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SUMMARY. Four water masses have been recogmzed 1
Central Water, Mediterranean Water and Deep Water

mean salinity value of 35 79% PSU and sigma-t between

1 the Central Cantabrian Sea (Bay of Biscay}. Surface Water,

Mediterranean Water flowed at about 1000 m depth with 2
57 58 and 27 59 The percentage of Mediterranean Water

within this area was 39 The lower limit of Central Water was 500 m The upper hmit was vanable throughout the year

In spring and

autumn surface waters flowed in an eastern direction and Central Water characteristics were similar to

those previously described for other Atlantic regions During summer, superficial currents fiowed to the West A very
homogeneous Central Water, Bay of Biscay Central Water (BBCW), was also found Two features were related to the

main circulation pattern. in

trusions of high salinity Central Water in spring and autumn, whereas in symmer Central

Water upwelled at coastal stations During summer, a stepwise thermocline developed between 20 and 50 m, as a

consequence of intense surface heating This thermo

cline did not usually separate two well differentiated muxed layers

Water of continental origin was distributed in a thin layer all over the study area during summer, whereas in Spring and

autumn 1t was found close to the coast Two different stratification processes were recognized: a mainly thermal
stratification in summer, and coastal stratification caused by salinity gradients the rest of the year
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RESUMEN. MASAS DE AGUA EN EL CANTABRICC CENTRAL, — Se distinguen cuatro masas de agua en el Cantdbrico
central: Agua Superficial, Agua Central, Agua Mediterrdnea y Agua Protunda DI Agua Mediterrdnea circala alrede-
dor de los 1000 metros de profundidad, con una salinidad media de 35,799 USP ¥ un valor calculado de sigma-¢ de
27,58-27,59 Fl porcentaje de Agua Mediterrdnea en la zona de estudio es de 39 El Agua Central presenta su limite
inferior asociado a un minimo de salinidad situado a 500 metros, en tanto gue el limite superior varfa a lo largo del afio

En primavera y otofio las caracteristicas del Agua Central se ajustan a las

definidas en otras zonas del Atlantico, con

intervalos de variacién de 11 a 13 °C en la temperatura y 35,53 a 35,74 USP en la salinidad En verano el Agua Central

es muy homogénea y encajaen la

defimcién de ACGV (Agua Centrai del Golfo de Vizcaya) Asociados al régumen de

corrientes, tienen lugar dos fendmenos: 1) Cuando fa direccidn de las corrientes es Esfe, en primavera y otofio, s¢
detectzn intrusiones de agua de elevada salinidad para esta zona y 2) en verano, cuando la direccién es Oeste se

producen ascensos de Agua Central en las estaciones costeras

distribucion del agua de origen continental En verana, s¢ distribuye en forma
olofio, queda retenida contra la costa Por ofra parte, el calentamien-

la aparicién de una termoclina escalonada de 20 a 50 metros  Esta

Iz zona de estudio, mientras que, en primavera y
to de la zona superficial, en verano, da lugar a

termoclina no siemprée separa una capa superior mezclada por el vien

Las corrientes superficiales determinan también la
de lamina muy dejgada ocupando toda

to del Agua Central En consecuencia, se obser-

van dos tipos de estratificacién de la columna de agua: estratificacién fundamentalmente térmica en verano y estratifi-
caci6n salina en las estaciones costeras durante el resto del afno

Pualabras clave. masas de agua, variacion estagronal, Cantabrico central, Golio de Vizcaya

INTRODUCTION

The knowledge of water motion, both in vertical
and horizontal direction, is necessary to understand
biological processes occurring in a given oc¢eano-
graphic area

Hydrographic studies m Spanish waters of the

* Receved May 24, 198% Accepted November 10, 1989

Bay of Biscay are scarce and himited to small areas
(FLOS, 1979, ARIAS et al , 1980; FRAGA ef al., 1982,
RiOs et al., 1987). Several papers concerning a wider
spatial scale have been published (FRUCHAUD-LA-
PARRA ¢f al., 1976; LE CORRE and TREGUER, 1976;
TREGUER et al., 1979) but they do not wnclude the
Spanish continental shelf
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Regional phenomena such as tidat fronts (FOGG
et al., 1985), shelf-break upwelling (PINGREE, 1979;
DICKSON er af , 1980) and coastal upwelling (DICK-
SON and HUGHES, 1981; BOTAS ¢t 4l., 1n press) con-
tribute to most of the primary production in coastal
waters of the Bay of Biscay.

An intensive description of deep water masses
was not the main objective of this study. In this paper
we describe the seasonal trends of water masses
distribution 1n the upper layer (0-500 m), mainly
those changes in the Central Water and the influence
of water from continental ongm on the development
of water column stratification. Both processes were
related to changes in the direction of surface cur-
rents. Most of the conclusions emerging from this
study are not definitive, but new descriptive and
expermmetal sampling designs can be performed on
the basis of the results presented heremn

METHODS

Three transects perpendicular to the Ceniral
Cantabrian coast were sampled monthly during 1987
(Fig 1) Water samples were taken at (0, 10, 20, 30,
40, 50, 75, 100, 125, 150, 200 and 250 m. At stations
13, 14, 24 and 25 deep water samples (300, 400, 500,
600, 700, 1500 and 1700 m) were taken every three
months.

Water temperature was measured with Watanabe
reversible thermometers attached to Niskin oceano-
graphic bottles. Sampling depths were corrected
using non-protected thermometers Temperature
data are referred as “in situ” temperature

T — T
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Fio I — Map of the sampling locations Asterisks represent the
stations sampled up to 1700 m every three months
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Salimty was measured with a Watanabe MKIII
induction salinometer calibrated with normal water
(I.,A.P.S.0.). Salinity in practical salinity units, was
calculated using equation number 6 (UNESCO,
1984). Density was calculated from equation number
9 (UNESCO, 1984) and the values transformed to
sigma-f as follows:

Sigma-f = (g, 1, — 1) X 100

where @, ,, is density at atmospheric pressure

Dynamie topography maps were drawed from the
dynamic heights calculated using the dynamic meth-
od. The reference level was 1000 m. This depth is
recognized to be a lowmotion layer in this area
(FRAGA, com. pers.)

The Brunt-Viisala frequency was obtamed as:

N? = (—glo) X (8¢/3z)  (PHILLIPS, 1966).

Frecuency data are expressed as N x 102

The total volume of water from continental origin
within the study area was calculated using the mean
salinity value of the BBCW, 35,57 PSU (TREGUER,
etal., 1979) as the reference water. Underestimations
of the amount of low-salinity water going into the
ocean may occur in some months, because of the oc-
casional presence of water with higher salinity than
the BBCW. '

RESULTS AND DISCUSSION

Figure 2 shows the T-S diagrams for all the sam-
ples grouped as follows: 2a (March, April, May), 2b
(June, July, September) and 2¢ (January, October
and December) Four water masses were
distinguished:

— Surface water, originated from mixing be-
tween the upper layer and Central Water, were char-
acterized by the highest temperature and the lowest
salimty values.

— North  Atlantic Central Water (NACW)
(SVERDRUP et al., 1942), with:temperature values
varying between 11 and 12.5°C (Fig. 24, 2b and 2¢).

— Mediterranean Water (MW) (Fig. 24 and 25b).
It was identified underneath the NACW region Sali-
mty increased continuously, reaching the maximum
value around 1000 m depth

— Points below 1000 m depth corresponded to
mixing between MW and deep water
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FIG 2 — Global T-§ diagrams n spring (A), summer (B) and autumn (C) Steep lines represent NACW

Mediterranean Water

A salimty maximum was found at a depth of 1000
m. This is consistent with the mean depth at which
MW flows in the Bay of Biscay (LE FLOCH, 1969)
This salinity maximum exhibited small vanability
throughout the year. The Jowest salinity within this
water mass was measured in January at station 25
(35799 PSU and 10 °C), whereas the highest value
was found in April at station 24 (35.820 PSU and 10.1
°C). RioS et al (1987) had found higher salinity
variations in this area (from 35.79 to 35.94 PSU) the
year before In addition, LE FLocH (1969) reported
an eddy circulation of MW. Our results did not
closely agree with those, but these differences can be
attributed both to the reduced number of data we
present and to the vertical sampling scale used

The sigma-f values calculated for the MW, ranged
from 27.58 t0 27.59, close to the mean value reported
by LE FLOCH (1969) for the whole Biscay Bay basin
(25.60).

The percentage of MW within the study area was
calculated using the mixing triangle method (MAM-
AYEV, 1975). The reference values were T=119°C
and S = 36.5 PSU (FRAGA et al., 1982). The values
defined by the deep salinity minimum were taken as
reference values for Central Water, whereas the
values reported by FRAGA et al. (1982), T = 3.4°C
and S = 34 89 PSU were used as reference values for
deep water A percentage of MW of 39 % was found,
in agreement with the data reported by RIOS ef al.
(1987) in the same area.

Central Water

The lower lunit of Central Water is characterized
by a salinity minimum (FRAGA ef al., 1982) located
around 400-500 m depth. The upper limit was not
well-defined and varied throughout the year. During
spring (Fig. 2a) and autumn (Fig. 2c¢) Central Water
characteristics were similar to those described mn oth-
er Atlantic areas (SVYERDRUP et al., 1942; FRAGA ef
al., 1982; EMERY & MEINCKE, 1986). Central

A‘J—f\-‘h‘ y 7
March April
96 o5 95

July Seplember

Fic 3 — Surface geopotential topography Height in dynamic
centimetres. Reference level is 1000 m depth
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Water temperature ranged between 11 and 13 °C, and
salinity between 35.53 and 35.74 PSU.

TREGUER et al. (1979) and FRAGA et al. (1982)
found a homogeneous water in this area, with salinity
and temperature values ranging from 35.56 to 35.58
PSU and from 11 to 11.6 °C respectively. This water
mass was identified as type G water of TREGUER
et al. (1979} and BBCW of FRAGA et al. (1982). Co-
OPER (1949) located its origin on the shelf of the
Celtic Sea, where this water mass becomes colder
during winter and sinks with intense mixing.

Figure 2b represents T-S diagrams for summer
Central Water distributes in a very short portion of the
Central Water straight line, according to the homo-

geneous characteristics of BBCW. The salinity and
temperature values we measured within this water
body was 35.53-35.58 PSU and 11-11.8 °C, respectively.,

As pointed out by SVERDRUP et al. (1942), water
masses characteristics within a given area depends on
three different factors: latitude, isolation and water
motion. If two of them remain constant, the variabili-
ty observed in the water mass can be explained by the
third factor. In the area studied latitude and isolation
were constant and therefore, the Central Water
variability can be explained in terms of water motion.

Surface water off the Central Cantabiian coast
flowed to the west in summer, whereas during winter
it flowed in the opposite direction (FRAGA ef al.,

T | ) '
©c) ] St 11 Sa89 .
T 35.04 ,\‘
\‘\
15 N
i T 34.98 o —r- 1
3517
42
T ow <\
40 M
/ e &
e o
104 MAR APR MAY #JUN UL SEP ocT ~"DEG -
T l- y T ] T T T T T E) T T T T T T T T T
20 [
St, 13
15 a
% ‘>o.,
S0m
/// 7sm/75/ foom ZDOV
10 / / / / / / / / B
T T T T L) 1 ¥ T ) 1 1 ] T 1 T T T T T T T T T 1 T
. 204 st 25 -
154+ |
/ o/ Lo 5':)/m e 75m /‘5 |
] 40 / / 4 / )
10+ _
L L s e e oo o e S e e R S S S R FIG 4 —T-8 diagrams for the sta-
3540 3560 3540 3560 3540 3560 tions 11, 13 and 25 throughout the
PSU sampling period
758 ] A BOTAS.E FERNANDEZ, A. BODE & R. ANADON



1982; Rios ef al., 1987). This was supported by the
data of dynamic topography (Fig. 3). During spring
an intrusion of high salinity water was originated by
the movement of a surface current to the East
(BOTAS eral., 1988). Its origin was determined based
on Central Water characteristics described by FRAGA
et al. (1982) off the North coast of Gahgcia. Similar
intrustons i surface waters of the Bay of Biscay have
been also described by BARY (1963). They are re-
sponsible of the existence of the upper portion of the
Central water straight line During summer surface
currents flowed to the West, and as a consecucnce,
BBCW appeared in the area.

The vertical distribution of Central Water mn dif-
ferent scasons can be described with the aid of T-S
diagrams (Fig. 4). The upper portion of the NACW
straight line appeared in sprmg and summer at the
shelf-break station 13 and at the oceanic station 15. Tt
was not found at the coastal station 11. Water from
continental origin was responsible of the low salinity
values observed at the surface layer (0-20 m) at the

coastal station 11. During summer however, Central
Water rose up to 30-40 m owing to northwest winds
that prevailed during this season. At deeper stations,
Central Water was always present, with the upper li-
mit showing seasonal variations. In March and April,
Central Water mixed with surface water and ge-
nerated a homogencous layer. Thoroughout the
summer, the upper limit became deeper, reaching
75 m at the end of this season as a result of surface
heating. In autumn, after a period of incomplete mix-
ing, the upper limit reached the maximum depth,
around 150-200 m.

Surface Water

Atmospheric changes and inputs of freshwater
from rainfail or from continental origin are responsi-
ble of the high variability observed in surface water.
In addition, the pattern of circulation and the Central
Water, which appear underneath, can also modify
the main characteristics of this water mass. In this
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FIc 5 — Seasonal temperature variation between 0 and 50 m at the station 11, 13, 15,21, 23 and 25
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section we discuss the role of surface heating and
river run-off in relation to the development of water
column stratification.

Temperature distribution

Figure 5 shows how scasonal changes in solar
energy flux modify water column structure close to
the coast, at the sheif-break and at outer-shelf sta-
tions. During winter and early spring, water column
temperature is homogeneous (A °C m~' =< 0.01).
The minimum temperature was measured in April
(12-12.5 °C). In May, surface heating was too high to
be dissipated by mixing. Thus, a gradient was devel-
oped and consequently, heat flux downwards is
reduced (PINGREE ef af., 1976). From May to July
the upper layer temperature increased at a constant
rate, reaching the maximum value in September
(19.3-20.9 °C). At the layer below, temperature
increased at a lower rate and a timelag with respect to
the layer above was observed.

An abrupt decrease in temperature related to
advection processes was detected in some occasions.
Unless advection of cold water from deep layers oc-
curred, a continous increase in temperature would
take place due to diffusion (BOWDEN, 1983). Advec-
tion of cold water is more intense close to the coast in
transect 1. As stations became deeper (13, 15 and 25)
the decrease in temperature was less intense, and
ocurred to a depth of 30 m m June. In September,
cooling of surface water reached 10 m at stations 21
and 23. The maximum intensity of this phenomenon
occurred at station 11 m June, when cold water was
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FiG 6. — Vertical distribution of temperature at the stations 23
during the sampling period

760 J A. BOTAS,E FERNANDEZ, A BODE & R ANADON

/-

o

A B
£l

=

50
re

. 5/\

Fic 7 — Spatial distnibution of water from continental ongin dur-
ing April {A) and September (B). Units are dm® m™

.A ) ) B 1?‘5/ .' 1\75_/
) 2
. 028 ) '1:7‘;- / T s

N« 10® Na10?

1 8 8 Spatial distribution of the Brunt-Viaisald frecuency
calculated between 0 and 50 meters expressed as N X 10? Units
are s~

located at 20 m. This event continued at lower in-
tensity until September.

Both, the difference in surface temperature be-
tween coastal and offshore stations (1.8 °C) and the
circulation pattern during summer (Fig. 3¢), suggest a
rise of Central Water that tends to balance the wind-
driven tramsport of surface water. The advection
process is probably reinforced by the topographic ef-
fect of Cape Peilas. From September, surface water
began to become cooler. The decrease in tem-
perature and early autumn storms broke up the
thermocline, giving rise to thermal homogeneity in
October.

The vertical distribution of temperature at station
23 throughout the year is shown in figure 6. The tem-
perature gradient begun to develop in May, associ-
ated to a continuous decrease of 1.8 °C from 0 to
40 m. This gradiental situation increased during
summer, reaching its maximum development in
September when a difference of 7 °C between 0 and
50 m was detected. It is noteworthy that the thickness
of the surface mixed layer was very small, usually less
than 20 m.

Higher water column stability, was originated by
thermal gradient. This is reflected in figure 85 where
the Brunt Viisila frequencies for September were



plotted. Frequencies were high at all stations
(N =175-107%).

Water from continental origin

Surface currents determine the distribution of low
salinity water. During spring, surface water flowed to
the East keeping low salinity water close to the coast
{Fig. 7a). During summer, an inverse surface current
direction, spread this water all over the study area in
a thin layer and, ‘at the same time, low salinity water
from the inner part of the Bay of Biscay came into
this region

‘Water from continental origin, besides its role as
carrier of nutrients into the marine photic layer, is of
great 1mportance in the development of water
column stratification when there are not thermal gra-
dients. This phenomenon can be observed in March
and April when the vertical distribution of tem-
perature was homogeneous but the distribution of the
Brunt-Vaisild frequency exhibited a gradiental pat-
tern which followed the distribution of low salinity
water
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