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ABSTRACT

Time series of Gulf Stream position derived from the TOPEX/Poseidon altimeter from October 1992 to
November 1998 are used to investigate the lead and lag relation between the Gulf Stream path as it leaves the
continental shelf and the changes in sea level pressure, surface wind stress, and sea surface temperature (SST),
as given by the NCEP reanalysis. The dominant signal is a northward (southward) displacement of Gulf Stream
axis 11 to 18 months after the North Atlantic Oscillation (NAO) reaches positive (negative) extrema. A SST
warming (cooling) peaking north of the Gulf Stream is also seen to precede the latitudinal shifts, but it is a part
of the large-scale SST anomaly tripole that is generated by the NAO fluctuations. There is no evidence that the
Gulf Stream shifts have a direct impact onto the large-scale atmospheric circulation. A fast, passive response
of the Gulf Stream to NAO forcing is also suggested by a corresponding analysis of the yearly mean Gulf
Stream position estimated from XBT dataat 200 m during 1954-98, where the NAO primarily leadsthelatitudinal
Gulf Stream shifts by 1 yr. The fast Gulf Stream response seems to reflect buoyancy forcing in the recirculation
gyres but, as the covariability remains significant when the NAO leads by up to 9 yr, large-scale wind stress
forcing may become important after a longer delay. Because of the high NAO index of the last decades, the
TOPEX/Poseidon period is one of unprecedented northward excursion of the Gulf Stream in the 45-yr record,
with the Gulf Stream 50-100 km north of its climatological mean position.

1. Introduction

The North Atlantic climate is strongly influenced by
the Gulf Stream. A significant part of the meridional
heat transfer is due to the gyre circulation, and the Gulf
Stream system is associated with an intense heat loss
that fuels the atmospheric storm track. The Gulf Stream
variability could thus have a strong climatic impact. The
observations are too sparse to document the changes in
the meridional heat transfer, but the position of the Gulf
Stream has been monitored over many decades. It is
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thus of interest to investigate the cause and effect of its
variability.

The variations in the Gulf Stream path exhibit two
main modes as it |eaves the continental shelf: wavelike
fluctuations primarily associated with the Gulf Stream
meandering and instability and large-scale lateral shifts
reflecting seasonal and interannual changes. It is gen-
erally found that the Gulf Stream is displaced to the
north in fall and to the south in spring (e.g., Tracey and
Watts 1986), while the current reaches its maximum
baroclinic transport in early summer (Sato and Rossby
1995). Using 2-day composite AVHRR images to de-
termine the position of the Gulf Stream from 1982 to
1989, Lee and Cornillon (1995) showed that its seasonal
shifts were in phase between 70°W and at least 60°W.
Kelly et al. (1999) found from 4 yr of atimetric sea
surface height data that the largest seasonal signal oc-
curs between 73° and 64°W. Yet, Rossby and Gottlieb
(1998) observed only a slight seasonal dependence of
the maximum velocity at 52-m depth in 4.5 yr of weekly
Doppler current profiles crossing the Gulf Stream near
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70°W, and Taylor and Stephen (1998) found no consis-
tent seasonal cycle in 30 yr of monthly charts of the
Gulf Stream north wall derived from surface, aircraft,
and satellite observations. Similarly, in the present study
the mean seasonal cycle could not be significantly dif-
ferentiated from the much larger interannual variations
in 6 yr of TOPEX/Poseidon altimetric data.

The interannual variability of the lateral shiftsin the
Gulf Stream position may be due to the atmospheric
forcing. In Parsons’ (1969) and Veronis (1973) two-
layer steady-state models, the path of the separated west-
ern boundary current is defined by the outcropping of
the interface, with the latter estimated from a mass bal-
ance of the Ekman and geostrophic currents at a given
latitude. The latitude of separation thus depends on the
integrated zonal wind stress. Although the time-depen-
dent problem has not been solved, the adjustment to a
change in the forcing should be determined by baro-
clinic Rossby wave propagation and take several years
in the North Atlantic. Surface cooling (heating) along
the outcrop has also been considered (e.g., Nurser and
Williams 1990), resulting in a strengthening (weaken-
ing) of the jet and a southeastward (northwestward) shift
of the separation path. Marshall and Nurser (1988) and
Cessi (1990) have argued that the latitude of separation
of the Gulf Stream is essentially determined by the dy-
namics of the recirculation gyres and their nearly con-
stant potential vorticity, which in turn is determined by
a balance between forcing and dissipation. Again, the
time-dependent problem has not been considered, but
we can speculate that the adjustment to buoyancy or
wind stressforcing intherecirculation gyresisprimarily
controlled by the lateral diffusion associated with the
eddy field, resulting in a much faster response than via
baroclinic Rossby waves. Other mechanisms of vari-
ability have been suggested. Thompson and Schmitz
(1989) found that an increased southward transport of
the deep western boundary current would move the sep-
aration point of the Gulf Stream southward, and Spall
(1996) showed that such variability could be solely due
to the amount of Labrador Sea Water at the crossover
point. Alternatively, Jiang et al. (1995) showed that the
nonlinearity of the wind-driven circulation could lead
for steady forcing to aperiodic fluctuations in the gyre
circulation and the western boundary jet.

The observations suggest that the interannual vari-
ability of the lateral shiftsis correlated with that of the
atmosphere, but there are conflicting results on the ex-
istence or not of a time lag. Using 2.5 yr of Geosat
altimetric height data, Kelly et al. (1996) found that the
main path variations were correlated with the wind stress
fluctuations over the North Atlantic and seasurfacetem-
perature (SST) changes west of 62°W, but not with the
surface heat flux. Using frontal analysis from 1977 to
1988 to define the separation latitude of the Gulf Stream
whereit crosses the 2000-m isobath (near 74.5°W), Gan-
gopadhyay et al. (1992) found that the low-frequency
variations were in good agreement with the Parsons—
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Veronis model when the Gulf Stream was lagging by
about 3 yr. Taylor and Stephens (1998) found that the
Gulf Stream shifts were correlated during the 1966-96
period with the wintertime North Atlantic Oscillation
(NAO), high values of the NAO index (stronger west-
erlies) favoring anortherly path 2-3 yr later. Using tem-
perature data at 200-m depth to define the yearly po-
sition of the Gulf Stream between 1954 and 1990, Joyce
et al. (2000) found instead that the correlation with the
NAO during winter was maximum at zero lag or Gulf
Stream lagging by 1 yr. They argued that the unlagged
correlation may reflect a response of the NAO to the
Gulf Stream shifts.

Kelly (1991) and Kelly et al. (1996) have suggested
that there is a direct relation between the Gulf Stream
shiftsand the near surface transport. Using the GEOSAT
data, they showed that the two variables were closely
linked, a larger eastward transport in the recirculation
area corresponding to anortherly path. Rossby and Got-
tlieg (1998) found that the near surface transport re-
mained nearly constant near 70°W, but their results may
not be typical of Gulf Stream conditions el sewhere, and
Kelly et a.’s (1996) mode of joined Gulf Stream trans-
port/path variability has negligible amplitude near 70°W.

The fluctuations and meandering of the Gulf Stream
have been documented from numerous satellite-derived
SST images, the northern thermal gradient being tra-
ditionally used to locate its position (Lee and Cornillon
1995; Taylor and Stephen 1998). However, Rossby and
Gottlieb (1998) noted that the large velocity gradient
along the north edge of the Gulf Stream does not nec-
essarily coincide with the SST front but could be dis-
placed anywhere within about 100 km to either side. At
low frequency, the meridional shifts of the jet maximum
seemed to broadly reflect those of the highest temper-
ature, and the slope water was warmer when the Gulf
Stream was closer to the shelf. This led Rossby (1999)
to suggest that changes in the influx and admixture of
shelf water into the slope water may help to control its
latitude.

On the other hand, as reviewed by Frankignoul
(1985), large-scale midlatitude SST anomalies on the
seasonal scale primarily result from the changes in the
atmospheric forcing, primarily viasurface heat exchang-
es and vertical entrainment. Near the Gulf Stream and
to the north of it, advection by geostrophic and Ekman
currents also plays an important role, leading to SST
anomalieswith alonger timescal esthan in the mid ocean
(Kelly and Qiu 1995; Halliwell 1998). The relation be-
tween Gulf Stream path and SST variability isthus com-
plex and scale-dependent.

Joyce et a. (2000) hypothesized that the SST signal
produced by the latitudinal shifts of the Gulf Stream
might influence the position of the extratropical winter
storm track and thus the NAO. As the latter controls
the production of mode water in the subpolar gyre and
the Labrador Sea, the resulting changesin the deep west-
ern boundary current would in turn affect the Gulf
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Stream position, leading to decadal climate changes.
Whether the Gulf Stream shifts have an impact on the
atmospheric circulation has not been established. Re-
sponse studies with atmospheric general circulation
models have shown that a SST anomaly off Newfound-
land could displace the Atlantic storm track during fall
and winter (Palmer and Sun 1985; Peng et al. 1995),
but the impact of SST anomalies near the Gulf Stream
has not been considered. By using an ensemble of sim-
ulations forced by the observed global SST and seaice
distribution, Rodwell et al. (1999) found that a signif-
icant part of the NAO variability was associated at |ow
frequency with the tripole that dominates the SST var-
iability in the North Atlantic. Using observations, Czaja
and Frankignoul (1999) showed that the atmospheric
circulation in the North Atlantic sector was related dur-
ing certain seasons to previous large-scale SST anom-
aliesinthe North Atlantic. A SST influence onthe NAO
was detected during early winter, but the SST anomaly
amplitude was small near the Gulf Stream.

Clearly, the relation between Gulf Stream path, SST,
and atmospheric variability needsto be investigated fur-
ther. Thisis done in the present paper, using time series
of the Gulf Stream path derived from the TOPEX/Po-
seidon (hereafter T/P) altimetric measurements and sub-
surface temperature observations, together with SST an-
alyzed fields and data from the National Centers for
Environmental Protection reanalysis.

2. Data fields

Two complementary datasets have been used to es-
timate the changes in the Gulf Stream location, one of
limited duration but with a good spatial and temporal
resolution and the other much coarser but covering 45
years. The first dataset was derived from the T/P sea
surface height measurements between October 1992 and
November 1998. For each of the 17 ascending and de-
scending subtracks (unequally spaced) crossing the Gulf
Stream between 73° and 50°W, the position of the jet
maximum was determined by fitting an error function
to the altimeter data across the current, using the method
of Kelly and Gille (1990). After interpolation at 10-day
interval (36 values per averaged year) using a cubic
spline, the mean Gulf Stream path was determined and
removed to provide time series of path fluctuations (Fig.
1). Attempts at determining a statistically significant
mean seasonal cycle failed as the mean monthly de-
partures from the long term mean could not be distin-
guished from the interannual variability, neither along-
track nor for the main patterns of variability as estimated
by a decomposition into empirical orthogonal functions
(EOFs). To follow standard practice, the annual har-
monic was nonetheless removed for each track by least
squares fit, although it was verified that it does not sig-
nificantly affect the results below.

An EOF analysis of the 10-day path fluctuations in-
dicated that the main mode of variability is in phase
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FiG. 1. Top: Long-term mean path of the Gulf Stream as determined
from the 1992-98 T/P (continuous line and shaded domain) and the
1954-98 XBT (dashed line) data, where the interval gives = two
standard deviations. The thin lines indicate the Gulf Stream path for
each year from 1993 to 1998, from the XBT data. Bottom: mean Gulf
Stream path for the 1993-98 period as determined from the T/P data
(continuous line) and the 17° isotherm at 200 m (thin dashed line),
and mean position of the latter during 1954—1998 (thick dashed line).

over the study area, but with negligible amplitude east
of 55°W. Since significant changes to the Gulf Stream
take place in this region where it approaches the Grand
Banks (Rossby 1999), we only consider the 14 tracks
that cross the mean Gulf Stream path to the west of
55°W. Figure 2 shows the first EOF (top) and principal
component (PC1, bottom) of the path along track fluc-
tuations. As there is little energy at high frequency,
monthly averaged data are used hereafter, with virtually
no change in the EOF and 31% of the monthly variance
explained. The lateral shifts correspond to in-phase dis-
placement with an average amplitude of about 30 km,
a minimum near 68°W, and a maximum around 57°W.
PC1 varies over a broad range of timescales and has a
red spectrum (Fig. 3). It is dominated by an unresolved
low-frequency signal, the Gulf Stream path shifting by
60 to 80 km southward. As the shift isin the middle of
the record, it imprints a 3 yr timescale that is reflected
in the broad negative lobe (not significant at the 5%
level) of the autocorrelation in Fig. 3. The higher EOFs
(not shown) are noisy and primarily reflect Gulf Stream
meandering.

We have also used subsurface temperature data to
estimate the Gulf Stream path, following Joyce et al.
(2000). In this study, MBT and XBT profiles from the
Levitus (1994) atlas were used to estimate the Gulf
Stream position between 75° and 55°W from 1954 to
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FiG. 2. First EOF (top) and PC (bottom) of the Gulf Stream path
fluctuations in the T/P data. The mean Gulf Stream axis is given by
the dashed line and the tracks are indicated by the dots, each dot
corresponding to an estimated position of the jet maximum. The PC
is normalized so that the EOF amplitude indicates typical lateral
shifts.

W 50W

T

1k

1989, the limited data density only providing reliable
data at yearly resolution. In the present study, the data
were extended to 1998, using online data available from
NOAA (GTSPP files provided by NODC). The latitude
of the 15°C isotherm at 200 m was taken as an indicator
of the position of the Gulf Stream. Because it corre-
spondsto the northern wall of the Gulf Stream, the mean
position estimated by this method is to the north of the
mean T/P Gulf Stream path by up to 1° latitude in the
eastern part of the domain. One can see by Fig. 1 (bot-
tom) that the mean position of the 17°C isotherm at 200
m during the T/P years agrees well with that from the
surface jet from the atimeter and it is substantially
northward of its 45-yr mean position. Thusthe T/Pyears
represent a Gulf Stream that is 50 to 100 km farther
north than found during most of the modern record. It
will be argued below that it results from the positive
phase of the NAO during the 1990s. It is nonetheless
conceivable that the observed trend also reflectsin part
a gradual warming of the gyre over time.

The yearly temperature at 200 m was interpolated
along the mean position of the 15°C isotherm and the
temperature anomalies with respect to the long-term
mean (hereafter T,,,) used to describe the variability of
the Gulf Stream path. As discussed by Joyce et al.
(2000), the climatological wintertime mixed layer depth
given by the Levitus atlas is much less than 200 m in
the region of interest and T,,, should be little affected
by diabatic processes. A warmer temperature along the
mean path thus corresponds to a more northerly Gulf
Stream and a colder temperature to a more southerly
Gulf Stream. Interannual changes are thereafter given

FRANKIGNOUL ET AL.

D . 2
= - -
® L NT/P -
5 o5y NI —_ -
S 0 S
% ______ ~ :—._.:—’—_———-—
<_0_5 . ) . L : ST e . E
0 6 12 18 24 30 36 42 48 54 60
lag (month})
E10°
©
[
R
10
[
2
&
107}

Frequency (cpy'1)

Fic. 3. Autocorrelation function (top) and power spectrum esti-
mated with the multitaper method (bottom) of PC1 of T/P (dashed
line) and T,y (continuousline). To plot the spectra (in arbitrary units),
T/P PC1 was scaled so that its yearly averages have the same mean
and amplitude as the XBT data during the overlapping years 1993—
98. The thin lines give the 5% level for no-correlation and indepen-
dent samples.

in degree Celsius rather than latitude, but the infor-
mation is similar. Asin the T/P data, the main mode of
variability has in-phase temperature changes in the en-
tire study area (Fig. 4). In view of the limited data
coverage in recent years by XBTSs, the correspondence
between the two datasets is rather good during the six
overlapping years. The power spectrum (Fig. 3) is con-

EOF1 of XBT : 49% of total variance

44N

42N

40N

38N

36N

34N

v \/\/\/-/hv \/J/J\\J
-2, . . . . . . . L1
1955 1960 1965 1970 1975 1980 1985 1990 1995

FiG. 4. First EOF (top) and PC (bottom) of T,y during 1954-98.
The PC is normalized so that the EOF amplitude indicates typical
temperature variations. The mean T, position (dashed line) is taken
as the zero axis and the temperature given by the vertical lines. For
comparison, yearly averages of the T/P PC1 (thick line) were scaled
to have the same mean and variance as the XBT data during the
overlapping years 1993-98.
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sistent with the T/P one and shows that spectral flat-
tening only occurs at very low frequency; the dominant
time scale is decadal. The lack of a negative lobein the
autocorrelation at 3 yr confirms that this feature of the
T/P series was not significant but due to the limited data
length.

In addition, we used monthly (or yearly) fields of sea
level pressure and surface wind stress anomalies from
the NCAR/NCEP Reanalysis Project (Kalnay et a. 1996)
from January 1948 to September 1999. The SST was
taken from the 1° X 1° dataof Reynoldsand Smith (1994)
for the T/P period, and from the 2° X 2° Reynolds SST
fields for the XBT period. Data provided through the
NOAA-CIRES Climate Diagnostics Center, Boulder,
Colorado (available online at http://www.cdc.noaa.gov/).

3. Statistical analysis

To establish the link among the fluctuations in Gulf
Stream path, the atmospheric circulation, and SST we
have investigated how the relations between these var-
iablesvary as afunction of timelag. Lagged correlation
is powerful in distinguishing between cause and effect
in the extratropical latitudes as on monthly or longer
timescal e the atmosphere primarily acts as awhite noise
forcing on the ocean. If the ocean only responds pas-
sively, there should be no correlation when the ocean
leads by more than the atmospheric persistence time.
Because of atmospheric persistence and data averaging,
the correlation is large when the two media are in phase
but it peaks when the ocean lags if the data are averaged
over a duration smaller than the oceanic time scale;
otherwise the maximum correlation occurs at zero lag.
At larger lag, the correlation decays like the oceanic
anomalies. If SST fluctuations influence an atmospheric
variable, their cross-correlation does not vanish when
the ocean leads; if the atmosphere acts as a negative
feedback, there is a sign reversal between lead and lag
conditions; if the feedback is positive, the correlation
remains of one sign, but still peaks when the ocean
follows (Frankignoul 1985). Similar statistical signa-
tures characterize the geostrophic response of the ocean
to stochastic atmospheric forcing, athough Rossby
waves, higher order dynamics, or active ocean-atmo-
sphere coupling add complexity in long lead and lag
conditions (Frankignoul et al. 2000).

Several techniques were used to describe lag corre-
lation: projection of one field onto the PC of another,
cross-correlation between PCs, and maximum covari-
ance analysis (hereafter MCA) based on asingular value
decomposition. The results are similar, but lagged MCA
will be mostly used for display as it maximizes the
signal-to-noiseratio and does not prescribe the dominant
patterns. In the MCA, say an oceanic field X(t) at time
t and an atmospheric one Y (t — 7) at time t—r are ex-
panded into K orthogonal signals
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plus noise, with p,-p, = &, q;-q; = §;, where the
covariance between a, and b, is maximum for k = 1,
2, -+ -. So-called (Bretherton et al. 1992) homogeneous
maps for the ocean and heterogeneous maps for the
atmosphere [i.e., the projection of X(t) and Y(t — 7)
onto a,(t)] will be shown since they preserve linear
relations between the variables. Robustness was as-
sessed by testing the statistical significance of the square
covariance and the correlation between a, and b,, using
a moving-blocks bootstrap approach (von Storch and
Zwiers 1999). Each MCA was repeated 100 times, link-
ing the origina Gulf Stream dataset with randomly
scrambled atmospheric ones (or SST), so that the chro-
nological order between the two variables was de-
stroyed. To reduce the influence of serial correlation,
blocks of two successive months were considered when
scrambling the monthly atmospheric series and blocks
of 6 months (2 yr for yearly data) when scrambling SST.
The quoted significance levels indicate the percentage
of randomized square covariance and correlation for the
corresponding mode that exceed the value being tested.
Results are given without detrending, but their stability
was assessed by repeating the analysis after removing
afirst or a second order polynomial by least squaresfit.
In nearly al cases, only the first MCA mode was sig-
nificant and stable.

Because the NCEP reanalysis and the SST observa-
tions were available over longer periods than the Gulf
Stream path, the cross-correlation functions and lagged
MCA were also calculated with extended atmospheric
and SST datasets. This provided more degrees of free-
dom at large lags but, as the results are similar, only
those based on the common period are displayed.

4. Gulf Stream path and atmospheric variability

To verify whether the latitudinal shifts of the Gulf
Stream are related to the NAO, the cross-correlation
between PC1 of its path fluctuations and Hurrell’s
(1995) NAO index was calculated. Note that we use
monthly data throughout the year for the NAO index,
rather than the usual wintertime averages. The cross-
correlation for the T/P period has a broad peak when
the NAO leads by 16-18 months and about 12 months,
and thereisno correlation at the 5% level of significance
when the Gulf Stream is in phase or leads (Fig. 5, top).
Similar results are obtained when using PC1 of sealevel
pressure over the North Atlantic sector instead of the
NAO index (not shown), and when computing the cross-
correlation between the yearly averaged values of the
NAO index and T, during the 195498 period (Fig.
5, bottom). In the latter case, the correlation is nearly
zero when the Gulf Stream leads, becomes significant
in phase, peaks when the NAO leads by 1 yr, and slowly
decrease at larger lags like the autocorrelation in Fig.
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Fic. 5. Lagged correlation between PC1 of T/P (top) and T, (bot-
tom) and Hurrell’s (1995) NAO index. The dashed line gives the 5%
level for no-correlation and independent samples.

3. This is consistent with the statistical signature of a
passive response to stochastic atmospheric forcing (sec-
tion 3).

To see whether the NAO is the main atmospheric
mode linked to the path fluctuations, alagged MCA was
performed between the T/P Gulf Stream data and the
atmospheric variables. As illustrated for sea level pres-
sure in Fig. 6, the square covariance of the first MCA
mode is large and highly significant when the atmo-
sphere leads by about 19 to 10 months, with peaks at
lag —18 to —16 and lag —12 to —11. There is no
significant covariability near zero lag. The results are
robust to detrending. The atmospheric pattern is the
NAO and the Gulf Stream displacement a latitudinal
shift (Fig. 7), a more northerly Gulf Stream path fol-
lowing a positive phase of the NAO as in Fig. 5, with
very little pattern dependence on the lag. The Gulf
Stream shift resembles EOF1 in Fig. 2 and is also typ-
ically of 20 to 40 km (note that the Gulf Stream position
is not to scale), suggesting that NAO is indeed the pri-
mary cause of the lateral shifts. However, the path is
noisier, in part because of the more limited duration of
the lagged series. The results are similar with the wind
stress and wind stress curl, considered simultaneously
with equal weight in Fig. 8 where the MCA shows the
characteristic pattern of a positive NAO phase for these
variables. Preceding a northward shift of the Gulf
Stream, the westerlies are stronger and shifted poleward,
and the North Atlantic trade winds intensified, resulting
in a negative wind stress curl anomaly between 35° and
55°N, and a positive one farther north. As discussed by
Marshall et al. (2001), the north—south migration of the
jet stream as the NAO rises and falls leads to an anom-
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Fic. 6. Square covariance of the first mode of the MCA between
T/P Gulf Stream path and sea level pressure as a function of lag
(continuous line), and corresponding values in the moving blocks
bootstrap (dots).

alous “‘intergyre’ gyre roughly centered on the mean
gyre boundary. Note that the signs in Figs. 7 and 8
should be inverted to describe the southward shift of
the Gulf Stream that dominates the T/P period. Whether
the two dominant lags (—17 and —12 months) reflect
distinct phases of the response or correspond to the same
broad peak in the lagged covariance, as suggested by
the similarity of the patterns in each field, cannot be
decided from the limited T/P time series.

A small but significant covariance was also found
when the Gulf Stream path |eads the atmosphere by 21—
22 months, with similar patterns to those in Figs. 7 and
8, but with the opposite sign. However, the timeinterval
between the negative and positive peaks matches the
lag of the negative lobe of the PC1 autocorrelation in
Fig. 3, and no corresponding covariability was found in
the XBT data. Hence, we interpret the 21-month covari-
ability (and a similar phenomenon in the MCA with
SST below) as an artifact of the shortness of the T/P
data.

The 45-yr XBT dataset provides better information
on long lead or lag conditions. A similar analysis was
conducted, using yearly averages of the NCEP data. In
each MCA, the covariance of the first mode is highest
and the statistical significance strongest when the at-
mosphere precedes T,,, by 1 yr. The covariance remains
significant at zero lag, but not when the Gulf Stream
leads. Thisis very robust and is unaffected by detrend-
ing. The peak in sguare covariance stands out most
clearly for wind stress and wind stress curl (Fig. 9),
where the square covariance decreases rapidly between
lag —1 and —3, then levels off, remaining significant
when wind stress and wind stress curl lead T,,, by up
to 9 yr. Asillustrated in Fig. 10, the patterns vary little
with lag. The atmospheric anomaly patterns are those
associated with a positive NAO phase, the small dif-
ferenceswith Fig. 8 resulting from the much wider range
of conditions encountered in the XBT period. The cor-
responding Gulf Stream shift is northward and its am-
plitude comparable to that of the EOF in Fig. 4, which
again suggests that the NAO is the dominant cause of
the coordinated north—south Gulf Stream shifts. How-
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Fic. 7. First MCA mode between T/P and sea level pressure at various negative lags. Homogeneous maps are represented for the Gulf

Stream path and heterogeneous ones for sea level pressure. The mean Gulf Stream path (dashed line) is taken as the zero axis, the angled
lines give the along track Gulf Stream displacement (to avoid overlap, in the graph the zonal displacement has been divided by 15), and
the scale is for meridional displacement. The dashed-dotted line indicates the 5% level for point correlation with the time series of the T/P
mode. The latter is normalized so that the maps indicate typical amplitudes. The correlation coefficient r and square covariance SC are given

with estimated significance level. Positive (negative) contours are in black (white) and dots indicate zero.

ever, significanceislost at lag <—1 yr when detrending
or using sea level pressure in the MCA. Hence, the fast
adjustment corresponds to that seen in the T/P data and
is probably due to buoyancy forcing in the recirculation
gyre, as argued below. The sustained significance at
large negative lags corresponds better to the propagation
time of baroclinic Rossby waves and may thus reflect
a slower change in the baroclinic Sverdrup transport.
To attempt determining if there is a frequency de-
pendence in the time lag between path and NAO, we
calculated the coherence (multitaper method) between
the time series of the MCA in Fig. 10 at each significant
lag (not shown). The series were highly coherent at
periods larger than 5 (short lags) or 8 (large lags) yr,
the phase generally indicating a path delay of 1 to 3 yr.
This delay tended to decrease with increasing period,
suggesting little frequency dependence of the lag, but
it is not monotonic at each lag and the error bars are
large. Thus it cannot be decided whether the square
covariance function in Fig. 10 only reflects the long
persistence of the Gulf Stream fluctuations, the contri-

bution of two or more physical mechanisms with dif-
ferent timescales, or a longer phase lag of the response
at very low frequencies.

5. Relation with the sea surface temperature

As recalled before, the high resolution AVHRR im-
ages are used to track the position of the Gulf Stream
axis, but here we focus on relatively large SST scales
by using the monthly operational SST products issued
by NOAA. Although largely based on the AVHRR im-
agery, they are constructed by optimum interpolation
analysis and thus strongly smooth out features of scale
smaller than a few hundred kilometers (Reynolds and
Smith 1994).

To illustrate the lagged relations between the North
Atlantic SST anomaly field and the north—south shifts
of the Gulf Stream, Fig. 11 shows the regression of the
1° X 1° monthly SST anomalies on PC1 of the T/P Gulf
Stream path (the signs must again beinverted to describe
its southward migration during the T/P period). When
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Fic. 8. First mode of the lagged MCA between T/RB, wind stress,
and wind stress curl at lag —17 and —12. Homogeneous maps are
represented for the Gulf Stream path (see Fig. 7 for details) and
heterogeneous ones for the atmosphere. The time series are normal-
ized so that the maps indicate typical amplitudes. The correlation
coefficient r and square covariance SC are given with estimated sig-
nificance level. Positive (negative) contours are in black (white) and
dots indicate zero.

SST leads a northward shift of the Gulf Stream by up
to 20 months or so, the SST is warmer than normal in
much of the subtropical gyre, with a sharp maximum
in the slope water area. The SST is also colder than
normal north of 45°N, in the eastern Atlantic, and in
the North Atlantic trade wind region. The SST anomaly
pattern is thus a tripole with maximum amplitude at lag
—16 to —12 for the large-scale signal, and —12 to —8
for the slope water. Statistical significanceisdifficult to
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Fic. 9. Asin Fig. 6 but for of the first mode of the MCA between
T, @nd wind stress and wind stress curl.
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Fic. 10. Asin Fig. 8 but for the MCA between T,,, and wind stress
and wind stress curl. The mean T,y position (dashed line) is taken
as the zero axis and the temperature given by the vertical lines.

establish because both PC1 and the SST anomaly fields
are serially correlated, and the influence of serial cor-
relation on significance is poorly known (von Storch
and Zwiers 1999). However, as the 5% level for inde-
pendent estimates generally resembles the 0.1°C con-
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Fic. 11. Lagged regression between SST anomalies and PC1 of the T/P Gulf Stream path. SST leads at negative lags. The dashed—dotted
line indicates the 5% level for no correlation. Positive (negative) contours are in black (white) and dots indicate zero.

tour, it can be safely assumed that the largest valuesin
Fig. 11 are significant. Over most of the domain, the
correlation weakens as the (negative) lag decreases.
Near zero lag, there is a narrow SST dipole along the
mean Gulf Stream axis that reflects the northward dis-
placement of the Gulf Stream front. Indeed, the SST at
agiven time is usually maximum near the center of the
jet, decreasing slightly to the south but rapidly to the
north. As the SST climatology has similar, but highly
smoothed, features, the SST anomaly associated with a
northward (southward) displacement of the front should
be strong and positive (negative) north of the mean Gulf
Stream path and weak and negative (positive) south of
it, as seen at lag 0. Figure 11 also suggests that, at small

positive lags, the warm SST anomaly is moving east-
ward, presumably because advection strongly affectsthe
SST in the Gulf Stream region. Significanceislost when
the Gulf Stream leads by about 1 yr.

Similar (and robust) results are found in the MCA
between the T/P data and SST. The square covariance
of the first mode is significant at the 5% level when
SST leads by about 20 to 4 months so that the covariance
peak nearly coincides with that in Fig. 6, while per-
sisting longer (Fig. 12). As illustrated in Fig. 13, the
SST warming (cooling) which precedes a northerly
(southerly) migration of the Gulf Stream is indeed part
of a large-scale SST tripole extending over the whole
North Atlantic. The SST anomaly peaks in the slope
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Fic. 12. Asin Fig. 6 but for the lagged MCA between the T/P
Gulf Stream path and SST.

water near 41°N, 63°W about 3 months after the tripole
has been generated. Significance is lost near zero lag
(thelocal SST imprint of the latitudinal shift istoo weak
to affect the large-scale signal) but there is a small,
marginally significant peak near lag 4 (not shown), re-
flecting the eastward SST advection seen in Fig. 11.
The results can be linked to section 4 by remarking
that the SST anomaly pattern at lag —18 in Fig. 13
closely resemble the SST anomaly tripole forced by the
NAO. The latter creates SST anomalies primarily via
the surface turbulent heat flux (not shown, but see Cayan
1992 or Czaja and Frankignoul 1999), although Ekman
and geostrophic advection are important near and north
of the Gulf Stream. The SST tripole is the dominant

SST leads GS T/P
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Fic. 13. Asin Fig. 7 but for the lagged MCA between the T/P
Gulf Stream path and SST.
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SST and sea level pressure at lag —1, 0, and 6. SST leads at positive
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SST mode in wintertime conditions, and the large SST
amplitude in the slope water is consistent with its shal-
lower mixed layer. Thetripoleisalso the dominant mode
in the year-round MCA between sea level pressure and
SST (Fig. 14), where the covariability peaks when SST
follows the atmosphere by 1 month (or more) but isalso
strong at zero lag, as explained in section 3. Thus, both
the Gulf Stream and the surface mixed layer respond to
the NAO changes. As the SST anomaly response time
is much shorter than that of the Gulf Stream, the SST
changes precede the latitudinal shifts of the jet by about
the same time lag as the NAO. The covariability of the
Gulf Stream path with SST remains significant at small-
er (negative) lags than with the NAO because SST
anomalies persists more than the NAO, the SST per-
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sistence being probably enhanced by wintertime recur-
rence and heat transport.

Advection could explain why the SST anomaliestake
more time to develop in the slope water, that is, why
they peak at smaller negative lag with respect to the
Gulf Stream in Figs. 11 and 12, a feature that cannot
reflect a direct response of the mixed layer to NAO
forcing. Dong and Kelly (2000, unpublished manu-
script) have shown that the slope current that transports
cold water from the northeast was weak during 1993—
95, which means less cold water transported to the slope
sea, but strong in 1996. This should contribute to the
observed cooling of the slope water during the T/P pe-
riod. As a decrease of the amount of cold, fresh water
by the Labrador Current along the shelfbreak may itself
be related to a high NAO state (Pickart et al. 1999;
Rossby and Benway 2000), the delayed slope water
changes may simply reflect the complexity of the oce-
anic response to the NAO forcing.

A significant covariability between SST and sealevel
pressure anomalies is also found when SST leads by 5
to 6 months (Fig. 14, bottom panel). This reflects the
impact of North Atlantic SST anomalies on the NAO
that was detected during early winter by Czajaand Fran-
kignoul (1999). Although the SST influence was seen
more clearly (and also at shorter lags) when using sea-
sonal data, it is remarkable that it stands out in only 6
years of data, attesting the strength of the signal. How-
ever, statistical significance in the MCA was basically
lost at positive lag when limiting the SST to the Gulf
Stream vicinity (35°-45°N, 45°-75°W). As discussed
before, the MCA between the atmospheric variablesand
the T/P data showed no evidence of a direct impact of
the Gulf Stream shifts on the atmospheric circulation.
Thus, the SST anomaly impact on the atmosphere does
not appear to be directly related to the Gulf Stream
position.

This was confirmed for each season. Since the T/P
data are too short, we assessed seasonal impact by con-
sidering SST in the small domain above but using the
NCEP data between 1954 and 1998. Note that the SST
anomalieswereon a2°® X 2° grid asthe higher resolution
data are not available for the whole period. A lagged
MCA was done by considering sets of 3 successive
months per year for SST and sea level pressure or 500-
mb geopotential height anomalies over the North At-
lantic, following the procedure of Czaja and Frankig-
noul (1999). The SST in the Gulf Stream vicinity was
found to respond to the atmospheric forcing throughout
the year, but no significant covariability could be found
when SST was |leading.

The relation between Gulf Stream path and SST was
also investigated using the yearly XBT data. A signif-
icant square covariance between SST and T ,,, wasfound
without time lag. As shown in Fig. 15, the SST anomaly
coarsely resembles the SST tripole of the T/P period
(Fig. 13), except that the positive SST anomaly in the
Gulf Stream vicinity extends farther westward, peaking
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Fic. 15. Asin Fig. 7 but for the lagged MCA between T,,, and
SST. The mean T, position (dashed line) is taken as the zero axis
and the temperature given by the vertical lines.

-0.3

near the coast. However, the same feature is found in
the MCA between yearly (or monthly) SST and sealevel
pressure when considering the whole 45-yr period (Fig.
16). Thissuggeststhat the differencesin pattern between
Figs. 13 and 15 primarily reflect long term changes in
the atmospheric forcing. Note in Fig. 16 that the SST
tripole is also strongly correlated with the NAO 1 yr
earlier, presumably as a result of SST anomaly persis-
tence and wintertime recurrence. The strong in-phase
relation between the Gulf Stream shifts and SST in Fig.
15 is thus consistent with Fig. 10 and 16.

Even though a significant lag —1 yr relation was ex-
pected from the T/P results, the square covariance be-
tween SST and T,,, was not significant when SST pre-
cedes T,y by 1 yr. However, it became significant when
a linear or a quadratic trend was removed prior to the
MCA. A highly significant covariability was also found
when SST follows the Gulf Stream by 12 to 14 yr (Fig.
15). The patterns are strikingly similar to those at lag
0, but with thereversed sign for SST. Checking carefully
the large lags in the other MCAs, we found no hint of
acorresponding covariability between SST and sealevel
pressure. Some covariability could be recognized in the
MCA between T,,, and sealevel pressure (but not wind
stress nor wind stress curl) when T,,, leads sea level
pressure by 14 yr, but the statistical significance was
marginal (SC 4%, r 22%) and very sensitive to detrend-
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ing. Thus, only the lag 12 to 14 yr covariability in Fig.
15 appears to be robust.

6. Summary and discussion

Both T/P and XBT data suggest that the main mode
of interannual variability of the Gulf Stream path is a
latitudinal shift caused by the NAO, anorthward (south-
ward) displacement of the jet axis following a positive
(negative) phase of the NAO. In the T/P data, the covari-
ability peaks when the Gulf Stream follows the NAO
by 11 to 18 months, and no significant covariability with
the atmosphere is found at zero lag or when the Gulf
Stream precedes. The lack of correlation at zero lag
contrasts with Kelly et al. (1996), who found using ca-
nonical correlation analysis that the changes in Gulf
Stream path in the shorter GEOSAT data were weakly
correlated with those of the wind stress curl. However,
the canonical correlation did not seem robust as it was
dominated by the contribution of high EOFs for both
path and curl, and it was only slightly above the esti-
mated 5% significance level.

In the yearly XBT data for the period 1955-98, the
covariability with the atmosphere is dominated by a 1-
yr delay between the NAO changes and the Gulf Stream
latitudinal shifts. The covariability with wind stress and
wind stress curl first decreases with increasing Gulf
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Stream lag but then levels off, remaining significant
when the NAO leads by up to 9 yr. The in-phase covari-
ability isalso significant, but smaller than when the Gulf
Stream follows by 1 yr. Joyce et a. (2000) found that
the maximum correlation occurred in phase during the
period 195589, but they were only considering the
NAO during winter so that there is an implicit lag in
their calculation. Furthermore, the maximum correlation
occurred when the Gulf Stream follows by 1 yr when
they extended the XBT data to the 1955-98 period (see
their Fig. A2), in agreement with the present analysis.
Note that these results explain why the Gulf Stream was
northerly during the T/P period, as it was a time of
generally high NAO index. In fact, the northerly posi-
tion of the Gulf Stream in the decade of the 1990s is
unprecedented in the 45-yr record.

Our estimate of the dominant lag between the Gulf
Stream shifts and the NAO is shorter than in Taylor and
Stephen (1998), who suggested a2-3 yr delay. However,
as discussed by Joyce et al. (2000), this delay reduces
to 1 yr in the 1975-98 period, so the longer delay may
be due to some particularities in the early part of their
frontal analysis data. Using datafor the 1977—-88 period,
Gangopadhyay et al. (1992) suggested a 3-yr delay near
74.5°W with the zonally integrated zonal wind stress.
For comparison we did the MCA between T,,, and the
atmosphere for the same period. The first MCA mode
was not significant. The second one was moderately
significant when sea level pressure, wind stress, or wind
stress curl leads T,,, by 2 yr but with different patterns:
an anticyclone centered on and to the south east of New-
foundland leading a northward shift of the Gulf Stream
west of 65°W (not shown). Thus, a different but much
weaker regime seemed to be prevalent during their mea-
surement period, and no trace of it remained when con-
sidering the whole dataset.

In the T/P period, a large-scale SST warming (cool-
ing) in the Gulf Stream area also precedes its northward
(southward) migration. This mostly reflects the fast re-
sponse of the mixed layer to the NAO fluctuations,
which generate a basin-scale SST anomaly tripole, pri-
marily via surface heat exchanges. Because of SST per-
sistence and, possibly, wintertime recurrence, its covari-
ability with the Gulf Stream path remains significant in
the MCA until SST precedes by as little as 4 months.
Statistical significance is lost near zero lag, but an im-
print of the Gulf Stream front migrations can be rec-
ognized in the analyzed SST field. There is aso some
evidence of SST advection by the large-scale currents.
In the Slope Water, the SST anomalies take more time
to develop than on the basin scale and peak at smaller
negative lag with respect to the Gulf Stream. This ap-
pears to be linked to the decrease of the amount of cold,
freshwater transported by the Labrador current along
the shelfbreak, which may itself be related to a high
NAO state (Pickart et al. 1999; Rossby and Benway
2000).

The complex relation between Gulf Stream path and

Unauthenticated | Downloaded 11/20/23 02:38 PM UTC



3528

SST ispoorly resolved when using the yearly XBT data,
as the SST anomaly tripole primarily varies in phase
with the Gulf Stream latitudinal shifts. Contrary to what
was expected from the T/P period, the square covariance
is not significant when SST precedes T,y by 1 yr, unless
the data are detrended. There are small differences with
the patterns found with the T/P data, which probably
reflect long-term changes of the dominant atmospheric
patterns. A significant covariability is also found when
the Gulf Stream leads SST by 12 to 14 yr, with strikingly
similar patterns to those at lag O but reversed SST po-
larity. Whether it reflects an oscillatory behavior with
a decadal half-period is not known, but more complex
interactions seem be at play on longer time scales.

Even though the influence of the North Atlantic SST
on the NAO discussed by Czaja and Frankignoul (1999)
was seen in the T/P period, the lateral shifts of the Gulf
Stream or SST in its vicinity seem to have no direct
impact on the large-scale circulation. This contradicts
the hypothesis by Joyce et al. (2000), but the sparcity
of in situ data over the ocean and the spatial resolution
of the NCEP reanalysis may limit its ability to detect a
more local impact.

In summary, the Gulf Stream path seems to respond
passively to the variability of the NAO with a delay of
ayear or so. This is much shorter than expected from
linear adjustment to wind stress changes and baroclinic
Rossby wave propagation, even when taking into ac-
count the proximity of the NAO forcing to the western
boundary. On the other hand, the 1-yr delay seems con-
sistent with the assumption that the Gulf Stream sepa-
ration is controlled by the potential vorticity of the re-
circulation gyres. Thelocal wind stress forcing issmall,
and thus buoyancy forcing and the associated SST
changes are likely to prevail. They correlate well indeed
at the yearly timescal e with the potential vorticity in the
subtropical mode water (Joyce et al. 2000). Baroclinic
adjustment to the large-scale wind stress by Rossby
wave propagation is nonetheless likely to contribute to
the smaller, but significant, covariability found when
wind stress and wind stress curl lead the Gulf Stream
by several years.
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