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Abstract. In this paper a process study aimed at analyzing
the low-frequency variability of intrinsically oceanic origin
of the Gulf Stream (GS) and GS extension (GSE) is pre-
sented. An eddy-permitting reduced-gravity nonlinear shal-
low water model is implemented in an idealized North At-
lantic Ocean, with schematic boundaries including the es-
sential geometric features of the coastline and a realistic
zonal basin width at all latitudes. The forcing is provided
by a time-independent climatological surface wind stress ob-
tained from 41 years of monthly ECMWF fields. The model
response yields strong intrinsic low-frequency fluctuations
on the interannual to decadal time scales. The modelled time-
averaged GS/GSE flows are found to exhibit several features
that can also be deduced from satellite altimeter data, such
as the Florida Current seaward deflection, the GS separation
at Cape Hatteras, and the overall structure of the GSE. The
intrinsic low-frequency variability yields two preferred states
of the GSE differing in latitudinal location that also have their
counterpart in the altimeter data. A preliminary analysis of
the variability in terms of dynamical systems theory is carried
out by using the lateral eddy viscosity as the control param-
eter. A complex transition sequence from a steady state to
irregular low-frequency variability emerges, in which Hopf
and global bifurcations can be identified.

1 Introduction

Along the western sides of the main world ocean basins west-
ern boundary currents (WBCs) flow as intense and narrow
streams, transporting huge volumes of warm and salty water
poleward. The strongest currents are located in the North-
ern Hemisphere: the Gulf Stream (GS) in the North Atlantic
Ocean and the Kuroshio in the North Pacific Ocean. The GS
and Kuroshio and their extension jets (GSE and KE, respec-
tively) profoundly affect the global climate system. The high
eddy kinetic energy level, the strong large-scale interannual

to decadal changes and corresponding air-sea interaction pro-
cesses present in the KE region are known to affect consid-
erably the climate of the North Pacific area (e.g. Qiu, 2000,
2002; Kelly et al., 2010). The GSE interannual variability is
mainly associated with a meridional shift of the jet (e.g. Lee
and Cornillon, 1995; Frankignoul et al., 2001; Zhang and
Vallis, 2006; Sasaki and Schneider, 2011a), and can drive
energetic synoptic atmospheric fluctuations of climatic rele-
vance (e.g. Joyce et al., 2009; Feliks et al., 2011).

In situ investigations, three decades of satellite missions
and many model studies have provided clear evidence of the
large variability of such WBCs, particularly after their sepa-
ration from the coast (for recent overviews, see Kelly et al.,
2010; Rossby et al., 2010; Sasaki and Schneider, 2011b).
One of the most striking differences between the GS/GSE
and Kuroshio/KE is the low-frequency variability of two
characteristic indices, the path latitude and the surface trans-
port (see Fig. 12 in Kelly et al., 2010). While the KE clearly
shows large amplitude variations on a decadal time scale,
interannual variability dominates in the GSE. In fact, while
decadal bimodality of the KE path is well established from
observations (Taft, 1972; Qiu, 2002; Qiu and Chen, 2010),
in the GS Extension (GSE) such a strong bimodality is ab-
sent, although significantly fluctuating meandering patterns
are present. As for the GS, following the southeast coastline
of the United States it yields a weak seaward deflection off
South Carolina, as revealed by satellite observations. Bane
and Dewar (1988) suggested that such a deflection has a bi-
modal character, but with transitions occurring on a relatively
fast (inter-monthly) time scale. By analyzing yearly averages
of the cold wall of the GS, Auer (1987) showed that a weak
interannual variability is also present in the same region (see
Fig. 4 in Auer, 1987).

As far as the cause of the observed variability is concerned,
low-frequency fluctuations in the wind forcing are known to
play a major role in GSE changes. For instance, shifts of
the GSE axis lag atmospheric fluctuations associated with
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the North Atlantic Oscillation by few years (Frankignoul et
al., 2001; de Cöetlogon et al., 2006; Sasaki and Schneider,
2011a). On the other hand it is well known that highly non-
linear WBC extensions, such as the GSE, can, under certain
conditions exhibit strong low-frequency variability generated
exclusively by intrinsic oceanic mechanisms (Dijkstra, 2005;
Dijkstra and Ghil, 2005). It is therefore of great theoretical
interest to investigate how nonlinear internal ocean dynamics
contributes to the GSE variability.

Model studies of the intrinsic low-frequency variability
in the wind-driven ocean circulation in idealized rectangu-
lar basins (e.g. Jiang et al., 1995; McCalpin and Haidvo-
gel, 1996; Dijkstra and Katsman, 1997) and in configura-
tions with realistic continental geometry and steady wind
stress (e.g. Dijkstra and Molemaker, 1999; Schmeits and Di-
jkstra, 2001; Pierini, 2006) suggest that multiple equilib-
ria and intrinsic low-frequency variability due to nonlinear
mechanisms all internal to the ocean system may be present
in both the North Atlantic and North Pacific WBC exten-
sions. More recent work has suggested that energetic intrin-
sic relaxation oscillations contributing to the interannual and
decadal-scale variability in WBC extensions (and in the KE
in particular) may arise from a global bifurcation in phase
space (Simonnet et al., 2005; Pierini, 2006; Pierini et al.,
2009). In simulations based on a reduced-gravity shallow
water model with schematic coastline, the behaviour of the
KE path length and upstream path position (Pierini, 2006;
Pierini et al., 2009; Pierini and Dijkstra, 2009) is found to be
in quantitative agreement with observations.

As the GS/GSE system is dynamically analogous to the
Kuroshio/KE system in terms of multiple equilibria and in-
trinsic variability, an interesting issue is what variability is
found when the shallow water model of Pierini et al. (2009)
is applied to the North Atlantic region. Differences with
the North Pacific in this context will include the schematic
coastline, the representation of the upper-layer stratification
and the climatological wind stress. Will decadal-scale transi-
tions between large-scale GSE paths arise similarly to what
was found for the KE? In other terms, what is the role
played by nonlinear intrinsic mechanisms in the GS/GSE
low-frequency variability?

To investigate the issue of the degree of dynamic similar-
ity between GSE and KE and, more in general, to further
assess the importance of intrinsic oceanic mechanisms pro-
duced by barotropic instability processes in the overall low-
frequency variability of the GSE, in this study the reduced-
gravity shallow water model of Pierini (2006) is implemented
(Sect. 2) in a schematic North Atlantic basin that includes
essential geometric features of the coast and a realistic zonal
width of the integration domain at all latitudes. Moreover,
the time-independent climatological wind stress forcing ob-
tained from 41 years ofEuropean Centre of Medium-range
Whether Forecasts(ECMWF) monthly fields is discussed. In
Sect. 3, the simulated GS mean jet and its variability are both
presented and compared with satellite altimeter observations;

a preliminary analysis of the intrinsic low-frequency variabil-
ity of the GS system in terms of dynamical systems theory is
also presented. Conclusions are finally drawn in Sect. 4.

2 The reduced-gravity shallow water model and wind
forcing

As shown by Dengg et al. (1996), the GS system is subdi-
vided into the Loop Current located in the Gulf of Mexico,
the Florida Current, the GS proper, the GSE and the continu-
ation of the jet into the North Atlantic and Azores Currents.
The GS starts flowing into the northwest Atlantic Ocean from
the Florida Straits, and then follows the Florida coasts as
a stable parallel flow (the Florida Current). The GSE then
forms after separation of the GS past Cape Hatteras and in-
vades a large part of the northern North Atlantic. To possibly
capture these features, the domain of integration is chosen
so that the large-scale shape of the continental boundaries,
between the latitudes 60◦ N and 10◦ S, is included. More-
over, a Southern Hemisphere belt delimited by the latitude
φ = 10◦ S allows one to take into account aspects of the equa-
torial ocean dynamics.

Pierini (2008) showed that elements of realism in the ge-
ometry of the domain of integration can play a crucial role
in shaping the low-frequency variability of the KE, so that
in a process-oriented approach, a correct latitudinal exten-
sion (that insures a correct vorticity input in the oceanic in-
terior) and a relatively realistic schematic coastline (on the
western side of the ocean in particular) are essential. For
the latter, the removal of small-scale coastal features al-
lows one to avoid undesirable instabilities related to the lim-
ited resolution, without affecting the basic large-scale fea-
tures of the flow. Following this approach we have de-
fined a coastline (Fig. 1) composed of a number of con-
nected lines defined on the x-y plane of a Cartesian coordi-
nate system by means of a sinusoidal projection. The zonal
width extends between the longitudes 75◦ W and 15◦ E, span-
ning the entire North Atlantic basin. Several segments con-
nect eleven points along the western boundary: A = (10◦ S;
34◦ W), B = (6◦ S; 35◦ W), C = (9◦ N; 60◦ W), D = (16◦ N;
61◦ W), E = (22◦ N; 79◦ W), F = (31◦ N; 81◦ W), G = (35◦ N;
75◦ W), H = (40◦ N; 73◦ W), I = (46◦ N; 52◦ W), J = (54◦ N;
56◦ W) and K = (60◦ N; 63◦ W). The eastern boundary of the
Atlantic basin is delimited by a border that excludes the ad-
jacent seas from the integration domain, and the western
coasts of Africa are represented by a circle. The use of
this schematic coastline carries the advantages of filtering out
small-scale motion induced by analogues of small-scale fea-
tures of the coastlines (irrelevant when analyzing large-scale
flows), and of highlighting the role played by the coastline in
shaping the ocean dynamics.
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Fig. 1. Domain of model integration (delimited by the green curve)
and climatological surface wind-stress curl obtained from 41 years
(1961–2001) of ECMWF wind-velocity fields retrieved from the
ERA-40 re-analysis project. S1, S2, and S3 indicate sectors in
which the flow kinetic energy is integrated to obtain the time se-
ries shown in Figs. 4 and 9.

The flow in this model is governed by the reduced-gravity,
nonlinear shallow water equations:

∂u

∂t
+(u ·∇)u+f k×u = −g′

∇η̃+
τ

(ρH)

+KH ∇
2u−γu|u| (1a)

∂η̃

∂t
+∇ ·(Hu) = 0 (1b)

wherek = (0,0,1), u = (u,v,0) is the vertically averaged
horizontal velocity,f = 2�earthsinϕ the vertical component
of the planetary vorticity (where�earth= 7.3×10−5 rad s−1

is the rotation rate of the earth andϕ is the local latitude),
g′

= g(ρ2−ρ1)/ρ the reduced gravity (whereg is the accel-
eration of gravity,ρ1 andρ2 are the constant upper and lower
layer densities, respectively, andρ is a mean density),̃η is the
thermocline displacement (positive downward),H = D + η̃

the upper (active) layer thickness (whereD is the undisturbed
layer thickness),τ = (τx,τy,0) the surface wind stress,KH

the lateral eddy viscosity coefficient, andγ the quadratic in-
terfacial friction coefficient. No-slip boundary conditions are
applied along all lateral walls.

Although in the context of the GS system the applicabil-
ity of such a simplified model may appear inappropriate (e.g.
because baroclinic instability, the barotropic component and
at least a second active layer that can include a deep current
are all absent in the dynamics), Eqs. (1) do account for the
formation of meanders and of intrinsic low-frequency fluc-
tuations generated by barotropic instability, which are found
to be essential in the KE case (Pierini, 2006; Pierini et al.,
2009). Since the equations are solved numerically through
an explicit finite-difference method (Pierini, 2006), the use
of a model without the external mode allows for a substantial
reduction of the integration time. This is particularly use-
ful when many simulations are required for the analysis of

Table 1. Parameter values used in the simulations.

Parameter Value

Depth D = 1000 m
Grid size 1x = 1y = 20 km
Time step 1t = 20 min
Reduced-gravity g′

= 0.021 m s−2

Interfacial friction γ = 5×10−4 m−1

Eddy viscosity coefficient KH = 100 m2 s−1

flow behaviour in the framework of dynamical systems the-
ory (Sect. 3.3).

The parameter values used are listed in Table 1. The grid
size of 20 km makes this model eddy-permitting, and Chas-
signet and Marshall (2008) recognized that this resolution
is sufficient to reproduce the main features of the GS. The
time step of 20 min is required by the Courant-Friedrichs-
Lewy condition for numerical stability. The value ofg’ was
derived from mean densities obtained from vertical sections
of the WOCE Atlas (http://sam.ucsd.edu/). The time inte-
gration is carried out starting from motionless initial condi-
tions for a time interval of 50 yr. Several values of the lat-
eral eddy viscosityKH are considered in sensitivity experi-
ments (Sect. 3.3), but the reference valueKH = 100 m2 s−1

is chosen for the basic numerical experiments described in
Sects. 3.1 and 3.2. Finally, the sea surface height (SSH)η

(positive upward) is computed from̃η through the formula
η ∼= η̃(ρ2−ρ1)/ρ.

The degree of realism introduced by the schematic coast-
line requires an analogous degree of realism in the wind forc-
ing. Thus, zonal and meridional components of the wind ve-
locity, provided by the ECMWF, have been retrieved from
the ERA-40 re-analysis project (Uppala et al., 2005) and in-
terpolated onto the domain of integration. Forty-one years
(1961–2001) of monthly mean fields have been used to calcu-
late a climatological surface wind velocity with a spatial res-
olution of 4◦ in both horizontal directions; the corresponding
surface wind stress field was then computed through classical
bulk formulae. The obtained steady surface wind stress cli-
matology is finally used to force the model: the correspond-
ing wind stress curl is shown in Fig. 1. The choice of neglect-
ing all sort of variability in the forcing (from the short-term to
the seasonal and low-frequency time scales) is a necessary el-
ement when investigating fluctuations of intrinsic origin (e.g.
Dijkstra, 2005).

3 Numerical results

3.1 The climatological flow

In this section an analysis of the time-averaged model solu-
tion and relative comparison with altimeter data is presented

www.nonlin-processes-geophys.net/19/155/2012/ Nonlin. Processes Geophys., 19, 155–164, 2012

http://sam.ucsd.edu/


158 G. Quattrocchi et al.: Intrinsic low-frequency variability of the Gulf Stream

(a) 

(b) 

Fig. 2. (a) 26-yr time-mean of the simulated SSH (cm).(b) 18-
yr (1993–2010) climatology of the absolute dynamic topography
(distributed by AVISO/Cnes) (cm). A 40-cm offset has been added
to the modeled SSH to make the modeled and observed GSE axis
comparable.

in order to identify important modelled GS features that are
in agreement with observations. After the model spin-up
(see the time series in Fig. 4 below) a time average of the
SSH over the 26-yr periodt = 24–50 yr is computed. The
resulting mean SSH field (shown in Fig. 2a) can be com-
pared with the 18-yr climatology (Fig. 2b) of the absolute
dynamic topography (ADT) derived from satellite altimeter
products of Salto/Duacs and distributed by Aviso, with the
support from Cnes:http://www.aviso.oceanobs.com/duacs/.
Since the GSE axis is well represented by the 40-cm con-
tour (see Fig. 2b) and by the 0-cm contour of the modeled
jet, in order to allow for an easier comparison, a 40-cm offset
has been added to the simulated SSH (the same change has
been applied to all the subsequent figures). To analyse the
simulated flow features we divide the GS system into three
regions: (i) the Florida Current (FC) region, (ii) the GS and
upstream GSE region, and (iii) the downstream GSE region.

(i) The FC is a northward flowing current which follows
the Florida coastline: its transport is the result of two main
contributions, the Antilles Current and the Loop Current, the
latter being dominant. The Loop Current originates in the
Gulf of Mexico and moves into the GS through the Florida
Straits; estimates provided by Wilson and Johns (1997) sug-
gest a volume flux of 17.5 Sv through this passage. The
GS is highly variable in that location and may in part ac-
count for the variability of the FC that is, in turn, affected by
both seasonal and interannual changes. The numerical solu-
tion (Fig. 2a) yields a weak recirculation cell at its southern

edge, including the Antilles Current (which extends along
the northern boundary of the Caribbean archipelago up to the
Florida coasts). The present model solution does not include
the region of the Gulf of Mexico, so the simulated response
does not take into account dynamical processes occurring
there. This implies that the simulated FC, which correctly
flows along the coastline, is weaker than the observed one.
Once the FC reaches the South Carolina coasts a seaward de-
flection of the mean flow is observed (Fig. 2b). Bane and
Dewar (1988) noticed that the presence of a topographic ir-
regularity known as the Charleston Bump, off South Carolina
(near 31◦ N), may affect the path of the FC. They also noticed
that such a deflection presents a bimodal character, with the
FC assuming alternatively a weakly and a strongly deflected
state. A much more pronounced seaward deflection of the
FC is also present in the model simulation in the correct lo-
cation, and it is represented, in Fig. 2a, by the northern edge
of a strong anticyclonic recirculation gyre centred at 31◦ N–
78◦ W (the latter being also much stronger than the real one).
This deflection breaks the meridional orientation of the FC
and, since the reduced-gravity model does not take into ac-
count topographic effects, the modelled premature separa-
tion from the coast must be due to a combination of inertial
effects and coastline orientation. Although the mutual inter-
actions between the GS and the topographic irregularity are
certainly important effects, we conjecture that the deflection
may be partly due also to a premature separation of the GS.
Premature separations have also been found in model stud-
ies on the role of the viscosity parameterization on the GS
separation at Cape Hatteras (Chassignet and Garaffo, 2001)
and in Parallel Ocean Climate Model simulations (Schmeits
and Dijkstra, 2001): the GS separates either too far south
compared to reality or too far north. However, Adcroft and
Marshall (1998) demonstrated that piecewise-constant coast-
lines exert a spurious form stress on model boundary cur-
rents that depends on the implementation of lateral boundary
conditions; such form stress can, in some cases, introduce
premature WBC separation.

(ii) At about 33◦ N, beyond the seaward deflection, the
modelled GS rejoins the coastline and continues northward
toward Cape Hatteras, where, at 35◦ N it separates from the
coast near the correct location (Fig. 2b), although with a more
zonally oriented path in comparison with the observed flow.
In view of the lack of any topographic effect in the adopted
reduced-gravity model, this result is in support of the iner-
tial overshooting as a major separation mechanism, whose
relevance in the GS separation process was stressed in a re-
cent laboratory study (Pierini et al., 2011). A more quanti-
tative model-data comparison of the flow just after separa-
tion can be performed through Fig. 3, where the observed
(solid line) and modelled (dashed line) zonal geostrophic ve-
locity sections at 35◦ N are plotted. The dashed line (26-year
mean of the model response) shows that the model simulates
a strong zonal current whose maximum intensity is confined
to the west of the basin: this is also evident in the observed
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Fig. 3. Zonal geostrophic velocity sections at 35◦ N: 18-yr (1993–
2010) climatology computed from altimeter data distributed by
AVISO/Cnes (solid line); 26-yr mean of model response (dashed
line).

climatology, and at the same location, but with an ampli-
tude that is about twice the modelled one and with a nar-
rower zonal extension. The upstream GSE is basically a front
separating a southern anticyclonic gyre from a northern cy-
clonic recirculation gyre, whose observed and modelled ex-
tensions and locations are in substantial agreement, as shown
in Fig. 2a, b (it should be noticed, however, that the modelled
anticyclonic gyre is decomposed into two recirculation cells).

(iii) Further downstream, the observed GSE deviates more
northward when compared with the modelled flow. East-
ward of∼65◦ W the modelled GSE loses its inertial feature
and starts broadening (Fig. 2a), in disagreement with the ob-
served flow (Fig. 2b), which yields two further elongated re-
circulation cells at those eastern locations. Nonetheless, the
40-cm contour lines are in good agreement up to the point
where the GSE rejoins gradually the interior circulation of
the North Atlantic Ocean.

3.2 Intrinsic low-frequency variability

In order to explore the intrinsic GSE low-frequency variabil-
ity we follow Pierini (2006) in deriving time series (shown in
Fig. 4a) of the kinetic energy integrated over the sectors S1,
S2, and S3 defined in Fig. 1. Sector S1 includes only partially
the jet variability and displays low energy values; in con-
trast, sector S2 represents most of the variability of the jet,
and includes several oscillations superimposed on a higher
amplitude relaxation-type oscillation; as for sector S3, since
it is far from the jet axis it displays lower amplitude oscil-
lations. In summary, all signals display complex oscillatory
behaviour due to intrinsic instabilities, and the corresponding
spectra within the more intense region of variability, S1∪S2,
yield peaks at 1.0, 1.2, 3.9, 6.6, and 13.0 yr (Fig. 4b).

In order to analyze the spatial structure of the variability,
yearly snapshots (sampled at the first day of each year) of
the modelled 40-cm SSH contours have been overlapped in
Fig. 5a. Off North Carolina the modelled GS yields a stable
separation location at 35◦ N, in good agreement with obser-
vations (e.g. Lee and Cornillon, 1995). In its upstream region
(λ ∼= 75◦ W–70◦ W) the modelled GSE axis displays two dif-
ferent meridional locations denoted with green and blue con-
tours, respectively (orange contours indicate intermediate lo-
cations). The mean meridional position of the green paths is
on average at∼35◦ N; this state gradually shifts northward
reaching the blue paths position at∼36◦ N. The analogous
paths obtained from altimeter data (Fig. 5b) display a merid-
ional shifting of the jet, whose latitudinal location can be per-
sistent during two or three years. While (as already noticed in
the preceding section) the real upstream GSE is more north-
ward oriented compared with the modelled jet, it is interest-
ing to notice that the range of the cross-stream displacement
of the modelled jet axis is in good agreement with that of
observations. Finally, further east (λ ∼= 70◦ W–65◦ W), the
modelled GSE (Fig. 5a) displays higher amplitude oscilla-
tions with a more pronounced meandering activity: all the
contours are involved in a latitudinal shift of about 1◦–2◦.
In general blue contours follow a slightly more straight path,
with relatively small amplitude meandering when compared
to the green contours. These stronger oscillations are absent
in the real GSE in the same longitudinal band, although a
weak meandering activity (absent in the first part of the jet)
does occur (Fig. 5b).

The GSE latitudinal oscillation is shown in Fig. 6 through
a Hovm̈oller (φ-t) diagram in which the zonal geostrophic
velocity at 75◦ W is plotted as a function of time during
the 26-yr interval of our analysis. The strong core of the
stream is on average located at 35◦ N, but transitions between
the high and low latitudinal positions are also evident. The
stream is persistent over an interval of about 3–4 yr while
transitions occur over shorter periods, generally of 1–2 yr.

Figures 7 and 8 show observed annual averages and model
snapshots of the SSH, respectively, and reveal synoptic fea-
tures of the GS/GSE associated with the states analyzed in
Fig. 5. In the first two panels of Fig. 7 (years 1995, 2000)
the GSE is characterized by a deflection of the jet axis at
∼70◦ W (where it reaches the latitude∼38◦ N) from an al-
most SW-NE orientation to the west to an almost zonal ori-
entation to the east, accompanied by a weak meandering fur-
ther east: this state corresponds to the blue curves of Fig. 5b.
On the other hand, in the third and fourth panels (years 1998,
2006), at∼70◦ W the axis reaches only the latitude∼36◦ N,
moreover the SW-NE orientation extends up to 66◦–67◦ W
followed by a pronounced meandering activity further east:
this state corresponds to the green curves of Fig. 5b. This
behaviour is similar to that of the KE, for which a more
northerly mean path is associated with a persistent meander-
ing state, whereas a more southerly mean path is character-
ized by a more convoluted and variable jet (e.g. see Figs. 2

www.nonlin-processes-geophys.net/19/155/2012/ Nonlin. Processes Geophys., 19, 155–164, 2012
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(a) 

(b) 

Fig. 4. (a) Time series of the kinetic energy integrated over sec-
tors S1, S2 and S3 (see Fig. 1).(b) Spectral amplitude of the kinetic
energy integrated over the sector S1∪S2.

and 3 of Qiu and Chen, 2010; see also Fig. 2 of Pierini et al.,
2009, for a model-data comparison). However, the changes
in both the latitudinal location of the jet and the downstream
meandering activity are clearly much weaker in the GSE. Fi-
nally, despite the differences between modelled and observed
patterns already noticed in Fig. 2, in the panels of Fig. 8 some
analogies with the above mentioned states can be recognized:
in the first two panels (t = 26, 15 yr) the upstream GSE yields
a more northern location and a weaker meandering down-
stream than in the other two panels (t = 8, 9 yr).

3.3 Preliminary analysis of the variability in terms of
dynamical systems theory

The origin of the GSE low-frequency variability can also be
analyzed in the framework of dynamical systems theory by
studying the transition behaviour of the modelled flows when
a control parameter is varied, thus obtaining valuable insights
into the role played by such a parameter in shaping the vari-
ability (Dijkstra, 2005). Carrying out a thorough analysis

of that kind in a problem like the present one with O(106)

degrees of freedom can only be done by performing a large
number of forward time integrations: this in turn would al-
low one to obtain an empirical bifurcation diagram and var-
ious statistical measures of flow behaviour (e.g. as done by
Pierini et al., 2009, for the KE case). A study of this kind
is beyond the scope of this paper; nonetheless, in this section
we present a brief preliminary analysis in terms of dynamical
systems theory by varying the dissipative parameterKH .

Figure 9a shows the time series of kinetic energy inte-
grated over the GSE area (sector S1∪S2∪S3 of Fig. 1) ob-
tained by varyingKH . The time series with the highest ki-
netic energy (curve labelled 1) represents the reference sim-
ulation analyzed in the previous sections. Figure 9b shows
orbits projected onto the KINE(S1)-KINE(S2∪S3) plane for
the different values ofKH . Within the rangeKH = 100–
300 m2 s−1 several attractors emerge: a stationary state,
small amplitude oscillations, higher energy periodic oscilla-
tions, and a large amplitude composite oscillation. The red
points in Fig. 9b identify the steady states of the system while
periodic oscillations are shown as closed curves. In a first
small amplitude range (range “A” in Fig. 9a) one can identify
a first Hopf bifurcation leading to small amplitude periodic
oscillations.

The green curve (KH = 200 m2 s−1), that after spinup
leads again to a steady state, marks the transition to a higher
amplitude range (range “B”). A new Hopf bifurcation arises
between curves 4 and 3 (KH = 160, 140 m2 s−1). ForKH =

140, 120 m2 s−1 the two periodic oscillations are visible as
limit cycles in Fig. 9b; the amplitude of the oscillation ap-
proximately doubles forKH = 120 m2 s−1. Moreover, in-
spection of Fig. 9a, b suggests the existence, in range B,
of a global bifurcation between curves 2 and 1 marking the
transition from small amplitude, nearly monochromatic os-
cillations to the large amplitude relaxation-type oscillation
(curve 1) discussed in the preceding sections.

4 Summary, discussion and conclusions

In this paper it was shown that a reduced-gravity (there-
fore without baroclinic instability, topographic effects and
buoyancy forcing) nonlinear primitive equation ocean model,
forced by a steady climatological wind field derived from
ECMWF data and implemented with schematic but reason-
ably realistic coastlines, produces a mean flow and an intrin-
sic low-frequency variability of the GS/GSE system that is,
in some of its prominent features, in reasonable agreement
with observations. More specifically:

– for the climatological flow significant agreement is
found for the location of the FC seaward deflection and
corresponding southern recirculation gyre, for the loca-
tion of the GS separation, and for the location and ex-
tension of the upstream GSE northern and southern re-
circulation gyres;
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– for the intrinsic low-frequency variability significant
agreement is found for the existence of two main GSE
axis shapes and locations in the bandλ ∼= 75◦ W–65◦ W
(that identify two preferred states of the jet), for the

range of the cross-stream displacement of the modelled
jet axis in the same band, and for the occurrence of a
meandering activity in the bandλ ∼= 70◦ W–65◦ W.

A preliminary analysis of the transition behaviour of the flow
has also been carried out by varying the lateral eddy viscosity
coefficient: relaxation-type oscillations are found to emerge
from a global bifurcation, similarly to what was found for the
KE within a similar model approach.

It should also be stressed that several modelled features of
the GS/GSE mean flow and variability are not in agreement
with observations. More specifically:

– for the climatological flow no agreement with obser-
vations is found for the amplitude of the modelled FC
seaward deflection (which is much stronger than the ob-
served stream), for the modelled upstream GSE loca-
tion (which is more zonally oriented than the observed
jet, and with half the observed current speed), and for
the modelled downstream GSE (which is much weaker
than the observed jet);
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Fig. 7. Annual averages of the absolute dynamic topography dis-
tributed by Aviso/Cnes (cm). From top to bottom: year 1995, 2000,
1998, 2006.

– for the intrinsic low-frequency variability no agree-
ment with observations is found for the amplitude of
the modelled GSE meandering activity in the bandλ ∼=

70◦ W–65◦ W (which is much stronger than that of the
observed jet).

However, this lack of agreement should not be seen as
a drawback of this idealized study, whose aim is only to
identify, in a relatively idealized context, the main features
present in the observations that are possibly generated by
nonlinear intrinsic mechanisms produced by barotropic in-
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Fig. 8. Simulated snapshots of the SSH (cm) corresponding (from
top to bottom) to the first field oft = 26, 15, 8, 9 yr.

stability processes. In connection to this, an important point
concerns the observed relationship between characteristics
of the GSE interannual variability (namely, the meridional
shift of the GSE axis) and wind fluctuations associated with
the North Atlantic Oscillation (e.g. Frankignoul et al., 2001;
Sasaki and Schneider, 2011a). One might argue that since
those features are wind-driven they cannot be due to intrin-
sic effects because, if the latter are the cause, then no direct
relationship between GSE changes and wind changes should
be expected.
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(a) 

(b) 

Fig. 9. (a) Time series of the kinetic energy integrated in sec-
tor S1∪S2∪S3 for different values ofKH : KH = 100, 120, 140,
160, 180, 200, 220, 240, 260, 300 m2 s−1, corresponding to lines
1,. . . ,10, respectively. Two different energetic regimes (Range A
and Range B) can be identified; the green line (KH = 200 m2 s−1)

marks the transition between them. The red lines identify steady
states of the system.(b) Orbits projected onto the (kinetic en-
ergy)(S1)− (kinetic energy) (S2∪S3) plane for different values of
KH .

However, this simplistic scenario holds only in an au-
tonomous dynamical systems framework. In fact, from
a more realistic non-autonomous dynamical systems view-
point (in which, for example, the system is forced by a mean
wind plus a wind noise, and even periodic components) the
same relaxation oscillations found with steady forcing can
either be triggered by wind variations through the coherence
resonance mechanism (e.g. Pierini, 2010, 2011 – section 4a,

2012) or be synchronized (e.g. Anishchenko et al., 2007) or
be in weak phase relation with a periodic forcing component
(e.g. Pierini, 2011 – section 4b). This suggests that the intrin-
sic low-frequency variability obtained in a model with steady
forcing (such as the present one) can well be correlated with
wind variations, as appears from GSE observations. In the
companion case of the KE decadal relaxation oscillations,
a hypothesis put forward is that the observed Rossby wave
signal (found to be correlated with wind stress changes as-
sociated with the Pacific Decadal Oscillation) controls the
intrinsic KE bimodal variability through a spatial reorgani-
zation of the KE flow, from a meridionally broad to a frontal
scale structure, thanks to the internal variability of the ocean
(Taguchi et al., 2007; Pierini and Dijkstra, 2009). A sim-
ilar mechanism can be conjectured for the GSE variability
as well. Obviously, further modeling studies are needed to
support this hypothesis.
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