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ABSTRACT

Using nonseasonal altimeter data and SST observations of the North Atlantic, and more specifically the Gulf
Stream region, dominant patterns of variability are determined using multivariate time series analyses. A sta-
tistically significant propagating mode of variability with a timescale close to 9 months is found, the latter
timescal e corresponding to dominant variability found in earlier studies. In addition, output from ahigh resolution
simulation of the Parallel Ocean Climate Model (POCM) is analyzed, which also displays variability on a
timescale of 9 months, although not statistically significant at the 95% confidence level. The vertical structure
of this 9-month mode turns out to be approximately equivalent barotropic. Following the idea that this mode is
due to internal ocean dynamics, steady flow patterns and their instabilities are determined within a barotropic
ocean model of the North Atlantic using techniques of numerical bifurcation theory. Within this model, there
appear to be two different mean flow paths of the Gulf Stream, both of which become unstable to oscillatory
modes. For reasonable values of the parameters, an oscillatory instability having a timescale of 9 months is
found. The connection between results from the bifurcation analysis, from the analysis of the observations, and
from the analysis of the POCM output is explored in more detail and leads to the conjecture that the 9-month
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variability is related to a barotropic instability of the wind-driven gyres.

1. Introduction

The Gulf Stream is one of the most intense western
boundary currents in the global ocean. From the enor-
mous amount of data now available and thoroughly an-
alyzed (Richardson 1985; Auer 1987; Hall and Fof onoff
1993; Qiu 1994), the time mean path is quite well
known. Starting from the south, the current flows almost
parallel to the coastline and at Cape Hatteras, it leaves
the North American continent and flows northeastward
past the Grand Banks. After separation, there is in-
creased meandering, but the stream keeps a mean lati-
tudinal position of about 40°N up to 50°W. Near Cape
Hatteras, the volume transport is estimated to be about
50-65 Sv (Sv = 10°% m® s1), which increases to a total
of about 145 Sv at 60°W (Johns et al. 1995).

Since the current transports a significant amount of
heat northward, it isimportant to understand itstemporal
variability on different timescales. In early days, this
variability has been studied using in situ data (Hansen
1970; Fuglister 1972) but more recently these data have
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been complemented with satellite-derived observations.
At the moment, there is a sufficiently long time series
to study variability on timescales up to a year in quite
detail. In Table 1, details of the spatial and temporal
resolution of the data and the methods of analysis are
given for several of these studies. Maul et al. (1978)
used infrared measurements from the Geostationary Op-
erational Environmental Satellite (GOES) mission over
a two-year (1976-78) period and found a dominant
timescale of 45 days in the meandering of the Gulf
Stream near New England. Using a combination of in-
frared data and observations of sea-level height anom-
alies derived from the GEOSAT altimeter over the pe-
riod November 1986-December 1988, Vazquez et al.
(1990) concluded that the annual signal in Gulf Stream
variability is dominated by the meandering of the cur-
rent. The latter study was extended in Vazquez (1993),
using complex empirical orthogonal function (CEOF)
analysis on the same dataset. It appeared that four
CEOFs could account for 60% of the variability and
each of these represented different propagating signals,
which were shown to be related to Rossby wave prop-
agation, eddy—stream interactions, and bottom topog-
raphy.

Data from cycles 3-54 from the TOPEX/Poseidon
mission were analyzed by Wang and Koblinsky (1995),
and three dominant modes of variability were identified
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TABLE 1. Overview of studies of the Gulf Stream region using satellite data.

Reference Data, Period Domain Resolution
Auer (1987) infrared, 1980-85 91°-44°W Weekly, 0.5°
Maul et al. (1978) infrared, 1976-78 86°-70°W Daily, pointwise
Vazquez et al. (1990) GEOSAT, 198688 80°-50°W Weekly, 0.5°
Vazquez (1993) GEOSAT, 1986-88 75°-60°W 10 days, 0.25°
Wang and Koblinsky (1995) TR cycles 3-54 80°-30°W 10 days, 1°
Lee and Cornillon (1995) AVHRR, 1982-89 75°-60°W 2 days, 20 km
Kelly et al. (1996) GEOSAT + ECMWF 75°—-45°W 1 day, 1°
Wang and Koblinsky (1996) TR 74 cycles + GEOSAT 80°-30°W 10 days, 1°
This study TR 154 cycles + SST 97°-32°W 10 days/1 month, 1°

through empirical orthogonal function (EOF) analysis.
The first EOF was associated with the seasonal cycle
but the second EOF showed low-frequency wave activ-
ity (of about annua period), and by computing eddy
kinetic energies and the Reynolds stresses they con-
cluded that bottom topography plays an essential role
in the latter component of variability. The third EOF
had a period of 8 months and external forcing through
bottom topography was suggested as the generation
mechanism.

Using AVHRR-derived infrared images for the period
April 1982 through December 1989, Lee and Cornillon
(1995) found two dynamically distinct modes of vari-
ability of the path of the Gulf Stream. The first mode
of variability is associated with large-scale lateral shifts
of the mean path having a near-annual period. These
shifts are presumably caused by atmospheric forcing,
partly through the changesin downward heat flux (Wang
and Koblinsky 1996) and partly through the changesin
wind forcing over the area (Kelly et al. 1999). The sec-
ond mode of variability is associated with changes in
meandering intensity having a 9-month dominant pe-
riodicity. The cause of the 9-month periodicity in me-
andering intensity is not explained but Lee and Cornil-
lon (1995) suggest that it is related to internal oceanic
dynamics.

Near-annual variability isalso found in recent studies
of the Kuroshio extension. Wang et al. (1998) find that
the first CEOF has an average period of 9 months and
its spatial pattern indicates a rotation of a double-cell
pattern around the axis of the mean flow. Using both
ECMWF atmospheric fields and Geosat data, Kelly et
al. (1996) also found this type of variability in both the
Gulf Stream and the Kuroshio. For both western bound-
ary currents, it was attributed to structural changes in
the recirculation gyres, associated with a path change.
The variations in the Gulf Stream have largest ampli-
tudes east of 62°W and were not strongly related to heat
flux variations over the area.

From all the work above, it is clear that variationsin
the path of the Gulf Stream exist on a timescale that is
dlightly smaller than annual and that is unlikely to be
caused directly by variations in atmospheric forcing.
Internal ocean dynamics, that is, intrinsic variability due
to nonlinear interactionsin the current itself, arealikely

origin, but the question is whether a clear candidate of
such mode of variability can be found.

Recently, the stability and variability of the double
gyre wind-driven ocean circulation has been investi-
gated systematically within an hierarchy of models
(Jiang et al. 1995; Cessi and lerley 1995; Speich et al.
1995; Dijkstra and Katsman 1997; Katsman et al. 1998;
Dijkstra and Molemaker 1999). Bifurcations mark the
transitions between different regimes of behavior and a
bifurcation diagram describes the behavior of the dy-
namical system in phase space. Hopf bifurcations are
important in the study of the origin of a particular type
of variability because they mark the transition to tem-
poral behavior. Using 1.5-layer quasigeostrophic (QG)
models (Cessi and lerley 1995; Dijkstra and Katsman
1997) and 1.5-layer shallow water (SW) models (Jiang
et a. 1995; Dijkstra and Molemaker 1999) in rectan-
gular basins, it was found that the idealized double gyre
flows become unstabl e to two types of barotropic modes:
basin modes and gyre modes. The timescales of the
former are a couple of months, whereas the latter in-
stabilities have time scales in the order of years. In two-
layer QG models (Dijkstraand Katsman 1997; Katsman
et al. 1998), additional baroclinic instabilities appear
having an intermonthly timescale.

By using a hierarchy of B-plane models, starting from
a 1.5-layer QG model in a rectangular basin with si-
nusoidal wind stress forcing toward a 1.5-layer shallow
water model in abasin with realistic geometry and wind-
stress forcing, Dijkstra and Molemaker (1999) found
that the basic structure of the steady states and most
unstable modes remains qualitatively intact. Multiple
equilibriafound in the QG model **deformed’” into mul-
tiple flow paths of the Gulf Stream. Furthermore, the
modes of variability remained closely related, seemed
to depend only on the local properties of the gyres near
the western boundary, and were not much influenced
by the geometry of the basin.

Since some of these dynamical modes have near-an-
nual timescales, we investigate in this paper the hy-
pothesis that the origin of the 9-month variability found
in the Gulf Stream region is a barotropic instability of
the western boundary current/midlatitude jet system of
the North Atlantic. The approach is along three paths:
First, multivariate time series analysis techniques will
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be used to extract statistically significant modes of var-
iability in sea surface temperature (SST) and sea surface
height (SSH) observations. Second, output from the Par-
allel Ocean Climate Model (POCM) (Semtner and Cher-
vin 1992; Stammer et al. 1996) is analyzed with the
same statistical techniques giving information on the
vertical structure of the variability. Finally, the insta-
bilities of the barotropic North Atlantic wind-driven cir-
culation will be studied within a full basin-scale baro-
tropic shallow-water model with realistic geometry and
forcing. The observations and POCM output used in
this study are presented in section 2 together with a
short recapitulation of the analysis technique. The re-
sults of the data analysis and of the shallow-water mod-
el’s bifurcation analysis are given in sections 3 and 4,
respectively, with a discussion in section 5.

2. Data and analysis technique
a. Observations and POCM output

The datasets used in this study are monthly SST fields
from Reynolds and Smith (1994), relative sea surface
height observations from the NASA TOPEX/Poseidon
Altimeter Pathfinder (T/P) Dataset and output from run
4C of POCM. The SST data are derived from a blend
of remotely sensed and in situ data and then subjected
to an optimum interpolation (Ol) analysis (Reynoldsand
Smith 1994). The monthly SST fields are provided on
a regular 1° latitude/longitude grid. For the separate
analysis of SST we use data in the Gulf Stream region
(24°-48°N, 97°-32°W) from 1982-1996.

The T/P dataset consists of time, positions, and rel-
ative sea surface height observations to which all types
of corrections have been applied over cycles 1-154. The
data processing used to construct the dataset has been
described at http://neptune.gsfc.nasa.gov/~krachlin/
opf/algorithms.html. The satellite orbit results in re-
peated ground tracks every 10 days. A mean relative
sea surface height was computed at each grid point for
all 154 cycles. Residual SSH anomalies are then com-
puted by subtracting the mean relative sea level from
each observation. Outliers (SSH anomalies > 1.5 m)
are excluded from the dataset.

The SSH anomalies along ground tracks are inter-
polated in space to a regular 1° latitude/longitude grid
and in time to a resolution of 10 days for the separate
analysis of SSH and to 1 month for the combined anal-
ysis of SSH and SST. A Gaussian interpolation is used
with a decorrelation scale of 2° and a cutoff radius of
6° in space and a decorrelation scale of 10 days and a
cut off of 30 days in time. The cutoff radius of 6° cor-
responds to the Nyquist wavenumber for the 3-degree
T/P track spacing. Although the Gaussian interpolation
is not equivalent to a low-pass filter with a cut off of
6°, all wavelengths up to the decorrelation scale of 2°
have been filtered out and about 65% of the amplitudes
of the wavelength of 6° (Vossepoel 1995). The choice
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of the spatial decorrelation scale is a compromise be-
tween avoiding aliasing on the one hand and retaining
the interpolated signal well above the measurement error
on the other hand. For the separate analysis of SSH and
the combined analysis of SST and SSH we use datain
the same region as above from November 1992 to No-
vember 1996.

The POCM output is from run 4C having an average
horizontal resolution of 0.25° and 20 nonequidistant lev-
elsin thevertical direction. The basic model formulation
has been described by Semtner and Chervin (1992). The
global simulation was performed over the period 1979—
97 and the ocean was forced by either ECMWF re-
analysis (1979-93) or ECMWF operational (1994-97)
fields of heat fluxes, freshwater fluxes, and wind stress.
These fields are updated every 3 days and interpolated
to the time step. The annual river outflow was also in-
cluded in the freshwater flux. For more details about
this simulation the reader is referred to http://vislab-
www.nps.navy.mil/~rtt. We have used monthly mean
SST, SSH, and temperature fields at two depth levels,
namely 310 m (T310) and 610 m (T610), in the Gulf
Stream region (23°-48°N, 90°-30°W) from 1979 to
1997. SSH is a prognostic variable in POCM because
of the incorporation of a free surface formulation.

The seasonal cycle has been eliminated from the SST
dataset by computing anomalies about the 1982-96
monthly climatology, from the SSH dataset by calcu-
lating anomalies about the 1992—96 10-daily/monthly
climatology, and from the POCM output by computing
anomalies about the 1979-97 monthly climatology. In
this way, effects of the seasonal atmospheric forcing
have been removed from the datasets. No further fil-
tering of the datasets has been undertaken, apart from
prefiltering with principal component analysis (PCA)
(Preisendorfer 1988) in order to reduce the number of
spatial degrees of freedom in the datasets. Finally, the
statistical mean at each point has been removed prior
to the analysis.

b. Data analysis method

The time series fields from the datasets are analyzed
with the aid of a pattern analysis technique designed to
empirically infer the characteristics of the space-time
variations of a complex system.

The technique that we used is multichannel singular
spectrum analysis (M-SSA) (Plaut and Vautard 1994),
which produces propagating patterns that are optimal in
representing variance. The aim of using M-SSA is to
identify coherent space-time patterns, given aregularly
sampled archive of maps. M-SSA is mathematically
equivalent to extended EOF analysis (EEOF) (Weare
and Nasstrom 1982), but in M-SSA focus is on the
temporal structure of the variability, whereas in EEOF
the spatial variability is emphasized.

The essentials of the technique are summarized here
to introduce terminology used below. Let a dataset X
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consist of a multichannel time series X, i = 1, - - -
N; | = L, where i represents time and | the
channel number Index | may represent a point number
on a specific grid or a principal component (PC) if the
data are pre-filtered with PCA. We assume that X has
zero mean and is stationary. By making M lagged copies
of X, the state vector at time i is given by

(Xl.i+lv Xl,i+21 R Xl,i+M1 X2,i+11 e
XL,i+1! LR | XL,i+M)! (l)

where M is the window length. The cross-covariance
matrix T for a chosen window length M has a general
block-Toeplitz form in which each block T, is the lag
covariance matrix (with maximum lag M) between
channel | and channel I’. The L X M real eigenvalues
A, of the symmetric matrix T are sorted in decreasing
order where an eigenvector (referred to as a ST-EOF)
EX is associated with the kth eigenvalue A,. The EX are
M-long time sequences of vectors, describing space—
time patterns of decreasing importance as their order k
increases. A space-time principal component (referred
to as a ST-PC) a* can be computed by projecting X onto
EX; A, is the variance in a. In this way, the M-SSA
expansion of the original data series is given by

s Xoiimy - - s

LXM

I|+J = 2 akE“,

Principal component analysis (Preisendorfer 1988) and
single-channel singular spectrum analysis (SSA) (Vau-
tard and Ghil 1989; Vautard et al. 1992) are particular
cases of M-SSA: PCA can be derived from M-SSA with
M = 1, and SSA withL = 1.

When two consecutive eigenvalues are nearly equal
and the two corresponding Ek as well as the associated
ak arein quadrature, then the data possess an oscillation
whose period is given by that of ak and whose spatial
pattern is that of E¥ (Plaut and Vautard 1994). The sum
in the right-hand side of (2), restricted to one or several
terms, describes the part of the signal behaving as the
corresponding E. The components constructed in this
way are called reconstructed components (RCs). In this
way, the part of the signal involved with an oscillation
can be isolated. The original signal is exactly the sum
of al the RCs.

As Allen and Robertson (1996) have pointed out, the
presence of an eigenvalue pair is not sufficient grounds
to conclude that the data exhibits an oscillation. More-
over, low-frequency eigenvalue pairs, which are entirely
dueto red noise, will appear high in the eigenvaluerank-
order. A Monte Carlo red-noise significance test for
M-SSA was therefore constructed (Allen and Robertson
1996). This is an objective hypothesis test for the pres-
ence of oscillations at low signal-to-noise ratios in mul-
tivariate data. Rejection of the red-noise null hypothesis
using the test should be considered a necessary con-
dition for M-SSA to have detected an oscillation, al-

i=1 -, M (2
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though in certain situations nonoscillatory processes
might also lead to rejection.

The test is built up as follows. Surrogate data seg-
ments are constructed by superposing L uncorrelated
AR(1) processes having the same variance and lag-1
autocorrelation as the PCs (from standard PCA) of the
dataset. Data and surrogate data segments are then pro-
jected onto a ST-PC basis of rank N — M + 1. This
basis is either derived from the data cross-covariance
(Toeplitz) matrix (referred to as the data-adaptive basis)
or from the AR(1) process cross-covariance matrix (re-
ferred to as the null-hypothesis basis). The matrix of
projections A is

A = PTYYTP, ®3)

where Y is the augmented data matrix of either red-
noise surrogate data, or the sample time series, and P
is the ST-PC basis. The method is described in detail
by Allen and Rabertson (1996).

3. Results of the data analysis
a. Spatiotemporal variability of SST observations

To reduce the number of spatial dimensions, we ini-
tially perform a conventional PCA of the normalized
nonseasonal SST data and retain 24 PCs, which account
for 90% of the variance. These PCs provide the L input
channels for the M-SSA agorithm. We have 15 years
of data, so N = 180, and use a standard window length
M of 60 months.

The Monte Carlo significance test for M-SSA (Allen
and Robertson 1996) is applied first in order to inves-
tigate which oscillating patterns contain more variance
than would be expected if the data were generated by
red noise. Both data and surrogates are projected onto
the ST-PCs of the null-hypothesisbasis (Allen and Rob-
ertson 1996) and the result is shown in Fig. 1la. Three
dataeigenvalues, with associated frequencies0.11, 0.15,
and 0.18 month~¢, are found to be significant. Now we
have used the null-hypothesis basis to establish that
there is some evidence of oscillations, we have to ex-
amine the data-adaptive basis for pairs of ST—PCs,
which characterize those oscillations (Allen and Rob-
ertson 1996). In Fig. 1b both data and surrogates are
projected onto the data ST-PCs. The test has picked out
three pairs associated with the same frequencies as the
ones that were indicated as significant in Fig. 1a. The
most dominant pair of these three is ST-PC 7-8 (Fig.
1b), which explains 7% of the variancein the 24 leading
PCs. This is not much, but the test has indicated that
thefirst six ST-PCs (which together explain 26% of the
variance in the 24 leading PCs) contain no more vari-
ance than would be expected if the data would consist
of a set of independent AR(1) processes.

To check the robustness of these results with respect
to different values of the window length M, Table 2
shows the timescales, indicated as significant by the
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Fic. 1. Monte Carlo significance test of nonseasonal monthly SST
data in the Gulf Stream region for the period 1982-1996, using L =
24 PCs from a conventional PCA as the input channels. Shown are
projections of the SST data onto (a) the AR(1) null-hypothesis basis
and (b) the data-adaptive basis, with a 60-month window (M = 60).
Open circles show the data eigenvalues, plotted against the dominant
frequency of the corresponding ST-PC. The vertical bars show the
95% confidence interval computed from 1000 realizations of a noise
model consisting of L independent AR(1) processes with the same
variance and lag-1 autocorrelation as the input data channels.

Monte Carlo test for M-SSA, for M between 40 and 80
months. It is clear from this table that the variability on
timescales of 9 and 6 months is robust.

As can be seen in Fig. 2, ST-PC 7 and 8 are in
guadrature, which suggests that the pair represents an
oscillating statistical mode (Plaut and Vautard 1994)
with a dominant period of 9 months. The same 9-month
mode was also indicated as significant in the case where
the domain of analysis was extended to the whole North
Atlantic basin. In order to isolate the part of the signal
involved with this oscillation RC 7-8 has been calcu-
lated and the reconstructed anomaly patterns of SST
have been plotted in Fig. 3 for five phases during the
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TABLE 2. Output from the Monte Carlo significance test for M-
SSA on the SST data for M between 40 and 80 months.

M (months) Significant periods (months)
40 9,6
60 9,7,6
80 9,64

oscillation. The starting time was chosen to be October
1985, when meandering intensity was at its maximum
in the 1980s (Lee and Cornillon 1995) and each sub-
seguent picture is 1 month later showing nearly half of
the period of the oscillation. The maximum amplitude
of the anomaliesis 0.6 K.

In Fig. 3 two SST anomalies of opposite sign are
rotating in a counterclockwise fashion in and just to the
north of the mean axis of the Gulf Stream, whose lat-
itudinal position increases from 39° to 44°N in the lon-
gitudinal band from 65° to 45°W (Auer 1987). These
anomalies are pinched off from another oscillation (in
the region 30°-42°N, 75°-65°W), where two SST anom-
alies of opposite sign arerotating in aclockwisefashion.
This is the region where the Gulf Stream has just sep-
arated from the North American continent. A third pair
of opposite anomalies is rotating in a counterclockwise
fashion in the Gulf of Mexico.

b. Spatiotemporal variability of SSH observations

To investigate whether the 9-month periodicity found
in the SST observations can also be found in another
dataset, we have analyzed the SSH dataset. Due to the
removal of the seasonal cycle, the signature of the steric
response to the seasonal heating cycle has been re-
moved, leaving the signature of barotropic and baro-
clinic changes in ocean circulation (Kelly et al. 1999).
Asin the case of SST, the normalized nonseasonal SSH
anomalies were first submitted to a standard PCA anal-
ysisand only theleading 22 PCsretained, which account

amplitude

—2F | P ! 1 L

0 20 40 60 80 100 120
time (months)

Fic. 2. Time series of M-SSA principal component (ST-PC) pair
7-8 of Gulf Stream SST; the amplitude scale is arbitrary. The 10-yr
time span in the horizontal axis correspondsto N — M + 1, which
is the length of the ST-PC time series.
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Fic. 4. Monte Carlo significance test of (a) uninterpolated and (b)
interpolated nonseasonal TOPEX/Poseidon SSH data in the Gulf
Stream region for the period Nov 1992—Nov 1996, using (a) L = 41
and (b) L = 22 PCs from a conventional PCA as the input channels.
Shown are projections of the SSH data onto the data-adaptive basis,
similar to that in Fig. 1b, with () M = 50 and (b) M = 48.

for 91% of the variance. These PCs provide the L input
channels for the M-SSA algorithm. We have 4 years of
data, so N = 144. We have used a window length of
480 days (M = 48).

Again, first the Monte Carlo significance test for
M-SSA has been applied. Because the test result de-
pends on the values of the interpolation parameters(i.e.,
the decorrelation scales of the Gaussian interpolation),
the result is shown for both the uninterpolated and in-
terpolated datasets in Figs. 4a and 4b, respectively. In
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Fig. 4a, anomalous power against the red-noise hy-
pothesis is observed in two different ST-PC pairs, as-
sociated with periods of 9 and 3 months, respectively.
In the interpolated dataset the dominant time scale of 9
months belongs to ST-PC pair 56 (Fig. 4b), which
explains 11% of the variance in the 22 leading PCs.
This pair is, however, not significant at the 95% con-
fidence level asaresult of the smoothing process, which
reduces the signal’s amplitude to a large extent. The
maximum amplitude of the 9-month statistical mode in
the uninterpolated dataset is 31 cm, whereas the max-
imum amplitude of this mode in the interpol ated dataset
isonly 5 cm. It turns out that ST-PC 5 and 6 are in
guadrature as are the corresponding ST-EOF 5 and 6
(not shown), which suggests that the pair represents an
oscillating statistical mode with a dominant period of 9
months. Also with the principal oscillation pattern anal-
ysis (Hasselmann 1988; Von Storch et al. 1995), we
found a similar oscillatory mode (with a period of 9
months and a decay time of 11 months) in the inter-
polated dataset, and hence this statistical mode is quite
robust in the data.

Figure 5 represents the anomaly patterns of RC 5-6,
computed from the interpolated SSH dataset, for five
phases during the oscillation. The starting time was cho-
sen to be March 1995, when the amplitude of the sta-
tistical mode is quite large, and each subsequent picture
is 1 month later showing nearly half of the cycle of the
oscillation. One can see in Fig. 5 that the anomalies are
concentrated around the mean axes of the Gulf Stream,
the North Atlantic Current, and the Azores Current. Af-
ter crossing the Southeast Newfoundland Ridge (at
about 50°W) the Gulf Stream splits into two branches:
the northern branch becomesthe North Atlantic Current,
and the southern one the Azores Current (e.g., see the
review by Kaese and Krauss 1996). It is also evident
that the anomalies are largest in the branching region.
Moreover, there is an oscillation visible in the Gulf of
Mexico. In Fig. 6, we show the propagating SSH anom-
alies associated with this RC pair along 35°N. A series
of positive and negative anomalies propagates west-
ward, that is, upstream, with an average velocity of
about 5 cm s*. The zonal wavelength associated with
this RC pair is on the order of 12.5°, which corresponds
to 1138 km at 35°N.

Between 37° and 39°N, 65° and 60°W the New Eng-
land Seamounts are situated and there seems to be in-
teraction of the mode with this bottom topographic fea-
ture. This is in accordance with Lee and Cornillon
(1996), who found that the 9-month period meanders,
which are relatively barotropic, are affected by the sea-

—

Fic. 3. Reconstructed component (RC) pair 7-8 of Gulf Stream SST (K) describing the oscillating statistical mode having a 9-month time
scale. The patterns are shown at a monthly interval, starting in Oct 1985, over one half-cycle of the oscillation; the other half-cycle is similar

but with anomalies of reversed sign.
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Fic. 6. Reconstructed component (RC) pair 5-6 of Gulf Stream SSH (m) describing the
oscillating statistical mode having a 9-month time scale. The anomalies are shown along 35°N
as a function of longitude and time.

mounts. Contrary to our result, however, they found a different from the spatial pattern of the reconstructed
standing wave signature. SST anomalies (Fig. 3), although the frequencies are

We can conclude that the spatial pattern of the re- the same. This motivates one to study whether there is
constructed SSH anomalies of RC 56 (Fig. 5) isquite any variability in both fields that appears to be related.

—

Fic. 5. Reconstructed component (RC) pair 5-6 of Gulf Stream SSH (m) describing the oscillating statistical mode having a 9-month
timescale. The patterns are shown at a monthly interval, starting in Mar 1995, over one half-cycle of the oscillation; the other half cycle is
similar but with anomalies of reversed sign.
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Fig. 7. The first two EOFs of nonseasonal Gulf Stream SST, namely (a) EL(SST) and (b) E2(SST), based
on data for the period Nov 1992-Nov 1996. Negative contours are dashed. The fractions of variance of the
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data field explained by the respective PCs are indicated as well.

c. Covarying patterns in SST and SSH observations

To investigate whether the 9-month periodicities
found in both SST and SSH are related, we investigated
the coupled patterns of variability in both SST and SSH
using the nonseasonal monthly mean datasets for the
four years between November 1992 and November 1996
(N = 48). Now, M-SSA analysisis applied to the com-
bined fields in order to find covarying propagating pat-
ternsin SST and SSH. To reduce the spatial dimensions,
only the leading PCs of the separate PCA analyses, de-
scribing about 70% of the respective variances, are re-
tained. These PCs, normalized by their singular values
(inorder that they contribute the same variance), provide
the L input channels for the M-SSA algorithm. We have
used a window length M of 16 months.

In this case the Monte Carlo significance test for
M-SSA cannot be applied as the PCs of the two fields
are not uncorrelated. The surrogate dataset would then
be an L-channel multivariate AR(1) process, but it is
inappropriate asanull hypothesisin atest for oscillatory

behavior (Allen and Robertson 1996) because it can
itself support oscillations. It was found that thefirst four
ST-EOFs correspond to variations with long, unre-
solved timescales. The fifth and sixth ST-EOFs, how-
ever, constitute a pair of eigenfunctions with similar
eigenvalues and enhanced variance on a timescale of 8
months. This pair explains 13% of the variance in the
leading PCs, and ST-PC 5 and 6 are in quadrature as
are the corresponding ST-EOF 5 and 6, which suggests
that the pair represents an oscillating statistical mode
with a dominant period of 8 months. The patterns and
propagation of the reconstructed SSH anomalies of RC
5-6 are very similar to the ones found using the indi-
vidual dataset (Figs. 5 and 6) and are therefore not
shown. The SST anomaly pattern of RC 5-6 starts as
a pattern very similar to the first EOF of SST, E1(SST)
(Fig. 7a), and after one-quarter of a period the pattern
is virtually E2(SST) (Fig. 7b). These patterns are dif-
ferent from the ones found using the individual dataset
(Fig. 3), likely because of the use of ashorter time series.
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Thisresult contributesto the evidence of the existence
of temporal variability with adominant timescal e of 8-9
months in the Gulf Stream area in accordance with ear-
lier analyses (Lee and Cornillon 1995; Kelly et al.
1996). The mechanism of this variability is not easily
extracted from the patterns of the eigenvectors of the
(separate) M-SSA analyses. The spatial patterns found
in SST and SSH do not look much alike. SST anomalies
of opposite sign are oscillating around each other in the
areas where meandering intensity islargest (Auer 1987).
The SSH anomalies, which have smaller spatial scales
than those of SST, are concentrated near the axes of the
Gulf Stream, North Atlantic Current, and Azores Cur-
rent and are propagating upstream. If one would look
at only the patterns, it would not support any relation-
ship between both fields. However, the combined
M-SSA analysis suggests related physics causing the
variability on this time scale in both fields. Thisisin
accordance with Jones et al. (1998), who found that
there is a relationship between SST and SSH anomalies
in specific geographical regions associated with meso-
scale variability. From the fact that these correlations
are present at small and intermediate wavelengths, Jones
et al. (1998) deduce that they are caused by large eddies,
meanders, or Rossby waves rather than by the very
large-scale seasonal response of the ocean to varying
heat and water fluxes. In the next section, we investigate
whether there is evidence of 9-month variability of the
Gulf Stream in the POCM output.

d. Spatiotemporal variability of POCM fields

To determine properties of the vertical structure of
the 9-month mode, if present in POCM, we have ana-
lyzed simulated temperature fields at two depth levels,
namely 310 m (T310) and 610 m (T610). In order to
facilitate the comparison to the SST and SSH obser-
vations, we have also used the SST and SSH fields from
POCM. For a general comparison between POCM out-
put and T/P data, the reader is referred to Stammer et
al. (1996). The analysis has been performed for each
field separately. In al cases, the nonseasonal anomalies
were prefiltered with standard PCA and the leading PCs,
which account for 80% of the variance, provide the L
input channels for the M-SSA algorithm. We have ob-
tained 19 years of data, so N = 228, and use a standard
window length M of 76 months.

First, we show results from the M-SSA analysis of
simulated SSH with L = 21. The result of the Monte
Carlo significance test for M-SSA is shown for the data-
adaptive basisin Fig. 8. Four data eigenvalue pairs, with
associated periods of 18, 13, 9, and 5 months, are in-
dicated as significant. The 9-month time scale belongs
to a ST-PC pair that is in quadrature, which suggests
that the pair represents an oscillating statistical mode.

The reconstructed anomaly patterns of SSH for this
mode are shown in Fig. 9 for five phases during the
oscillation. The starting time was chosen to be Septem-
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Fic. 8. Monte Carlo significance test of nonseasonal POCM SSH
data in the Gulf Stream region for the period 1979-97, using L =
21 PCs from a conventional PCA as the input channels. Shown are
projections of the SSH data onto the data-adaptive basis, similar to
that in Fig. 1b, with a 76-month window (M = 76).

ber 1980, when the amplitude of the statistical mode is
quite large, and each subsequent pictureis 1 month later
showing nearly half of the cycle of the oscillation. The
anomalies are clearly present in the Gulf Stream sepa-
ration region and have a maximum amplitude of 8 cm.
Asin the case of the 9-month statistical mode from the
T/P atimeter data, the anomalies are concentrated
around the mean axis of the Gulf Stream and they are
propagating upstream. However, the spatial scales of the
simulated SSH anomalies are smaller than the scales of
the observed SSH anomalies, which may just be a re-
flection of the T/P dataset’s lower spatial resolution ca-
pability (Greenslade et al. 1997). The wavelength as-
sociated with the RC pair of the simulated SSH anom-
alies is about 500 km. The 13-month statistical mode
from POCM SSH displays a spatial pattern similar to
this 9-month statistical mode.

Secondly, we show results from the M-SSA analyses
of T310 (L = 11) and T610 (L = 20). In both datasets,
T310 and T610, there are statistically significant oscil-
lating modes of variability with timescales of 20 and
13 months. Moreover, there is an oscillating mode of
variability with a timescale of 9 months present in both
datasets, which is not statistically significant at the 95%
confidence level. However, because the other analyses
described above indicated the 9-month timescal e as sta-
tistically significant, and we are interested in the vertical
structure of the 9-month mode, we have computed the
reconstructed anomaly patterns of T310 and T610 for
this mode. The results are shown in Fig. 10a for T310
and in Fig. 10b for T610. The spatial patterns of T310
and T610 are very similar to the pattern of SSH (cf.
upper panel of Fig. 9) and a comparison of Figs. 10a
and 10b indicates that the structure of the 9-month mode
is approximately equivalent barotropic. The spatia pat-
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FiG. 10. Snapshot of the reconstructed component (RC) of Gulf Stream (a) T310 (K) and (b) T610 (K) from
POCM describing the statistical mode having a 9-month time scale; the patterns are shown for Sep 1980.

terns of T310 and T610 for the 13- and 20-month sta-  axis time series (their Fig. 18a). They derived thistime
tistical modes are very similar to the ones for the series from the Comprehensive Ocean—-Atmosphere
9-month statistical mode. Indication of a20-monthtime- Data Set (COADS) for the period 1970-92.

scale in observational data has been found by Speich et Finally, results are shown from the M-SSA analysis
al. (1995) through spectral analysis of the Gulf Stream  of simulated SST with L = 25. In this dataset there are

—

FiG. 9. Reconstructed component (RC) of Gulf Stream SSH (cm) from POCM describing the oscillating statistical mode having a 9-month
timescale. The patterns are shown at a monthly interval, starting in Sep 1980, over one half cycle of the oscillation; the other half cycle is
similar but with anomalies of reversed sign.
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Fic. 11. Snapshot of the reconstructed component (RC) of Gulf Stream SST (K) from POCM describing the
statistical mode having a 9-month timescale; the pattern is shown for Sep 1980.

also patterns of variability with timescales of 9 and 13
months present, which are, however, not statistically
significant at the 95% confidence level. A snapshot of
the reconstructed anomaly patterns of SST for the
9-month mode is shown in Fig. 11. The anomalies are
largest around the mean Gulf Stream axis and have a
maximum amplitude of 0.7 K. A comparison of Fig. 11
and the upper panel of Fig. 9 indicates that the spatial
patterns of SST and SSH for the 9-month mode are quite
different, although thereis acorrespondence with regard
to the positive anomaly at (40°N, 65°W). The spatial
pattern of the 13-month statistical mode in POCM SST
(not shown) shows large-scale anomalies of opposite
sign in the Gulf Stream separation region on the one
hand and the extension region on the other hand. The
Monte Carlo test of SST observations gives an indi-
cation of variability on a time scale of 14 months (see
Fig. 1b), and the associated pattern of variability con-
sists also of large spatial scales.

From the results of the M-SSA analyses described
above, we can conclude that the connection between the
spatial patterns of SST and SSH for the 9- and 13-month
statistical modes is al'so unclear in the POCM output.
In Table 3 the results of the M-SSA analyses of the
POCM output and of the observations have been sum-

marized. In the next section, we explore whether internal
ocean dynamics may be the source of the 9-month var-
iability in the Gulf Stream region.

4. Spatiotemporal variability within a barotropic
shallow-water model

This study extends that in Dijkstra and Molemaker
(1999), where successive bifurcations of the wind-driv-
en ocean circulation were studied within a 1.5-layer
shallow-water (SW) model on a 3 plane. In the model
below, the full North Atlantic basin (10°-65°N, 85°—
5°W) is considered using realistic geometry and wind-
stress forcing (Trenberth et al. 1989) but no bottom
topography, and only the barotropic circulation is con-
sidered.

a. Formulation

Consider a flat-bottomed ocean basin with arealistic
horizontal domain, 7/, and bounded by a closed contour
I'. The density of the ocean is constant and the flow is
driven by a windstress 7(¢, ) = 7,(7¢, 7¢), where 7,
is the amplitude and (7¢, 7¢) provides the spatial pat-
tern. Lateral friction, with lateral friction coefficient A,

TaBLE 3. Summary of common time scales T detected in the POCM output (P) and in the observations (O).

=
(months) SSH._P T310.P T610.P SST_P SST_.0 SSH_O
9 * * * * * *
13 * * * * *
20 * * Speich et al. (1995)
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is the dissipative mechanism in the model. In the usual
notation, the velocities in eastward and northward di-
rections are indicated by u and v, respectively and h is
the thickness of the water column (with equilibrium
value D), and changes due to changes in the sea surface
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height. The governing shallow-water equations are non-
dimensionalized using scalesr,, D, U, r /U and 7, for
length, layer depth, velocity, time, and windstress, re-
spectively, where r is the radius of the earth, and be-
come

au N u du N au uv tand sno eF oh + gl vay u 2 sinf dv N T¢ (43)
L+ — & i _ - _ a _ 2 X K
at  cosh d¢ Ua@ v v cost d¢ Cos?0  C0s?0 d¢ “h
v u dv v oh v 2 sinf du 70
—+ —— 4+ v— + utanf| +usnd = —eF— + E[Vv - ——+ ——— | + a— 4b
€(at cosh d¢ Va6 ) € a0 ( Y7 cos?9 | cosh a¢> “h (45)
oh 1 [(a(hu d(hv cos#
— + () ahw cosh)) _ (4c)
ot cosf\ a¢p a0

On the boundary I" of the domain no-slip conditions are
prescribed; that is,

(o) DT :u=v=0. (5)

The parameters in these equations are the Rossby
number e, the Froude number F, the Ekman number E,
and the windstress coefficient «. Expressions for these
parameters are

u. . A
6 = = —-— =
2Qr,’ uz’ 2Qrg’
To
= s 6
2Q0pDU ©)

where () is the angular velocity of the earth. Standard
values of the parameters in this model are listed in
Table 4.

b. Numerical methods

Within the SW model, a finite difference discretiza-
tion was used on the domain [10°N, 65°N] X
[85°W, 5°W] with a resolution of 0.5° X 0.5°. Conti-
nental geometry and boundary conditions are taken into
account by first discretizing the eguations on the sphere
and then substituting equations with boundary condi-
tions, according to whether the point is a land point or
an ocean point.

Steady-state solutions lead to a set of nonlinear a-
gebraic equations of the form

F(u, p) = 0. ()
Here u is a d-dimensional vector consisting of the un-
knowns at the grid points, p is the p-dimensional vector
of parameters, and F is a nonlinear mapping from R¢
X Rr - RY, where d indicates the number of degrees
of freedom. To determine branches of steady solutions
of the Eq. (7) as one of the parameters (say w) isvaried,

the pseudo-arclength method is used. The branches
[u(s), w(s)] are parameterized by an “arclength” pa-
rameter s. An additional equation is obtained by *‘nor-
malizing”’ the tangent

Up(u = Uo) + molm — mo) —As =10, (8

where (u,, uo) isan analytically known starting solution
or a previously computed point on a particular branch
and As is the steplength.

To calculate a steady-state solution of the system of
equations (7) an extra condition for h is required to
regularize the equations, since h is determined up to an
additive constant. This is done by an integral condition
for h over the domain %’ that removes the ambiguity
from the layer depths; that is,

J h cosh d¢ do = |7/|, 9
v

which is an expression of conservation of mass of the
layer. The integral is equa to |7/, the (dimensionless)
area of the domain since the layer depth is scaled with
D. In models that integrate the equations in time, this
regularization problem is absent since theintegral of the
layer depth is set by the initial conditions.

When a steady state is determined, the linear stability
of the solution is considered and transitions that mark
qualitative changes such as transitions to multiple equi-
libria (pitchfork bifurcations or limit points) or periodic
behavior (Hopf bifurcations) can be detected. The linear
stability analysis amounts to solving a generalized ei-
genvalue problem of the form

Ax = oBXx, (10)

where A and B are nonsymmetric matrices. Bifurcations
are detected from crossings of o with the imaginary
axis. Solution techniques for these problems are pre-
sented in Dijkstra et al. (1995).
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TABLE 4. Standard values of parameters in the barotropic SW

model.
Param-
Parameter Value eter Value
Dimensional parameters
ro 6.37 X 10°m To 15 X 101 Pa
D 1.0 X 10®m A, 2.0 X 102 m%s*
g 9.8 ms2 U 1.0 X 10t ms?
p 1.0 X 10% kgm—2 Q 73 X 10°st
Dimensionless parameters
1.0 X 102 E 3.4 X 108
€ 1.1 x 10 F 9.8 X 10°
c. Results

The bifurcation diagram is shown in Fig. 12a using
the Ekman number E as control parameter and fixing
al other parameters as in Table 4; it consists of a per-
turbed pitchfork bifurcation (Golubitsky and Schaeffer
1985). On the vertical axis, the maximum northward
volume transport @ (in Sv) over a section is shown,
which is calculated as

(43

® = (UDry) maxf vh cosf d¢, (11)

bw

where the maximum is taken both over ¢ and 6. An
important result is the existence of multiple equilibria,
just asin the 1.5-layer SW model on a 3 plane (Dijkstra
and Molemaker 1999). Two solution branchesarefound,
on which solutions are unstable for E < 2.5 X 10-7. A
solution on the lower branch is shown as a contour plot
of hfor E= 1.6 X 107 in Figs. 12b and 12d. It displays
the double gyre circulation, typical for the North At-
lantic Ocean with a *‘ deflected”” Gulf Stream that sep-
arates too far north compared to reality. The small re-
circulation gyre in the separation region reflects the in-
ability of the flow to rejoin the Sverdrup interior im-
mediately. It first has to get rid of its excess vorticity
by recirculating several times. Moreover, thereisaweak
southern recirculation cell and at this value of E the
transport ® is about 46 Sv. This solution resemblesvery
much the mean SSH field from POCM in the Gulf
Stream region (cf. Fig. 14 in Semtner and Chervin
1992). Thus, POCM also shows a Gulf Stream that sep-
arates too far north.

The other branch exists only for E < 2.2 X 1077,
which is the position of the limit point on this branch.
The solution at E = 1.6 X 107 (Figs. 12c and 12€)
displays a ‘‘ separated’” Gulf Stream that actually seems
to separate twice. First, it separates too far south com-
pared to reality, and later on it separates too far north
(at about the same latitude asin Fig. 12d). Thereis now
astrong southern and aweak northern recirculation cell.
At thisvalue of E, the transport ® isabout 70 Sv, which
is 1.5 times larger than that in Fig. 12b and somewhat
larger than current estimates near Cape Hatteras of about
50-65 Sv (Johns et al. 1995). By comparing Figs. 12b
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and 12c, it can be concluded that the circulation patterns
outside the region of the western boundary current are
very similar so that the multiple equilibria are related
to the different separation structures of the Gulf Stream.

We have also computed the local vorticity balances
for the multiple equilibria. Outside the western bound-
ary layers the Sverdrup balance holds for both equilib-
ria. For the deflected Gulf Stream the boundary layer
is of the nonlinear Munk type, and for the separated
Gulf Stream the boundary layer is highly nonlinear, with
lateral friction playing a minor role.

On the lower branch in Fig. 12a, a Hopf bifurcation
occurs at E = 2.5 X 107 and is marked with H,. The
steady state at this value of E is similar to Fig. 12b and
therefore not shown. At H, the steady state becomes
unstabl e to one oscillating dynamical mode. The pattern
of this mode is determined from the eigenvector x =
X, + ix; associated with the eigenvalue o = o, + io;
in (10). These span an oscillatory mode given by

W(t) = exp(o,t){cos(ot)x, — sin(o;t)x;} (12)

with dimensional period T = 2ar,/(Ug;). The pertur-
bation is shown at four phases within half a period of
the oscillation in Figs. 13a—d. The dynamical mode is
located around the axis of the western boundary current
and propagates southwestward, that is, upstream. It has
a period of 6 months, and a wavelength of about 550
km. From Figs. 12d and 13a—d we can deduce that the
perturbation adds cross-stream components to the flow
in the western boundary current; that is, it causes the
Gulf Stream to meander.

To investigate the sensitivity of theresultsto thelayer
thickness D, we have computed a regime diagram sep-
arating steady from oscillatory behavior (Fig. 14a). At
each value of D, the linear stability boundary is deter-
mined by the value of E at the Hopf bifurcation H,. It
is obvious from Fig. 14a that the circulation gets more
stable as D increases. This is a result of the fact that
the same energy input by the windstress forcing is dis-
tributed over a deeper layer, which stabilizes the flow.
The spatia pattern of the neutral mode does not change
much with D, but the period of the oscillation increases
from 6 to 11 months in the range of D considered (Fig.
14b). Of course, the average depth of the real Gulf
Stream region depends on the domain chosen, but values
dlightly larger than 1 km do seem to be reasonable.
Inclusion of bottom topography could change this mode
and period substantially, but it has a large effect on the
sea surface height in a barotropic model and hence it
was not considered here.

A second Hopf bifurcation (H,) occursat E = 2.1 X
10-7 on the branch of the separated Gulf Stream solution
(Fig. 12a). The period of this oscillation is 2 months.
The transition structure of the perturbation is shown in
Figs. 15a—d, with the basic state being similar to that
in Fig. 12c. Its maximum response is found in the high
shear region to the southeast of Greenland, the propa-
gation direction is westward and the perturbations have
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Fic. 12. (a) Bifurcation diagram with the Ekman number as control parameter. Drawn (dotted) branches indicate stable
(unstable) steady states, whereas the Hopf bifurcation points are indicated by triangles. The intersection of the upper branch
does not indicate a bifurcation; it is due to the choice of norm. (b) Contour plot of the layer thickness anomaly for the ** deflected”
Gulf Stream at E = 1.6 X 10-7. The contour levels are scaled with respect to the maximum value of the field. (c) Contour
plot of the layer thickness anomaly for the ‘separated’ Gulf Stream at E = 1.6 X 10-7. (d) Detail of (b). (€) Detail of (c).
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(c)
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Fic. 13. Contour plot of the layer thickness anomaly of the transition structure [(a)—(d)] of the neutral mode at the Hopf
bifurcation H, in Fig. 12a at severa phases of the oscillation. (a) ot = 0; (b) oit = #/4; (c) ot = @/2; (d) ot = 37/4.

atypical wavelength of 500 km. The relevance of this
dynamical mode to the variability in the northern part

of the Atlantic basin is not further considered.

5. Discussion

As mentioned in the introduction, focus of this work
was to find a plausible physical mechanism of the near-
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annual variability of the Gulf Stream near its separation
location. Both the M-SSA analyses of the individual
fields of SST and SSH observations clearly give a sta-
tistically significant mode of variability having a time
scale of 9 months. This type of variability is very un-
likely to be caused by red noise processes (Hasselmann
1976). With the fact that this time scale of variability
has also been found in other studies (Lee and Cornillon
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Fic. 14. (a) Path of the first Hopf bifurcation H, (as in Fig. 12a), that is, the linear stability boundary, in the (E, D) plane. (b) Oscillation
period (T) of the neutral mode at H, as a function of the layer thickness D.



1 Aucust 2000

SCHMEITS AND DIJKSTRA

1985

Fic. 15. Contour plot of the layer thickness anomaly of the transition structure [(a)—(d)] of the neutral mode at the Hopf
bifurcation H, in Fig. 12a at several phases of the oscillation. (a) o;t = 0; (b) ot = @/4; (¢) ot = @/2; (d) ot = 37/4.

1995), we conclude that there is dominant variability
on a 9-month timescale in the Gulf Stream separation
region.

However, the patterns of both SST and SSH of this
statistical mode have no direct correspondence. Large-
scale SST anomalies are found over most of the basin
with some hardly identifiable pattern of rotating anom-
alies in the Gulf Stream separation region. The SSH
anomalies are of smaller scale, but they are present with
comparable amplitude over the whole region. Although
the combined M-SSA analysis shows that the statistical
modes of both SST and SSH on the intermonthly time-
scale may be related, the physical connection between
both fieldsis not clear. Thisis partly dueto the statistical
techniques themselves because the statistically signifi-
cant modes are not the patterns with highest variance
and are therefore subjected to orthogonality constraints
that may blur the connection between the pattern and
the physics causing it.

M-SSA analysis of the POCM output also shows var-
iability on a timescale of 9 months. Moreover, statis-
tically significant modes with timescales of 13 and 20
months have been detected in the POCM output. Indi-
cation of a 14-month timescale has been found in the
SST observations (Fig. 1b) and a 20-month timescale
has been detected by Speich et al. (1995) in the COADS
dataset. The connection between SST and SSH for the
9- and 13-month statistical modes turned out to be un-
clear for both observations and POCM, as far as de-

tected. Asthereisonly avery weak restoring of POCM
SST, the reason for this vague connection may be the
same for both observations and POCM. In the future
this connection may be studied in the framework of the
shallow-water model by adding a surface mixed layer.
Analysis of the POCM temperature fields at several ver-
tical levels has clearly demonstrated that the structure
of the 9, 13, and 20 month modes is approximately
equivalent barotropic. Therefore, it seems legitimate to
investigate the hypothesis of this paper, put forward in
the introduction, in a barotropic model.

The shallow-water model used to study the transition
to time dependence of wind-driven flows suffers from
severe simplifications by being fully barotropic and dis-
carding any effect of bottom topography. On the other
hand, until now it is the most realistic model on which
techniques of bifurcation analysis have been applied. As
in previous studies (Dijkstra and Katsman 1997; Dijk-
stra and Molemaker 1999), two mean flow patterns of
the Gulf Stream are found of which the origin was dis-
cussed at length in Dijkstra and Molemaker (1999).
These flows only differ with respect to their separation
behavior near the North American coast, while being
the same over the remainder of the basin.

The first oscillating dynamical mode to become un-
stable has a timescale on the order of months and is
about 9 months for an average depth of the basin of
1200 m. Its perturbation pattern is localized in the re-
circulating cells, with very small amplitude over the
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remainder of the basin, and it causes the mean flow to
meander. The origin of this mode seems to be related
to the ocean basin modes found in a 1.5-layer QG model
(Dijkstra and Katsman 1997). Dijkstra and Molemaker
(1999) have followed the latter modes through a hier-
archy of 1.5-layer QG and SW models and found that
the modesremained closely related. Therefore, the prop-
agation mechanism of the oscillatory instability is sim-
ilar to that of free Rossby waves, while the growth of
the perturbation is related to the horizontal shear
strength within the western boundary current (Dijkstra
and Katsman 1997). We will refer to this dynamical
mode as the barotropic western boundary current
(BWBC) mode below.

In the region of the Gulf Stream common features of
the 9-month mode in POCM and the BWBC mode are
that they both have a (near) barotropic structure, have
similar timescales, and that the anomalies have wave-
lengths of about 500 km, are propagating upstream, and
are concentrated around the mean axis of the Gulf
Stream. Therefore, it is plausible that the 9-month mode
in POCM (eg., Fig. 9) is similar to the BWBC mode
(Fig. 13). The connection with the observations is less
obvious, as the spatial patterns of the SST and SSH
modes do not correspond to the spatial pattern of the
BWBC mode. They do, however, have a similar time
scale of propagation. Besides, the anomalies of the SSH
mode are also propagating upstream, and are concen-
trated around the mean axis of the Gulf Stream. How-
ever, it is impossible to claim that the physics of the
BWBC mode is that causing the variability in the SST
and SSH observations on that time scale. Instead, we
claim something weaker, that is, that the BWBC mode
contributes to the significance of the variability on this
time scale, even if the dominant physics controlling the
variability would be caused by other processes (ne-
glected in the SW model).

Other studies have strongly suggested that the
9-month variability is not related to variations in ex-
ternal forcing, such as the surface heat flux (Kelly et
al. 1996) and that internal ocean dynamics is the most
likely process to drive these changes in the flow field.
The BWBC mode destabilizes the idealized Gulf
Stream, which means that this perturbation pattern is
able to extract energy out of the mean flow on this
particular timescale. Hence, the energy level of thisfre-
quency can be easily increased due to the barotropic
instability mechanism. Consequently, even if the phys-
ics of the variability is not caused by the BWBC mode,
this mode may still contribute to its significance because
it enhances the variance on this timescale in a totally
different way as red noise processes would.

Suppose, on the other hand, that the underlying phys-
ics of this variability is indeed caused by the BWBC
mode, then the question is why the statistical techniques
do not find the pattern of this mode. That the spatial
patterns of the dominant significant M-SSA modes in
the SST and SSH observations and the BWBC mode in
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the SW model do not look alike may be explained by
the property of M-SSA that it is able to discriminate
between two oscillations with the same period only if
they have spatially orthogonal patterns (Plaut and Vau-
tard 1994). Apart from the orthogonality contraints in
the patterns as mentioned above, there are many pro-
cesses contributing to the energy level on the particular
timescale. Nonlinear interaction of baroclinic instabil-
ities (which are modes of shorter timescale) can easily
give a contribution on this timescale as can variations
in atmospheric forcing. The statistical techniques, which
are all in some way variance maximizing, pick up these
signals and hence the resulting pattern on thistimescale
will show signatures not related to the main cause of
the variability. If there were no clear non-red-noise-like
source of energy at the particular frequency, as present
here due to the BWBC mode, the pattern of the statis-
tically determined patterns would likely not be signif-
icant. Hence, even though the significance is induced
by the presence of the BWBC mode, the statistical tech-
nique would not be able to find its correct pattern.

With this argumentation, there is good reason to con-
jecture that the 9-month variability of the Gulf Stream
is caused by a barotropic instability of the mean Gulf
Stream path near its separation. Confirmation of this
conjecture has been obtained through the connection
between the 9-month mode from the POCM output and
the BWBC mode in the SW model. This conjecture can
be rejected if it turns out that stratification and other
factors cause the BWBC mode, found here, to disappear.
Future research along this path will concentrate to de-
termine the internal modes of variability in more real-
istic models and determine their contribution in transient
simulations of the ocean circulation.
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