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!   After the GS leaves the continental shelf fluctuations 
have been characterized as meanders and lateral large-
scale shifts [Lee and Cornillon, 1995].  

Gangophadhyay et al. (1992) 

Introduction 
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FIG. 5. Implied zonal annual mean ocean heat transports based upon the surface fluxes for Feb
1985–Apr 1989 for the total, Atlantic, Indian, and Pacific basins for NCEP and ECMWF atmo-
spheric fields (PW). The 1 std err bars are indicated by the dashed curves.

all latitudes. The lack of reproducibility is consistent
with the very small size of the interannual variability
(1%–3% of the actual transports), and the main message
is that temporal sampling is not a major factor.

For the ERBE period, the bias in the northward at-
mospheric energy transport as compared with the mean
for the entire 1979–98 period is slightly negative by
about 0.05 PW from 108 to 508N and is positive by
about 0.05 PW from 108 to 358S. This is consistent with
the error bar estimates provided by the panel on the
right of Fig. 4, with values divided by 2 (square root
of the number of ERBE years), in terms of sampling.

c. The derived ocean heat transports

In Fig. 2, the difference (RT 2 AT) gives an implied
ocean heat transport, and for NCEP, in particular, the
implication is that there is almost no ocean contribution
north of 458N. However, such an ocean estimate as-
sumes that the long-term surface heat budget over land
is in balance, because internal heat transport is negli-
gible. Instead, such a balance does not typically exist
over land, and so such an ocean estimate is contaminated

by the considerable problems over land. This constraint
allows the errors in atmospheric transports and surface
fluxes over land to be quantified, and they are found to
be largest over complex and high topography (Trenberth
et al. 2001a). Therefore it is desirable to recompute the
ocean transport separately based upon the implied sur-
face fluxes over just the ocean, and in this way we can
also (somewhat arbitrarily south of 358S) partition the
transports into those from the individual ocean basins.

The implied zonal mean ocean transports, adjusted as
discussed below, are computed from the residually de-
rived surface fluxes (Fig. 5) starting at 658N where there
is a minimum of ocean available to transport heat north-
ward. Estimates are that the transport through the Bering
Strait is 0.2 3 1013 W, and that in the North Atlantic is
1.4 3 1014 W (Aagaard and Greisman 1975). Therefore
we use 0.14 PW at 658N as the starting point of our
integration in the Atlantic. We set the dividing line be-
tween the Atlantic and Indian Ocean at 258E, directly
south of Africa. The Atlantic and the Pacific are sepa-
rated at 708W, south of South America. For the Pacific
and Indian Oceans, we use 1308E from 58S to south of
Australia and 1008E north of 58S. Although integration

Plays a key role in the climate system 

Why to study the Gulf Stream and its latitudinal shifts? 
 
In the beginning, for sailing:  
        -Ponce de León observed a very strong, warm current coming from the Caribbean Sea 
carrying his ships towards Florida.  
       -Then in 1770, while trying to improve the transport of mail to the UK, Benjamin 
Franklin carried out the first detailed study and mapping of the Gulf Stream. 

Significant changes are found in the atmospheric variability following changes in the paths of these 
currents, sometimes in a local fashion such as meridional shifts in measures of local storm tracks, 
and sometimes in nonlocal, broad regions coincident with and downstream of the oceanic forcing 



Silver hake biomass and location for fall survey data in two contrasting periods of cold 
Slope Water/southerly GS (1968:1972, left) and warm Slope Water/northerly GS 
(1998:2002, right). Color codes represent biomass and are indicated at the far right. From J. 
Nye (personal comm. 2010). 

 Silver hake=Merluza 

Nye et al. 2011  

Changes in fish stocks 



duration and bottom salinity (r ¼ þ0.68, n ¼ 10, P ¼
0.0307). Salinity was ca. 2 units higher in years when
WCRs were present ca. 140–160 days per year compared
with years when rings were present only ca. 100 days per
year (Fig. 3).

Gulf Stream position, and timing and
magnitude of annual Skeletonema blooms

Several features of Skeletonema bloom timing and magni-
tude were statistically related to GSNW position during
the 39-year time series (Table II). Summer abundance
(N6 in Table I) was negatively correlated with GSNW
position (Pearson r ¼ 20.42, n ¼ 24 years, P ¼ 0.0296)
and summer blooms were less intense in years when the
GSNW was displaced to the north (Fig. 4). When the
GSNW was positive (northward displacement of GSNW),
mean summer abundance of the Skeletonema complex did
not exceed ca. 3000 cells mL21; but when the GSNW
was negative abundance did not exceed 3000 cells mL21.
The annual bloom maximum of the Skeletonema complex
shifted from w-s to summer during years when the
GSNW had a southward excursion, i.e. the GSNW was
negative. For example, during years when the GSNW was
,20.5 the mean annual maximum in August was
9578 cells mL21 (n ¼ 11 years). This maximum was sig-
nificantly greater (unpaired t-test, P ¼ 0.0191) than the
August abundance (2283 cells mL21; n ¼ 8 years) during
years when the GSNW was .þ0.5 (Fig. 5).

Many plankton ecosystem variables do not behave
linearly; rapid transitions from one state to another can

Fig. 3. Scatterplot of WCR duration west of the 71st meridian and
bottom salinity at the long-term station in lower NBay during 1974–
1983. Mean annual bottom salinity was positively correlated with the
degree of WCR activity (r ¼ 0.68, n ¼ 10 years, P ¼ 0.0307).

Table II: Skeletonema bloom characters having
significant differences during different GSNW
states during 1966–1996 as tested by
Wilcoxon–Mann–Whitney-test

Gulf Stream position differences:
bloom character (units, code)

GSNW (2)
Mean (nn)

GSNW (1)
Mean (nn) PP-value

Criterion: extreme (þ) versus (2) 5
Gulf Stream years
3Q mean (cells mL21, N6) 5120 (5) 1563 (5) 0.0283
s-f bloom peak (cells mL21, N8) 33 500 (5) 14 480 (5) 0.0758
% weeks ,10 cells mL21, N9) 0.15 (5) 0.41 (5) 0.0749

Criterion: Gulf Stream ,21 versus
.þ1
w-s bloom peak (cells mL21, N3) 5090 (5) 534 (3) 0.0253
% weeks ,10 cells mL21, N9) 0.15 (5) 0.48 (3) 0.0512

Criterion: Gulf Stream ,20.5 versus
.þ0.5
s-f bloom start (week, W5) 28.0 (10) 31.6 (8) 0.0731
3Q mean (cells mL21, N6) 4376 (9) 1313 (8) 0.0161
s-f peak (cells mL21, N8) 24 754 (10) 10 664 (8) 0.0410
% weeks ,10 cells mL21, N9) 0.20 (10) 0.36 (8) 0.0683

Criterion: Gulf Stream ,20.1 versus
.þ0.1
% weeks ,10 cells mL21, N9) 0.19 (13) 0.36 (10) 0.0233

Criterion: Gulf Stream ,0 versus .0
% weeks ,10 cells mL21, N9) 0.20 (14) 0.33 (11) 0.0747

GSNW , 0 corresponds to southerly displacement of Gulf Stream path;
GSNW . 0 corresponds to northward displacement of Gulf Stream.
Bloom characters with significant differences in mean values at P , 0.10
shown. Bloom character codes from Table I: w-s, winter–spring; s-f,
summer–fall bloom; 3Q, third quarter, e.g. N6.

Fig. 4. GSNW position (dashed line with open squares) and mean
summer (third quarter) Skeletonema abundance (solid line with filled
circles). Annual mean data points with 5-year smoothed box-car
averages (lines). Pearson correlation between smoothed Gulf Stream
position and summer Skeletonema abundance was 20.44 (n ¼ 24 years,
P ¼ 0.0296).
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The long-term bloom behavior of the diatom ident-
ified as Skeletonema costatum, which typically blooms
during winter–spring (w-s) and summer in NBay, will
be used as the phytoplankton responder. Its persistently
high abundance and dominance of the phytoplankton
over four decades (1952–1996) of continuous investi-
gation have been documented in numerous papers
(Smayda, 1957, 1973; Pratt, 1959, 1965; Karentz and
Smayda, 1984, 1998; Borkman and Smayda, 2009;
among others). The fluctuations in abundance represent
!70% of the variance in total diatom abundance
(Borkman and Smayda, 2009). A large body of literature
has described the ecophysiology of natural populations of
Skeletonema in NBay and strains cultured from local waters
(Smayda, 1973; Yoder, 1978, 1979a, b; French, 1984;
among others), including its population genetics
(Gallagher, 1980, 1982, 1984). In 2005, Zingone et al.
(Zingone et al., 2005) and Sarno et al. (Sarno et al., 2005),
based on morphological analyses, concluded that the
species in NBay historically reported as S. costatum is not
that species. They recognized two newly described species
within the well known and classical Skeletonema morpho-
type (Braarud, 1962; Hasle, 1973) that characterizes the

specimens found in NBay, Skeletonema grethae and Skeletonema
japonicum. We cannot confirm which of these species, if
either, identified as S. costatum occurred, either seasonally
or interannually, and when. The distinctions between
these three Skeletonema species are based primarily on
micro-morphological features that are not apparent when
enumerating live cells in field samples under low magnifi-
cation ("250), as was carried out. Accordingly, in this
study, we will use the name Skeletonema complex to desig-
nate the species historically identified as S. costatum in
NBay, and making up the time series. Efforts are being
made to hindcast the taxonomic identity of the Skeletonema
population.

M E T H O D

NBay plankton time series

From January 1959 to May 1997, surface water samples
were collected weekly at a long-term monitoring station
(4183400700N, 7182303100W) located in lower NBay
(Fig. 1) and analyzed for phytoplankton species

Fig. 1. Location of long-term sampling station (Station II, !418300N, 718200W) in lower west NBay, Rhode Island, and thermal image of Gulf
Stream relative to NBay (red arrow). Image date: 11 June 1997 (source: http://fermi.jhuapl.edu/avhrr/gallery/sst/eddy_97jun11/eddy.html).
GSNW is ca. 400 km south of NBay; the edge of the WCR shown is ca. 230 km south of NBay.
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Borkman and Smayda 2009 

Skeletonema costatum “species-complex”, a 
keystone diatom cluster, in Narragansett 
Bay , USA, during a 39-year (1959–1997) 
time series was statistically related to 
variations in the path and latitudinal 
position of the north wall of the Gulf 
Stream (GSNW). 

Keystone Species 



!   The GS position has been recorded in many ways: 

!   The 15o C isotherm at 200m [Fuglister, 1955; Gangopadhyay et al., 1992; Joyce et al., 2000] 

!   Searching for the maximum along-track SSH gradient [Kelly and Gille, 1990; Frankignoul et al., 
2001; Peña-Molino and Joyce, 2008; Lillibridge and Mariano, 2012]. 

 

 

 

 

 

 

Peña-Molino and Joyce (2008) 
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FIG. 5. Annually averaged temperature at 200-m depth vs latitude and time (top) with a contour
interval of 28C. Temperatures less (greater) than 158C are shaded in light (dark) gray. The envelope
of 36 annual positions of the Gulf Stream based on T(200) data from 1954–89 (bottom). The
annual mean position is based on the 158C isotherm at 200 m. Also shown are the locations where
subsequent EOF analysis was done using the T(200) dataset. EOF analysis east of 608W did not
indicate any contribution to the lowest (common) EOF mode.

year and shows a growing meandering pattern down-
stream from Hatteras (Fig. 5, bottom). There is a sug-
gestion of a node near 688W, which is close to that found
near 698W by Cornillon (1986) using satellite SST-
based 2-day maps of GS path over a 30-month period.
We can see that certain longitudes (e.g., 658W, 578W)
have a larger envelope of variability than others.

We also show the mean path of the Gulf Stream,
defined by the T(200 m) temperature during the 5-yr
pentads of low and high PV at Bermuda (Fig. 6, upper
panel) that shows a difference in mean position de-
pending upon the PV signal at Bermuda. The total lat-
itudinal range is about a half degree over most of the

region from where the stream leaves the coast to about
608W, with a slightly larger range of about 100 km near
658W, where we have shown a selected time series.
There is a significant difference in the Gulf Stream path
between 628 and 728W during the two periods.

Clearly a north/south shift in the Gulf Stream position
will create temperature anomalies at 200-m depth as
well as at the ocean surface without any atmospheric
intervention. The sense of the observed shift is such that
enhanced cooling over the Gulf Stream–Sargasso Sea
during the low PV epochs will reinforce the SST and
subsurface temperature signal due to Gulf Stream po-
sition. The fact that maximum temperature differences

Joyce et al. (2000) 



!   Gridded Sea Level Anomalies (MSLA) weekly data for October 1992-December 2010  and Mean 
Dynamic Topography (MDT) from the AVISO remote sensing service  (http://www.aviso.oceanobs.com/).  

!   The 16 point GS Index: selecting grid points following the maximum standard deviation of Sea 
Level Anomalies (SLA), every 1.33° longitude between 52-72° W.  

Data and Methods 
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!   A temporal Empirical Orthogonal Function (EOF) analysis 

!   To study the periodicity of the first modes, the Welch method of spectral analysis is used.  



What does a EOF does conceptually? 

x =x = x , , , 
+ . ........ ... .. . .. ..... . 

. - - ",-- ..,." 

+ " . 

+ 

" " 
~'­" , .. 

x = -x x =o 
I f ' 1 

" " • 

• 
o ¡.,.':O'...,.-;mm-.-: . ...c" .:....., 

- . ' • 

.. - -

..... .. -
1M ~ .. fiñ) .. l :.11 



Mode 1

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 2

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 3

La
tit

ud
e

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 4

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

 

 

−0.2 −0.1 0 0.1 0.2

Mode 1

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 2

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 3

La
tit

ud
e

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 4

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

 

 

−0.2 −0.1 0 0.1 0.2

−3

−2

−1

0

1

2

3

Correlation between both: 0.89897

Corr. between both modes 1: 0.92475

Temporal Amplitudes of the modes 1 of the 16 point GS index and of the whole study area 

 

 
−1*16 point GS index mode 1
16 point GS index Average

−3

−2

−1

0

1

2

3

Correlation between both: 0.84655

Time
 

 

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Te
m

po
ra

l A
m

pl
itu

de
s

−1*Whole study area mode 1
16 point GS index Average

!   Following the rule of Overland and Preisendorfer [1982],  for the 16 point GS index, 3 modes are above 
the noise level and for the whole region the first 19 modes are significant 

!   The 1 mode characterizes the north-south shifts of the GS. Similar to an index created from the mean 
of the 16 point SLA 

!   16 point array (36% of variance)  

!   the whole region (17% of variance) 

!   July 1995 and October 2000: the GS 
 was in its most northward position, 
 shifting between 50-110 km from its 
 mean position.  

Results from the EOF  



!   The other modes exhibit alternating high positive to 
negative structures. 

!   Contain the 20.9 % of the total variance of the 
whole study area.  

!   Both modes are orthogonal in time, but they seem to 
be different phases of the same phenomenon, 
suggesting a propagating signal.  

Mode 1

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 2

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 3

La
tit

ud
e

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 4

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

 

 

−0.2 −0.1 0 0.1 0.2

Mode 1

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 2

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 3

La
tit

ud
e

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 4

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

 

 

−0.2 −0.1 0 0.1 0.2

Mode 1

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 2

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 3

La
tit

ud
e

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 4

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

 

 

−0.2 −0.1 0 0.1 0.2

Mode 1

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 2

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 3

La
tit

ud
e

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

Mode 4

Longitude

  72oW   66oW   60oW   54oW   48oW 
  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

 

 

−0.2 −0.1 0 0.1 0.2

−3

−2

−1

0

1

2

3

Correlation between both: 0.078497

Temporal Amplitudes of the modes 2 & 3 of the whole study area

 

 
−1*Whole study area mode 2
16 point GS index Average

−3

−2

−1

0

1

2

3

Correlation between both: 0.24033

Time
 

 

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Te
m

po
ra

l A
m

pl
itu

de
s 

Whole study area mode 3
16 point GS index Average



!   Based on the reconstructed time series 
from the 3 meander EOF modes. 

!   From 75o W to 65o W a low energy area can 
be distinguished in both plots.  

!   Westward propagation pattern 

!   Limited periods of eastward and stationary 
meanders.  

!   Quasi-steady meanders: Fuglister and 
Worthington[1951] near Nova Scotia.  

!   Eastward or downstream meander 
propagation in the vicinity of Cape 
Hatteras [Bane et al., 1981].  



!   modes were rescaled according to their 
percentage of total variance.  

 

Results from the 
Welch method  



!   multivariate ENSO index (MEI)  (October 2012, http://www.esrl.noaa.gov/psd/enso/mei/).  

!   ENSO, affects the trade wind belt, could be a source of fluctuations for the GS [Taylor et al., 1998]. 

!   In Young-Oh-Kwon et al. [2010] the winter after the ENSO peak the GS presents strong negative SST 
anomalies  

 

ENSO, which strongly affects the trade wind belt, could
be a source of fluctuations for the GS (Taylor et al. 1998).
The negative correlation with the shorter time lag in-
dicates that, after ENSO peaks, the early response of the
GS is to move south (Fig. 10a). Kwon et al. (2010) show
that the winter after the ENSO peaks, the GS presents
strong negative SST anomalies (see their Fig. 9), which is
consistent with what we find for short positive GS lags. In
addition, the second, positive cross correlation observed at
approximately 2.5yr shows that at after El Ni~no events the
late response of the GS is to shift northward (which can be
clearly observed after the El Ni~no events of 1992, 1997,
and 2009 and a bit more roughly after the El Ni~no
of 2004 in Fig. 10a). Taylor et al. (1998) reported that

the GS is displaced northward following El Ni~no events
by 2 yr.
Figure 6 shows periodicities of approximately 1–1.5 yr

in the three modes of the whole study area. Previous
studies suggest that the GS varies annually, being more
northerly in fall, more southerly in spring (Tracey
and Watts 1986; Lee and Cornillon 1995; Rayner et al.
2011), and in its northernmost position in September
(Lillibridge and Mariano 2012). This signal is masked
with the seasonal steric heating described in the data
section and in Fig. 2making it difficult to confirmwith our
analyses.
The next periodicities of the three modes of the whole

study area are in between semiannual and annual periods

FIG. 10. (a) The time series of the ENSO (MEI) index (blue and red bars), of the213mode 1 of the whole study area (thin gray lines),
of the 16-pointGS index (thin black line), and the resulting time series after passing a 6-monthButterworth filter of fifth order (thick lines).
(b) Time-lagged cross-correlation coefficients are shown for the comparison with the simple (green lines) and low-pass 16-point GS index
(orange lines) with a 90% confidence interval (dashed orange and green lines). (c) As in (b), but the comparison is made with the simple
(green lines) and low-pass213mode 1 of the whole study area (yellow lines) (d) As in (b),(c), but estimated from January 1997. Positive
time lags in (b)–(d) denote ENSO leading GS.
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!   Previous studies suggest that the GS varies annually, being more northerly in fall, more southerly in 
spring [Tracey and Watts, 1986; Lee and Cornillon, 1995; Rayner et al., 2011] and in its northernmost 
position in September [Lillibridge and Mariano, 2012].  

!   This signal is masked with the seasonal steric heating that expands the ocean as it heats 
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!   Periodicities of 6 to 10 months: 

!   Relate GS meanders with Rossby waves.  

! Osychny and Cornillon [2004] 
periods from 7 to 11 months 
between 34-40o N  

!   Modes 2 and 3, periodicities 1-5 months: 

!   Lee [1994] between 75º-45ºW, most 
probable period of meanders was 46 
days.  

! Savidge [2004] meanders have a period 
of 30-120 days 

!   Influence of DWBC over the GS: 

!   Dewar et al. [1985] the DWBC 
supplying some of the energy necessary 
to develop the GS meanders  

!   Thompson and Schmitz[1989]: the GS at 
the separation point is influenced by 
the DWBC.  

! Savidge [2004] determined that the 
dominant DWBC energy is in the 
range of 20-60 days. 



!   Mode 1 was compared with the North Atlantic Oscillation (NAO) index (October 2012, 
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml)  

 

!   It has been previously recorded that during positive phases of the NAO the GS shifts north with lags 
from 1 year [Joyce et al., 2000] to 2 years [Taylor et al., 1998; Hameed, 2004].  

 

(6–10 months) and they have been previously docu-
mented in Pe~na-Molino and Joyce (2008) and Lee and
Cornillon (1995). These periods relate GSmeanders with
Rossby waves. In Osychny and Cornillon (2004) periods
from 7 to 11 months are found between 348 and 408N for
westward-propagating Rossby waves. Lee and Cornillon
(1995) estimated a meandering index between 758 and
608W,which fluctuated in time with a dominant period of
approximately 9 months and they established that is close
to the typical period of a first-mode, baroclinic, long
Rossby wave at the mean latitude of the study area.
The forcing mechanism of the frequency peaks of

modes 2 and 3 having periodicities from 1 to 5 months
may be due to both meanders and DWBC variability.
The periods smaller than 6 months of modes 2 and 3 of

the whole study area represent a 65.01% and a 58.67%
of their total variance. Lee (1994) using an 8-yr time
series in the region between 758 and 458W, estimated
that the most probable period of meanders was 46 days.
Savidge (2004) estimated that once the GS separates
near Cape Hatteras, meanders have a period of 30–120
days, but also determined that the dominant DWBC
energy is in the range of 20–60 days. Dewar and Bane
(1985) suggest that DWBC could be supplying some of
the energy necessary to develop the GS meanders in the
region immediately downstream from Cape Hatteras.
The influence of DWBC over the GS has been pre-

viously documented. Thompson and Schmitz (1989)
observed that the GS at the separation point is influ-
enced by the DWBC. This is also observed in the eddy

FIG. 11. (a) Comparison with the NAO shows the time series of the NAO index (blue and red bars) of the 16-point GS index (thin black
line) and of the213mode 1 whole study area (thin gray line) and the resulting time series after passing a 6-month Butterworth filter of
fifth order (thick lines). (b) Time-lagged cross-correlation coefficients are shown for the comparison with the simple 16-pointGS index and
213mode 1 whole study area unfiltered (dark and light green lines, respectively) and low-pass (yellow and red lines, respectively) with
a 90% confidence interval (dashed lines). (c) Annual NAO (blue and red bars), simple annual 16-point GS index (black line) and simple
annual213mode 1whole study area (gray line). (d)Annual time-lagged cross-correlation coefficients are shown for the comparisonwith
the simple annual 16-point GS index time series (dark green line) and with the simple annual213mode 1 whole study area (light green
line) with a 90% confidence interval (dashed lines). Positive time lags in (b),(d) denote NAO leading GS.
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!   De Coëtlogon et al. [2006], Zhang and Vallis, [2007] and Joyce and Zhang, [2010] argued for a connection 
between the AMOC and the GS path. 

!   The AMOC estimated at 26º N by the RAPID program (http://www.noc.soton.ac.uk/rapidmoc/). 

!    This would mean that a southward/northward path of the GS occurs when the AMOC is strong/
weak as found in Joyce and Zhang [2010]. 

resolving model of Bryan et al. (2007). Furthermore
Spall (1996) and Joyce et al. (2000) add that these GS
shifts are related to the water formation in the Labrador
Sea, propagating down to the region of Cape Hatteras
by advection in the DWBC. In Pe~na-Molino (2010) a
periodicity of approximately 100 days from Line W
current meters, was suggested, associated with fluctua-
tions in the DWBC. Savidge (2004) determined that the
dominant DWBC energy is in the range of 20–60 days.
The simple and low-pass filtered 16-point GS index

and the 21 3 mode 1 of the whole study are compared
with the North Atlantic Oscillation (NAO) index (Oc-
tober 2012, http://www.cpc.ncep.noaa.gov/products/
precip/CWlink/pna/nao.shtml) and with the Atlantic
meridional overturning circulation (AMOC) regarding
the source of the interannual periods observed in Fig. 6.

For the monthly comparison with the NAO index (Fig.
11a), low cross-correlation coefficients (0.2–0.3) with
time lags of 5–12 months are estimated for the simple
and low-pass filtered 16-point GS index (Fig. 11b).
Similar behavior is observed for the comparison with
simple and low-pass filtered 21 3 mode 1 whole study
area, where correlations of 0.2–0.4 are observed at 6 and
5 months, respectively (Fig. 11b). In contrast, when the
simple annual time series are computed (Fig. 11c) and
compared between them, the correlation coefficient
obtained is 0.6 at a GS time lag of 1 yr (Fig. 11d). It has
been previously recorded that during positive phases of
the NAO the GS shifts north with lags from 1 (Joyce
et al. 2000) to 2 yr (Taylor et al. 1998; Hameed 2004).
De Coëtlogon et al. (2006) and Joyce and Zhang

(2010) argued for a connection between the AMOC

FIG. 12. (a) Comparison with the MOC of RAPID shows the time series of the RAPID-MOC index (thin red line) of the213mode 1
whole study area (gray line) and of the 16-point GS index (thin black line) and the resulting time series after passing a 6-month But-
terworth filter of the fifth order (thick lines). (b) Time-lagged cross-correlation coefficients are shown for the comparison with the simple
and low-pass 16-point GS index (green and orange line) with a 90% confidence interval (dashed lines). (c) As in (b), but for the com-
parison with the simple and low-pass213mode 1 whole study area (light green line and yellow line). Negative time lags in (b),(c) denote
GS leading RAPID-MOC.
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Comparison with other indexes for the GS 
!   The 15o C isotherm at 200 m is in the center of 

the strong horizontal temperature gradient of the 
GS [Fuglister, 1955; Joyce et al., 2000]. As it lies 
just to the north of the maximum flow at the 
surface, it is a good indicator of the northern side 
of the stream [Fuglister, 1961].  
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!   In Peña-Molino and Joyce [2008] the GS path was 
made from 10 day SSH anomalies along 6 
descending tracks by searching for the maximum 
gradient.  

!   Our indices are in agreement: they are also 
indicative of changes in the SST anomalies and 
velocities in the Slope Water (positive 
temperature anomalies precede northward 
shifts) 



Thank you! 

Conclusions 
      To conclude, we propose a simple 16 point altimeter-based GS index as a good indicator of the 
latitudinal shifts of the GS. The index can be quickly estimated and updated without changes in 
previous estimates and is a useful measurement of the large-scale shifts in the GS path, which can be 
related to climate variability [Joyce et al., 2009], to changes in some fish stocks [Nye et al., 2011] and 
keystone species [Borkman and Smayda, 2009].  


