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ABSTRACT The mid-latitude ocean’s response to time-dependent zonal wind-stress forcing is studied using a
reduced-gravity, 1.5-layer, shallow-water model in two rectangular ocean basins of different sizes. The small
basin is 1000 km × 2000 km and the larger one is 3000 km × 2010 km; the aspect ratio of the larger basin is quite
similar to that of the North Atlantic between 20°N and 60°N. The parameter dependence of the model solutions
and their spatio-temporal variability subject to time-independent wind stress forcing serve as the reference
against which the results for time-dependent forcing are compared. 

For the time-dependent forcing case, three zonal-wind profiles that mimic the seasonal cycle are considered in
this study: (1) a fixed-profile wind-stress forcing with periodically varying intensity; (2) a wind-stress profile with
fixed intensity, but north–south migration of the mid-latitude westerly wind maximum; and (3) a north–south
migrating profile with periodically varying intensity. Results of the small-basin simulations show the intrinsic
variability found for time-independent forcing to persist when the intensity of the wind forcing varies periodical-
ly. It thus appears that the physics behind the upper ocean’s variability is mainly controlled by internal dynam-
ics, although the solutions’ spatial patterns are now more complex, due to the interaction between the external
and internal modes of variability. The north–south migration of wind forcing, however, does inhibit the inertial
recirculation; its suppression increases with the amplitude of north–south migration in the wind-stress forcing. 

Model solutions in the larger rectangular basin and at smaller viscosity exhibit more realistic recirculation
gyres, with a small meridional-to-zonal aspect ratio, and an elongated eastward jet; the low-frequency variabil-
ity of these solutions is dominated by periodicities of 14 and 6–7 years. Simulations performed in this setting with
a wind-stress profile that involves seasonal variations of realistic amplitude in both the intensity and the position
of the atmospheric jet show the seven-year periodicity in the oceanic circulation to be robust. The intrinsic vari-
ability is reinforced by the periodic variations in the jet’s intensity and weakened by periodic variations in the
meridional position; the two effects cancel, roughly speaking, thus preserving the overall characteristics of the
seven-year mode.

RÉSUMÉ [Traduit par la rédaction] Nous étudions la réaction de l’océan dans les latitudes moyennes au forçage
variable dans le temps de la tension du vent zonal au moyen d’un modèle d’eau peu profonde à gravité réduite,
à 1,5 couche, dans deux bassins océaniques de taille différente. Le petit bassin mesure 1000 km × 2000 km et le
plus grand mesure 3000 km × 2010 km; le rapport de forme du plus grand bassin est assez semblable à celui de
l’Atlantique Nord entre 20°N et 60°N. La dépendance des solutions du modèle à l’égard des paramètres et leur
variabilité spatio-temporelle sous un forçage par une tension du vent indépendante du temps servent de référence
pour la comparaison des résultats obtenus avec un forçage variable dans le temps. 

Dans le cas du forçage variable dans le temps, nous avons utilisé pour cette étude trois profils de vents zonaux
qui émulent le cycle saisonnier : (1) un forçage par la tension du vent à profil fixe avec une intensité variant
périodiquement; (2) un profil de tension du vent ayant une intensité fixe mais avec une migration nord–sud du
maximum de vents d’ouest des latitudes moyennes; (3) un profil avec une migration nord–sud dans lequel
l’intensité varie périodiquement. Les résultats des simulations avec le petit bassin montrent que la variabilité
intrinsèque constatée pour le forçage indépendant du temps persiste quand l’intensité du forçage par le vent varie
périodiquement. Il apparaît donc que la physique régissant la variabilité de la partie supérieure de l’océan libre
est principalement contrôlée par la dynamique interne, bien que les configurations spatiales des solutions soient
maintenant plus complexes, à cause de l’interaction entre les modes externe et interne de variabilité. La 
migration nord–sud du forçage du vent, cependant, empêche la recirculation inertielle; la suppression de 
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1 Introduction
The wind-driven, basin-scale circulation in the mid-latitude
upper ocean exhibits variability on different time scales. This
variability could be due to changes in the external atmospher-
ic forcing or to the system’s intrinsic instability and non-
linearity. The latter explanation was first put forward by
Veronis (1963, 1966), but the former has enjoyed greater
popularity in the oceanographic community until fairly
recently. A systematic application of the methods of dynami-
cal systems theory to the wind-driven circulation problem has
yielded several physical mechanisms for the observed low-
frequency variability, on the time scale of several months to
several years (Dijkstra and Ghil, 2005).

This circulation has been studied in the last decade with a
hierarchy of models that include rectangular-basin, as well as
more realistic configurations. Pedlosky (1996) reviewed work
that used time-independent, single-gyre forcing. Single-gyre
results of particular interest since then include Meacham and
Berloff’s (1997a, 1997b) work that emphasizes the role of
basin size in this problem, and Sheremet et al.’s (1997) clas-
sification of instabilities for the single gyre. Chang et al.
(2001) reviewed double-gyre results and compared the phys-
ical mechanisms for intrinsic variability found in this case
with those obtained in the single-gyre problem. We only
review here, therefore, the results that are most relevant to the
present work. These emphasize the double-gyre problem. 

Jiang et al. (1995; JJG hereafter) studied the double-gyre
wind-driven circulation in a mid-latitude rectangular basin on
a β-plane using a 1.5-layer, reduced-gravity, shallow-water
(SW) model. They used a time-constant zonal-wind profile,
symmetric about the basin’s mid-latitude axis. Their results
showed that when non-linear processes come into play, mul-
tiple steady state solutions satisfying identical boundary con-
ditions can arise for sufficiently strong wind-stress forcing.
Two stable solutions were found to co-exist over a certain
range of parameters. One had a stronger subpolar gyre and the
other a stronger subtropical gyre, with overshooting of the
western boundary currents to the north and south of the sym-
metry axis, respectively. Their periodic solutions had periods
of several years and several weeks. 

Following JJG, Speich et al. (1995) analyzed the depen-
dence of the stationary solutions on the SW model’s non-
dimensional parameters such as the amplitude of the forcing,
the Ekman number, the Rossby number, the non-dimensional
β parameter, and the bottom drag coefficient. Using pseudo-

arclength continuation, they showed systematically how
model solutions vary in number, stability and spatial features
with the parameters and compared their time-dependent solu-
tions with observational data. 

Using a 1.5-layer quasi-geostrophic (QG) model, Cessi and
Ierley (1995) also found multiple equilibria for the double-
gyre circulation. They found antisymmetric, as well as asym-
metric solutions. Some of their solutions fill the whole basin,
while others decay rapidly to zero away from the western
shore of the ocean basin. Many features of the bifurcation
sequence in the double-gyre problem have since been shown
to be independent of model details: QG versus SW dynamics,
domain shape and size, etc.; see, for instance, Dijkstra et al.
(1999), Dijkstra (2005) or Dijkstra and Ghil (2005). 

Ghil et al. (2002a) used a QG two-mode model and com-
pared its results with those obtained by Dijkstra and Katsman
(1997) in a QG model with 1.5 and 2 layers. Ghil and col-
leagues investigated in more detail the dipole region in the
double-gyre problem. They obtained three-dimensional ana-
lytical solutions for the flow in the dipole region and found
them to agree in their main properties with symmetric and
asymmetric solutions obtained numerically in the QG two-
mode model, as well as with the corresponding solutions of an
SW model.

Simonnet et al. (2003a, 2003b) studied low-frequency vari-
ability of the large-scale mid-latitude ocean circulation with a
2.5-layer wind-driven, SW model, using both rectangular and
more realistic bathymetry. The bifurcation structure was
numerically investigated in rectangular geometry using pseu-
do-arclength continuation along the branches. Simonnet and
colleagues found the system to exhibit homoclinic orbits that
induce transitions from upper- to lower-branch solutions at
high forcing levels. Simonnet et al. (1998) also performed a
set of forward integrations in a rectangular domain that
resembles the North Atlantic basin between 20°N and 60°N in
size, as well as in a domain that roughly reproduces the shape
of the eastern and western coasts of the North Atlantic
between these two latitude circles. These simulations were
conducted at horizontal resolutions as high as 10 km and
yielded two modes of variability, around 6 years and 20
months; see also Simonnet et al. (2003b). 

Rhines and Schopp (1991) studied the effect of wind-stress
forcing that tilts away from the zonal, eastward direction.
When increasing the northward tilt of the winds away from
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cette dernière augmente à mesure qu’augmente l’amplitude de la migration nord–sud dans le forçage de la
tension du vent. 

Les solutions du modèle dans le plus grand bassin rectangulaire et à plus faible viscosité montrent des
tourbillons de recirculation plus réalistes, avec un petit rapport de forme méridional à zonal et un courant-jet
allongé vers l’est; la variabilité de basse fréquence de ces solutions est dominée par des périodicités de 14 et de
6–7 ans. Les simulations effectuées dans ce contexte avec un profil de tension du vent produisant des variations
saisonnières d’amplitude réaliste à la fois dans l’intensité et dans la position du courant-jet atmosphérique
montrent que la périodicité de 7 ans de la circulation océanique est robuste. La variabilité intrinsèque est
renforcée par les variations périodiques de l’intensité du courant-jet et affaiblie par les variations périodiques
de la position méridienne : les deux effets s’annulent, de manière générale, ce qui préserve les caractéristiques
du mode de sept ans.



 
 

NOTE TO USER 
 

For the full text of this article, click here.  
 

--------------- 
 

AVIS À L'USAGER 
 
 

Pour le texte intégral de cet article, cliquez ici. 
 

http://www.cmos.ca/Ao/articles/cmossite.pdf
http://www.cmos.ca/Ao/articles/cmossite.pdf

	lastpageWEB_CD2.pdf
	www.cmos.ca
	TO ORDER THE AO CD COLLECTION
	cmossite.pdf


	lastpageAbstracts.pdf
	www.cmos.ca
	TO ORDER THE AO CD COLLECTION
	cmossite.pdf





