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based on the NAO index are correlated with
the values from two years earlier of one
measure of ENSO variations, the Septem-
ber-to-February averages of the Southern
Oscillation (SO) index (the difference in
sea-level pressure anomalies between Tahiti
and Darwin). The SO index is uncorrelated
with the NAO index7.

We used a stepwise regression analysis to
relate the annual Gulf Stream position dur-
ing 1966–97 to the previous year’s position
(to take account of persistence between
years) and the NAO and SO indices at lags
of up to two years. For each of these indices,
the largest and most significant contribu-
tion was made by the value of the index
from two years previously, there being no
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Gulf Stream shifts 
following ENSO events
Over the past three decades the annual mean
latitude of the Gulf Stream off the coast of
the United States has been forecastable from
the intensity of the North Atlantic Oscilla-
tion (NAO)1, the predictions accounting for
more than half the variance. Here we show
that much of the unexplained variance can
be accounted for by the Southern Oscillation
in the Pacific, the Gulf Stream being dis-
placed northwards following El Niño–
Southern Oscillation (ENSO) events. This
provides a link between events in the equato-
rial Pacific and the circulation and weather
conditions of the North Atlantic.

Monthly charts showing the position of
the north wall of the Gulf Stream since 1966
have been used to study its long-term varia-
tions2,3 and to construct an index of its lati-
tude by principal components analysis1.
Ocean circulation theory predicts that the
path of the Gulf Stream is set by the line of
zero Ekman pumping, where there is no
wind-driven convergence or divergence of
water at the ocean surface4. The position of
the Gulf Stream will therefore vary with the
intensity of the North Atlantic Oscillation,
the dominant mode of mid-latitude atmos-
pheric variation in the North Atlantic, and
indeed 60% of the annual variance in the
latitude of the north wall 1966–96 is pre-
dictable from an NAO index1,5.

Another source of fluctuation in the
Gulf Stream is the subtropical and tropical
trade wind belt. This is a region that is
strongly affected by ENSO events in the
Pacific Ocean, their influence appearing in
African weather patterns6. Figure 1a shows
that the residuals from a multiple regression
prediction of the Gulf Stream position

significant contributions from the NAO
and SO index at a one-year lag or from the
unlagged SO index. The predictions of the
regression equation (F-ratio422.7,
P*0.01) are shown in Fig. 1b. The two-
year time lag is consistent with an earlier
study of the latitude at which the Gulf
Stream separates from the coast of the Unit-
ed States. Gangopadhyay et al.4 found that
the theoretically predicted latitudes during
1977–88 only agreed with those observed if
the wind forcing was integrated over about
three years, a delay they attributed to the
adjustment time of the ocean circulation.

Because of intercorrelation between the
variables, it is not possible to obtain a
unique value for the contribution of the SO
index to the predictions in Fig. 1b. Thus
the stepwise regression indicates that the
index accounts for 9% of the variance, but
the partial correlation coefficient between
the Gulf Stream index and the SO index is
0.4, which indicates that the percentage
could be larger. Figure 1c shows how
including the lagged SO index reduces the
regression residuals: after El Niño or La
Niña events, the residual is reduced in the
direction of the arrows.

Averaging the data from ref. 1 over the
region from 65° to 79° W shows that the
mean latitude of the Gulf Stream two years
after ENSO events was 0.2° further north
than after non-event years (P*0.001). These
displacements represent two-thirds of a stan-
dard deviation (the southward shift following
La Niña events, 0.05°, was not significant).
The displacements may be accompanied by
larger shifts further east, where the Stream’s
path is less constrained, or by more substan-
tial circulation changes elsewhere.

The position of the Gulf Stream affects
the waters over the continental shelf from
Cape Hatteras to the Grand Banks in several
ways8 and may influence storm tracks over
the northwest Atlantic9,10 The results in
Fig. 1 indicate that these processes may be
linked to ocean–atmosphere events in the
tropical Pacific.
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FFiigguurree  11 Observed and predicted Gulf Stream posi-
tions. a, Scatter plot comparing observed and pre-
dicted Gulf Stream positions (1966–97)1 with the SO
index two years previously (index has been allocat-
ed to the year of the January data). The prediction
was based on a multiple regression equation using
the NAO index5 and its value two years before, and
the previous year’s position. A regression line
through the points is shown. Filled squares, the El
Niño years (1966, 1973, 1978, 1983, 1987 and
1992–93); crosses, the La Niña years (1971–72, 1974,
1976 and 1989); diamonds, years belonging to nei-
ther group. b, Latitude of Gulf Stream 1966–97 (solid
line) compared with the predictions of the regres-
sion equation (broken line) in which the delayed
effect of the SO is added to the variables in a. The
units of the index are equivalent to 0.03° at 79° W
and 0.3° at 65° W. c, Reduction of regression residu-
als when delayed effect of the SO is considered
(filled circles, original regression results). Downward
arrows, two years after an El Niño; upward arrows,
two years after a La Niña. Shaded regions, associat-
ed reductions of residuals. Correlation coefficients
(r) both have P*0.01. (All significance levels correct-
ed for lag 1 serial correlation11.)
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