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Abstract

During the first 4 years of the SeaWiFS mission (September 1997 through August 2001), the spring blooms in the

Slope Sea increased in magnitude. During the same time, the mean path of the Gulf Stream shifted northward. The

northward trend of the Gulf Stream is evidenced in satellite sea-surface temperature imagery as well as in situ

temperature, salinity, and current vector information collected by the merchant vessel Oleander on its weekly trip

between New Jersey and Bermuda. Surface temperature and salinity increased in the Slope Sea over the 4 years. It

surprised us to find a collective increase in phytoplankton chlorophyll, temperature, and salinity, contrary to the

commonly observed inverse relationship between temperature and chlorophyll in surface waters of this region. While

the Gulf Stream surface waters are depleted of nutrients and low in biomass content, waters at depth are rich in

nutrients. Although the Gulf Stream usually serves as a barrier between Sargasso waters to the south and Slope waters

to the north, cross-stream exchange occurs when there is upward flow along isopycnals toward the surface waters of the

Slope Sea. Under certain conditions, warm-core rings and associated streamers shed by the Gulf Stream may also bring

nutrient-rich water up into the euphotic zone. The outflow of surface water from the Labrador Sea appears to influence

both the size and horizontal transport of the Slope Sea. When the Slope waters are warm and saline there is less

Labrador water present, resulting in less dilution of the Gulf Stream waters leaking into the Slope Sea and less

horizontal advection within its cyclonic gyre. While the intensity of the spring blooms during this period has dramatic

interannual variability, we found the total surface chlorophyll concentration integrated over the Slope Sea remains

nearly unchanged. This suggests that the Labrador is not the major supplier of nutrients, but rather that the Slope Sea

receives a steady nutrient supply from the sub-surface Gulf Stream waters.

r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Situated between the continental shelf of the
eastern US and north wall of the Gulf Stream
flowing eastward from Cape Hatteras, the Slope
Sea is a transition region between the dynamic,
g author.

front matter r 2004 Elsevier Ltd. All rights reserve

.2003.07.017
high-nutrient coastal waters and the relatively
quiescent, low-nutrient open ocean. The Gulf
Stream migrates north–south on interannual time
scales, apparently driven by the variation in
outflow of Labrador shelf water, with Slope waters
turning colder and fresher during years when the
Gulf Stream shifts to the south (Rossby and
Benway, 2000). The annual ‘spill’ of cold, fresh
d.
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Labrador waters into the Slope Sea influences the
path of the Gulf Stream, pushing it south in spring
resulting in an early summer maximum in bar-
oclinic transport while the Gulf Stream retains its
shape through subsurface along-isopycnal advec-
tion (Rossby, 1999). Since the advent of ocean-
color remote sensing, the surface chlorophyll
concentration of waters off the US East coast
have been found to be highest in the north (e.g.,
Gulf of Maine, Georges Bank, Labrador shelf)
and during winter when the Gulf Stream is farthest
south and more Labrador water is present (Brown
et al., 1985; Yoder et al., 2001, 2002). With the
SeaWiFS data set now long enough to conduct an
interannual study in conjunction with surface
measurements collected by a ship of opportunity,
we hypothesized that years when the Slope Sea
expanded due to a greater transport of Labrador
water to the region would result in increased
primary productivity as evidenced in the chlor-
ophyll. Instead, we found the reverse.

Previous studies demonstrated the importance
of the dynamic physical environment of this area
in biological processes. In his theory of the Gulf
Stream as a turbulent jet, Rossby (1936) first
suggested advection along isopycnals from the
Gulf Stream thermocline, exchanging water from
the deep open ocean into coastal water. Redfield
(1936) then reasoned that the coastal waters of the
eastern North America must derive their biochem-
ical characteristics from Sargasso Sea waters. The
massive upwelling of nutrients this implies and its
implications for productivity in the Slope Sea were
first discussed by Yentsch (1974). From a depth of
about 800 m at the western Sargasso, the nutrient-
bearing stratum rises about 600 m across the Gulf
Stream, ultimately supplying nutrients to the Slope
Sea (Csanady, 1990). Recent analyses indicate that
this mechanism may be particularly important for
transporting nutrients to the northern North
Atlantic during the late spring/early summer
outcropping of the nutrient core (Pelegri et al.,
1996). In our study area and in other areas near
the Gulf Stream front, Gulf Stream rings, strea-
mers associated with the rings and streamers
associated with meanders of the front may also
be important mechanisms affecting nutrient trans-
port from the boundary current to slope waters
(Hitchcock et al., 1993, 1994; Ryan et al., 1999;
Olson, 2001). The most important of these
processes is the stirring associated with the long
filaments (streamers) that rings pull from either
slope or Gulf Stream waters (Olson, 2001; Ryan
et al., 2001). Fluxes associated with these strea-
mers are approximately 100X larger than those
associated with formation of the rings, including
convective mixing of the ring interior (Olson,
2001).

It has been shown that the Gulf Stream is quite
stiff but exhibits significant cross-stream eddy
velocity ðOð10Þ cm s�1Þ at its edges (Rossby and
Zhang, 2001). The stiffness of the Gulf Stream
may disguise the full action of the lateral nudging
by the time-varying Labrador shelf waters. In this
study, we address two interrelated issues. First,
we examine the impact of the Gulf Stream’s
low-frequency path variation upon biological
productivity in the Slope Sea, as seen in phyto-
plankton chlorophyll. In particular, what is the
role of the time-varying supply of Labrador Sea
waters in controlling the productivity? Second, we
evaluate the evidence for a sub-surface Gulf
Stream nutrient supply to the Slope Sea and
whether it is constant or has any interannual
variability.
2. Methods

The study area includes the Slope Sea portion of
the container merchant vessel (CMV) Oleander
track, between the fixed 2500 m isobath and the
dynamic northern edge of the Gulf Stream (Figs. 1
and 2). We compare the first 4 years of chlor-
ophyll-a concentrations measured by the satellite-
born Sea-viewing Wide Field-of-view Sensor
(SeaWiFS), between September 1997–August
2001, with the corresponding in situ hydrographic
data for the Slope Sea region collected by the
Oleander.

We derived chlorophyll-a from the individual
SeaWiFS satellite passes over this region using the
University of Rhode Island standard SeaWiFS
processing (O’Reilly et al., 1998, 2000; Yoder et al.,
2002). Individual scenes were mapped to the
northeast coast projection, shown in Fig. 1, at
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Fig. 1. Study area off the northeast US coast along the MV

Oleander track within the Slope Sea: defined here as between

the 2500 m isobath (fixed) and the monthly average Gulf

Stream north wall position (dynamic). Gray contours delineate

100 and 2500 m bathymetry. Thick black line delineates the 20

year average north wall position of the Gulf Stream from

AVHRR SST.

Fig. 2. Monthly position of the Gulf Stream north wall from

monthly composites of AVHRR SST from September 1997

(purple-blue) through August 2001 (red). Thick black line

delineates the 20 year average north wall position of the Gulf

Stream.
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the highest resolution ð1 km=pixelÞ: We then
calculated monthly chlorophyll-a composites by
taking the geometric mean of all non-missing and
non-masked chlorophyll concentrations. Since
chlorophyll are log-normally distributed (Camp-
bell, 1995), we took the log[chlorophyll] prior to
calculating the chlorophyll composites as well as in
all other linear operations performed in this study.

To determine the monthly location of the
southern limit of the Slope Sea by determining
the northern edge of the Gulf Stream, we used sea-
surface temperature (SST) derived from the
satellite-born Advanced Very High Resolution
Radiometer (AVHRR), mapped to the same
projection as the chlorophyll. After declouding
the SST scenes (Cayula and Cornillon, 1992), we
calculated monthly composites by taking the
median temperature of each pixel. The position
of the Gulf Stream north wall was manually
digitized from each monthly SST composite (Fig.
2). We then fit a second-order polynomial to the
curve, plus a 50 km northward offset to ensure our
Slope Sea area contains no Gulf Stream water, and
use that line as the offshore boundary of our area
of interest.

The Oleander samples upper-ocean tempera-
ture, horizontal velocity, surface salts, and large
plankton on its weekly transit between New Jersey
and Bermuda. For the same Slope Sea area, we
interpolated all Oleander data into 20-km bins
starting at New Jersey and averaging over each
month ð715 daysÞ: The Oleander’s Acoustic
Doppler Current Profiler (ADCP) is mounted
approximately 4 m below the waterline and con-
tinually measures horizontal current vectors and
temperatures with its transducer. Horizontal cur-
rent vectors are measured between depths of 20
and 356 m with a vertical resolution of 8 m:
Surface salinity and expendable bathythermo-
graph (XBT) temperature profiles are also col-
lected by the Oleander, although these data sets
are limited to one transect per month. Addition-
ally, the XBT profile data were averaged to fixed
depths between the surface and 700 m: We did not
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use XBT’s whose profiles did not extend deeper
than 25 m or that had more than 200-m measure-
ment gaps within a profile. Also conducted during
the Oleander transits were Continuous Plankton
Recorder (CPR) surveys. At a standard depth of
10 m; the CPR captures zooplankton and large
phytoplankton taxa on 225� 234 mm silk grit
gauze mesh. The continuous record is cut into
sections, each representing 18:5 km along the
sampling track. Specimens on alternate sections
are identified and enumerated by staff at the
National Marine Fisheries Service Narragansett
Laboratory or at the Sea Fisheries Institute in
Poland through a joint studies program. Data
generated are quality controlled and entered
into data sets at the Narragansett Laboratory.
Unfortunately, the CPR data had not yet
been processed beyond 1999 at the time of our
study.

Finally, we acquired daily averaged surface
reanalysis wind vectors from the National Center
for Environmental Prediction. For the 2:5� � 2:5�

grid corresponding to the Oleander Slope Sea area,
we used the daily wind vectors to calculate daily
wind stress by t ¼ raCDU2 where density of air,
ra ¼ 1:3 kg m�3; the drag coefficient, CDC1:4�
10�3; and U is the wind speed in m s�1 (Pond and
Pickard, 1983). Daily wind stresses for the
Oleander Slope Sea region were filtered using an
eighth-order Chebyshev type I low-pass filter, then
subsampled to the same monthly time series as the
chlorophyll.
3. Results and Discussion

During the 4-year period of interest, the Gulf
Stream exhibited considerable northward migra-
tion, evidenced in the monthly north wall positions
from AVHRR SST (Fig. 2). The Oleander hydro-
graphic data (Fig. 3) are generally consistent with
the AVHRR SST north wall positioning. Rossby
and Benway (2000) defined Gulf Stream water as
having salinity X36:8 PSU. Because of our
temporal and spatial binning, we considered bins
with at least 36 PSU salinity indicative of Gulf
Stream water. The position of the Gulf Stream was
farthest south in spring 1998 compared to the
other 3 years and to the 20-year average AVHRR
SST north wall position. Late spring was typically
the time of greatest southern extent; fall, greatest
northern extent, although interannual changes in
the location of the Gulf Stream north wall were
much larger than seasonal variations during this
period. In fall 2000 the Gulf Stream reached its
northernmost extent. Along the Oleander track,
the northward shift of the Gulf Stream caused an
inshore migration of 200 km; from a location more
than 500 km from New Jersey in early 1998 to
within 300 km of New Jersey in early 2000. A
lateral shift of this magnitude is as large as any in
the 20 years of regular Gulf Stream observation by
Oleander in situ transect data (Rossby and Ben-
way, 2000).

3.1. Slope Sea phytoplankton and hydrographic

properties

The SeaWiFS chlorophyll concentrations in the
Slope Sea show interannual variability, especially
pronounced during the spring blooms (March–
May), as shown in Figs. 3 and 4 together with the
position of the north wall of the Gulf Stream. (An
animation of all monthly composites for the 4
years may be seen at http://www.po.gso.uri.edu/
color/nec.html.) Along the Oleander track, chlor-
ophyll (Fig. 3) demonstrates a seasonal cycle with
minimum concentrations during summer, the
maximum concentrations during the spring bloom
(March–April–May), and a secondary lesser
bloom during the late fall (November). There is a
general increasing chlorophyll concentration trend
during the 4-year time series (Fig. 5), with the
largest bloom in spring 2000. The hydrographic
records for the same area demonstrate a strong
seasonal cycle in surface temperature (Fig. 3).
Coldest sea-surface temperatures normally occur
at the end of winter (February/March), warmest
temperatures in August. The surface salinity
(Fig. 3) shows a predominately interannual cycle
in salinity with a weak seasonal signal of higher
values in the winter, lower in the summer.
Salinities and temperatures increased during 1999
and 2000, reflecting, we think, a decreased supply
of Labrador water and thus a Gulf Stream
migration northward.

http://www.po.gso.uri.edu/color/nec.html.
http://www.po.gso.uri.edu/color/nec.html.
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Fig. 3. Hovm .oller plot along the Oleander track within the Slope Sea and northern edge of the Gulf Stream for monthly, 20-km binned

chlorophyll (top), ADCP surface temperature (middle), and surface salinity (bottom). The 2500 m isobath is 250 km from New Jersey.

Gulf Stream north wall position from AVHRR monthly SST composites is superimposed (black line). Note the greatest southward

extent of Gulf Stream in spring 1998; the greatest northward, in late summer/fall 2000. White bins indicate missing data.
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Temperature profiles in the Oleander Slope Sea
(Fig. 6) show seasonal and interannual variability
above 250 m depth, with the permanent thermo-
cline between 250–600 m where temperatures
decrease from about 10�C to 5�C: During winter
and early spring (January–April), there is little
variation between the surface and depths of 200 m
or so, evidence of deep mixing. Stratification
increases between April and May. From late
spring through early fall (June–September), the
mixed layer shoals to less than 50 m with the
seasonal thermocline extending to around 100 m:
As convective and mechanical mixing increases
between October and December, the stratified
layer weakens and deepens until convective over-
turning occurs and the cycle continues. Although
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Fig. 4. A zoomed-in view of Slope Sea monthly chlorophyll composites for March (left column), April (middle column), May (right

column), 1998 (top row), 1999 (second row), 2000 (third row), and 2001 (bottom row). The north wall of the Gulf Stream (red line) was

derived from AVHRR SST. The black line is the 20-year average north wall position. The average Oleander track is within the parallel

gray lines.
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the chlorophyll maximum is deeper than SeaWiFS
can detect, the onset of stratification leading to the
spring bloom is apparent in the SeaWiFS surface
chlorophyll record.

Two anomalous events stand out in the chlor-
ophyll record as well as the hydrographic record:
the earliest and smallest spring bloom following a
cold, fresh surface layer in early 1998, while the
largest and longest spring bloom followed a very
deep warm, saline intrusion in early 2000. These
events coincide with two extremes in the Gulf
Stream’s position: in early 1998 the Gulf Stream
was offset southward with Labrador water’s
signature appearing dominant in the Slope Sea
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Fig. 6. Hovm.oller plot of average monthly XBT profiles for the

Slope Sea area based on approximately 800 XBT’s. Note the

cold intrusion between the surface and 120 m during February–

April, 1998 and the warm anomaly from the surface to deeper

than 250 m during January, 2000. White bins indicate missing

data.
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hydrography, while in 2000 the Gulf Stream was
displaced to the north with Slope water properties
looking very little like Labrador water and much
more like Gulf Stream water. Interannual varia-
tions in the SeaWiFS chlorophyll show that
cold, fresh Slope waters with a more southerly
Gulf Stream position were associated with rela-
tively low spring bloom chlorophyll concentra-
tions (1998 and, to a lesser extent, 1999) while
years with warm, saline Slope waters and a
northerly Gulf Stream position were associated
with higher chlorophyll concentrations (2000
and 2001).
3.1.1. Labrador Water-dominated anomaly

Between February and April 1998 a cold, fresh
anomaly dominated the surface waters down to
about 120 m depth (temperatures o10�C; sali-
nities o33 PSU), while waters below (150–200 m
depth) were warmer (Fig. 6). After the removal of
the annual cycle, surface temperatures were more
than 2�C cooler than average and surface salinities
were almost 1.75 PSU fresher than average
(Fig. 7). This cold, fresh anomaly in the Slope
Sea coincides with the Gulf Stream positioned
farthest to the south during the 4-year period. This
would be consistent with a thermohaline forcing
mechanism in which interannual variations in the
path of the Gulf Stream are governed by a time-
varying outflow of Labrador Water (Rossby and
Benway, 2000), such that the presence of more
Labrador Water in the Slope Sea would force the
Gulf Stream toward the south. Others have noted
the 1998 intrusion of Labrador sub-Arctic Slope
water along the Middle Atlantic Bight, with the
maximum southward extent during February
(Pershing et al., 2001) in the vicinity of the
Oleander track. The spring bloom of 1998 peaked
in March and was the weakest spring bloom
during the time series with mean chlorophyll
concentrations less than 1 mgm�3 in March and
April. It seems that the cold, fresh, strongly
stratified Labrador layer enabled an early spring
bloom as soon as enough solar radiation was
available. Because the Labrador water had been at
the surface for a few months, we hypothesize that
its nutrient content was relatively low. Although
the spring bloom in 1998 was the smallest in the
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intrusion between January–April 1998 and the saline, slightly warm anomaly between January–April 2000. Also note there was another

warm, saline anomaly between February–April 2001 which appeared to be restricted to the surface (in contrast to the warm, saline

anomaly in 2000, which extended quite deep).
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Oleander Slope Sea region, the CPR recorded a
greater abundance of cold-water species between
April–July, 1998 (e.g., Ceratium arcticum, Thalas-

siotrix longissima, and Candacia armata) (Jack
Jossi, personal communication), corroborating a
Labrador Water intrusion.

3.1.2. Gulf Stream Water-dominated anomaly

By contrast, in early 2000, the surface waters
turned anomalously warm and salty, as evidenced
in the Oleander records. In addition to the general
trend toward warmer more saline waters, in
January there was an unusually pronounced and
long-lived frontal eddy west of a Gulf Stream crest
evident in the SST satellite imagery as well as the
Oleander observations. The warm event pene-
trated deep in the water column (surface-500 m).
For example, at 200 m the average temperature
increased from 12�C to 16�C; while the surface
and 50 m temperatures increased from 17�C to
21�C: Average surface salinity rose about 2 PSU
to 36.5 PSU, an indication of increased Gulf
Stream Water contribution, and remained higher
than average through the spring. In the chlor-
ophyll record, the spring bloom of 2000 had the
longest duration of the four year record, actually
peaking in May with the highest chlorophyll
concentrations of the entire time series. As noted
earlier, during this warm, saline period, the Gulf
Stream was northward of its mean position. We
interpret the increasing salinities and northerly
position of the Gulf Stream as evidence of the
absence of Labrador Water. The abundance of
Gulf Stream water in the Slope Sea suggests a
dominant Gulf Stream nutrient source during
early 2000.

3.2. Nutrient availability and possible forcing

mechanisms

The inverse relation between the amount of
Labrador Sea Water in the Slope Sea and the
intensity of the spring blooms in Slope Sea is
intriguing. Intense blooms can be caused by
several factors, one of the most important of
which is the availability of nutrients and, specifi-
cally, the vertical transport of nitrate (Tranter
et al., 1980; Hitchcock et al., 1987). Nutrients are
most abundant in locations which are usually
light-limited and, consequently, tend to be cooler:
toward the poles in winter as well as at depths
below the main thermocline. With the decreasing
supply of Labrador Sea Water to the Slope Sea
and the corresponding northward migration by the
Gulf Stream, we expected to find chlorophyll
concentrations decreasing, reflecting the inverse
relationship between chlorophyll and surface
temperature that had been observed in shelf to
upper slope waters (shallower than 500 m) off the
coast of the northeast US (Yoder et al., 2002).
Instead, a greater abundance of wintertime Lab-
rador Sea Water in the Slope Sea was associated
with low spring bloom chlorophyll concentrations,
while years with less Labrador Sea Water were
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associated with higher chlorophyll concentrations.
Since it has long been hypothesized that sub-
surface waters of the Gulf Stream could be a
significant source of nutrients to the Slope Sea, the
high salinities and warmer temperatures coincident
with higher chlorophyll concentrations suggests
that sub-surface Gulf Stream nutrient supply to
the Slope Sea was the dominant nutrient source.

Although no nutrient data were reported to the
World Ocean Atlas within the Oleander Slope Sea
area during the SeaWiFS era, we looked for a
section across the Gulf Stream to indicate the
potential magnitude of the sub-surface Gulf
Stream nutrient supply to Slope Sea surface
waters. WOCE section A22 was the closest section
we could find: it was collected along 66�W;
roughly 5� east of the Oleander Slope Sea area,
during August 1997, ending three days before the
beginning of the SeaWiFS era. The section (Fig. 8)
reveals the general structure of Sargasso and Slope
Sea waters with the nitrate maximum near 1000 m
on the Sargasso side of the Gulf Stream, rising to
less than 300 m on the Slope Sea side. From the
temperature and salinity collected during the
section, we calculated st (Millero et al., 1980).
Plotting nitrate against st (Fig. 9) demonstrates
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that the nitrate maximum falls roughly along the
27:3st surface, deep enough that the Gulf Stream
acts as a ‘blender’ rather than a ‘barrier’, as it has
been called near the surface (Bower et al., 1985).
While the Slope Sea is highly stratified in August
with a mixed-layer depth shallower than
25 m ð26stÞ; the wintertime mixed layer extends
as deep as 250 m ð27:3stÞ; which would tend to
mix the nutrients supplied by the Gulf Stream into
the euphotic zone. More significantly, however, for
waters less dense than 26:8st; the Gulf Stream
waters have nearly identical nitrate-st relationship
as the Slope Sea waters, which have twice the
nitrate content as surface Sargasso waters.
Although this section did not extend northward
of the Slope Sea, for comparison purposes we
plotted a Labrador Water sample collected outside
the shelf along the Halifax line in November 1999
(Fig. 9). Labrador Water contains slightly less
nitrate than both the Slope Sea and Gulf Stream
for waters less dense than 26:4st; for waters denser
than 26:6st; Labrador waters contain significantly
less nitrate than Slope Sea, Gulf Stream, and
Sargasso waters. These profiles suggest that the
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Labrador Sea is a weaker source of nutrients to the
Slope Sea and that the Gulf Stream is the primary
supplier.

If cross-frontal flow from the sub-surface Gulf
Stream supplies nutrients to the Slope Sea at a
more or less constant rate, then perhaps the
increase in chlorophyll concentrations in 2000 is
due to the fact that there was less Labrador Water
present and therefore less dilution to the Slope Sea
Water and reduced flushing within the western
Slope Sea cyclonic gyre, which would allow
nutrients to remain in the area longer. Alterna-
tively, if cross-frontal flow is not constant, then
perhaps increased Gulf Stream meandering led to
increased upwelling northwest of meander crests
during early 2000. Increased meandering could
also lead to increased warm-core ring formation
which, under favorable conditions, could further
enhance the nutrient supply to the Slope Sea.
Finally, there may be a non-thermohaline mechan-
ism, such as wind forcing, which in some sense
covaries with Gulf Stream migration, indepen-
dently driving the strength of the western Slope
Sea circulation or convective mixing of the water
column. Any of these mechanisms could have
interannual variability which might factor into the
trend in the chlorophyll concentrations. Whether
the sub-surface Gulf Stream nutrient source to the
Slope Sea is constant or whether the source varies
over time is the central issue we address next.

To determine whether the sub-surface nutrient
supply by the Gulf Stream into the Slope Sea
happens at a more or less constant rate, we need to
factor in the entire Slope Sea area in order to
capture monthly chlorophyll variability which did
not coincide with the Oleander track. Also,
because the Slope Sea area varies depending upon
the north wall position of the Gulf Stream, it is
necessary to factor in the change in area during the
time series. Therefore, we integrated the average
chlorophyll concentrations over the Slope Sea area
(as shown in Fig. 4) for each month. Consistent
with the trends along the Oleander track in the
western Slope Sea: 1998 corresponds with the
lowest spring bloom chlorophyll average while
2000 corresponds with the highest spring bloom
chlorophyll average (Fig. 10: top panel). The Slope
Sea area was greatest during spring 1998 and at a
minimum in late 2000 (Fig. 10: middle panel).
Integrating chlorophyll concentrations over the
Slope Sea area reveals a large seasonal variation
with minimal interannual variation (Fig. 10:
bottom panel). The spring bloom of 1998 began
earlier than the other years and actually peaked in
March and then followed climatology (i.e. 4-year
mean) from April onward, while the spring bloom
of 2000 followed climatology (dashed line) until
April and then peaked in May and maintained
slightly higher than average values until August.
The monthly chlorophyll composites show these
interannual differences in the Slope Sea spring
blooms and size (Fig. 4). Minimal interannual
differences in the chlorophyll integrated over the
Slope Sea is consistent with a more or less constant
supply of sub-surface Gulf Stream nutrients to the
Slope Sea. In other words, in general there seems
to be more or less constant leakage of sub-surface
nutrients but they are diluted over a greater area
when the Gulf Stream is farther south and,
conversely, they are more concentrated when the
Gulf Stream is farther north and the Slope Sea
area is compressed. However, there were several
months, notably during 1998 and 2000, when
nutrient leakage from the Gulf Stream was either
not constant or could not entirely account for the
nutrient supply.

The constant leakage concept notwithstanding,
the early spring bloom in 1998 was probably
caused by the strongly stratified Labrador surface
layer, which enabled the spring bloom to occur as
soon as enough light was available. On the other
hand, the higher chlorophyll concentrations and
longer duration of the spring bloom of 2000 may
have been a case of increased supply of sub-surface
Gulf Stream waters at the time. Next, we
investigate possible mechanisms which might
enhance the cross-frontal exchange of sub-surface
nutrients into the Slope Sea.

3.2.1. Flushing by western Slope Sea gyre

The western Slope Sea forms a cyclonic gyre:
Labrador Water enters the Slope Sea across the
Grand Banks, where a small fraction of it forms a
continuous and nearly non-divergent westward
flow along the Scotian Shelf (Csanady and
Hamilton, 1988). In the vicinity of Cape Hatteras,
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Fig. 10. Entire Slope Sea (west of 66�W) average chlorophyll (top), area (middle), and average chlorophyll integrated over the area

(bottom: solid line) with 4 year monthly climatology (bottom: dashed line). Note the spring blooms of 1998 and 2000 were higher

earlier and later than the other years, respectively.
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slope water turns and heads out over deeper
bathymetry and then flows eastward along the
northern edge of the Gulf Stream. During years
when there is more Labrador Water reaching the
Slope Sea, there should be greater westward flow
on the inshore side of the gyre resulting in greater
return flow eastward along the northern edge of
the Gulf Stream, or increased flushing within the
Slope Sea, due to the increased volume of water in
the gyre. More Labrador Water would affect the
sub-surface Gulf Stream nutrient supply in two
ways: greater dilution and shorter residence time
before the nutrients are advected eastward. Both
of these mechanisms would mean less nutrient
availability for phytoplankton uptake during years
with more Labrador Water in the Slope Sea and a
southerly Gulf Stream position.

The horizontal currents measured by the Olean-
der ADCP give an indication of the strength and
variability of the flow within the Slope Sea. A
Hovm .oller plot of the east–west current vectors at
52 m shows a narrow band of eastward flow just
north the Gulf Stream (Fig. 11: top panel), with
variable magnitude generally greatest in winter.
Westward flow extends over a broader portion of
the inshore side of the Slope Sea and generally has
lesser magnitude. The northern side of the Slope
Sea experienced maximum westward flow during
1999 and minimum westward flow during the
summer of 2000 (Fig. 11: top panel). January 1998,
a highly anomalous month, had eastward flow
throughout the western Slope Sea due to a warm-
core ring. The north–south component of the flow
is less coherent and has smaller magnitudes (not
shown). These plots suggest that flushing was
greater when the Gulf Stream was to the south and
there was more Labrador water present in 1999,
although the relationship is not entirely clear
because flushing was not greatest when the Gulf
Stream was at its maximum southward extent nor
was it least when the Gulf Stream was the farthest
north.
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Fig. 11. Hovm.oller plot of monthly, 20 km binned horizontal east–west velocities at 52 m depth (top: eastward, red; westward, blue)

and vertical velocities at 150 m depth (bottom: upward, red; downward, blue). The black line indicates the location of the 2500 m

isobath. East–west velocities are shown between the north wall of the Gulf Stream and the shelf. Vertical velocities are shown between

the north wall of the Gulf Stream and 50 km to its north. White bins indicate missing data or values close to zero.
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3.2.2. Enhanced upwelling along Gulf Stream north

wall

Although, we found the nutrient supply from
the Gulf Stream sub-surface waters into the Slope
Sea to be roughly constant over the 4-year study,
as evidenced in the chlorophyll concentrations,
May 2000 appears to be an exception to the
‘constant leakage’ concept. At that time, the
surface was especially saline while sub-surface
waters were anomalously warm indicative of a
sub-surface Gulf Stream intrusion. Could en-
hanced upwelling have preceded or sustained the
spring bloom of 2000?

To determine whether the increased nutrient
supply was caused by enhanced along-isopycnal
cross-frontal flow from under the Gulf Stream
into the Slope Sea, we developed a method to
calculate the vertical velocities from the vertical
shear of the horizontal velocities measured by
the Oleander ADCP, using a thermal wind
calculation previously used for moored current
meter data collected beneath the Gulf Stream
(Lindstrom et al., 1997):

w ¼wshr

¼
�ð@T=@tÞ � ðrof =gaoÞ½uð@v=@zÞ � vð@u=@zÞ�

@y=@z
;

where ro; average density, is 1028 kg m�3; f ;
Coriolis parameter, is 2O sinðlatitudeÞ; O; Earth’s
angular velocity, is 7:292� 10�5 s�1; ao; effective
thermal expansion coefficient, 0:1 kgm�3 K�1;
@y=@z; stratification, is determined as a function
of z12; the depth of the 12�C isotherm (Lindstrom
et al., 1997). This procedure is based on the
conservation of density along isopycnals (assumes
no diffusion). We calculated vertical velocities at
150 m depth, which is a compromise between the
mid-range depth for the ADCP horizontal current
observations in this region and the nutrient
maximum during most of the year.

Our monthly binned calculations along the
Oleander track indicate maximum vertical velo-
cities in the vicinity of the Gulf Stream, as one
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would expect. A Hovm .oller plot of the vertical
velocities (Fig. 11: bottom panel) does not reveal
any obvious interannual variation to explain the
chlorophyll trends. Unfortunately, the Oleander
was plagued with navigation equipment problems
in early 2000, which resulted in a lack of ADCP
horizontal current data for the period of interest.
The data that were captured, however, do not
show evidence of greater upwelling preceding or
sustaining the spring 2000 bloom, which would be
consistent with a constant leakage of nutrients
from the sub-surface Gulf Stream. Because of the
large gap in the Oleander velocity data, however,
we are unable to draw any conclusions about the
presence or absence of enhanced upwelling pre-
ceding the spring 2000 bloom in particular.

3.2.3. Warm-core ring activity

Warm-core rings contribute to productivity of
slope waters primarily through mixing processes
associated with streamers of either Gulf Stream
waters that the rings pull into the Slope Sea or
streamers of shelf or slope waters that the rings
pull offshore (Olson, 2001). In addition, warm-
core rings formed in winter, which experience deep
convective mixing and survive through the onset of
spring stratification, have been observed to con-
tain higher chlorophyll biomass than the sur-
rounding water during their spring blooms
(Tranter et al., 1980; Bishop et al., 1986). Inspec-
tion of satellite SST and chlorophyll images
composited at weekly time scales over the 4-year
time-series reveals that three warm-core rings
generally form in the Slope Sea between January
and March, one or two of which may remain into
April and May, experiencing spring blooms
independently of the shelf/slope spring bloom.
Winter and spring 1998 had negligible warm-core
ring activity in the Slope Sea. By contrast, winter
and spring of 2000 experienced a total of four
warm-core rings formed between January and
March, three of which persisted into April and
May. While the shelf/slope experienced spring
bloom 2000 during April, the warm-core rings
experienced spring blooms between early-mid
May. One particularly tenacious warm-core ring
sustained a bloom through early June, with
chlorophyll values around 4 mgm�3 compared to
background Slope Sea values around 1–2 mgm�3:
In addition to experiencing a greater number of
warm-core rings which likely underwent convec-
tive mixing, spring 2000 was also approaching the
time of the greatest northward extent of the Gulf
Stream. The reduced Slope Sea area during spring
2000 means that a greater proportion of the Slope
Sea experienced warm-core ring activity than in
any other year of the study. It seems plausible that
warm-core rings contributed not only to the
enhanced spring bloom of 2000 but more sig-
nificantly to its long duration.

3.3. Wind forcing

If a non-thermohaline forcing mechanism con-
tributes to the increased availability of nutrients, it
should display some amount of covariance with
the chlorophyll concentrations. In order to exam-
ine whether mechanical mixing could account for
some of the times when leakage from the Gulf
Stream did not appear to be constant, we analyzed
wind fields. Cross-correlating the monthly wind
stress values with the monthly log[chlorophyll]
(Fig. 12: top panel) without any time lag yields a
0.44 correlation coefficient, which is mostly
seasonal. After the removal of the annual cycle
(Fig. 12: bottom panel), the cross-correlation
coefficient between wind stress and chlorophyll
drops to an insignificant 0.08. The wind stress
appears to precede the chlorophyll, so we applied a
lag and found a maximum correlation of 0.45
when chlorophyll lags wind stress by 6 months
(Table 1), which is too long to invoke a wind
mixing-related explanation for the enhanced
chlorophyll. Both wind stress and chlorophyll
have a slight increasing trend during the four
years, however, the interannual differences do not
appear to be related.

3.4. North Atlantic Oscillation connection?

The relationship between the North Atlantic
Oscillation (NAO) index and the position of the
Gulf Stream north wall as well as slope water
circulation patterns has been discussed in other
studies (Rossby and Benway, 2000; Taylor and
Gangopadhyay, 2001; Greene and Pershing, 2003;
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Table 1

Monthly wind stress and chlorophyll cross-correlation coeffi-

cients for various chlorophyll lags

lag (months) rxy

0 0.08

1 0.03

2 0.12

3 0.23

4 0.19

5 0.31

6 0.45

7 0.11

8 �0.13

9 0.02

10 �0.12

11 �0.27

12 �0.20
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Fig. 12. Monthly wind stress over the Oleander Slope Sea area (solid line) and monthly chlorophyll concentrations (dashed line)

without the removal of the annual cycle (top) and after removal of the annual cycle (bottom).
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Drinkwater et al., 2003), although there is
disagreement about the cause of the connection
and the duration of the lag. Rossby and Benway
tend toward a thermohaline forcing mechanism:
they attribute a high winter time NAO to strong,
severe winters in the Labrador Sea, which leads to
more ice production, less transport of Labrador
Water southward the following summer, and a
Gulf Stream migration northward within a year.
After analyzing a half century of time-series data,
Greene and Pershing (2003) concluded that phase
reversals in the NAO correspond to a modal shift
in slope water circulation as, for example, when
the NAO index shifted negative during 1996, cold
and fresh Labrador Water penetrated as far
southwest as the Middle Atlantic Bight. Taylor
and Gangopadhyay (2001) tend toward a wind-
forcing mechanism, displaced north or south as
the NAO strengthens or weakens: they model the
Gulf Stream position based on the wintertime
NAO index with a time lag of at least a year, to
account for the lateral advection of heat delay. In
a numerical study, H.akkinen (2001) found the
low-frequency variability in sea-surface height and
heat content of the Gulf Stream to be associated
with thermohaline circulation, not wind-stress
driving. Given an NAO shift from positive to
negative, she noted a slowing down of convective
overturning and decreasing meridional heat trans-
port, but was not certain about the significance of
NAO shifting over the long term.

During the 4 years of our study, the wintertime
(Dec–Mar) NAO generally experienced an increas-
ing trend as follows: for 1996/1997, �0:2; 1997/
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1998, 0.7; 1998/1999, 1.7; 1999/2000, 2.8; 2000/
2001, �1:9 (from UCAR Boulder, Colorado based
upon the difference in sea level pressure between
Portugal and Iceland). While our study is too short
to draw any conclusions about the relationship
between the NAO index and chlorophyll concen-
trations in the Slope Sea, we point out that an
increasing NAO index usually corresponds to a
more productive spring bloom the following year.
The highest positive NAO index for Dec 1999–
Mar 2000 preceded the greatest spring bloom of
the 4 years. Although the NAO index is at best a
measure for physical processes that ultimately
control the biological processes, the non-linearity
and time delay inherent to these mechanisms (e.g.,
Gulf Stream migration and its cause) make direct
comparison between the individual physical and
biological components elusive. Complicated phy-
sical systems lend themselves well to representa-
tion by an index that may correspond to changes
in a biological parameter such as phytoplankton
biomass (chlorophyll concentration), although the
individual components of the physical system may
not have a clear relationship with the biology. A
more comprehensive investigation of the possible
relationship between chlorophyll and the NAO
index should be conducted when the chlorophyll
data span more years.
4. Conclusions

Biological productivity in the Slope Sea exhibits
interannual variability that is clearly related to the
low-frequency migration of the Gulf Stream. Years
when the Gulf Stream is farther south, Slope Sea
chlorophyll concentrations are lower than average
while years with a northerly Gulf Stream have
higher than average Slope Sea chlorophyll concen-
trations. By our estimation, the supply of high-
nutrient sub-surface Gulf Stream waters to the
Slope Sea is fairly constant over this four year time
series. Thus, the Gulf Stream location determines
the area of the Slope Sea and the extent to which
the nutrients are diluted: years when the Gulf
Stream is farther south the average chlorophyll
concentrations are smaller, and vice versa when the
Gulf Stream is offset to the north. While spring
2000 is consistent with this generalization, an
increased number of Gulf Stream rings may have
played an important role in supplying additional
nutrients to the surface waters. During the preced-
ing winter, a greater number of warm-core rings,
with associated streamers, may have played a role
in supplying additional nutrients to the surface
waters through convective and mechanical stirring
and mixing. While the north–south migration by
the Gulf Stream seems to primarily affect Slope Sea
chlorophyll concentrations by controlling the dilu-
tion and flushing of nutrients within the gyre, there
are secondary effects which we continue to inves-
tigate, such as the possibility of increased upwelling
resulting from increased Gulf Stream meandering.
Ultimately, understanding how the Gulf Stream’s
migration affects biological productivity in the
Slope Sea will help us to make inferences about
large-scale, low frequency climatic effects upon the
carbon cycle of ocean margin waters.
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