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Abstract

A key challenge in oceanography is to capture and quantify processes that happen on short
time scales, seasonal changes and inter-annual variations. To address this problem the P&O
European Ferries Ltd. Ship MV Pride of Bilbao was fitted with a FerryBox from 2002 to
2010 and data returned to NOC in real time providing near continuous measurements
between UK (Portsmouth) and Spain (Bilbao) of temperature, salinity, chlorophyll-
fluorescence and oxygen. Additional monthly samples were collected on manned crossings.
Over 6000 samples were analysed for nitrate (nitrate and nitrite) concentrations. The timing
of nitrate concentration increases (with winter mixing) and decreases (with the spring bloom)
are different on and off shelf and in autumn nitrate concentrations remain high on the shelf.
Off shelf in the Bay of Biscay, the mixed layer depth assessed using Argo floats, was found
to vary from 212m in relatively mild winters (such as 2007/2008) to 476m in cold winters
(2009/2010). Years with deeper mixing were associated with an increase in nitrate
concentrations in the surface waters (~3 micro mol kg™*) and the increased vertical nutrient
supply resulted in higher productivity the following spring. Bloom progression could be seen
through the increase in oxygen anomaly and decrease in nitrate concentrations off shelf prior
to changes further north on the shelf and phytoplankton growth was initiated as shoaling
begins. The full dataset demonstrates that ships of opportunity, particularly ferries with
consistently repeated routes, can deliver high quality in situ measurements over large time
and space scales that currently cannot be delivered in any other way.
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1 Introduction

At temperate latitudes nutrient supply to the upper ocean in winter drives
phytoplankton productivity and the uptake of carbon dioxide from the atmosphere in the
following spring (Eppley & Peterson, 1979; Williams et al., 2000; Hydes et al., 2001).
Nutrients can be supplied to the surface through diapycnal diffusion, eddy transfer and
Ekman processes (Oschlies & Garson, 1998; Fernandez, et al., 2005). In the North East
Atlantic and the Bay of Biscay winter convective mixing dominates the supply of nutrients
(Williams et al., 2000; Puillat et al, 2004; Cianca et al., 2007). Wind-driven cooling and deep



convective mixing lower the surface temperature and nutrient rich water is supplied to the
euphotic zone from depth to fuel phytoplankton growth, which predominantly occurs in the
spring following restratification of the water column (Sverdrup, 1953; Chiswell et al., 2011).
Periods of reduced turbulence and positive heat flux into the ocean prior to the spring
restratification results in pulses of phytoplankton growth (Pingree & Holligan, 1976; Garcia-
Soto & Pingree, 1998 and 2009; Waniek, 2003) and it has been recently hypothesised that
these events are significant in calculations of annual productivity (Behrenfeld, 2010).

Behrenfeld et al. (2006) suggested a general trend has occurred of decreased
convective mixing, increased stratification and consequent decrease in production in the
Northeast Atlantic from 1999 onwards and predicts a decrease in productivity in a warming
ocean. There has been a progressive warming of surface waters in the Bay of Biscay over the
last 30 years (Garcia-Soto et al. 2002, Gonzalez-Pola & Lavin, 2005, Somavilla et al., 2011;
Holt et al. 2012; Taboada & Anadon, 2012, Garcia-Soto & Pingree, 2012). Winter mixing
was studied extensively in Pingree & New (1989). Although there is no direct evidence of
progressive changes in productivity or MLD changes in the Bay of Biscay over the last 3
decades studies of the physical processes that regulate nitrate supply to the surface and direct
measurements of nutrient concentrations within the mixed layer are critical for making year-
to-year estimates of productivity and for future model predictions (Waniek, 2003; Behrenfeld
et al., 2006).

The change in nitrate or oxygen concentration from the start to the end of the
productive period in spring can be used, along with mixed layer depth (MLD), to calculate
proxies for phytoplankton growth and net community production (Pingree & Holligan, 1976;
Eppley & Peterson, 1979; Oschlies & Garson, 1998; Henson et al., 2003; Bargeron et al
2006). This requires quantification of change from the high nutrient (low oxygen) winter
months to the low nutrient (high oxygen) concentrations at the end of spring (Minas &
Codispoti, 1993; Louanchi & Najjar, 2000; Southward et al., 2004). In the past the
concentrations of nitrate in winter had to be estimated, as direct wintertime measurements
were relatively rare (Glover & Brewer, 1998; Koeve, 2001) or assumptions have had to be
made on the length of the productive cycle (Waniek et al., 2003). Reducing the reliance on
estimation requires year round in situ datasets; these can be provided by Ships of Opportunity
(SOO0) that take consistent repeat routes throughout the year.

In 2002 we initiated year round in situ measurements on a SOO to study the physical
and biogeochemical drivers of productivity on and off shelf from the English Channel to the

deep water Bay of Biscay. In this study we present an 8 year time-series (2003 to 2010) of



continuous SOQO data from in situ FerryBox measurements, with additional nutrient samples
from 2003 onwards taken each month over most of the period except for August 2007 to
August 2008. MLD estimates, calculated from Argo profiling float temperature profiles
(available in increasing resolution from 2004 onwards) were used to look at year to year
variations in surface nitrate measurements in relation to convective mixing processes.
Measurements of Sea Surface Temperature, PAR irradiance, wind speed and turbulence and
phytoplankton concentration for the years 1997-2007 along the same FerryBox line using
remote sensing can found in Garcia-Soto & Pingree (2009).

We use here the in situ SOO dataset to look at seasonal timescales to investigate
periods of mixed layer deepening and if they are associated with increases in nitrate or
productivity. The nitrate, oxygen and MLD data are used to estimate net community
production (NCP) and this study provides a direct opportunity to study seasonal and inter-
annual variations in surface nutrient concentrations and how this may affect phytoplankton

production.
2 Materials and methods

2.1  Study Site

Surface water data were collected from P & O European Ferries Ltd ship MV Pride of
Bilbao operating between Portsmouth (UK, 50.8°N, 1.1°W) and Bilbao (Spain, 43.4°N,
3.0°W) (Fig. 1). The ship made approximately two crossings weekly between these ports.
The FerryBox system ran from April 2002 to September 2010, operating year round except
for January when the ship was in dry dock for its annual refit. The distance is approximately
1000 km and the journey time is about 35 hours each way. This gives a repeat sampling rate
of between 4 hours and 4 days, depending on location. Over the 8 years the FerryBox
measurements cover 0.8 x 10° km of ship’s track. The map in figure 1 is reproduced from
Bargeron et al (2006) and identifies persistent regional features as identified by Pingree &
Griffith (1978).
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Figure 1. Schematic of the northbound ferry route showing regions 1-8 as
identified by Bargeron et al., (2006). Of relevance are regions 4, the western approaches
near the French coast at Ushant (30-130m); the shelf region 5; the slope and adjacent
open ocean off-shelf Bay of Biscay regions 6 and 7 (where water depths reach 4000m). The
hatched area shows the extent of the Ushant frontal system (Pingree & Griffith 1978; see
also Pingree et al., 1982).

In this paper we focus on the Bay of Biscay section of the ferry route (45-46.5°N,
regions 6 and 7 in Fig. 1), which is over deep water of up to 4000m. We contrast this with the
on-shelf region 4 (47.5-48.5°N), which remains influenced by strong tides and internal waves.
Intermediate to this is the half slope, half stratified shelf -region 5, which lies between 46.5-
47 5°N.

In the deep waters off shelf, the upper water column mixed layer is affected by
seasonal cycles of warming and cooling (Pingree & Garcia-Soto, 1999; Pingree, 1997).
Below this is the main thermocline water mass, the Eastern North Atlantic Central Water
(ENACW). Bay of Biscay water properties can be traced back to production on isopycnal
surfaces within this mode water (Pingree & Morrison, 1973), which forms from deep winter
mixing of North Atlantic Current (NAC) water to the west of the Bay of Biscay and is
circulated around the bay down to 400 m (Pingree, 1993; Castro et al., 1998; Pollard et al.,
1996; Gonzalez-Pola, et al., 2005; Gonzalez-Pola, et al., 2006). The properties of the
subsurface waters vary from year to year reflecting variations in winter convective mixing
and advection (Perez et al., 1993; Pollard et al., 1996).



2.2 Ship measurements

Between 2002 and 2010 instruments on the ferry (MV Pride of Bilbao) recorded a
suite of physical and biogeochemical parameters from within the sea surface mixed layer.
Brief details of the sampling and methods are presented here but fuller details can be obtained
from various papers (including Hydes et al., 2003; Kelly-Gerreyn et al, 2006) and the full
dataset is available from the British Oceanographic Data Centre (BODC).

The sampled water was taken from the ship’s cooling water supply at a depth of 5
metres. The Ferrybox system consisted of sensors to measure conductivity (precision 0.005
mmho cm™) to calculate salinity; dissolved oxygen, temperature (precision 0.003 °C) and
chlorophyll-fluorescence (precision 0.01 + 0.01 mg m™). The flow rate in the Ferrybox
system was 15-20 litres per minute. A comparison between the flow through temperature
readings and a hull mounted temperature sensor showed that the flow through temperature
readings were 0.5 £0.3 °C higher than the in situ water (offset £1s) from 2005 through
August 2008. Subsequent to August 2008 this reduces slightly to 0.3 0.3 °C. These small
offsets suggests a low residence time of water in the Ferrybox system. Underway data were
logged at a rate of 1 Hz on a NOC (National Oceanography Centre, Southampton) designed
logging and control system. Public domain Matlab routines
(http://marine.csiro.au/~morgan/seawater) provided the calculations for salinity based on
UNESCO (1983) algorithms. All sensors were cleaned on an approximately weekly basis to
reduce bio-fouling, when the ship was berthed in Portsmouth.

Manned crossings occurred approximately monthly, when water samples were
collected from a spur tap near to the sensors. Sample collection was maintained round the
clock to calibrate the onboard sensors and to take additional samples for nutrient analysis.
Over 6000 samples were taken on the monthly calibration crossings between 2003 and 2010
(except for August 2007 to August 2008) for the measurement of nutrients, including nitrate
& nitrite, dissolved reactive phosphate and silicate concentrations. Only nitrate plus nitrite
(hereafter referred to as nitrate) data, which was analysed following the standard method
described in Grasshoff (1983), is presented here.

The chlorophyll to fluorescence relationship changes due to variations in
phytoplankton composition (Falkowski & Kiefer, 1985). Four fold changes in the chlorophyll
to fluorescence ratio have been shown in the productive season in this region with a midday

minima, Pingree & Harris, 1988) so the sensor was frequently calibrated to obtain an



approximation of chlorophyll-a. Samples for salinity and dissolved oxygen were taken to
calibrate the conductivity and dissolved oxygen sensors respectively.

The dissolved oxygen anomaly (DOanom) Was calculated as the difference between the
measured DO concentration and the saturated value (Benson & Krause, 1984). With the
corrections for gas transfer, the changes in the concentrations of DOgyom Can be attributed to
biological activity.

Net community production, integrated over the mixed layer (NCPwmp) was estimated

GasCorr

from gas exchange-corrected DOznom (DOanom ) using the methods shown in Jiang et al.,
(2013). It is expected to be more reliable than using the monthly resolved nitrate data due to
the greater frequency of the DO measurements (1-3 days at a given position). It is calculated
as follows:
NCPwmLb = (DOanom "1 - DOanom">*"1m) X (MLDp+1 + MLDpy) / 2 X (C:O)ncp

where (MLDy+1 + MLDp,) / 2 is the mean MLD between the two consecutive months.
The classical Redfield et al., (1963) ratio for (C:O)ncp 0f 106:138 was used to convert the
changes in oxygen to those of carbon. Monthly mean values were positive in the productive
months (March to August) and these values were summed to obtain the annual net
community production.

Argo floats (http://www.coriolis.eu.org) provide temperature profiles in the Bay of
Biscay for the estimation of the mixed layer depth (MLD). As the thermal gradient of the
permanent thermocline in the Bay of Biscay is very weak, mixed layer depth estimates based
on threshold algorithms may provide biased results. Instead a topology-based algorithm
(Gonzalez-Pola et al., 2007) was used that performs the best-fit of the temperature profiles to
a prescribed functional form. The fitting allows a series of parameters to be extracted, that
can be identified with properties of the vertical structure of the water column, including the
MLD. MLD data are presented for the off-shelf Bay of Biscay region as the Argo float data
are only available for water deeper than 1000m. In the selected region, from 0 to 10°W and
43 to 48°N, over 900 profiles were used in the calculation of MLD. Prior to the 2005/2006
winter there were not sufficient Argo profiles within the Bay of Biscay to calculate MLD.
MLD was compared with the North Atlantic Oscillation (NAO) winter index (December to
March) assuming this to be the dominant mode of atmospheric pressure variation over the
North Atlantic (Visbeck et al., 2003)

3 Results and discussion



Eight years of monthly resolved nitrate data and continuous in situ hydrographic data
from the MV Pride of Bilbao are presented and discussed. This is the first time that the full in
situ dataset has been presented and it is descriptive at this stage. The high resolution data
were used to resolve regional, seasonal and inter-annual variation in nutrients in the Bay of

Biscay, in relation to mixing and productivity.

3.1 Regional and inter-annual variations in temperature and nutrients
An overview of 8 years of in situ surface temperature measurements from the MV
Pride of Bilbao (Figure 2) shows the considerable seasonal and regional changes, with lower
winter temperatures north of 48 °N in the Channel and higher summer temperatures off shelf
to the south in the Bay of Biscay. Near identical results were also reported along the Ferryline
from SST satellite observations (see figure 3 in Garcia-Soto & Pingree, 2009).

Gridded FerryBox fiow housing temperature °C from northbound transects during years 2003 through 2010
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Figure 2: In situ temperature measurements from the FerryBox on route between
Portsmouth and Bilbao from 2003-2010.The colour bar shows the temperature range

encounted (in deg C).

The regional and inter-annual variation in sea surface temperature is further illustrated
in Figure 3. In region 4 strong tides off Ushant mix heat into the 100 m water column and
there is a large variation in minimum temperature between years. In the off shelf Bay of
Biscay, regions 5 & 6, there is less variability between years than in other regions. However
the winters of 2007 & 2008 are clearly warmer than in other years and the annual amplitude
for the in situ temperature decreased from 9 °C to 6 °C.
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Figure 3: Inter-annual variation in winter sea surface temperature shown as the

minimum in-situ temperature identified each year from 2003-2010, along the route

between Portsmouth and Bilbao and the region, as identified in Figure 1

Monthly averaged nitrate data from the Bay of Biscay (Figure 4) shows seasonal and

inter-annual variations in nitrate concentrations off-shelf in the Bay of Biscay (regions 5 & 6)

in comparison with sea surface temperature changes. Overall the nitrate data show the

characteristic increase in concentration during winter months and nitrate depletion due to

phytoplankton growth in the spring (and summer). The main differences are in the winter

concentrations. Relatively high winter nitrate concentrations were seen in the cold winter of

2005/2006 and low values were associated with the warmer winter of 2006/2007. The warm

surface temperatures observed in 2007/2008 were also shown by Garcia-Soto & Pingree

(2012).
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Figure 4: Monthly mean nitrate (solid line) and mean sea surface temperature
(reversed scale, dotted line) in the Bay of Biscay (45-47.5°N). Note reversal of the

temperature scale in this diagram. The tick marks represent the start of the year.

In the off-shelf Bay of Biscay region (45-47.5 °N) the nitrate: temperature relationship
is correlated in the winter months (when the temperature is <16 °C) as shown in figure 5.
Linearity in the nitrate: temperature signal is widely reported (e.g.: Henson et al, 2003).
Although a single line is shown this relationship varies through the autumn and winter
months and there will be a range of nitrate concentrations for a given temperature (Garcia-
Soto & Pingree, 1998). At temperatures above 16 °C, in the summer the relationship no
longer holds although small increases in nitrate concentration at may arise due to processes
such as for example internal tides, internal waves, eddies and slope current mixing processes
(Garcia-Soto & Pingree, 1998)
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Figure 5: An indication of the relationship between the MV Pride of Bilbao surface
nitrate and temperature data 2003-2010, for the off-shelf Bay of Biscay region (46 and

46.5°N), showing the winter relationship (r>=0.7 at temperatures less than 16 °C).

3.2 Variation in nutrients related to mixing

MLD calculated from Argo profiles using the fitting algorithm developed by
Gonzalez-Pola et al. (2007) shows that the MV Pride of Bilbao surface nitrate data off-shelf
in the Bay of Biscay (Figure 6) is correlated with the MLD as predicted (Glover & Brewer,
1988). A deep MLD is associated with enhanced nutrient supply from strong convection in
autumn and winter; shallow MLDs are associated with decreased nutrient supply in spring

and summer.
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Figure 6: The relationship between the MV Pride of Bilbao surface nitrate and
MLD data off-shelf in the Bay of Biscay (46 and 46.5°N) showing a linear relationship
(solid line) throughout the year.

The onset and extent of convective mixing and vertical nutrient supply is influenced
by year to year changes in sea surface temperature and consequently density (Tang et al.,
2006). Figure 7 shows the inter-annual variation in nitrate due to changes in MLD. MLD
information from Argo floats is only available from 2005 and the floats are largely confined
to off-shelf regions in the Bay of Biscay.

The warmer winter of 2006/2007 is associated with decreased mixing, which lowers
the surface nutrient concentrations. Dumousseaud et al., (2010) and Somavilla et al., (2009)
showed the hydro-meteorological effects of exceptionally cold winters (2004/2005) and
warm summers (2007) on surface nutrient data in the Bay of Biscay. The MV Pride of Bilbao
dataset extends the time series to cover 8 years of surface measurements and can resolve the
increase in nitrate concentrations in the autumn before the MLD deepens and the nutrients

decrease in spring (figure 7) as discussed in the next section.



9 - x -~ 500
- 450
- 400
- 350
- 300
- 250

MLD (m)

- 200
- 150

Nitrate {micro mol kg3)

x- 100
-k 50

xxx*

2005 2006 2007 2008 2009 2010

Figure 7: Year to year variations in monthly nitrate data from the MV Pride of
Bilbao and monthly MLD data (calculated from Argo float profiles) off-shelf in the Bay of
Biscay (46 and 46.5°N).

The position and temperature profiles from all available Argo floats during March (from 2006
to 2009) are shown in figure 8. Estimates of mixed layer depth based on the temperature profiles
confirm that the vertical structure is very different in cold winters (2006 and 2009) compared with
warm winters (2007 and 2008). The MLD is roughly double in cold winters (approx 170 m vs. 340
m). Despite spatial and temporal variability in the profiles this is a coherent signal across the Bay of
Biscay.
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Figure 8: The position of Argo floats, temperature profiles and calculated mixed
layer depths in the Bay of Biscay for March 2006 to 2009

3.3 Variation in nutrients on and off-shelf

The variation in surface nitrate concentration and salinity along the track at different
times of year is illustrated in figure 9, where selected individual months illustrate the
beginning of winter mixing (October), the winter maximum (March) and depleted levels
(April). There are clear boundaries to the changes in nitrate and salinity as the ship travels
north. These changes were used to define the on-shelf, off-shelf and slope regions shown in
figure 1.

In the winter the highest nitrate concentrations are seen off shelf (between 46 °N and
46.5 °N) where concentrations tend to be greater than 6 micro mol kg (in the March 2005
example shown in figure 9) peakingnear the shelf break (at 46.5 °N). Concentrations are
lowest around (47.5 °N), which can be defined as a half slope, half stratified shelf
environment. Slope processes such as internal tides, waves and eddies maintain high nutrient
concentrations to the north, on the shelf (Garcia-Soto & Pingree, 1998), as is seen in each of

the months shown in figure 9. The springtime decline in nitrate is observed to occur over a



period of two to three months, occurring earlier in the year to the south, in the off shelf Bay
of Biscay region. The distribution of nitrate in spring (illustrated using April 2005 data in
figure 9) shows nitrate depletion to the south between 45 and 46.5 °N due to the spring
bloom. Nitrate concentrations in the spring have the expected intermediate concentrations
between the winter and autumn values. Nitrate concentrations remain high on the shelf to the
north with a transition region of low values in the half slope, half stratified shelf environment.
The on slope nitrate residual is described in Garcia-Soto & Pingree (1998) and reflects the

late start to the spring and autumn blooms on the slope.
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Figure 9: Variation in nitrate concentration and salinity along track from Bilbao in
the south to Portsmouth in the north highlighting three months (October 2004, March and
April 2005).

There is a relatively large change in salinity in autumn, with maximum values at 46.5 °N.
Salinity decreases through the half slope, half stratified environment (46.5-47.5 °N off shelf).
Salinity values were lower around 48 °N, in October south of Ushant and this is described in
Kelly-Gerreyn et al, 2006.

The broad seasonal patterns shown in Figure 9 were seen in each of the 8 years of the
study with some year to year variation in the maximum winter nitrate as discussed
previously. Off-shelf winter nitrate concentrations reached the highest values (8-10 micro
mol kg™) in 2005, 2006 and 2009. Some higher on-shelf winter nitrate concentrations were
seen particularly in 2004 and 2009 as has been documented previously (eg: Southward et al.,
2004).

3.4 Variation in net community production in relation to nutrients and mixing
In figure 10 seasonal and inter-annual variability in MLD is shown in relation to the monthly
oxygen anomaly (DOanom) data from 2005-2010, which was used as a measure of productivity
(Bargeron et al. 2006).
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Figure 10: Monthly mean oxygen anomaly (DOanom, dashed line) and mixed layer
depth (solid line) in the Bay of Biscay (45-46.5 °N)

The peak in DOgnom indicates the main phytoplankton bloom in spring. In the Bay of
Biscay the main spring bloom is dominated by diatoms (Smythe-Wright, et al., 2013) and
follows a period of sustained positive net heat flux into the ocean (on the scale of 8-10 days,
Garcia-Soto & Pingree, 1998; Waniek, 2003).

However figure 10 shows that DO4,0m Values increase as soon as the MLD starts to
shallow, before the water column in fully stratified and there is some indication of a bloom in
the spring of 2008 when the MLD is still relatively deep. The classic view is that
phytoplankton blooms develop following high nutrient input due to winter mixing and in
conditions of decreased wind, when stratification develops and sea surface temperature
increases (Sverdrup, 1953). Results obtained from the MV Pride of Bilbao show an increase
in phytoplankton growth (with an increase in DOanom) consistent with the Behrenfeld (2010)
and Chiswell et al., 2011 suggestions of pre spring bloom phytoplankton growth due to a
reduction in turbulent mixing, with an upper layer that appears to be still well mixed in terms
of temperature and salinity profile data. Comparable results are reported for example by
Garcia-Soto-Pingree (1998) in the Bay of Biscay region using CTD and SeaSoar profiles and
by Garcia-Soto and Pingree (2009) using remote sensing data, including wind turbulence,
along the FerryBox line.

In having a year round in situ dataset some of the assumptions used to calculate NCP can
be minimised. For example, there is no need to estimate wintertime nitrate with the associated
errors (Glover & Brewer, 1998; Koeve, 2001) and there is no need to make assumptions on
the length of the productive cycle (Waniek et al., 2003). However the calculation of NCP is
heavily dependent on the choice of MLD and require assumptions on the C:N ratio



(Kortzinger et al., 2001). The relative merit in using chlorophyll-fluorescence or DOgnom as
an indicator of surface and subsurface phytoplankton growth is beyond the scope of this
paper. The high frequency data available from each of these variables could be used to further
investigate the timing of the spring bloom in this area although there are numerous studies
that have investigated bloom timing in this region using both in situ and remote sensing data
(eg: Pingree, 1975; Garcia-Soto & Pingree, 1998; Garcia-Soto et al., 2002; Garcia-Soto &
Pingree, 2009).

Table 1 summarises inter-annual variations from 2005 to 2010, highlighting each
winter period (December to March) and integrated NCPyp for the following spring. The
winter NAO index, temperature minima, maximum winter MLD; the annual change in

dissolved inorganic nitrate and the integrated net community production are shown.

NAO Temperature MLD NO3 change [NCPmip

Year index | minima (degC) |  (m) (micro mol kg™) | (mol C m™)
2005/2006 -0.24 11.76 469 1.73 20.91
2006/2007 0.63 13.06 212 3.91 10.07
2007/2008 0.51 12.61 265 10.53
2008/2009 0.09 11.89 439 7.41 19.91
2009/2010 -1.48 11.81 476 7.13 16.91

Table 1: Inter annual variation in winter NAO index, temperature minima, mixed layer
depth (MLD); annual variation in nitrate concentration; and net community production

(NCP) assessed using oxygen data

In the Bay of Biscay the MLD (Table 1) was found to vary from 212 m in relatively
mild winters (such as 2006/2007) to 476 m in cold winters (2009/2010). Deeper mixing was
associated with an increase in nitrate concentrations in the surface waters. Hydes et al, (2001)
showed that nutrient concentrations below 300 m remained relatively consistent between
cruises and from Hydes et al., 2001 nitrate profiles an increase in mixing from 200m to 400m
would be expected to increase the surface nutrients by up to 2 micro mol kg™.

The inter-annual changes seen in the maximum winter nitrate in this study were in the
order of 3 micro mol kg™ (Table 1) which suggests a further source of winter nitrate or a

decreased surface advection of low nutrient waters in some years. The currents were not



measured in this study although the water properties reported will reflect changes in the water
masses, surface circulation and vertical mixing of depth accumulated nitrate. The slope
current and internal tide mixing is particularly important for phytoplankton growth and the
slope region will experience a continuous injection of nitrate which can enhance productivity
(Pingree, 1975; Garcia-Soto & Pingree, 1998).

This is a simple illustration of year-to-year variations in winter nitrate in the Bay of
Biscay and how productivity is affected the following spring. Our data suggests that low
production corresponds to low winter nitrate concentrations and warmer surface water in the
2006/2007 winter, compared with the previous and following years. Overall, the data indicate
year to year variation in nutrients and productivity that can be related to changes in sea
surface temperature and mixing depth and these changes could be linked to climate indices.
A very negative North Atlantic Oscillation index will cool sea surface temperatures from the
Azores region to the Bay of Biscay (Pingree, 2005; Garcia-Soto & Pingree, 2012). Negative
winter NAO indices are associated with high seasonal ranges of nitrate concentrations with
deep winter mixing (Garcia-Soto & Pingree, 2012). In contrast warm winters, such as 2007
and 2008, correspond to positive winter NAO indices and warmer sea surface temperatures.
These positive winter NAO years are associated with shallow winter MLDs, lower seasonal
amplitudes of nitrate and winter nutrient concentrations with correspondingly reduced spring

time productivity as shown in the dataset (see also Jiang et al., 2013).

4 Conclusions

We have presented 8 years (2002 to 2010) of year round surface time-series data from
a SOO in the Bay of Biscay. The data set provided key winter data absent from many other
studies (Koeve, 2006). We have shown inter-annual variation in the winter nitrate data,
related to changes in the mixed layer depth, specifically in the 2006/2007 winter when the
mixed layer depth was shallower reaching 212 m and nitrate concentrations were ~ 3 micro
mol kg™ less than in years with deeper mixing such as 2009/2010 winter when the mixed
layer depth reached 476 m. Although the seasonal cycles are generally well known, the
resolution of this dataset provides an opportunity to investigate differences in the cycles
between the on and off shelf regions of the Bay of Biscay. In the slope region between these
the nitrate concentrations are more consistent throughout the year. Year-to-year variations in
the winter nitrate concentrations have also been related to changes in Net Community
Production, calculated using high resolution dissolved oxygen data. Deeper winter convective

mixing corresponded to colder temperatures and higher winter nitrate but could also be



related to an increase in productivity the following spring. A tentative link was made between
year to year changes in surface temperature, nitrate and production in relation to climate
indices for the Northeast Atlantic.

The full dataset demonstrates that ships of opportunity, particularly ferries with
consistently repeated routes, can deliver high quality in situ measurements over large time
and space scales that currently cannot be delivered in any other way. Hydrographic data are

available from the British Oceanographic Data Centre (www.bodc.ac.uk).

Acknowledgements

We would like to acknowledge the P&O officers & crew on the MV Pride of Bilbao,
Jon Campbell for setting up the equipment and communications and Maureen Pagnani for
data handling. We would particularly like to thank the various students that have assisted in
the calibration crossings over the 8 years of FerryBox operation, in particular Charlie
Bargaron and Mohamed Qurban. We would also like to thank Professor Duncan Purdie and
his students for assistance in calculating monthly data. The reviewer provided a detailed
analysis of previous work in the region, which has added value to the text. Work was
supported by the European Commission under the 5th RTD Framework Programme, Contract
n°: EVK2-CT-2002-00144 and various projects including BiCEP, Oceans2025, DEFRApH
and EPOCA.

References

Bargeron, C.P., Hydes, D.J., Woolf, D.K., Kelly-Gerreyn, B.A. and Qurban, M.A., 2006. A
regional analysis of new production on the northwest European shelf using oxygen fluxes and

a ship-of-opportunity. Estuarine, Coastal and Shelf Science, 69, 479-490.

Behrenfeld, M.J., O'Malley, R.T., Siegel, D.A., McClain, C.R., Sarmiento, J.L., Feldman,
G.C., Milligan, A.J., Falkowski, P.G., Letelier, R.M., Boss, E., 2006. Climate-driven trends
in contemporary ocean productivity. Nature, 444, 752—755.

Behrenfeld, M.J, 2010. Abandoning Sverdrup's Critical Depth Hypothesis on phytoplankton
blooms. Ecology 91:977-989


http://www.bodc.ac.uk/

Benson, B. B., and D. Krause, 1984. The concentration and isotopic fractionation of oxygen
dissolved in fresh-water and seawater in equilibrium with the atmosphere, Limnol.
Oceanogr., 29(3), 620-632.

Castro, C.G., Perez, F.F., Holley, S.E., Rios, A.F., 1998. Chemical characterisation and
modelling of water masses in the North East Atlantic. Progress in Oceanography, 41, 249—
279.

Cianca, A., Helmke, P., Mourifio, B., Rueda, M.J., Llinas, O., Neuer, S., 2007. Decadal
analysis of hydrography and in situ nutrient budgets in the western and eastern North Atlantic
subtropical gyre. Journal of Geophysical Research, 112, C07025,
d0i:10.1029/2006JC003788.

Chiswell, S.M., 2011. Annual cycles and spring blooms in phytoplankton: don’t abandon
Sverdrup completely. MEPS, 443, 39-50

Dumousseaud, C., Achterberg, E.P., Tyrrell, T., Charalampopoulou, A., Schuster, U.,
Hartman, M., and Hydes, D. J., 2010.Contrasting effects of temperature and winter mixing on
the seasonal and inter-annual variability of the carbonate system in the Northeast Atlantic
Ocean, Biogeosciences, 7, 1481-1492, doi:10.5194/bg-7-1481-2010, 2010

Eppley, R.W., Peterson, B.J., 1979. Particulate organic matter flux and planktonic new
production in the deep ocean. Nature, 282, 677-680.

Falkowski, P. and D.A. Kiefer, Chlorophyll-a Fluorescence in Phytoplankton - Relationship
to Photosynthesis and Biomass. Journal of Plankton Research, 1985. 7(5): p. 715-731.

Fernéndez, C., Raimbault, P., Garcia, N., Rimmelin, P., Caniaux, G., 2005. An estimation of
annual new production and carbon fluxes in the Northeast Atlantic Ocean during 2001
Journal of Geophysical Research C (Oceans) Page(s) C07S13, p.1-15. doi:
10.1029/2004JC002616.



Garcia-Soto, C. and R. D. Pingree, 1998. Late Autumn Distribution and Seasonality of
Chlorophyll- a at the Shelf-Break/Slope Region of the Armorican and Celtic Shelf. Journal of
the Marine Biological Association of the United Kingdom 78(01): 17-33.

Garcia-Soto, C. and R.D. Pingree, 2009. Spring and summer blooms of phytoplankton
(SeaWiFS/MODIS) along a ferry line in the Bay of Biscay and western English Channel.
Continental Shelf Research, 29, 1111-1122.

Garcia-Soto, C. and R. D. Pingree, 2012. Atlantic Multidecadal Oscillation (AMO) and sea
surface temperature in the Bay of Biscay and adjacent regions. Journal of the Marine
Biological Association of the United Kingdom 92(02): 213-234.

Garcia-Soto, C., Pingree, R.D., Valdés, L., 2002. Navidad development in the southern Bay
of Biscay: Climate change and SWODDY structure from remote sensing and in situ
measurements. J. Geophys. Res. 107, 3118, doi: 10.1029/2001JC001012, 29 pp.

Glover, D.M., Brewer, P.G., 1988. Estimates of wintertime mixed layer nutrient
concentrations in the North Atlantic. Deep Sea Research Part A. Oceanographic Research
Papers, Volume 35, Issue 9, September 1988, Pages 1525-1546

Gonzélez -Pola, C., Lavin, A., Vargas-Yafiez, M., 2005. Intense warming and salinity
modification of intermediate water masses in the southeastern corner of the Bay of Biscay for
the period 1992-2003. Journal of Geophysical Research, 110, C05020, doi:
10.1029/2004JC002367.

Gonzalez-Pola, C., Lavin, A., Somavilla, R., Vargas-Yafez, M., 2006. Central water masses
variability in the southern Bay of Biscay from early 90°s. The effect of the severe winter
2005. ICES Annual Science Conference 2006, Maastricht (Netherlands), September 2006.
ICES Document CM2006/C: 26, 12 pp.

Gonzalez-Pola, C., J. M. Fernandez-Diaz, and A. Lavin, 2007. Vertical structure of the upper
ocean from profiles fitted to physically consistent functional forms, Deep Sea Res., Part I,
54(11), 1985—-2004, doi:10.1016/j.dsr.2007.08.007.



Grasshoff, K., 1983. Determination of nutrients, pp 125-188. In: Grassoff, K., M. Ehrhardt,
K. Kremling (Eds.), Methods of Seawater Analysis, 2nd ed. Basel: Verlag Chemie GmbH,
pp. 419.

Henson, S.A., Sanders, R., Allen, J.T., Robinson, I.S., Brown, L., 2003. Seasonal constraints
on the estimation of new production from space using temperature-nitrate relationships.
Geophysical Research Letters, 30 (17), 1912, doi: 10.1029/2003GL017982.

Holt, J., Hughes, S., Hopkins, J., Wakelin, S. L., Holliday, N. P., Dye, S., Gonzélez-Pola, C.,
Hjallo, S. Seetre, M., Kjell A., Nolan, G., Proctor, R., Read, J., Shammon, T., Sherwin, T.,
Smyth, T., Tattersall, G., Ward, B. and Wiltshire, K., H. , 2012. Multi-decadal variability and
trends in the temperature of the northwest European continental shelf: A model-data

synthesis. Progress In Oceanography, 106, 96-117.

Hydes, D.J., Le Gall, A.C., Miller, A.E.J., Brockmann, U., Raabe, T., Holley, S., Alvarez-
Salgado, X., Antia, A., Balzer, W., Chou, L., Elskens, M., Helder, W., Joint, 1., Orren, M.,
2001. Supply and demand of nutrients and dissolved organic matter at and across the NW
European shelf break in relation to hydrography and biogeochemical activity. Deep Sea
Research 11, 48, 3023-3047.

Hydes, D.J.; Yool, A.; Campbell, J.M.; Crisp, N.A.; Dodgson, J.; Dupee, B.; Edwards, M.;
Hartman, S.E.; Kelly-Gerreyn, B.A.; Lavin, A.M.; Gonzalez -Pola, C.M.; Miller, P., 2003.
Use of a Ferry-Box system to look at shelf sea and ocean margin processes, in: Dahlin, H. et
al. (Ed.) (2003). Building the European capacity in operational oceanography: proceedings of
the 3rd International Conference on EuroGOOS 3-6 December, 2002, Athens, Greece.
Elsevier Oceanography Series, 69: pp. 297-303

Jiang, Z.-P., D. J. Hydes, T. Tyrrell, S. E. Hartman, M. C. Hartman, C. Dumousseaud, X. A.
Padin, 1. Skjelvan, and C. Gonzélez-Pola, 2013. Key controls on the seasonal and interannual
variations of the carbonate system and air-sea CO2 flux in the Northeast Atlantic (Bay of

Biscay), Journal of Geophysical Research: Oceans, 118, 1-16.


https://noc.ac.uk/publication/345922
https://noc.ac.uk/publication/345922
https://noc.ac.uk/publication/345922

Kelly-Gerreyn, B.A., Hydes, D.J., Jegou, A.M., Lazure, P., Fernand, L.J., Puillat, I. and
Garcia-Soto, C., 2006. Low salinity intrusions in the western English Channel. Continental
Shelf Research, 26, (11), 1241-1257. (doi:10.1016/j.csr.2006.03.007)

Koeve, W., 2001. Wintertime nutrients in the North Atlantic — New approaches and

implications for estimates of seasonal new production. Marine Chemistry, 74, 245-260.

Koeve, W., 2006. C:N stoichiometry of the biological pump in the North Atlantic:
Constraints from climatological data. Global Biogeochemical Cycles, 20, GB3018, doi:
10.1029/2004GB002407.

Kortzinger, A., Koeve, W., Kéhler, P., Mintrop, L., 2001. C:N ratios in the mixed layer
during the productive season in the Northeast Atlantic Ocean. Deep Sea Research |, 48, 3,
661-688.

Louanchi, F., Najjar, R.G., 2000. A global monthly climatology of phosphate, nitrate and
silicate in the upper ocean: Spring-summer export production and shallow remineralisation,
Global Biogeochemical Cycles, 14, 957-977.

Minas, H.J., Codispoti, L.A., 1993. Estimates of primary production by observation of
changes in the mesoscale nitrate field, ICES Mar. Sci.Symp., 197, 215-235.

Oschlies, A.,Garson, V., 1998. Eddy-induced enhancement of primary production in a model
of the North Atlantic Ocean. Nature, 394, 266-2609.

Perez, F.F.,Mourifio, C., Fraga, F., Rios, A.F., 1993. Displacement of water masses and
remineralization rates off the Iberian Peninsula by nutrient anomalies. Journal of Marine
Research, 51, 4, 869-892.

Pingree, R. D. and G. K. Morrison, 1973. The Relationship Between Stability and Source
Waters for a Section in the Northeast Atlantic. Journal of Physical Oceanography 3(3): 280-
285.

Pingree, R. D., 1975. The advance and retreat of the thermocline on the continental shelf.
Journal of the Marine Biological Association of the United Kingdom 55(04): 965-974.


http://eprints.soton.ac.uk/41180/
http://dx.doi.org/10.1016/j.csr.2006.03.007
http://southampton.library.ingentaconnect.com/content/jmr/jmr
http://southampton.library.ingentaconnect.com/content/jmr/jmr

Pingree, R. D., P. M. Holligan, et al., 1976. "The influence of physical stability on spring,
summer and autumn phytoplankton blooms in the Celtic Sea." Journal of the Marine
Biological Association of the United Kingdom 56(04): 845-873.

Pingree, R.D. and D.K. Griffiths, 1978. Tidal fronts on the shelf seas around the British Isles,
Journal of Geophysical Research, 83 (1978), pp. 4615-4622

Pingree, R.D., Mardell, G.D., Holligan, P.M., Griffiths, D.K.,Smithers, J., 1982. Celtic Sea
and Armorican current structure and the vertical distributions of temperature and chlorophyll.
Continental Shelf Research 1, 99-116.).

Pingree, R. D. and R. P. Harris, 1988. An in vivo fluorescence response in the Bay of Biscay
in June. Journal of the Marine Biological Association of the United Kingdom 68(03): 519-
529.

Pingree, R.D. and New, A.L., 1989. Downward propagation of internal tidal energy into the
Bay of Biscay. Deep-Sea Research, 36, 735-758.

Pingree, R. D., 1993. "Flow of surface waters to the west of the British Isles and in the Bay

of Biscay." Deep Sea Research Part 11: Topical Studies in Oceanography 40(1-2): 369-388.

Pingree, R. D., 1997. The Eastern Subtropical Gyre (North Atlantic): Flow Rings
Recirculations Structure and Subduction. Journal of the Marine Biological Association of the
United Kingdom 77(03): 573-624.

Pingree, R., C. Garcia-Soto, et al., 1999. "Position and structure of the Subtropical/Azores
Front region from combined Lagrangian and remote sensing (IR/altimeter/SeaWiFS)
measurements.” Journal of the Marine Biological Association of the United Kingdom 79(05):
769-792.

Pingree, R., 2005. "North Atlantic and North Sea Climate Change: curl up, shut down, NAO
and Ocean Colour." Journal of the Marine Biological Association of the United Kingdom
85(06): 1301-1315.



Pollard, R.T., Griffiths, M.J., Cunningham, S.A., Read, J.F., Perez, F.F., Rios, A.F., 1996.
Vivaldi 1991-A study of the formation, circulation and ventilation of Eastern North Atlantic

Central Water. Progress in Oceanography, 37, 167-192.

Puillat, I., Lazure, P., Jégou A.M., Lampert, L., Miller, P.1., 2004. Hydrographical variability
on the French continental shelf in the Bay of Biscay, during the 1990s, Continental Shelf
Research, 24, pp. 1143-1163

Redfield, A.C., Ketchum, B.H., Richards, F.A., 1963. The influence of organisms on the
composition of seawater, in The Sea, volume 2, edited by Hill, M.N., pp.26-77, John Wiley,
Hoboken, N.J.

Smythe-Wright, D., et al., 2012 ISOBAY (this issue)

Somavilla, R., C. Gonzélez -Pola, C. Rodriguez, S. A. Josey, R. F. Sanchez, and A. Lavin
(2009), Large changes in the hydrographic structure of the Bay of Biscay after the extreme
mixing of winter 2005, J. Geophys. Res., 114, C01001, doi:10.1029/2008JC004974.

Somavilla Cabrillo, R., Gonzalez-Pola, C., Ruiz-Villarreal, M., and Lavin Montero, A., 2011.
Mixed layer depth (MLD) variability in the southern Bay of Biscay. Deepening of winter
MLDs concurrent with generalized upper water warming trends? Ocean Dynamics 61, 1215-
1235.

Southward, A. J., Langmead, O., Hardman-Mountford, N. J., Aiken, J., Boalch, G. T., Dando,
P. R., Genner, M. J., Joint, |., Kendall, M. A., Halliday, N. C., Harris, R. P., Leaper, R.,
Mieskowska, N., Pingree, R. D., Richardson, A. J., Sims, D. W., Smith, T., Walne, A. W.,
Hawkins, S. J., 2004. Long-term Oceanographic and Ecological Research in the Western

English Channel . Advances in Marine Biology . 47:1-105

Sverdrup, H.U., 1953. On conditions of the vernal blooming of phytoplankton. J.du Conseil
int. pour explor. de la mer, 18, 287-295.

Taboada, F. and Anadon, R., 2012. Patterns of change in sea surface temperature in the North



Atlantic during the last three decades: beyond mean trends. Climatic Change.
d0i:10.1007/s10584-012-0485-6

Tang, C.L., D'Alessio, S.J.D., DeTracey, B.M., 2006. Mixed-layer simulations at OWS
Bravo: the role of salinity in interannual variability of the upper ocean at high latitude.

International Journal of Oceans and Oceanography, 1,1, pp. 119-1309.

Visbeck, M., E. P. Chassignet, R. G. Curry, T. L. Delworth, R. R. Dickson,and G. Krahmann,
2003. The ocean’s response to North Atlantic Oscillation variability, in The North Atlantic
Oscillation: Climatic Significance and Environmental Impact, editedbyJ.W. Hurrell,Y.
Kushnir, G. Ottersen and M. Visbeck, pp. 113-145, AGU, Washington, DC.

Waniek, J.J., 2003. The role of physical forcing in initiation of spring blooms in the Northeast
Atlantic. Journal of Marine Systems, 39 (1-2), 57-82, doi: 10.1016/S0924-7963 (02)00248-8.

Williams, R.G., McLaren, A.J., Follows, M.J., 2000. Estimating the convective supply of
nitrate and implied variability in export production over the North Atlantic. Global
Biogeochemical Cycles, 14 (4), 1299-1313.



	Figure 1. Schematic of the northbound ferry route showing regions 1-8 as identified by Bargeron et al., (2006). Of relevance are regions 4, the western approaches near the French coast at Ushant (30-130m); the shelf region 5; the slope and adjacent op...
	In this paper we focus on the Bay of Biscay section of the ferry route (45-46.5oN, regions 6 and 7 in Fig. 1), which is over deep water of up to 4000m. We contrast this with the on-shelf region 4 (47.5-48.5oN), which remains influenced by strong tides...
	The sampled water was taken from the ship’s cooling water supply at a depth of 5 metres. The Ferrybox system consisted of sensors to measure conductivity (precision 0.005 mmho cm-1) to calculate salinity; dissolved oxygen, temperature (precision 0.003...
	The inter-annual changes seen in the maximum winter nitrate in this study were in the order of 3 micro mol kg-1 (Table 1) which suggests a further source of winter nitrate or a decreased surface advection of low nutrient waters in some years. The curr...
	Acknowledgements
	Pingree, R.D., Mardell, G.D., Holligan, P.M., Griffiths, D.K.,Smithers, J., 1982. Celtic Sea and Armorican current structure and the vertical distributions of temperature and chlorophyll. Continental Shelf Research 1, 99–116.).

