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Intrusions of warm and salty waters onto the NW and N Iberian
shelf in early spring and its relationship to climate variability
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Temperature and salinity data from a series of cruises carried out on the NW and
N Iberian shelf, between 1987 and 2005 during early spring, were analysed to
investigate the inter-annual variability of the intrusions of warm and salty waters
into the Cantabrian Sea, and its relationship with the meridional sea surface
temperature (SST) gradient in the NE Atlantic and the main modes of climate
variability affecting the Northern Hemisphere. A sub-surface front, that separates
warmer and saltier (i.e. spicy) waters in the westernmost part of the Iberian shelf
from the colder and fresher waters, characteristic of the easternmost part of the
southern Bay of Biscay, was observed in all the analysed years. The location of
this sub-surface front, which defines the limit of the influence of the Subtropical
mode of Eastern North Atlantic Central Water (ENACW,,) advected by the
Iberian Poleward Current (IPC), varied approximately between Finisterre Cape
(43°N, 9°W) and Pefias Cape (43.5°N, 6°W), being located on average around the
Ortegal Cape (43.5°N, 8°W). Its position, alongshore the Southern Bay of Biscay
shelf, is displaced westward as the spring season progresses, and showed a positive
correlation with the summer—autumn (July—October, JASO) meridional SST
gradient (measured between 36°N 15°W and 46°N 15°W) of the previous year.
This gradient was in turn correlated with the values of the Eastern Atlantic (EA)
climate index for the same period.
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1. Introduction

The NW and N Iberian shelf (between 42—45°N) is located in the inter-gyre zone that
separates the subpolar and subtropical gyres of the North—East Atlantic (Pollard
et al. 1996). The subpolar gyre is the formation area of the Eastern North Atlantic
Central Water Subpolar mode (ENACW(g,), while to the south of the inter-gyre zone
the formation of the Subtropical mode of this water mass (ENACWy,) (Pérez et al.
2001) takes place. These modes of central waters differ in their thermohaline
characteristics being the subtropical, which are warmer and saltier, thus spicier
(Flament 1986), than the subpolar mode waters (Rios et al. 1992, Pérez et al. 1995).
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Fraga et al. (1981) found a subsurface front between the subtropical and subpolar
modes of ENACW off Cape Finisterre (43°N, 9°W), and were the first to suggest a
poleward advection of ENACW, along the Iberian margin. Their results were later
confirmed by Pérez et al. (1993) using a biogeochemical approach. The presence of
relatively warm and salty waters off NW Iberia has been noted since then by
different authors (Pingree and Le Cann 1990, Rios et al. 1992). These spicy waters
enter into the Southern Bay of Biscay moving eastward along the Cantabrian
continental shelf and slope (Pingree and Le Cann 1992, Bode et al. 2002, Garcia-Soto
et al. 2002).

This poleward flow, named Iberian Poleward Current (IPC) (Peliz et al. 2003),
Portugal Coastal Counter Current (PCCC) (Ambar and Fitza 1994, Alvarez-
Salgado et al. 2003) or Navidad (Christmas) current (Garcia-Soto et al. 2002), is a
common feature of the winter circulation of eastern ocean margins (Neshyba et al.
1989) and has been described as a narrow, upper slope trapped current. Despite some
controversy about the origin, extent and variability of the IPC (Peliz et al. 2005), it is
generally accepted that the large-scale meridional density gradient, through the ‘Joint
Effect of Baroclinicity and Relief” (JEBAR) (Huthnance 1984, 1986, Pingree and
New 1989) is the main driving mechanism of this poleward flow (Coelho et al. 1999).
The effect of wind-stress is quantitatively less important (Peliz ez al. 2003), but it may
modify the flow, promoting its intensification and surfacing under poleward winds
or its weakening of even reversal under equatorward winds (Haynes y Barton 1990,
Alvarez-Salgado et al. 2003). According to Peliz et al. (2005), two aspects of the IPC
that need to be investigated are the seasonality of the IPC, that is, the transition from
winter (the development phase of the IPC according to these authors) to summer
(decay phase), and the inter-annual variability and its relationship with the climate
patterns affecting the North—East Atlantic.

We have analysed temperature and salinity data from CTD casts covering the
NW and N Iberian shelf during spring (i.e. the transition from the development to
the decay phase of the IPC) between the years 1987 and 2005. We have estimated the
extension of the intrusion of warm and salty, thus spicy, waters characteristic of
the IPC along the North Spanish shelf, and its relationship with the meridional sea
surface temperature (SST) gradient on the NE Atlantic and the main modes of
climate variability affecting the Northern Hemisphere.

2. Material and methods

2.1. Database

The hydrographic database is integrated by temperature and salinity data from CTD
casts carried out on the NW and N Iberian shelf during spring (March—April)
between the years 1987 and 2005 (table 1). The profiles were obtained in
hydrographic stations distributed over the shelf and arranged in transects
perpendicular to the coast (figure 1). Some of the hydrographic stations were visited
up to 17 times during the analysed 18-year period. The profiles extend from the
surface (Sm depth) down to 5m above the bottom or to a maximum 200 m depth in
deeper stations.

In order to investigate the relationship between the IPC and the meridional
density gradient, which is considered the main forcing mechanism of this current
(Peliz et al. 2005), we have used the time series of 4-months averaged SST difference
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Table 1. Description of the cruises analysed (campaign, vessel and start and end date
of the cruise).

Campaign Vessel Start End
SARPAREA Lura 13/04/87 24/04/87
MPHSARACUS Cornide Saavedra 01/04/88 04/05/88
MPH Investigador 18/04/90 09/05/90
ECOSARP Cornide Saavedra 17/04/91 09/05/91
PROSARP Cornide Saavedra 31/03/92 15/04/92
PROSARP Cornide Saavedra 07/04/92 20/04/92
ICTIONORTE Investigador 22/04/92 09/05/92
PELACUS Cornide Saavedra 14/04/93 03/05/93
SEFOS Cornide Saavedra 15/03/94 13/04/94
MPH Cornide Saavedra 26/03/95 14/04/95
SEFOS Cornide Saavedra 11/03/96 31/03/96
PELACUS Thalassa 08/03/97 31/03/97
PELACUS Thalassa 17/03/98 08/04/98
PELACUS Thalassa 03/03/99 29/03/99
PELACUS Thalassa 27/03/00 12/04/00
CAREVA Cornide Saavedra 16/03/01 04/04/01
PELACUS Thalassa 30/03/01 22/04/01
JUREVA Cornide Saavedra 09/04/01 28/04/01
PELACUS Thalassa 09/03/02 04/04/02
SAREVA Cornide Saavedra 18/03/02 15/04/02
PELACUS Thalassa 19/03/03 12/04/03
PELACUS Thalassa 30/03/04 22/04/04
PELACUS Thalassa 05/04/05 29/04/05
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Figure 1. Position of the hydrographic stations in the different cruises used in this work
(table 1). Each ‘pixel’ has a 25 nm? surface area. The grey scale represents the number of times
each pixel was sampled during the 1987-2005 period. The black broken line parallel to the
coast represents the trajectory used to refer the stations in relation to an along-shore axis. The
principal geographic features are Mondego Cape (MO) (the arbitrary origin of the along-shore
trajectory), Duero River (Du) Mifio River (Mi), Rias Bajas (Rb), Finisterre Cape (FI), Rias
Altas (Ra), Estaca de Bares Cape (EB), Nalon River (Na), Penas Cape (PE), Ajo Cape (AJ),
Machichaco Cape (MA), Adour River (Ad). The distance of the geographic features in the
along-shore trajectory in relation to the arbitrary origin at Cape Mondego appear within
brackets.
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between 36°N 15°W and 46°N 15°W, calculated using NOAA_ERSST V2 data
provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (http://
www.cdc.noaa.gov/).

A set of climate indices, that prescribe the large-scale climatological patterns in
the North Atlantic (Wallace and Gutzler 1981, Barnston and Lizevy 1987) was also
used to assess its relationship with the inter-annual variability of the IPC (table 2).
The monthly time series of these climate indices were obtained from the Climate
Prediction Centre of the NOAA (http://www.cpc.ncep.noaa.gov/data/).

2.2. Definition of the IPC front and its relationship with the
SST meridional gradient and climate indices

Due to the influence of continental land-masses, the thermohaline characteristics of
shelf waters are much more variable than those of the oceanic realm. Consider for
instance the cooling/heating of surface waters due to air temperature variability over
land or the dilution effect associated with continental freshwater inputs. These
processes modulate the temperature and/or salinity signatures of shelf waters, and
thus may hinder the recognition of hydrodynamic processes on the basis of the
analysis of thermohaline characteristics of surface waters (e.g. Bode et al. 2002).

We assume that the IPC front over the shelf separates bodies of water that are
subject to a distinct influence of the Subtropical and Subpolar modes of ENACW:
the southern—western side of the front is influenced by ENACW,, while the
northern—eastern side is influenced by ENACW(,. According to this assumption, we
analysed the change in the slope of the along-shelf transect of sub-surface (average
values in the 70-80 m depth layer) spiciness (Flament 1986, 2002), which is a state
variable derived from temperature and salinity data, and is most sensitive
to isopycnal thermohaline variations. The analysis of this variable has been used
to characterize intrusions of warm and salty waters associated with the California
current system (Jackett and McDougall 1985, Lynn and Sympsom 1990). The
procedure is schematized in figure 2 and an example of its application is given in
figure 3. In these figures, we have denoted the limit of influence of spicy waters by the
abbreviation IPC;.

In order to investigate the relationship between the position of the IPC; and the
meridional SST gradient, we have conducted a lagged correlation analysis between
the IPC;, relative to a reference position located off Cape Mondego (41°N) (figure 1),
and the time series of the 4-months averaged SST gradient. Later on, this SST
gradient is related to the climate indices. Before the correlation analysis, the time
series were detrended, if necessary, in order to make them stationary (Wei 1989).
The time series were also tested for independence between successive time series
values (i.e. autocorrelation) (Pyper and Peterman 1998) and normality.

3. Results

A sub-surface front separating the relatively warm and salty waters characteristic of
the ENACW,, and the fresher and colder waters characteristic of ENACWy, was
found in all the studied cruises (figure 4). The position of the IPCy associated with the
ENACWj; in the Southern Bay of Biscay shelf oscillated between Finisterre Cape,
(43°N 9°W) and Penas Cape (43.5°N 6°W) (i.e. 180 and 360 nm along-shore distance
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Figure 2. Schematic representation of the interaction of relatively warmer and saltier
ENACW4, and the relatively colder and fresher ENACWj,. The IPCy is the point where the
slope of the along-shore spiciness value tends to zero.

from Mondego Cape, respectively). The average position of the IPCy was located
around Ortegal Cape (43.5°N 8°W) (i.e. 300 nm from Mondego Cape).

The typology of the averaged 70-80 m depth along-shore spiciness values varied
from year-to-year (figure 4). For instance, some years showed higher values of
spiciness than the mean distribution estimated for the 1987-2005 time series
(i.e. Pelacus 1997, 1993), while other years exhibited lower values than the mean
distribution (i.e. Pelacus 2003, 2005). In some cases we observed a departure from the
general frontal structure defined in figure 2. For instances, the cruises MPH 1990 and
Sefos 1996 showed an increase of the spiciness values in the eastern part of IPCy,
while in Pelacus 2002, Sareva 2002 and Pelacus 2005 cruises, the coastal-offshore
variation of the data (i.e. the vertical axis of the graphs from a given along-shore
position) between Finisterre Cape and Ajo Cape (relative along-shore distance 180
and 450 nm respectively) was higher than for the rest of the cruises.

However, since all the analysed cruises were carried out at different times during
spring (table 1), we have considered the possible effect of the short-term scale
(i.e. intra-seasonal) variability of the IPC;. The estimated value of the IPC; and the
start week of each cruise were negatively correlated, which denotes the reduction of
the influence of the ENACW, in the Cantabrian Sea as the season progresses. We
used the linear regression model that captures this relationship (IPCy=—11.04
Week +450; n=22, r=0.42, o < 0.05) to correct the effect of this intra-seasonal
variability before analysing the inter-annual variability of the IPC; and its
relationship with the meridional SST gradient. Thus, the position of the IPC; was
recalculated as if all the cruises were sampled in the first week of March (i.e. the
earliest start date of all the analysed cruises, table 1) (figure 5).

The time series of the IPCy showed a significant positive linear trend. The
IPC; displaced eastward at a rate of 4.4l nmyear ' (n=18, r=0.55, a < 0.01).
The increase of the penetration of relative warm and salty waters into the Cantabrian
Sea is not related with an increase of the mean values of spiciness measured in the
whole area. Thus, some years (e.g. MPH 1990 cruise) showed high values of spiciness
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Figure 3. Along-shore section of the Pelacus 2004 cruise for (a) temperature, (b) salinity
and (c) spiciness. These contour plots were done using the stations nearest to the coast
with more than 100m depth. Mean values of the 70-80 m depth layer of (d) temperature,
(e) salinity and (f) spiciness in the along-shore trajectory for all the hydrographic across-shelf
stations. The arrows represent the position of the IPC;.

but lower values of the IPCx (i.e. less penetration of spicy waters into the Cantabrian
Sea) (figure 4). This result is a consequence of the method used to calculate the IPCg,
which is based on relative differences of spiciness between western and eastern
locations rather than on absolute values, and thus the differences of the IPCy are not
necessarily linked to an increment of the spiciness value in the whole area.
Assuming that the meridional density gradient generated principally by
temperature is the main forcing mechanism of the IPC (Peliz et al. 2005),
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SARPAREA 1987

 MPHSARACUS 1988

MPH 1990

ECOSARP 1991

_PELACUS 1997

3

PELACUS 2002

Figure 4. Distributions of the mean values of the 70-80 m depth layer of spiciness for all
the cruises analysed (Black dots). The white circles represent the mean distribution calculated
using all the cruises (1987-2005).
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Figure 5. Time series of the position of the IPCy, corrected for the effect of intra-seasonal
variability. The IPC; of the years with more than one cruise (table 1) is the mean of the
different cruises within this year. The black broken line represents the linear trend of the
observed values of IPCy. The principal geographic features in the second Y axis are marked

(see caption of figure 1).

we performed a lagged correlation analysis between the IPCy (corrected to remove
the intra-seasonal variability and detrended) and the meridional SST gradient
between 36°N 15°W and 46°N 15°W. Both time series showed a significant positive
correlation at lag 6 (July—October, JASO) for the non-parametric Kendall and
Spearman correlation coefficients but not for the parametric Pearson correlation
coefficient (table 3). Since the Pearson correlation coefficient evaluates the linear
correlation while the other non-parametric correlations coefficients consider other
kinds of relationships that depart from linearity, the estimated correlation values
suggest a positive non-linear relationship between the IPCy and the meridional SST
gradient.

For the summer-autumn period (JASO), the results of the correlation analysis
between the meridional SST gradient and the climate indices are shown in table 4.
Only the (detrended) Eastern Atlantic (EA) index showed a significant correlation

with the meridional SST gradient.

4. Discussion

The principal mechanism for advection of warm and salty waters in the Cantabrian
Sea was the IPC. The dynamics of this current in spring has not been well described.
The negative relationship between the IPCy and the week of the year reflects the
weakening of the current as the spring season progresses, thus capturing the reduced
influence of spicy waters into the Cantabrian shelf towards the summer. This result
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Table 3. Parametric Pearson and non-parametric Spearman and Kendall correlation
coefficients between the IPCy (corrected to filter out the short-term variability and detrended)
and the 4-months averaged meridional SST gradient for the first 12 lags (lag 0 corresponds to
the period January—April). Significant coefficients at 0.05 probability level are marked by “*’.

Lag Pearson Spearman Kendall
0 0.06 —0.14 —0.09
1 0.03 —0.05 —0.03
2 0.01 0.02 0.03
3 0.00 0.11 0.09
4 0.01 0.10 0.07
5 0.04 0.34 0.26
6 0.09 0.42* 0.34*
7 0.06 0.38 0.27
8 0.03 0.22 0.14
9 0.00 0.10 0.12
10 0.10 —0.31 —0.22
11 0.13 —0.30 —-0.22
12 0.15 —0.31 —0.24

Table 4. Linear trend of each climate index, and Pearson, Spearman and Kendall
correlation coefficients between the latitudinal SST gradient and the climate modes for the
period July—October (JASO).

Pattern Trend Pearson Spearman Kendall
EA 0.016* 0.10* 0.29* 0.18*
EA/WR —0.009 0.00 0.01 0.01
NAO 0.000 0.02 —0.11 —0.08
PNA —0.005 0.04 0.16 0.10
POL 0.004 0.00 —0.03 —0.03
SCAN —0.002 0.01 0.01 0.01
WP 0.000 0.05 0.17 0.12

reinforces the hypothesis on the dynamics of the IPC described by Peliz (Peliz et al.
2005), who suggested that the annual evolution of the current present two phases:
the development phase and the decay phase. The development phase occurs during
late-fall and winter as a consequence of the strengthening of the meridional density
gradient. The decay phase occurs in late-winter and early-spring, and the main
process that dominates this phase is the weakening of the meridional density gradient
and the erosion of the near surface structure by the action of wind stress and the
interactions with the mesoscale eddy field.

The positive correlation found between the IPCy time series and the meridional
SST gradient from July to October (JASO) of the previous year supports the role of
the meridional density gradient as the driving mechanism of the IPC during the
development phase in the summer-autumn transition. As is illustrated the seasonal
cycle of the meridional SST gradient (figure 6) during the summer-autumn transition
increases from 3.5°C in July to 4.6°C in October (figure 6), after which it decreases at
a slower rate from November to July.

However, the observed relationship between the EA index and the meridional
SST gradient during the summer-autumn transition (JASO) may capture the
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Figure 6. Seasonal cycle of meridional SST gradient calculated using NOAA_ERSST_V2
data from 1950 to 2005 provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA,
from their web site at http://www.cdc.noaa.gov/. The upper and lower broken lines represent
the maximum and minimum values of each month, respectively.

atmosphere—ocean interaction. In this part of the year, the positive values of the EA
index indicate an intensification of the subtropical ridge and the North Atlantic low,
giving rise to the formation of a strong North—South dipole in the North—East
Atlantic (figure 7a). This atmospheric pressure configuration could generate a stable
situation in the subtropical areas, which may favour the warming of the sea surface
by means of solar irradiance. This hypothesis is supported by the positive correlation
between the EA pattern and the atmospheric surface temperature in these latitudes
(figure 7b).

The results presented here, based on the use of the IPCy as an index to monitor
the relevance of the intrusions of ENACW(, into the Cantabrian Sea, contrasted to
some extent with other estimations of the intensity of the IPC. Peliz ef al. (2005)
calculated an IPC intensity index using the difference of satellite-derived SST
between coastal (40°N 14°W) and ocean locations (40°N 9-10°W) from 1985 to 2001.
Using this index, these authors found three periods of high intensity of the IPC:
1989-1990, 1996-1998 and 2001. Garcia-Soto et al. (2002) using another index based
on the satellite-derived SST differences between 8°W and 4°W in the Cantabrian Sea,
reported also that the years 1996 and 1998 (but not 1997) corresponded with a strong
poleward flow, and found also a significant linear correlation between the SST index
they have defined and the winter NAO. This result was obtained after selecting
visually the years with a strong IPC signal (i.e. high values of SST along the Iberian
shelf).

The inter-annual variability of the limit of influence of warm and salty waters (i.e.
the IPCy) advected by the IPC derived from the sub-surface spiciness values, did not
show exactly the same pattern, although the years of strong poleward flow pointed
out by Peliz et al. (2005) had higher values of spiciness all over the shelf than the
mean value calculated from 1987 to 2006 (figure 4). Gonzalez-Pola et al. (this issue),
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using an analysis based on in situ thermohaline data suggest that 2002 was also a year
with a strong poleward flow. This result is in accordance with our findings, since this
year presented the second highest value of the IPCy for the analysed period.

The differences between the results presented here and those from other authors
could be related with the definition of the various indices utilized and the source data
used for its calculation (i.e. in-the-field or satellite-derived surface data). Peliz et al.
(2005) calculated a surface index from January to February using satellite-derived
SST data; while Garcia-Soto er al. (2002) produced their index from winter
remote sensing-derived SST. In contrast, the IPC; defined here was calculated using
in-the-field sub-surface (averaged between 70m and 80m depth) data, acquired
during spring (i.e. during the decay phase of the IPC rather than in the development
phase). Thus, the different indices characterize different situations and phases of the
IPC development, so the comparison among indices is not straightforward. On the
other hand the interpretation of the relationship between NAO and the gradient in
the Cantabrian Sea found by Garcia-Soto (Garcia-Soto et al., 2005) is complicated.
We have not found a significant relationship between the NAO index and the
meridional SST gradient. The atmospheric pressure configuration of the NAO it
pattern generates a north-south dipole similar to the EA pattern structure, but in
the case of the NAO is displaced north-westerly, which may probably diminish the
capacity to generate the meridional SST gradient necessary to force the dynamics
of the TPC.

The increasing trend of the IPC; that we have found in the analysed period
(1987-2005) and its relationship with ocean features and the atmospheric climate
processes have important implications since it may influence the development of
plankton and pelagic communities in a critical part of the annual production cycle,
influencing for instance the spatial distribution of different ecosystem components.
The impact of the intrusions of ENAWC,, into the Cantabrian Sea has been
investigated in relation to the distribution of picoplankton (Moran et al., submitted),
phytoplankton (Bode et al. 2002), zooplankton (Cabal er al. 2006), sardine eggs
(Bald6 and Bernal, per. com.) or fish populations (Sanchez and Gil 2000). Thus,
better understanding of the mechanisms that modulate the dynamics of the IPC
during its decay phase are desirable in order to improve the management of the
ecosystem (FAO 2003).

5. Conclusions

The influence of warm and salty waters advected by the IPC into the Cantabrian Sea
during the winter-spring transition is a process that was observed in all the cruises
analysed, which generated a subsurface front that varied its position from year
to year.

The penetration of the IPC presented two levels of variability. Short-term scale
variability (i.e. intra-seasonal) in the winter-spring transition, which translates in a
decreasing influence of spicy waters in the Cantabrian Sea as the spring season
progresses, and a large-scale, inter-annual variability, represented by an increasing
trend that produced an eastward displacement of the IPC; of 100 nm in the last two
decades.

The position of the IPC; is positively correlated with the latitudinal SST gradient
measured from July to October (JASO) of the previous year. This SST gradient seems
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to be the principal factor of the IPC dynamics. The north—south SST gradient was
positively correlated with the EA during this part of the year (JASO).
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