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Abstract. All marine organisms are affected to some ex- Water (sLSW) and the warm northward flow of the Gulf
tent by the movement and thermal properties of oceanic curStream. By sLSW we do not mean Labrador Sea Water
rents. However phytoplankton, because of its small size ighat sinks and spreads southwestwards across the Mid At-
most directly coupled to the physical environment. The in-lantic Ridge with characteristic low salinity and tempera-
tense hydrodynamic activity observed in the Northwest At-ture at a depth of 1900 m in the Bay of Biscay (Pingree,
lantic Shelves Province makes this region especially intrigu-1973). Rather, the water has surface properties acquired in
ing from the point of view of physical-biological interac- the Labrador Basin or Newfoundland Shelf (see Griffiths et
tions. In the present work, remote sensed data of Sea Sugl., 1981, for IR image). The Gulf Stream flows from the
face Height (SSH) anomalies, Sea-surface chlorophgtin- continental slope off Cape Hatteras and travels eastward, me-
centrations (SeaWiFS), and Sea Surface Temperature (SSBndering until the tail of the Grand Banks (Stommel, 1958).
are used to complement the Continuous Plankton RecordeBecause of its highly dynamic nature, this environment is a
(CPR) survey that continuously sampled a route betweerperfect candidate to assess the role of physical-biological in-
Norfolk (Virginia, USA; 39 N, 71° W) and Argentia (New- teractions in the control of the biological processes by their
foundland; 47 N, 54° W) over the period 1995-1998. Over physical environment.

this period, we examined physical structures (i.e. SST and

SSH) and climatic forcing associated with space-time phy- Frontal and upwelling regions, and their related enrich-
toplankton structure. Along this route, the phytoplankton ment processes, are widely acknowledged to be favouring
structures were mainly impacted by the changes in surfacéhe rapid growth of phytoplankton (e.g. Wyatt and Horwood,
flow along the Scotian Shelf rather than significantly influ- 1973) as they represent areas where “auxiliary energy” (Mar-
enced by the mesoscale features of the Gulf Stream. Thesgalef, 1978) fluctuates rapidly in space and time (Legen-
changes in water mass circulation caused a drop in temperdlre and Demers, 1984; Legendre et al., 1986). Pingree
ture and salinity along the Scotian Shelf that induced change$t al. (1979) also established that eddies have an influence

in phytoplankton and zooplankton abundance. on the transfer and growth of the phytoplankton. More re-
cently, Gonzalez et al. (2001) have shown that mesoscale fea-

tures are important sources of organic carbon to the pelagic
ecosystems in oligotrophic areas and thus greatly influence
the plankton community. More specifically, Gulf Stream
warm core and cold core rings have been shown to influence
surface phytoplankton distributions via the entrainment of
Yhe surrounding water masses around and into the rings (Ken-
nelly et al., 1985; Garcia-Moliner and Yoder, 1994; Ryan
et al., 1999, 2001). Gulf Stream warm-core rings have also
%een shown as strongly influencing water mass and chloro-
Correspondence tdS. C. Leterme phyll distributions along the southern flank of Georges Bank
(sophie.leterme@flinders.edu.au) (Ryan et al., 2001; Bisagni et al., 2001). This area is also

1 Introduction

The intense hydrodynamic activity observed in the North-
western Atlantic Shelves Province (Longhurst, 1998) make
this region especially intriguing from the point of view of
physical-biological interactions. This area is under the influ-
ence of the cold southward inflow of surface Labrador Se
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Fig. 1. Topography of the studied area and the 15 stations sampled along the CPR route (black dots). StatitoNG&(¥¥) and B (42 N
60° W) have been specifically chosen as representative of the shelf area and the open ocean to determine the changes in geostrophic surfa
flow between them over the period 1992-1998.

under the influence of the North Atlantic Oscillation through timeter (i.e. Sea Level Anomalies and eddies) over the period

modification of the surface and deepwater circulation pat-1995-1998.

terns of the North Atlantic, and more specifically the trans-

port of Labrador Current. The related fluctuations in the in-

flow of Labrador Subarctic Slope Water (LSSW) along the 2 Materials and methods

Scotian shelf have been associated with changes in coastal

water characteristics (i.e. SST, salinity and nutrient concen2.1 Continuous Plankton Recorder

tration) and zooplankton abundance (Greene and Pershing,

2000). The Continuous Plankton Recorder (CPR) survey is an
Remotely sensed data collected since the late 1970s pratpper-layer plankton monitoring program that has regularly

vide oceanographers with a large volume of information oncollected samples, at monthly intervals, in the North Atlantic

the state of the surface of the World Ocean. Data providedsince 1931 (Warner and Hays, 1994). The CPR is a high-

by infrared sensors collecting information on Sea Surfacespeed sampler, usually towed at 5-9m,$ehind voluntary

Temperature (SST), altimeters obtaining anomalies of Seanerchant ships at a standard depth of ca 6.5m (Hays and

Surface Height (SSH), and the Sea-viewing Wide Field-of-Warner, 1993). After the tow, the CPR is brought back to

view Sensor (SeaWiFS) have allowed the analysis of seathe laboratory for routine analysis. Warner and Hays (1994)

sonal variations of phytoplankton biomass. It is thus possi-have described methods of counting and data processing. De-

ble to compare biological and physical data obtained simul-spite the near-surface sampling, studies have shown that this

taneously. The aim of this study is thus to examine the im-sampling gives a satisfactory picture of the epipelagic zone

pact of the LSSW changing flow along the Scotian Shelf and(Lindley and Williams, 1980). The visual estimation of the

the influence of Gulf Stream rings along the George Bank.total phytoplankton biomass, known as the Phytoplankton

A specific CPR route (E-route; between Norfolk — Virginia, Colour Index (PCI), is determined for each sample. This in-

USA; 39 N, 71° W — and Argentia — Newfoundland; 4R, dex has four levels of colour from “nil” to “green” (“nil”;

54° W) has then be used to investigate (i) the consistency beno phytoplankton, “very pale green”: low biomass of phyto-

tween PCIl and SeaWiFS measurements in this area, (ii) thelankton, “pale green”: medium biomass of phytoplankton,

fluctuations of phytoplankton biomass and its geographical‘green”: high biomass of phytoplankton). These ordinal val-

distribution, (iii) the potential links between PCI, SST and ues have been assigned numerical values based on the work

NAO, and (iv) the relation between phytoplankton and al- of Colebrook and Robinson (1965). The CPR survey has
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been sampling continuously a route between Norfolk, (Vir- WiFS Research Data Use Terms and Conditions Agreement.
ginia, USA; 39N, 71° W) and Argentia, (Newfoundland; The SeaDAS (SeaWiFS Data Analysis System) software was
47° N, 54 W) over the period 1995-1998 (Fig. 1). The vi- used to process the SeaWiFS data to final chlorophgtin-

sual estimation of the total phytoplankton biomass, knowncentration (¢) and was estimated from the ratio of radiances
as the Phytoplankton Colour Index (PCI), was determinedmeasured in band 3 (480-500 nm) and band 5 (545-565 nm)
for each of 15 stations along the CPR route, correspondingaccording to the following NASA algorithm:

to the stations most continuously sampled over the period of~ _

study (Fig. 1). The Hoviiller diagram of PCI has allowed Ev“ = exp[0.464— 1.989Ln(Lw 490/ Lw w559 @

a comparison of in situ measured structures with those oband monthly composite SeaWiFS maps for the North At-
served from space (i.e. SLA and PCl diagrams) and Sea sufantic were derived. For deriving the 5 year mean seasonal

face Temperature (SST). cycles, the SeaWiFS Chl (chlorophydl)data were spatially
averaged ovet:=25km in both latitude and longitude and
2.2 Sealevel anomaly missing data due to cloud coverage interpolated. The Sea-

WIFS chlorophylla concentration data thus obtained allow
Sea Level Anomaly (SLA) heights have been measured byhe study of the structure and seasonality of phytoplankton
the ERS 1/2 and Topex Poseidon satellites since the 22 Oclong the CPR route in the overlapping time window between
tober 1992 at 10 days intervals. The data have been proSeptember 1997 and December 1998.
cessed according to Le Traon et al. (1998) with SLA data
spatially interpolated to 0.25n both latitude and longitude.

Data analysis and processing methods of Pingree etal. (199%everal indices have been developed to quantify the state of

were adopted. The SLA is composed of mesoscale SUUCHe North Atlantic Oscillation, but the most widely used is

ture imposed on seasonal changes with eddy or Rossby WaMgrrell's NAO index (Hurrell, 1995). Monthly indices of

structure usually dominant. The structures of SLA can bethe NAO, based on the difference of normalised sea level

masked by the annual signal which corresponds in part to th?)ressures between Ponta Delgada, Azores and Stykkishol-
rise and fall of the sea surface that arises from the expany, ,/Reykiavik, Iceland, are available since 1865. In or-

sion and contraction of the ocean due to its heating up andhe, 1, taye into account the monthly variability, we used
cooling down with seasonal climatic change. In addition, themonthly—time series of NAO as a climatic index. The Sea
S.LA Is infl_uenced by an anpua_l cycle due.to chan CirCUIa'Surface Temperature (SST; HadISST 1.1 from the British
tion. Fourier aanyS|s and.fllterlng of SLA in time has_been Atmospheric Data Centre) data were used to provide addi-
used to determine the per[ods of dominant structure (i.€. N climatic information likely to influence phytoplank-
nual signal and longer periods) alqng the CPR rout_e and haﬁ)n growth and abundance. The longer NAO time series
been L.jsed to remove the annual S'Qf?a' gnd any residual meqp "5 10w some examination of the temperature or altime-
elevation (which should be zero). Being in a shelf break area response to longer period forcing. The cumulative sums

tidal aliasing due to the semi-diurnal tide was removed. SLAmethod for NAO showed a tendency for periodicity near 2 to
have already been shown to allow the tracking of propagat-; years and near 8 years. The present data are insufficient to

ing features (Sinha et al., 2004). These data have then bee<=p§tablish a link with PCI but we note that temperature data in

used t? es':jimgte the pSesence ?gggatudrel;of anobmagzz én E fie North Sea sometimes exhibit a 2 to 3 year periodicity and
area of study between January anad becember ' —altimeter data can have a significanb to 8 year response in

evatlop and.depress]on of the sea surface are plotted on fhe northern North Atlantic with marked sea surface eleva-
I—_|ovmo||er diagram (i.e. changes of property in space andtion gradients in the Northwest Atlantic Shelves and adjacent
time). Ocean region (Pingree, 2005). The winter Index also shows
an ~80 year period with a maximum near 1910 and a min-

imum near 1950-1960 and further a maximum near 1990.

N . . The circulation response to changes in winter NAO Index is
SeaWiFS is a spectroradiometer that measures radiance Mscussed in 4.2

specific bands of the visible light spectrum (Mueller and

Austin, 1995). The satellite spectroradiometer offers thep 5 Data analysis

possibility of observing and investigating the oceans from a

global point of view and provides information on chlorophyll Trends in monthly time series of PCI were examined at each
a on a daily, weekly, monthly and annual basis. As phyto- station by calculating Kendall's coefficient of rank correla-
plankton contain pigments, they appear as different reflectivdion, , between the series and the time in months in order
colours when they are detected by SeaWiFS. SeaWiFS dat® detect the presence of a linear trend (Kendall and Stuart,
produced by the SeaWiFS project were obtained from thel966). The relationship between phytoplankton and climate
Goddard Distributed Active Archive Centre under the aus-indices was tested through Spearman rank correlation analy-
pices of NASA. Use of these data are in accord with the Seasis performed at each station between monthly time series of

2.4 Climatic indices

2.3 SeaWiFS data
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Table 1. Spearman correlation analysis between the monthly time3 Results
series of PCI and SeaWiFS (original data) and between seasonal
cycles of PCI and SeaWiFS over the period 1997-1998. *5% sig-3.1 Comparison of temporal structures of two phytoplank-

nificance level. ton estimator
Stations  Original data  Seasonal cycles Seasonal cycles of SeaWiFS and PCI (Fig. 2) identified dis-
1 0.56* 0.54 tinct regimes for the Georges Bank (stations 2 and 3), Shelf
2 -0.23 0.58* Break and Sable Island (stations 6, 7, 8 and 9) and St Pierre
3 —-0.43 0.58* Bank (stations 13 and 14). A decrease-(-0.13, p<0.5) in
4 0.30 0.36 SeaWiFS Chk is observed along the E-route towards New-
5 0.16 0.52 foundland. Along the CPR route, monthly time-series of PCI
6 0.03 0-78: and SeaWiFS chlorophydl showed significant correlation in
7 0.02 0.92 only 20% of the stations, with a maximum positive correla-
8 0.51* 0.86* . L . .
9 043 0.89* tion of. 0.69 (Table 1). In contrast, S|gn|f|cgnt relationships
10 0.41 0.42 between seasonal cycles of PCl and SeaWiFS:@gre ob-
11 0.69* 0.33 served in 53% of the stations along the CPR route (Table 1,
12 0.22 0.45 Fig. 2), with a maximum positive correlation of 0.92 (Ta-
13 0.34 0.67* ble 1). There is, finally, a significant correlatiop,&0.65,
14 0.37 0.60* p<0.05) between the averaged seasonal cycles of these two
15 0.22 0.37 estimators of phytoplankton (Fig. 3).

3.2 Phytoplankton Colour Index and climate indices

The bloom usually observed between February and May (Ri-
ley, 1941) was not existing on Georges Bank (and also sta-
tions 13, 14 and 15) in 1997, but an unusual autumn bloom

PCI and (i) the NAO and (ii) the Sea Surface Temperature V@S observed in 1996 (Fig. 4a). In the other statiqns along
As the environmental changes induced by the NAO do notth€ E-route, the usual bloom was observed but during an ex-
occur instantaneously, we took into account the possibilityl€nded period of time (November 1996—June 1997). Those
of a lagged response from the phytoplankton and conducte§h@nges were also visible on the PCI cumulative sums dia-
the correlations between PCI and NAO with a lag of zero to9"@m (Fig. 4d). The PCI anomalies cumulative sums analy-
3 months. However, as the response of phytoplankton to th&!S revealed dlffe.rent. local trends in the tlmg series, with a
resulting effects of SST fluctuations is quick, the correlation€hange of slope in winter 1996/1997 for stations 1 to 5. For

between SST and PCI was not performed at different lags. stations 6 to 10, the cumulative sums of PCI increased from
December 1996 until March 1997 and decreased afterwards.

Changes were also observed in SST, with negative anoma-

To detect changes of intensity and duration in the value oflies observed between June 1996 and June 1997 in stations
PClI, the cumulative sums method (fizz et al., 1993) was 1-9 on the SST Hoviller diagram (Fig. 5¢). Conversely,
used. It consists of subtracting a reference value (here th80 specific trends were observed in SST for stations 10 to
mean seasonal cycle of the PCI values at each station) frord5. The SST anomalies cumulative sums analysis (Fig. 5d)
the data, resulting anomalies (Fig. 4c) are then successivel{evealed different trends depending on the location along the
added, forming a cumulative function. This ana|ysis was per.Continental shelf. In stations 1 to 5, the cumulative sums of
formed on the time series of monthly anomalies of PCI atSST (Fig. 5d) increased until December 1995 and decreased.
each station along the route. The cumulative sum method No significant trends were observed in PCI time series
was also used on the altimeter and SST anomaly data. Thialong the CPR route. Mostly significant inverse relation-
method is useful for data where high frequency variance mayships occur along the route between the PCl data and SST
obscure longer-term trends. The relationship between PC(Table 2). This is consistent with the shift occurring between
and SeaWiFS was also tested through Spearman rank corréheir seasonal cycles, with a minimum SST in March occur-
lation analysis performed at each station between (i) originaking near the maximum of PCI (i.e. Spring Bloom period).
data (based on 4 years time series) and (ii) mean seasonal cifowever, no significant relationships were found between
cles (determined from the 15 stations along the CPR route)PCI residuals and SST residuals. Although, no correlation
The structure (i.e. mean, amplitude and phase) of PCI andvas found between simultaneous PCl and NAO time se-
SeaWiFS seasonal cycles (12 months time series) was conmies, positive significant correlations were observed between
pared. monthly PCI and NAO with a lag of 2 months (Table 2).

Ocean Sci., 3, 10816, 2007 www.ocean-sci.net/3/105/2007/
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Fig. 2. Seasonal cycles of Phytoplankton Colour IndaxB, C) and SeaWiFS chlorophyd (mg.m—3 Chla; D, E, F) along the CPR route
(15 stations). The cycles that were significantly correlated were observed on Georges Bank (stations 2 and 3), Shelf Break (Stations 6 anc
7), Sable Island (stations 8 and 9) and St Pierre Bank (stations 13 and 14); see Table 2. The cycles have been repeated for 2 years.

Table 2. Results of Spearman correlation analysis between the monthly time series of PCI and NAO and both original and residual (seasonal
cycle removed) time series of PCl and SST over the period 1995-1998. *5% significance level.

Stations monthly PCI-NAO original data  residual
nolag 1monthlag 2monthslag 3 months lag PCI-SST PCI-SST
1 0.20 0.29* 0.17 —0.09 —0.38* 0.11
2 0.07 0.27 0.34* 0.12 —0.25 0.08
3 —0.18 0.12 0.23 0.14 —0.24 0.07
4 0.08 0.24 0.20 —0.02 -0.21 0.15
5 0.01 0.03 0.15 0.06 —0.39* 0.08
6 0.00 0.25 0.39* —0.02 —0.50* 0.03
7 0.08 0.25 0.34* 0.10 —0.56* 0.02
8 0.10 0.35* 0.22 —0.04 —0.48* 0.06
9 0.07 0.10 0.17 0.13 —0.59* —0.02
10 —0.14 0.23 0.36* 0.18 —0.71* -0.17
11 —0.10 0.23 0.45* 0.11 —0.69* —0.13
12 0.04 0.23 0.36* 0.19 —0.70* 0.11
13 —0.05 0.22 0.35* 0.13 —0.63* 0.05
14 —0.02 0.22 0.24 0.19 —0.59* 0.01
15 —0.07 0.28 0.20 0.13 —0.67* 0.02

3.3 Phytoplankton and mesoscale physical processes is cooler (see Fig. 5). Positive and negative anomalies have
been identified in the SLA residuals on Hoblter diagram

The annual component of altimeter Sea Level Anomaly(e'g' marked +£, Fig. 6¢). Those anomalies can influence

(SLA) and tidal aliasing (Fig. 6b) revealed the alternation the spatial structgre of PCI. In parti_cular, PCl anomaly st_ruc-
between positive and negative SLA with annual periodicity. tures corresponding to the SLA residual structures were iden-

This corresponds to the rise and fall of the sea surface resulfified- Lower/higher SLA residuals (identified respectively
ing from the expansion and contraction of the ocean due td?Y Si9nS—and + in Fig. 6c) are associated with higher/lower
seasonal heating and cooling. There was a lag of two month§l @ values (identified respectively by signs + andin

in the maximum rise and fall of the water level between sta-F19- 4C). However, there was no statistical significant cor-

tions 1 and 15. The amplitude of the annual component igelation between residuals of PCIl and SLA for the whole re-
reduced northward along the route where the surface wate?'?"-

Www.ocean-sci.net/3/105/2007/ Ocean Sci., 3, 10%-2007
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Table 3. Structure of the seasonal cycles of Phytoplankton Colour Index (PCI) and SeaWiFS chloropisilthe period 1997-1998.

Annual Semi-annual Mean Ratio of the amplitudes
Amplitude Phase®) Amplitude Phase® (Semi-annual/Annual)
PCI 1.57 74 1.10 170 1.57 0.70
SeaWiFS (mg m3 Chlz)  0.20 28 0.23 215 0.94 1.15
7 2

PCl
(~w Sua)
2 UD SATMEIS

Months

Fig. 3. Mean seasonal cycles of PCI (black triangles) and SeaWiFS chlorapl(lyig.m_3 Chla; open dots) over the period 1997-1998
along the CPR route. The error bars are the standard deviation.

Changes in geostrophic surface flow can be derived from4 Discussion
altimeter data. This was done by measuring the difference in
SLA residuals between 2 locations specifically chosen as rep4.1  Seasonal cycles of Phytoplankton Colour Index and
resentative of the shelf area (A; 4M 62° W) and the open SeaWiFS chlorophyl
ocean (B; 42N 60° W; Fig. 1), removing the annual com-

ponent and tidal aliasing for a 9 years period 1992—2001 andong the E-route, a significant relationship has been ob-
applying the geostrophic relation for surface current: served between the seasonal cycles of two estimators of phy-
toplankton biomass (i.e. PCl and SeaWiFS chloropdylh
fo=—g ﬂ ) 53% of the stations, with a maximum positive correlation of
Ax 0s=0.92. A similar comparison, based on monthly time se-
Where f is the coriolis parameter, is the surface velocity, fies of PCl and SeaWiFsS over the period 1997-2002, made
g the acceleration due to gravit&rx is the distance between for the Central NE Atlantic and the North Sea, gave a Pear-
A and B andAE is the difference in SLA. Between October Son’s correlation coefficient of 0.79 (Raitsos et al., 2005).
1992 and July 1995, the relative mean geostrophic flow mov-However, based on monthly time series, only 20% of the

ing northeast between the two stations waskm.day 2. stations investigated here showed a significant relationship.
Then, after May 1996, the relative mean flow reversed (mov-This strongly suggests that the relationship between PCI and
ing southwest) with a mean speed o8 km.day? until SeaWiFS varies spatially (i.e. the average distance between

April 1998. The correlation coefficient of the slope dif- 2 stations along the E-route is 100 km) and that the most of

ference or geostrophic flow with NAO over the 9 year pe- the observed variability is driven by small-scale processes.
riod was 0.44 for zero lag. A maximum correlation of 0.72 As Raitsos et al. (2005) took into account CPR sampling sta-
found with a NAO lag of 9 months. The cumulative sums tions located all over the Central NE Atlantic and the North
of geostrophic current (from SLA data effective|y g|v|ng a Sea, and did not compare individual stations, they smoothed
mean distance of travel between the 2 stations A and B) wa#he above-mentioned spatial variability that might have been
positively correlated with cumulative NAO monthly index Present.

(Fig. 7, ps=0.60, p<0.0001).

Ocean Sci., 3, 108416, 2007 www.ocean-sci.net/3/105/2007/
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Fig. 4. Hovmbller diagram of original datéA), seasonal cycléB) and anomalies after removing the seasonal c{€)eof Phytoplankton

Colour Index (PCI) for the 15 stations sampled on the CPR route between January 1995 and December 1998. Cumulative sum analysis wa:
performed on PCl anomalies for all the stati¢bB3, over the period 1995-1998. Low (high) values of PCI are marked-with) sign (these
correspond with positive (negative) anomalies marked with i Fig. 6).

Years Years

1998
1997 1907
1996 21996
S iz (-1:; 1993
791013151 3 5. 7 % 111315 3 57 9111315 1510 5 0 5 -0

Stations Stations Stations Cumulative sums

(SST anomalies, degrees month)

Fig. 5. Hovmoller diagram of original dat§A), seasonal cycléB) and anomalies after removing the seasonal c{€leof Sea Surface
Temperature (SST) for the 15 stations sampled on the CPR route between January 1995 and December 1998. Cumulative sum analysis we
performed on SST anomalies for all the stati¢D¥, over the period 1995-1998.
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Years

1998 1998

1997

1997

1996

i - : 4 11995
1 3 7.9 11 1315 7 .g 1 13 15 1 3 5 7 9 111315 3000 2000 1000 0 -1000-2000-3000
Stations Stations Stations Cumulative sums

(Sea Level Anomalies, mm month)

0

Fig. 6. Hovmbller diagram of original dat§A), seasonal cycléB) and anomalies after removing the seasonal c{€leof Sea Surface
Heights (SSH) for the 15 stations sampled on the CPR route between January 1995 and December 1998. Cumulative sum analysis wa
performed on the residuals of Sea Level Anomalies (SLA) for all the staf@h®over the period 1995-1998.

In addition to the moderate level of association betweencomponent to both PCI and SeaWiFS signals on Georges
the seasonal cycles of PCl and SeaWiFS (Table 1), the strudank (Fig. 2a, d) and St Pierre Bank (Fig. 2c, f) when com-
ture of the seasonal cycle also differs (Table 3). A simplepared to the near shelf break stations 6-9 (Fig. 2b, €). In
seasonal cycle can be considered as a simple three compasdition, the amplitude of the seasonal cycle reached maxi-
nent model, i.e. the sum of the mean, the fundamental commum levels near the shelf break stations 6-9 (see Fig. 2). The
ponent (annual component) and its first distorting harmoniccomparison of PCl and SeaWiFS seasonal cycles thus leads
or overtone (semi-annual component). The annual and semto the conclusion that:
annual components of PCl and SeaWiFS data, derived using
Fourier analysis, are listed in Table 3 with their mean value.
The combination of phases and amplitudes of the annual and
semi-annual components estimated for PCI (Table 3; see also
Fig. 3) leads to an increased amplitude of the spring bloom _ The mean levels of Cldland PCI decrease from stations
and a weakened autumn bloom. By contrast, the phases 1 g 15.
for SeaWiFS data tend to split the maximum amplitude re-
gion into a spring and autumn blooms (Fig. 3). In addition, — The mean SeaWiFsS levels for the seasonal cycle (Fig. 3)
the semi-annual SeaWiFS signal is relatively larger than the  are relatively higher than mean PCI levels showing that
semi-annual PCI signal (Table 3). The phases of the PCland  the “zero PCI” does not correspond to “zero SeaWiFS
SeaWiFS annual cycle differ by ca.4@rable 3), indicating Chl a” phenomena. We note that for PCI values of 0—
a ca. 1.5 months lag between for the PCI maximum value 1, Raitsos et al. (2005) found SeaWiFS Ghialues
with respect to the overall increased levels of SeaWiFS be-  of ~1-1.65mg m? whereas in this study this range
tween autumn and spring. The difference between the ratio ~ Of values corresponded to SeaWiFS Ghlalues of

— Overall, the Chlke and PCI seasonal cycles for stations
1 to 15 are similar but the shelf break stations show a
relatively reduced semi-annual distortion;

of the mean to the annual component (SeaWifsS PCh1) ~0.8mg nT3. In this study, the maximum PCI value
suggests a clear divergence in the two methods for assessing  Of the seasonal cyclg of5 corresponds to a SeaWiFS
chlorophylla levels, especially during the summer minimum Chla of ~1.5mg nT~ (about three times less than es-

where PCl estimates are near zero in June. Further examina- ~ timated from Raitsos et al., 2005). This implies that
tion of the seasonal cycle observed along the E-route shows  different regions would require different calibrations of
a more significant relative contribution of the semi-annual  the relationship between PCI and SeaWiFS &£hl
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Fig. 7. Cumulative NAO (index month; black triangles) and cumulative geostrophic current (white triangles) derived from altimeter sea level
anomaly (km) over the period 1995-1998.

4.2 Influence of the climate tween 1995 and 1997 (Smith et al., 2001). The movement of
water masses along the Scotian Shelf is then strongly influ-
o enced by the different phases of NAO. The changes in flow
Along the CPR route, phytoplankton was significantly COr- ajong the Scotian Shelf can be understood by considering
related with monthly NAO (with a lag of 1-2 months). the climate change from NAO positive conditions (ending in
PCI anomalies cumulative sums analysis revealed chang&ginter 1994-1995) to NAO negative conditions (starting in
in trends of the time series, with a change in slope betweeryymmer 1995). The weakened wind stress (or reduced curl
December 1996 and March 1997 for stations 2 to 13. In admagnitude) over the North Atlantic associated with negative
dition, there was no spring bloom on Georges Bank in 1997NaQ conditions results in a reduced anticyclonic circulation
(Fig. 4a). Finally, we observed a decrease in SST betweegy jn a cyclonic anomaly. The sea level anomaly picture for
June 1996 and June 1997 on the Scotian Shelf (Fig. 5¢). Thgyecember 1997 (Fig. 8) shows the cyclonic anomaly with a
earlier period (winter 1995-1996) corresponds to the mosientra| regional low value of —3 cm and inverse anomaly of
negative value observed in NAO winter index since 1970814 c¢m in exterior regions. This illustrates a weakening of
(Hurrell, 1995) with a maximum change between positive the North Atlantic circulation resulting from NAO negative
and negative values between 1995 and 1996. After the NAQ gnditions.
index’s large drop in 1996, the Labrador Subarctic Slope Wa-
ter (LSSW, i.e. cool, fresh water poor in nutrients; Petrie In physics, the deformation of a surface or circular mem-
and Yeats, 2000) advanced along the shelf break, displacingrane is defined in terms of Chladni’'s figures or normal
the Atlantic Temperate Slope Water (ATSW, i.e. relatively modes. Oceanographers sometimes prefer a description
warm and salty) offshore and penetrating to the southwesbf the sea surface elevation deformation in terms of poles
as far as the Middle Atlantic Bight (Mercina, 2001). Be- (c.f. electrostatics) and the interpretation can be straight-
tween October 1992 and July 1995, the geostrophic flow relforward using the geostrophic relation. We have analyzed
ative to the long term mean estimated from altimeter datathe response of the North Atlantic Ocean to westerly wind
was moving northeast (i.e. corresponding to ATSW flowing stress or NAO for (i) a mean trend (climate change), (ii)
along the continental shelf). This flow towards Newfound- along 35 W, (iii) an 8 year period response and (iv) an
land was~1km day ! until July 1995, it then reversed to abrupt change in NAO (Pingree, 2002, 2005). The basic
~3km day ! from May 1996 until April 1998. It is then structure or response to a change in NAO is a quadrupole
suggested that the ATSW was progressively replaced alon¢hough the detail and scale may differ. With a sudden de-
the shelf and slope region by LSSW from 1997 to Februarycrease in winter NAO sea surface elevation falls along the
1998, in accordance with previous observations (Greene eGulf Stream and the North Atlantic Current and rises to the
al., 2003). These water masses movement are also associerth in the Labrador, Irminger and Iceland Basins and to the
ated with a decrease in surface salinity on Georges Bank besouth in the Canary Basin and towards America (see Fig. 8).
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4.3 Influence of mesoscale physical processes

The annual component of Sea Level Anomalies (SLA) has
shown two structures along the CPR route:

— alag of two months in the rise and fall of the water level
between station 1 and 15 (Fig. 6b);

— a decrease in the amplitude of the annual component
northward along the route (Fig. 6b), where the surface
water is cooler.

Latitude (°N)

The expansion and contraction of the water column, repre-
T T T — sented by the annual component, is associated with the sea-
0 -0 -0 50 4 0 -0 -0 0 sonal changes in SST. Moving northward along the E-route,
Longitude (°E) the mean temperature of the seawater is cooler (Fig. 5a), and
. ) . the heat necessary to expand the water column correspond-
Fig. 8. Sea Level Anomaly (SLA, in mm) for the winter of 1997/98 jnqy js greater. Part of this lag corresponds to a delayed heat-
(~ centered on 15 December 1997) showing cyclonic tendency fof o oy cle further north. The spring bloom is delayed by about
the North Atlantic under negative phase of the North Atlantic Os- e )
cillation (NAO). a month due to _the delaye_d onset of stratlf!catlon (i.e. max-
imum of the spring bloom in March for stations 1-8 and in
April for stations 9—15; see Fig. 4b).

More specifically, positive and negative anomalies have
been identified in SLA on the Hoviller diagram (Fig. 6c¢).
Specific structures have also been identified in PCI. Negative
ﬁnomalies visually correspond to areas of high chlorophyll
concentration and positive anomalies are usually associated

ith low SeaWiFS chlorophyll: concentrations. Negative

LA anomalies, corresponding to cyclonic eddies, are asso-
ciated with high levels of inorganic nutrients reintroduced in
the water column by localised upwellings (Hitchcock et al.,
1993; Afistegui et al., 1997). In contrast, positive anoma-
lies corresponding to anticyclonic eddies are associated with
depressed isotherms and low levels of inorganic nutrients.
These processes are thus likely to modify the development of

There is strong evidence that production rates of the copelocalised phytoplankton blooms and then influence the con-
pod Calanus finmarchicusvere limited by the lack of food centration in SeaWiFS chlorophyllobserved at the same lo-
on the southern flank of Georges Bank during April 1997 cation. However, there was no significant overall correlation
(Campbell et al., 2001). This observation is consistent withbetween residuals of PCI and SLA. Maiwi et al. (2005)
the absence of a phytoplankton spring bloom in 1997 on théhave shown that mesoscale features are not always associ-
Georges Bank (Fig. 4a). The timing and development of den-ated with changes in biology. On the Shelf, SLA anomalies
sity stratification on Southern Georges Bank have, howevernmay not be related to eddies, and result from different causes
also been shown to influence the growth and recruitment ofe.g. wind set-up, circulation, tidal aliasing, surges) that may
copepods (Bisagni, 2000). The changes in seawater characot correlate directly with Chi. Moreover, Chk anomalies
teristics (i.e. temperature, salinity, nutrient levels) following are likely to have a maximum signal in the productive season
the inflow of LSSW might have modified the timing and de- due to variations in the timing of the spring bloom whereas
velopment of the spring bloom and the density stratificationSLA anomalies are not seasonally constrained. These obser-
on Georges Bank, resulting in the absence of a spring bloonvations lead to the conclusion that except in the open ocean,
in 1997. Greene and Pershing (2003) showed a lag of 2 yeaii is difficult to state unambiguously that there is a relation
between the negative NAO event of winter 1995-1996 andbetween altimeter anomalies and phytoplankton structures.
the Calanus finmarchicuslecline in the Gulf of Maine. It Gulf Stream rings have been identified as moving towards
is finally suggested that such modifications in the ecosystenthe Scotian shelf between September 1997 and December
might have a strong impact on the higher levels of the food2000 (Leterme and Pingree, 2007), but none of them (based
web. This is especially critical in a region like Georges bankon the position of the centre of the eddy) was actually ob-
that is a large retention area for Atlantic herring, cod, had-served crossing the shelf break. As a consequence, the posi-
dock, hake and flounder (Backus, 1987). tive and negative shelf anomalies identified in SLA between

Further distortion due to asymmetry of circulation (e.g. west-
ern intensification, Stommel, 1958) within the North Atlantic
Ocean Basin is such that the raised elevation regions can joi
along the eastern margin of the North Atlantic Ocean. This
also happened 2 years earlier in December 1995 followin
the sudden fall of NAO in 1995 (see Pingree 2006). The fall
in sea elevation is intensified in the Gulf Stream and North
Atlantic Current region (making the quadrupole) with de-
pressions of sea elevation 6f—10cm near 38N, 55 W
and~—14cm near 39N, 45 W and~—12 cm near 44N,

37° W in December 1997 (see Fig. 8).
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1995 and 1998 do not seem to be related to Gulf Stream a study of mesoscale variation around Gran Canaria, Deep-Sea
rings. However, a positive SLA anomaly observed on the Res., 44, 71-96, 1997.

southern flank of the Georges Bank (i.e. our stations 2 and 3Backus, R. H.: Georges Bank, MIT Press, Cambridge, Mas-
in May-June 1997 has been identified by Ryan et al. (2001) sachusetts, 1987. _ o

as a warm-core ring (anticyclone). Low SeaWiFS @hl Bisagni, J. J.: Estimates of vertlcgl heat flux an_d s:t_ratlflcatlon
features related to anticyclonic eddies were observed near oM Southern Georges Bank, interannual variability, 1985-
Georges Bank in February and March 1999, but these coul%. 1995, Cont. Shelf Res., 20, 211-234, 2000, . .

. . ! isagni, J. J., Seemann, K. W., and Mavor, T. P.: High-resolution
9“'3’ mﬂ_uence_Stat'ons 1and 4 of the E'rQUte' TWO such an- satellite-derived sea-surface temperature variability over the Gulf
ticyclonic eddies were observed at Station 4 in 1995 near ot pmaine and Georges Bank region, 1993-1996, Deep-Sea Res.
Georges Bank. These observations corroborate the possi- ||, 48, 71-94, 2001.
ble observation of anticyclonic rings on the southern flankCampbell, R. G., Runge, J. A., and Durbin, E. G.: Evidence for
of the Georges Bank. A more extended analysis of sea level food limitation of Calanus finmarchicuproduction rates on the
anomalies showed that a few of these relatively smaller anti- southern flank of Georges Bank during April 1997, Deep-Sea
cyclonic eddies could move cyclonically around a larger cold  Res. Il, 48, 531-549, 2001.
core negative anoma|y or Gulf Stream R|ng in the ocean re.CO|eb|'00k, J. M. and Robinson, G. A.: Continuous Plankton
gion and reach the continental slope region near Station 6 Records: seasonal_ cycles of phytoplankton and copepods in the
(>200m depth). From here they tended to move southward r;gghfgesstsern Atlantic and the North Sea, Bull. Mar. Ecol., 6, 123—
along the slope region around Georges Bank and travel as f ‘ '

- aCEarcia-MoIiner, G. and Yoder, J. A.: Variability in pigment concen-
as Cape Hatteras at speeds of 4 kmﬂay'th a wavelength tration in warm core rings as determined by coastal zone color

of ~300km between successive positive anomalies. Corre- scanner satellite imagery from the Mid-Atlantic Bight, J. Geo-
sponding SeaWiFS structure showed that the centre of the phys. Res., 99(C7), 14 277-14 290, 1994.

anticyclonic structure was low in chlorophyiland two such  Gonzalez, N., Anadon, R., Mourino, B., Fernandez, E., Sinha, B.,
anticyclonic features influencing the Georges Bank region in  Escanez, J., and de Armas, D.: The metabolic balance of the
August 2001 have been described (e.g. marked B on Fig. 13 planktonic community in the North Atlantic Subtropical Gyre:
of Leterme and Pingree, 2007). The shelf Ghas en- The role of mesoscale instabilities, Limnol. Oceanogr., 46, 946—
trained into the ocean by the ocean eddies from outer regions 952, 2001. _ _
(see Figs. 3 and 13 of Leterme and Pingree, 2007). The inte/®"¢ene. C. H. and Pershing, A. J.: The respons€aanus fin-
actions of anticyclonic rings with shelf water masses, via the Marehicuspopulations to climate variability in the Northwest At-
eddy swirl currents may then modify the distribution of phy- Ia_mtlc_:. basin-scale forcmg associated with the North Atlantic Os-

. . cillation, ICES J. Mar. Sci., 57, 1536-1544, 2000.
top!ankton and zooplankton species, as well as the retent.'oeareene, C. H. and Pershing, A. J.: The flip-side of the North At-
of fish larvae on the southern flank of the Georges Bank with  |anic Oscillation and modal shifts in slope-water circulation pat-
critical implications for fisheries (Ryan et al., 2001; Camp-  terns, Limnol. Oceanogr., 48(1), 319-322, 2003.
bell et al., 2001). Greene, C. H., Pershing, A. J., Conversi, A., Planque, B., Hannabh,

C. G., Sameoto, D., Head, E., Smith, P. C., Reid, P. C., Jossi, J.
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