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SUMMARY: Collecting hydrological observations over the whole Bay of Biscay continental shelf can require several
weeks. As a result, the observations are not truly synoptic and the interpretation of hydrological structures is corrupted by
the time-lags between observations at distinct locations. We evaluated the effects of non-synoptic sampling during a spring
cruise (17 April to 13 May 2000), using outputs from 3D hydrodynamic models as a substitute for true synoptic sampling.
We developed a method for clustering hydrological regions based on the vertical structure of the water column and tempo-
ral changes in hydrography. In parallel, outputs from the 3D model were compared with field observations. The results show
that in spring 2000 the Bay of Biscay continental shelf could be separated into six principal hydrological regions, one of them
being characterised by vertical stability and low temporal variability. This region corresponds to an area where pelagic fish
spawning activity is known to be persistently low.

Keywords: Bay of Biscay, clustering analysis, hydrodynamics, spatial-temporal interactions, typology.

RESUMEN: TIPOLOGIA DE LAS ESTRUCTURAS HIDROLOGICAS MODELADAS Y OBSERVADAS EN EL GOLFO DE VIZCAYA. — La reco-
gida de datos hidrologicos en el conjunto de la plataforma continental del Golfo de Vizcaya puede requerir varias semanas.
Como resultado, estas observaciones no son verdaderamente sindpticas y la interpretacion de las estructuras hidrologicas esta
perturbada por los desfases temporales entre observaciones de distintas localidades. En este estudio, se evalian los efectos
del muestreo no sindptico durante una campana de primavera (17 de abril al 13 de mayo de 2000), usando los resultados de
modelos hidrodinamicos tridimensionales como sustituto de un muestreo verdaderamente sinoptico. A través del método
cluster se realizo una agrupacion de las regiones hidrologicas, sobre la base de la estructura vertical de la columna de agua
y los cambios temporales en la hidrografia. En paralelo, las simulaciones del modelo tridimensional son comparadas con las
observaciones in situ. Los resultados muestran que en la primavera de 2000 la plataforma continental del Golfo de Vizcaya
puede separarse en 6 regiones hidrologicas principales, una de las cuales se caracteriza por una estabilidad vertical y una baja
variabilidad temporal. Esta region corresponde a un area donde se conoce que de manera persistente la freza de peces pela-
gicos es limitada.

Palabras clave: Golfo de Vizcaya, cluster, modelizacion hidrodindmica, interacciones espacio-temporales, tipologia.

INTRODUCTION

The Bay of Biscay continental shelf extends
from approximately 43°30°N to 48°30°N. Along the
French coast, it is narrow at its southern bound (a
few kilometres) and wide at its northern end (up to
150 km). The shelf is characterised by a large num-
ber of highly dynamic mesoscale hydrological

structures (e.g. fresh water lenses, tidal fronts,
coastal currents, mid-shelf ‘cold pool” and coastal
upwellings) which can be observed in different
locations, seasons and years (see e.g. Le Cann,
1982; Koutsikopoulos and Le Cann, 1996; Bardey,
et al., 1999). These structures affect biological
processes, and are thought to be responsible in par-
ticular for interannual variations in fish population
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Fig. 1. — The PEL2000 cruise. Circles: location of CTD casts

retained (closed circles) and not retained (open circles) in the analy-

sis. Dots: 3D hydrodynamic model grid points. Thin line indicates
cruise track, with main direction from south to north.

recruitment (Borja, et al., 1996; Borja, et al., 1998;
Allain, et al., 2001) and to modulate the geographi-
cal distribution of plankton and fish (Poulet, et al.,
1996; Varela, 1996; Labry, ef al., 2001). The identi-
fication of such structures is therefore of immediate
interest for studies concerned with the spatial distri-
bution of fish and plankton in the Bay of Biscay.

In spring 2000, the large-scale survey PEL2000
covering the entire Bay of Biscay French continen-
tal shelf was undertaken. During this cruise, vertical
hydrological profiles were collected alongside bio-
logical sampling activities. The present study set out
to define a typology of the hydrological regions over
the continental shelf during spring 2000.

The PEL2000 cruise lasted for 26 days (from 17
April to 13 May 2000), with sampling carried out
from south to north (Fig. 1). During the time of the
cruise, important changes in the hydrology took
place. For example, solar heating of surface water
resulted in a warmer SST (sea surface temperature)
at the end of the cruise (in the north) than at the
beginning of the cruise (in the south). The resulting
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geographical distribution of SST (warmer water in
the north than in the south) is contrary to what is
normally observed with synoptic sampling (e.g.
using satellite infrared imagery). Any geographical
typology of hydrological structures, if based solely
on information collected during the cruise, is likely
to be altered by such temporal effects.

In this article, we describe how we resolved this
spatio-temporal interference by using 3D hydrolog-
ical modelling to mimic synoptic sampling on the
Bay of Biscay continental shelf and to correct for the
time-lag effect. From the model, we define a typol-
ogy of hydrological regions during the time of the
cruise and compare this typology to what can be
observed using the cruise sampling plan. Finally, we
compare the model’s results to the actual observa-
tions and emphasise some of the current strengths
and weaknesses of the hydrodynamic model.

DATA AND METHODS

Hydrological data were collected at 77 stations
using a Seabird CTD (Conductivity, Temperature,
Depth) probe, from surface to bottom (max sam-
pling depth 200 m). Only the 56 hydrological sta-
tions for which corresponding hydrological model
results were available were retained in this study
(Fig. 1). The dates of sampling ranged from 17 April
to 13 May 2000.

The 3D hydrodynamic model used covered the
continental shelf on a 5 by 5 km grid, with 10 verti-
cal layers in sigma coordinates (i.e. layer thickness-
es are proportional to bottom depth). The model ran
with realistic wind and river runoff forcing condi-
tions. The initial conditions were derived from
model runs over previous years without correction
for possible drift in hydrological parameters. In the
simulations for the 15 year period, the model was
able to reproduce the main features of seasonal vari-
ations of temperature and salinity, and comparisons
with survey data (Lazure and Jégou, 1998) confirm
the simulated salinity patterns. The only observed
drift in the simulated parameters concerns bottom
temperature. Free surface open boundary conditions
were produced by a larger model extending from
Portugal to the North Sea (Lazure and Jégou, 1998).
Temperature at the open boundary was interpolated,
whereas salinity was relaxed toward 35.6 when cur-
rents entered the domain. Therefore, in this first
approach, variability in external hydrological condi-
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tions was not taken into account. The model outputs
were averaged every 4 tidal cycles (approximately 2
days, a compromise between time resolution and
storage capacity). In the comparison of the model’s
results with the observations, the model was sam-
pled following the PEL.2000 sampling plan, i.e. data
were extracted from the model grid points closest to
actual stations, on the simulation dates nearest to the
true sampling dates.

The hydrological typology was constructed in 2
steps. First, a limited number of hydrological param-
eters were selected and second, a clustering proce-
dure was applied to the modelled data to define the
hydrological types.

The selection of hydrological parameters was
based on four criteria:

- The parameters had been observed and mod-
elled. This was requested so that the same method-
ology could be applied to field observations and to
model outputs.

- The parameters were relevant for hydrology
and biology. This is a more subjective criteria,
which was used as a way to include expertise in
physical and biological oceanography.

- The parameters were less variable in time than
in space. To produce a typology from field observa-
tion with minimal time-lag sampling effects, it is
necessary to select for the parameters which tend to
be well structured in space and display lesser varia-
tions in time. This criterion was objectively assessed
from the model outputs by measuring the ratio of
temporal variance (mean temporal variance at each
sampled station for the time of the cruise) over spa-
tial variance (mean variance between all stations at
each sampling date of the cruise). The lowest ratio
was obtained for bottom salinity (0.036, i.e. little
variance in time in comparison with geographical
variance) and the highest for sea surface temperature
(6.65, i.e. temporal variance due to warming and
thermal stratification far exceeds geographical dif-
ferences). SST was therefore excluded from the
analysis.

- The number of parameters retained should be
small.

Four parameters were finally retained: bottom
temperature, surface salinity, mixed layer depth and
potential energy deficit (see appendix for details on
the calculation of the last 2 parameters).

The typology of hydrological regions was done
on the basis of these four parameters, using the K-
means clustering methods. Contrary to agglomera-

tive clustering algorithms in which groups are con-
structed by progressive agglomerations of individ-
ual element, K-means is a disjunctive technique in
which groups are constructed by breaking the whole
data set into predefined numbers of subsets. One
advantage of the method is its capacity for handling
large data sets such as the one provided by the
hydrodynamic model (4081 grid points x 13 dates x
4 parameters). The technique uses a measure of mul-
tiparametric distance between observations. In the
present case, the distance between hydrological pro-
files is the Euclidean distance calculated in a multi-
dimensional space. The position of a profile in each
dimension is given by the value of one of the hydro-
logical parameters, after normalisation to zero mean
and unit variance (so that each parameter is given
the same weight). More details on K-means cluster-
ing can be found in Jain and Dubes (1988). Two
types of clustering were performed. In the first clus-
tering, termed ‘static’, each station at each date is
described by four parameters (bottom temperature,
surface salinity, mixed-layer depth, potential energy
deficit). In this approach, each group is constituted
by stations (model grid nodes) with similar hydro-
logical parameters but the temporal changes in
hydrological parameters are ignored. In the second
clustering, termed ‘dynamic’, each station is
described by the value of the same four parameters
(bottom temperature, surface salinity, mixed-layer
depth, potential energy deficit) on every date during
the survey. In this approach, each group is constitut-
ed by stations (model grid nodes) with similar
hydrological parameters and similar temporal
changes. Stations with a salinity of less than 30 were
excluded from the analysis. The number of groups to
retain in each clustering was determined using an
index of clustering efficiency. This index is a meas-
ure of the ratio of similarities between objects of the
same groups and dissimilarities between objects of
different groups (Davies and Bouldin, 1979).

RESULTS
Static clustering

The static clustering of modelled hydrology
resulted in the construction of 6 groups, each char-
acterised by a mean profile for the four hydrological

parameters (Fig. 2). Some groups stood out from the
average patterns of hydrology in the Bay of Biscay.
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FIG. 2. — Characteristics of the 6 hydrological types revealed by static clustering analysis of the hydrodynamic model (see method section for

details). Each group/type is defined by the profile of the four hydrological parameters: bottom temperature, surface salinity, potential energy

deficit and mixed layer depth. Open circles display the centroid value of the group for each parameter. The centroid represents the mean posi-
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For example, group 4 had a high potential energy
deficit, a deep mixed layer and a relatively low bot-
tom temperature. Group 1, on the other hand, had a
high bottom temperature and a shallow mixed layer.
Groups 3-6 are best described by the combinations
of the four variables, as shown in Figure 2. The car-
tography of the spatial distribution of the groups
(not shown) reveals important changes in the
hydrography of the Bay of Biscay during the time of
the cruise. In some areas, the modelled hydrography
changed group several times, indicating rapid
changes in the vertical hydrological structure.
Conversely, the central area of the northern part of
the shelf appeared to be stable during the time of the
cruise and was represented by hydrological group 4
during the whole cruise duration.

Dynamic clustering

The dynamic clustering performed on the mod-
elled hydrography allows the regions to be

SCI. MAR., 70S1, June 2006, 43-50. ISSN 0214-8358

grouped according to their hydrological profile as
well as to the changes in hydrology over time. The
typology of hydrological regions in spring 2000 is
summarised in Figure 3. Group 1 showed a rapid
increase in the mixed layer depth at the beginning
of the cruise, whereas group 2 displayed the
reverse pattern. Group 3 displayed an increase in
potential energy deficit, mainly due to a decline in
surface salinity. Group 4 was stable over time, and
had a high potential energy deficit and a deep
mixed layer (this group corresponds to group 4 in
the static clustering). The pattern of group 5 was
similar to that of group 2 but with a slightly lower
bottom temperature and surface salinity. Finally,
group 6 showed a strong and constant increase in
bottom temperature. The geographical distribution
of the hydrological groups (Fig. 3) indicates geo-
graphical consistency in the groups, i.e. similar
hydrological characteristics were spread over
large cohesive regions rather than following a
small patchy distribution.



SPRING HYDROLOGICAL STRUCTURES IN THE BAY OF BISCAY ¢ 47

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
o
= 14
o
£
2 13
] 00000}
29 12
% 35 000000 0g0. |
12}
[0} M@@
S 34 °
5 o
=)
> = 33 \‘\\7\%%4 M %
= 60 -
g
S 40 %N
[
820 1 e
=X
=
=F120
S
S 80
i
g »,Qaaf'nf
o
0

Date of sampling

longitude

FiG. 3. — Typology of the Bay of Biscay hydrology based on dynamic clustering (see method section for details). Mean temporal changes in
the four hydrological parameters for each group (left) and geographical distribution of the 6 hydrological groups (right).

latitude

43 T T T
-6 -5 -4 -3 -2 -1

longitude

Group: 1 2 3 4 5 6

FiG. 4. — Typology of the Bay of Biscay hydrology in spring 2000,
based on clustering of the stations sampled during the PEL2000
cruise. Sampling stations are indicated with black dots. Each colour
corresponds to a distinct hydrological group, as defined
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Clustering from the cruise stations only

The above dynamic clustering can only be per-
formed on simulated data for which hydrological con-
ditions are known at each grid point for the whole
duration of the cruise. In the field, data are only avail-
able at the specific stations (Fig. 1) and for a single
date at each location. Therefore, the typology can
only be constructed using a ‘static’ clustering
approach and assuming that temporal changes in
hydrography are negligible when compared to spatial
variations. This typology is presented in Figure 4. The
central region (group 4), which was clearly identified
by dynamic clustering, was well captured when only
the stations from the cruise sampling plan were used.
The same is true for the southwestern area and for the
coastal strip. On the other hand, areas surrounding the
central region had a different spatial organisation
from that obtained with dynamic clustering. This
reflects the rapid changes in hydrography in these
regions, which cannot be captured by unique hydro-
logical sampling at each station.

Comparison of model with observation

For each hydrological station, the model and
observations were compared on the basis of the four
hydrological parameters retained: bottom tempera-
ture, surface salinity, potential E. deficit and mixed
layer depth. It is clear from Figure 5 that not all
parameters were simulated with the same accuracy
by the hydrodynamic model. The mixed layer depth
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appeared to be well captured by the model, but con-
versely, the potential energy deficit simulations
were quite different from the observations, probably
due to a slight inaccuracy in the surface salinity esti-
mates. It appears that the model has difficulties in
reproducing the cold bottom temperatures associat-
ed with a hydrological structure known as the ‘cold
pool’ (for details, see Vincent, 1973).

DISCUSSION

The definition of hydrological regions in the Bay
of Biscay continental shelf has focused attention for
a number of decades. Using results from hydrologi-
cal cruises, several authors have reviewed the prin-
cipal characteristics of the hydrological structures in
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the Bay of Biscay, their seasonal variability and to a
lesser degree their interannual variations (Vincent,
1973; Le Cann, 1982; Koutsikopoulos and Le Cann,
1996; Puillat, et al., 2006). In previous works, the
analysis of hydrological structures in the Bay of
Biscay has been considered with a static view, i.e.
the short term (intra-seasonal) variations in hydro-
logical characteristics have been left aside. This has
been so for two main reasons: first, ignoring short
term variability does not preclude describing impor-
tant hydrological entities, and second, there was no
access to high frequency and large-scale hydrologi-
cal data. This second reason is now partly overcome
by the availability in 3D hydrodynamic model out-
put for the Bay of Biscay.

In biological terms, the short-term fluctuations in
hydrology are critical—in particular during the
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spring season—because they are often responsible
for the onset, maintenance or decline in primary pro-
duction, for the aggregation/concentration of plank-
tonic predators and preys, and ultimately for the dis-
tribution of planktivorous fish species and survival
of their larvae and juveniles (Vincent and Kurc,
1969; Arbault and Lacroix, 1977; Castel, 1993;
Poulet, et al., 1996; Varela, 1996; Borja, et al., 1998;
Bergeron, 2000; Allain, et al., 2001). Therefore, it is
critical for biological studies that a typology of
hydrodynamic structures incorporates the evolution
of the water column properties over time. In this
study we have presented an attempt to apply such a
typology on a limited data set, the spring cruise
undertaken in year 2000, and using the output from
a 3D hydrodynamic model. Our results show that it
is possible to define a limited number of regions in
the Bay of Biscay where hydrological conditions
and their associated temporal changes are distinct.
One important result from this analysis is the
existence in the central area of the northern part of
the shelf of a large region (group 4) that appears to
be stable over time and strongly structured vertical-
ly (a deep mixed layer and a high potential energy
deficit). This structure is well characterised by
dynamic clustering but also when data from the
cruise sampling plan are used. It is therefore rea-
sonable to conclude that the current sampling strat-
egy is adapted to the identification of this structure.
The coastal region also forms an independent enti-
ty that is well defined in the two clustering meth-
ods. This was to be expected, since it is radically
distinct from the rest of the continental shelf, with a
very low surface salinity (spread from river plumes)
and a shallow depth being responsible for a shallow
mixed layer and a rapid increase in surface temper-
ature. Conversely, the areas surrounding group 4
are highly dynamic and displayed rapid changes in
at least one of the four hydrological parameters dur-
ing the time of the cruise. Consequently, the corre-
sponding groups revealed by dynamic clustering
were not matched by static clustering, i.e. the sam-
pling plan did not allow for a clear identification of
hydrological regions, because the analysis was cor-
rupted by the temporal changes taking place during
the 26 days of the cruise. This can become prob-
lematic when one is interpreting the results from the
cruise hydrological profile, as in this case one can
hardly conclude on temporal versus spatial differ-
ences in hydrology. Because these areas are highly
dynamic, the method used to separate the regions is

likely to be less robust, i.e. more sensitive to hydro-
dynamical model specifications and clustering
parameterisation. One major constraint is the abili-
ty of the numerical model to simulate faithfully the
parameters used in the analysis. Our results suggest
that the model performs well for estimating the
mixed layer depth and surface salinity but has less
capabilities for reproducing bottom temperatures
and potential energy deficit. Systematic overesti-
mation of bottom temperature seems to result from
a long term drift in the initial condition of the
model, which is most apparent towards the end of
the simulation period, i.e. in 2000. Small discrepan-
cies in surface salinity have a large impact on
potential energy deficit calculation, so despite a
good agreement between observed and modelled
surface salinity, there are differences between the
simulated and observed potential energy deficit.
Differences between observations and simulations
can also result from slight discrepancies in the spa-
tial distribution of hydrological structures. Despite
these limitations, the use of the hydrodynamic
model associated with a dynamic clustering tech-
nique appears to provide an adapted tool to com-
plement non-synoptic hydrological observations
from field surveys. This tool will become more
powerful as improvements in the physical model
are made and current limitations are reduced.

Finally, it is noteworthy that the main hydrological
entity identified in this analysis (central northern shelf
region, group 4) corresponds to a region that is known
to be a relative biological desert with regard to fish
spawning in spring. Arbault and Lacroix (1977)
already noted from data collected over a 10-year peri-
od that the area appears infertile for sardine, even dur-
ing the period of peak spawning. Similarly, the results
from several years of fish egg sampling (Motos, et al.,
1996) show that anchovy eggs are not sampled in this
region, whereas they can be collected in the sur-
rounding areas. In 2000 this area was also deprived of
sardine and anchovy eggs.

Several years of model simulation and survey
data are now available to (1) test whether the
method developed here performs well in different
climatic situations, (2) determine to what extent the
large and stable hydrological region identified is a
recurrent feature of the Bay of Biscay spring
hydrography and (3) evaluate the influence of
long-term climatic changes (Planque et al., 2003)
on spring hydrodynamic features on the Bay of
Biscay shelf.
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APPENDIX

Calculation of mixed-layer depth and potential
energy deficit

The mixed layer depth is calculated according to
a 2-layer model. In this model, the water column is
constituted of 2 homogeneous layers separated by a
sharp pycnocline. The average density in the 2-layer
model is that observed in the water column, the
upper layer density is the observed surface density
and the lower layer density is the observed bottom
density. The mixed layer depth Z  is then derived
using the following equation:

z, =z,Pn=P1 (1)
Po =Py

where p, is the surface density, p, the bottom densi-
ty, p,, the mean density and Z, the water column total
height.

The potential energy deficit is the amount of
energy required to vertically mix the water column,
so that the density is even from top to bottom.
Potential energy deficit is given by the equation:

1

_ £ (5- (2)
H+§f_H(p p.)gzdz

_ 1 E
h =——
where p H+§f_szdz

p,: density at depth z, H: water column height, &:
sea surface free height
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