.cpc.noaa.gov/data/teledoc/nao.shtml
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