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ABSTRACT

The interaction of a coastal Kelvin wave with the mean state in the Gulf Stream separation area is studied
using a hierarchy of numerical models including both low- and high-resolution 2.5-layer models and a
coarse-resolution ocean general circulation model (OGCM) in a simple configuration. When the Kelvin
front reaches the separation area in the low-resolution 2.5-layer model, an anomaly of opposite sign
emerges and remains in the upper layer of the separation area. The mechanism leading to its buildup is the
following: the variations of thickness in the active midlayer due to the propagation of the Kelvin wave
induce current variations that act as a source of thickness anomalies for the upper layer (negative feedback).
This source term is proportional to the mean vorticity gradient. The latter therefore must be large enough
to obtain a significant response, which explains why this phenomenon occurs only in the separation area.
The anomaly remains in the separation area because the advection by the mean zonal current is balanced
by the current anomalies due to the variations of thickness in the surface layer. A very similar response is
obtained in the high-resolution case and with the OGCM; thus, the mechanism leading to this evolution
seems also largely independent of the model. However, in the OGCM, the surface current is sufficiently
strong to advect the anomaly in the surface layers (above 200-m depth). Note finally that these anomalies
do not prevent the Kelvin waves from pursuing their travel southward and then eastward toward the eastern
boundary where Rossby waves are radiated. Numerous recent results based on this adjustment mechanism
therefore would be robust.

1. Introduction

Both paleoclimatic records and model simulations
suggest that the meridional overturning circulation
(MOC) might experience large and sometimes abrupt
changes (e.g., Broecker and Denton 1989; Manabe and
Stouffer 1994). Studies based on climate models indi-
cate that this variability would be enhanced in a broad
frequency range from 10 to 100 yr. Even though the
mechanisms leading to this increase of the variability
are largely model dependent, it is believed that it would
be controlled on annual and interannual time scales
by wind stress forcing (e.g., Dong and Sutton 2001),
while buoyancy forcing would dominate on decadal
and longer time scales (e.g., Eden and Willebrand
2001).

A source of buoyancy forcing is deep-water produc-
tion, which occurs at high latitudes in the North Atlan-
tic Ocean. However, the links between deep-water pro-
duction and MOC variability are poorly understood,
with observations and models giving contrasting results
(Mauritzen and Häkkinen 1999; Schott et al. 2004). In
simple models, buoyancy forcing can be easily pre-
scribed and the response of the ocean studied, even
though possible feedbacks are neglected. Wajsowicz
and Gill (1986) and Kawase (1987) showed that the
ocean adjustment is through Kelvin waves, which, in a
few months, propagate anticlockwise toward the east-
ern boundary where they generate Rossby waves that
radiate into the ocean interior, with a time scale of
several years at high latitudes. Johnson and Marshall
(2002, 2004) showed that the equator limits the re-
sponse of the ocean in the Southern Hemisphere on
decadal and shorter time scales: it thus acts as a low-
pass filter on the MOC variability. Deshayes and
Frankignoul (2005) investigated the spectral character-
istics of the MOC with a similar model and found that
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the thermocline depth response shows a red spectrum
with no prevailing time scale.

In these studies of the ocean adjustment to buoyancy
forcing (Kawase 1987; Huang et al. 2000; Johnson and
Marshall 2002; Johnson and Marshall 2004; Deshayes
and Frankignoul 2005), the role of wind stress is ne-
glected and the basic state of the ocean was assumed to
be at rest. It is not obvious that this approximation is
without consequences. This paper investigates this is-
sue, focusing on the coastal Kelvin wave crossing the
region where the Gulf Stream separates from the coast.

In this region, the warm, salty Gulf Stream crosses
over the cold, fresh deep western boundary current
(DWBC). Complex interactions between the subtropi-
cal and subpolar gyres thus occur there. These interac-
tions can mainly occur in the separation and recircula-
tion area, as in Spall (1996a,b). Using a regional primi-
tive equation model, he found that the DWBC split in
two branches, one flowing southward along the western
coast and the other flowing eastward under the Gulf
Stream. This branch could participate to the recirculat-
ing gyre. He then established that a large amplitude,
internal oscillation of decadal scale could appear. It
resulted from feedbacks between the Gulf Stream, the
upper branch of the DWBC, and the recirculation gyres
by means of activation or inhibition of eddy fluxes.

The damped oscillating mode found by Herbaut et al.
(2002, hereinafter HSF) is another example of an oscil-
lation for which the separation area plays a prominent
role. However, the mechanism suggested by these au-
thors does not depend on the local eddy flux dynamics.
Indeed, they showed that temperature anomalies could
form in the Gulf Stream separation area, then be ad-
vected by the mean current toward the subpolar gyre.
These anomalies affect the thermohaline circulation,
which would produce new temperature anomalies of
opposite sign and weaker amplitude in the initial area of
formation of the anomalies, generating the oscillation.
Moreover, propagation of temperature anomalies (re-
calling coastal Kelvin wave propagation) were identi-
fied along the northern and western coast in HSF, the
sign reversal seeming to occur after these anomalies
have propagated south to the separation area.

The results of HSF suggest that the anomalies gen-
erated by buoyancy forcing in the subpolar gyre may
interact with the mean state. In this study we analyze
the mechanism of this interaction. Our approach is
based on a hierarchy of numerical models: a 2.5-layer
model in a low- and high-resolution setup and a coarse-
resolution GCM in a simple configuration. The high-
resolution 2.5-layer model allows one to resolve the
eddies while the GCM simulates a more realistic strati-
fication. For all numerical experiments, density anoma-

lies are prescribed in the northernmost part of a two-
gyre oceanic basin where they generate Kelvin waves.
Their impact on the area where the Gulf Stream sepa-
rates from the coast is then studied.

The paper is organized as follows. Results obtained
in the experiments made with a low-resolution 2.5-layer
model are presented in section 2 and their mechanisms
are described in section 3. Whether these results are
robust when eddies are resolved is studied in section 4.
The GCM results are presented in section 5 and com-
pared with those of the 2.5-layer models. Discussion
and conclusions are given in section 6.

2. Response in a low-resolution 2.5-layer model

a. Description of the model

The model is a reduced-gravity model with two active
layers whose mean thicknesses are 800 m (for the sur-
face layer) and 900 m [the same values as in Spall
(1996a,b)]. They are above an infinite layer at rest. The
density in each layer is constant. The model predicts the
thickness and the velocity for the surface layer (h1 and
v1) and for the midlayer (h2 and v2). It modifies and
simplifies a previous model, which is fully described in
Sirven (1996).

The momentum conservation equations are

�vi

�t
� �curlvi � f �n � vi � �grad��ibh1 � bh2 � vi

2�2�

� ��Hvi �
�i�1 � �i

hi
, �1�

where i � 1 (upper layer) or i � 2 (midlayer) and n is
a vector normal to the earth’s surface. The reduced
gravity b is equal to 0.004 m s�2 (note that the density
difference between each neighboring layer is constant).
The two coefficients �1 � 2 and �2 � 1 allow one to
account for the pressure difference between the two
active layers. The surface wind stress is �0 and the Rey-
nolds stress at the interface is �1 � �k(v2 � v1). There
is no stress between the midlayer and the still deeper
layer, �2 � 0.

The mass conservation equations are

�hi

�t
� div�hivi� � 0. �2�

Mass exchanges may be introduced if it is wanted.
The equations for the potential vorticities qi � (�i �

f )/hi are deduced from (1) and (2):

d

dt
qi �

1
hi

curl��i�1 � �i

hi
� ��Hvi� �3�

(d/dt is the Lagrangian derivative and �i is the relative
vorticity in layer i). In the upper layer the wind stress is
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large, so potential vorticity is not conserved. In the mid-
layer, the potential vorticity is conserved when the fric-
tion and the dissipation are negligible, hence every-
where except near the boundaries.

The basin extends from 15° to 55°N and from 60°W
to 0°. The equations are solved by finite differences on
a C mesh on the sphere, the mesh size being equal to 1°
in both zonal and meridional directions. The spatial
scheme follows Sadourny (1975) and thus preserves en-
strophy. No-slip boundary conditions are applied and
the gradients of h1 and h2 are assumed to vanish per-
pendicularly to the boundary. There is no added dissi-
pation in the continuity equations and mass is con-
served by the numerical scheme. The time integration is
performed using a leapfrog scheme with a time step of
1 h. The viscosity coefficient 	 is 2000 m2 s�1 and the
friction coefficient k is 8 � 10�5 m s�1 (cf. Table 1).

A 100-yr simulation has been performed with the
wind stress �0 shown in Fig. 1; the corresponding sta-
tionary state, which is obtained at the end of the inte-
gration, is displayed in Fig. 2. The gradient of the sur-
face layer thickness (upper and top-left panels) is stron-
gest around 35°N where the wind stress curl vanishes.
The variations of h1 are partly compensated by those of
h2 (upper and bottom-left panels) so that the midlayer
depth is nearly constant. This model crudely mimics the
front that separates northern heavy waters from south-
ern lighter waters in the ocean. The potential vorticity
in the surface layer (top-right panel) also shows a
strong gradient around 35°N, which is closely linked to
the variations of h1. On the contrary, it is well homog-
enized in the midlayer (bottom-right panel).

b. Response of the model

The deep-water formation may be represented in
various ways in a layer model. A possibility is to pre-
scribe mass fluxes between the layers [adding a supple-
mentary term in the mass conserving equations (2), as
in Kawase (1987) or Huang et al. (2000)]. An alterna-
tive consists of applying an initial thickness anomaly,
then letting the system evolve. We present results ob-

tained with the second approach because of its simplic-
ity. Experiments with prescribed flux led to comparable
results; they are briefly discussed below.

Two 1-yr experiments are performed based on the
previous state. In the first one, a negative thickness
anomaly of Gaussian pattern is applied in the active
layers along the northern boundary, whereas there is no
anomaly in the second one (the latter is hereinafter
called the “control experiment”). The Gaussian peaks
at �400 m at 54°N, 27.5°W. Inside the domain extend-
ing over 2.5° from this point, the mean value of the

FIG. 1. Wind stress (m�1 s�2) and Ekman pumping (m�2 s�2)
used in the experiments performed with the 2.5-layer model.

TABLE 1. Main characteristics of the different models.

2.5-layer model (low resolution) 2.5-layer model (high resolution) OGCM

Resolution 1° � 1° (1/6)° � (1/6)° 1° � 1°
Domain 60°W–0° 60°–10°W 60°W–0°

15°–55°N 20°–50°N 0°–60°N
Layers 800 � 900 m 800 � 900 m 10 over 4000 m
Reduced gravity 0.004 m s�2 0.004 m s�2

Dissipation 	 � 2000 m2 s�1 	 � 100 m2 s�1 Horizontal: 104 m2 s�1

k � 8 � 10�5 m s�1 k � 8 � 10�5 m s�1 Vertical: 10�3 m2 s�1

Diffusivity Horizontal: 103 m2 s�1

Vertical: 10�4 m2 s�1

JUNE 2007 F É V R I E R E T A L . 1431

Unauthenticated | Downloaded 06/10/21 03:32 PM UTC



FIG. 2. Mean state of the 2.5-layer model. (top) The depth of each layer along the western side. The
depths of the (middle left) first and (bottom left) second layers (m) and the potential vorticity in the
(middle right) first and (bottom right) second layers (m�1 s�1). Maxima and minima are indicated above
each plot.
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anomaly is about �60 m; beyond, its amplitude does
not exceed 1 m.

The anomalies are defined as the differences be-
tween these two experiments. The initial anomaly
quickly flattens: after one day of integration the peak
reduces to 135 m and after five days to 85 m. Experi-
ments with various initial anomalies showed that their
decrease rate does not depend on their initial ampli-
tude. The anomaly generates in both layers a coastal
wave that propagates westward. Its amplitude does not
exceed 1–2 m (Figs. 3 and 4). After one month, the
wave front has reached the area where the meridional
gradient of h1 is the strongest (around 35°N), and an
anomaly of opposite sign, whose amplitude is propor-
tional to the initial anomaly, forms in the surface layer
while the anomaly of h2 keeps the same sign. The
anomaly in the surface layer intensifies and propagates
southward. This signal also extends slightly eastward
but is not advected by the mean current. Note that the

formation of this anomaly does not prevent propaga-
tion of the coastal wave beyond the separation zone
since it appears along the southern edge.

Because the viscosity remains weak, the propagation
velocity of the modeled coastal wave matches that of a
theoretical Kelvin wave. However, as the model has
only a 1° resolution, its pattern is impaired. Indeed,
gridpoint oscillation adds to the exponential decay nor-
mal to the coast. These oscillations have been filtered
out using a running filter (in Figs. 3–7) in order to im-
prove their visibility. Note, lastly, that an experiment
similar to the previous one, but with an initial positive
thickness anomaly, was performed. The results are
identical to those described just above except that the
signs of the response are reversed.

A similar experiment with a 1.5-layer model was also
performed, with the thickness of the active layer equal
to 900 m. As in the previous experiment, a coastal
Kelvin wave forms and propagates around the basin.

FIG. 3. Anomalies of h1 in the 2.5-layer model (low resolution) at different times; (days i–j) means that
an average from day i to day j is made. The 0 level is not indicated. The areas in dark gray are bounded
by the isoline �0.1 m and contain isolines �0.5 and �1 m. The areas in light gray are bounded by the
isoline �0.1 m and contain isolines �0.5, �1, �5, �10, �50, and �100 m.

JUNE 2007 F É V R I E R E T A L . 1433

Unauthenticated | Downloaded 06/10/21 03:32 PM UTC



The anomaly associated with the wave keeps the same
sign all around the basin and no anomaly of opposite
sign forms in the separation area. This shows that two
baroclinic modes are needed to form anomalies of op-
posite sign in the separation area of the western bound-
ary current.

Experiments with prescribed mass flux between the
layers have also been made. Those where the Kelvin
wave induced by the mass flux has the same sign and
approximately the same amplitude in both layers (first
baroclinic mode) lead to similar results with the experi-
ment where an initial thickness anomaly is applied.
Such a wave may be generated, for example, by pump-
ing water out of the midlayer into the layer at rest. Note
that the dynamics in the area where the anomaly is
generated becomes more complex because the pertur-
bation applies during several months, which leads to a
more noisy signal. The case where exchanges of mass
occur between the active layers and Kelvin waves of the
second baroclinic mode are excited has not been con-
sidered. It seems less realistic than the first one; indeed,

in the subpolar gyre the waves generated by tempera-
ture anomalies (mimicking deep convection) keep the
same sign over more than 2000 m (see section 5).

3. Mechanism

Because the anomalies remain one or two orders of
magnitude smaller than the mean values, the evolution
of the perturbation in the separation area can be stud-
ied by linearizing the potential vorticity equations.
Equation (3) becomes

�q�i
�t

� ui,S

�q�i
�x

� �i,S

�q�i
�y

� u�i
�qi,S

�x
� ��i

�qi,S

�y
�

�
1

hi,S
curl

h�i��i�1 � �i�

hi,S
2 �

h�i

hi,S
2 curl

��i�1 � �i�

hi,S

�
1

hi,S
curl���Hv�i �

��i
hi,S

� �4�

(the prime indicates an anomaly and the subscript S
indicates a mean value taken from the control experi-
ment; cf. section 2).

FIG. 4. As in Fig. 3 but for the anomalies of h2.
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A scale analysis of the order of magnitude of the
different terms in (4) for the surface layer, confirmed by
the numerical results, indicates that 
tq�1 is about 9.0 �
10�17 m�1 s�2 (corresponding to an increase of the
anomalous potential vorticity from 0 to 3.0 � 10�9 m�1

s�1 over 1 yr), u1,S
xq�1 � �1,S
yq�1 is about 2.0 � 10�16

m�1 s�2, and u�1
xq1,S � ��1
yq1,S is about 3.0 � 10�16

m�1 s�2, while the terms proportional to the wind stress
�0 are about 5.0 � 10�18 m�1 s�2 and those propor-
tional to �1 are even smaller. Equation (4) can thus be
simplified. For the surface layer, one obtains

�q�1
�t

� u1,S

�q�1
�x

� �1,S

�q�1
�y

� �u�1
�q1,S

�x
� ��1

�q1,S

�y

� �1�h1,S�curl���Hv�1�,

�5�

which expresses the fact that the Lagrangian transport
of potential vorticity anomalies by the mean flow [left-
hand side of (5)] is mainly driven by the advection of
the mean potential vorticity by the anomalous currents
and dissipation [right-hand side of (5)].

In a linear approximation, the anomalous potential
vorticity q�1 is written as

q�1 �
��1

h1,S
�

h�1
h1,S

q1,S, �6�

where q1,S � (�1,S � f )/h1,S. The mean potential vortic-
ity is about 10�7 m�1 s�1 while the anomalous potential
vorticity (6) is about 8 � 10�10 m�1 s�1 and is largely
dominated by the term �q1,Sh�1/h1,S. The anomalous
potential vorticity q�1 can thus be replaced by �q1,Sh�1/
h1,S in Eq. (5). Figure 5 shows the evolution of the

FIG. 5. Anomalies of the potential vorticity in the first layer of the 2.5-layer model (low resolution) at
different times (as indicated in each panel). The 0 level is not indicated. The areas in dark gray are
bounded by the isoline 0.5 � 10�10 m�1 s�1 and contain isolines 1, 3, 5, 10, 50, 90, and 130 (�10�10 m�1

s�1). The areas in light gray are bounded by the isoline �0.5 � 10�10 m�1 s�1 and contain isoline �1 �
10�10 m�1 s�1.
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anomalous potential vorticity, which, indeed, mimics
that of the thickness (Fig. 3) with an opposite sign. As
the system is nearly in geostrophic balance, u�1 and ��1
may be approximated by �f�1
y(�1bh�1 � bh�2) and
f�1
x(�1bh�1 � bh�2). Considering these simplifications,
Eq. (5) now reads

�th�1 � Au�xh�1 � A��yh�1 � 	h�1 � F � D, �7�

where

Au � u1,S �
�1bh1,S

fq1,S
�yq1,S,

A� � �1,S �
�1bh1,S

fq1,S
�xq1,S � �1,S,

	 � �u1,S�x � �1,S�y�log�q1,S�h1,S��,

F �
bh1,S

fq1,S
��yq1,S�xh�2 � �xq1,S�yh�2� �

bh1,S

fq1,S
�yq1,S�xh�2,

and D represents the dissipative processes. Note that
Eq. (7) can also be derived by linearizing around a
mean flow (uS, �S) and then simplifying the equations of
the 2.5 layer in quasigeostrophic approximation.

Though the details of Eq. (7) are complicated, its
general form is simple: it combines advective effects in
the zonal and meridional directions (terms Au
x and
A�
y), instability or damping effects following the sign
of �, forcing by the variations of the second layer thick-
ness (term F ), and dissipative effects.

Figure 6 shows the coefficients Au, A�, and �, which
depend only on the mean state and constrain the evo-
lution of the system. Since A� is negative north and
positive south of the separation area, the correspond-
ing advective term simply transports the signal to-
ward the separation area. Because Au is everywhere
negative, the term Au
x will maintain the signal close to
the western coast. Note that u1,S is positive, thus tends
to advect the signal westward; but, Au is dominated by
[(�1bh1,S)/( fq1,S)]
yq1,S because of the strong gradient
of mean potential vorticity. Last, since � is negative
(positive) north (south) of the separation area, it cor-
respondingly increases (damps) the amplitude of the
anomaly.

Figure 7 shows �Au
xh�1, �A�
yh�1, ��h�1, and F,
after two months of integration, when the anomaly
of opposite sign is already well formed in the separa-
tion area (the plots are nearly identical after 15 days
when the anomaly begins to appear, but with an ampli-
tude divided by 4). As the anomaly increases, 
th�1 is
mainly positive in the area and period of interest (not
shown).

FIG. 6. Coefficients (top) Au, (middle) A� , and (bottom) L�
with L � 2000 km (m s�1). The zero line is not indicated and light
(dark) gray is for negative (positive) values; interval between iso-
lines is 4 � 10�3 m s�1.
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The forcing term F, whose origin lies in the normal-
to-shore gradient of the second-layer thickness due
to the coastal Kelvin wave, is everywhere positive
(this corresponds by geostrophy to a positive current
anomaly); it thus tends to increase h�1, which ends up

taking a positive value. If the meridional gradient of
mean potential vorticity in the separation area is small,
F remains small and no anomaly can form. The impact
of the forcing term therefore strongly depends on the
mean state.

FIG. 7. Plots of (top) Au
xh�1, (middle) A�
y h�1, (bottom) �h�1, and (right) F, 50 days after the start of
the integration (m s�1). The zero line is not indicated and light (dark) gray is for negative (positive)
values; interval between isolines is 2 � 10�8 m s�1.
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The terms �Au
xh�1 and �A�
yh�1 are mainly negative
and thus tend to slow down the increase of the positive
anomaly in the separation area. Last, ��h�1 is an order
of magnitude smaller than the others terms. Its role in

this configuration will therefore remain negligible.
However, if the gradient of q1,S /h1,S increases, a more
important role should be expected.

To summarize, the basic ingredients to observe the

FIG. 8. As in Fig. 2 but for the high-resolution case.
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formation of an anomaly of opposite sign in the inter-
gyre region are

i) the existence of two layers with contrasting proper-
ties, the variations of thickness of the lower layer
acting as a forcing for the upper layer, and

ii) a strong gradient of mean potential vorticity to en-
sure a strong response of the system and maintain
the anomaly close to the coast (note that the rever-
sal of the mean boundary currents in the separation
area also forbids the anomaly to move northward or
southward).

4. Study in a high-resolution configuration

In the high-resolution configuration, the mesh size of
the model is set to 1/6° and the domain is reduced to
60°–10°W, 20°–50°N in order to reduce computational
time. The viscosity coefficient 	 is set to 100 m2 s�1 (cf.
Table 1). As the Rossby deformation radius is about 30

km at 50°N, the Kelvin waves are resolved in this con-
figuration.

Figure 8 illustrates the mean state after 100 years of
integration from rest. It is very similar to that obtained
in the low-resolution case, but eddies are now present.
They are mainly located along the northern coast and in
the separation area. The depths of the interfaces show
much stronger gradients than in the low-resolution ex-
periment.

The initial thickness anomalies are now centered
along the northern boundary at 49.5°N, 27.5°W. They
have the same pattern and amplitude as in the low-
resolution case. As illustrated in Fig. 9, a coastal Kelvin
wave with the same sign in both layers still travels along
the northern, then western, coasts. Its propagation ve-
locity remains close to the theoretical value; since the
wave is better resolved than previously, the signal is 4
times stronger. Eddies appear along the path of the
wave, adding a small spatial scale signal. As in the low-

FIG. 9. Anomalies of h1 in the 2.5-layer model (high resolution) at different times (as indicated in each
panel); isolines are the same as in Fig. 3. A running filter has been applied to smooth small-scale patterns
(below 1°).
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resolution case, an anomaly of opposite sign forms in
the surface layer in the separation area, but it has
smaller spatial scales and a 4 times higher amplitude.
The anomalous transport associated to the initial thick-
ness anomaly is about 1 Sv (Sv � 106 m3 s�1).

In this experiment, the anomaly of relative vorticity
��1 has the same order of magnitude as the vorticity
associated with the thickness variations of the first
layer: q1,Sh�1 [see Eq. (6)]. It thus equally contributes to
the anomalous potential vorticity. When the anomalies
are filtered on a scale larger than 1°, the anomalies of
potential vorticity approximately follows those of h�1,
with an opposite sign (Fig. 10). This suggests that the
relative vorticity can be neglected and the relation be-
tween h�1 and q�1 obtained in the low-resolution case is
still valid for spatial scales larger than those of the ed-
dies; hence, though the eddies contain most of the ki-
netic energy of the signal at small spatial scale, they do

not notably modify the dynamics of the system on the
large scale.

Figure 11 shows the forcing term F [see Eq. (7)],
which, as shown above, generates the sign change in the
separation area. Its pattern is very similar to that ob-
tained in Fig. 7, though there are more small spatial
scales and the signal is stronger. This suggests that the
mechanism described in section 3 subsists when the
resolution is increased.

5. Response in a simple GCM

The previous experiments have been made with ide-
alized models. To verify if a similar evolution and
mechanism may be found in a more realistic context
where the barotropic mode and several baroclinic
modes are present, an experiment has been performed
with an OGCM. The OGCM is the Massachusetts In-
stitute of Technology (MIT) primitive equation model

FIG. 10. Anomalies of the potential vorticity in the first layer of the 2.5-layer model (high resolution)
at different times (as indicated in each panel). The 0 level is not indicated. The areas in dark gray are
bounded by the isoline 0.5 � 10�10 m�1 s�1 and contain isolines 1, 5, 10, 50, 90, and 130 � 10�10 m�1

s�1. The areas in light gray are bounded by the isoline �0.5 � 10�10 m�1 s�l and contain isolines �1, �5,
and �10 � 10�10 m�1 s�1. A running filter has been applied to smooth small-scale patterns (below 1°).
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(Marshall et al. 1997) extending on a sphere from the
equator to 60°N and from 60°W to 0°. The depth H is
constant (H � 4000 m). The horizontal resolution is 1°
� 1° (cf. Table 1). There are 10 levels in the vertical
with 5 in the upper 600 m. The equation of state of
seawater has the simplified form:


 � 
01 � ��T � T0,i��,

where � � 2 � 10�4 K�1, �0 � 103 kg m�3, and T0,i is a
reference temperature that depends on the depth of
layer i. The role of salinity is not considered. The hori-
zontal eddy viscosity and thermal diffusivity are respec-

tively equal to 104 and 103 m2 s�1. The vertical viscosity
and diffusivity are respectively equal to 10�3 and 10�4

m2 s�1, as in Cox (1985). Convection is parameterized
by a nonpenetrative convective adjustment scheme
when static instability occurs. No-slip boundary condi-
tions are used and there is no bottom friction. The
model has been spun up from rest for 540 years, where-
upon a steady-state solution is achieved in the upper
1000 m. The idealized wind stress used for this spinup
reproduces the observed tilt from southwest to north-
east of the zero wind stress curl line. The surface heat
flux is parameterized using the formula Qr � C0(Ts �
Ta), where C0 � 14.5 W m�2 K�1, Ts is the sea surface
temperature, and Ta an idealized atmospheric tempera-
ture (for more details and figures, see HSF). Figure 12
shows the temperature at 300 m (left) and along the
western coast (right). The western boundary current
separates from the coast around 38°N, then flows
northeastward along the 10°–12°C isotherms. A front
around 40°N appears in the upper layers of the model
(above 1000 m). It separates the subpolar gyre, where
well-mixed waters are found, from the strongly strati-
fied subtropical gyre.

Two 1-yr experiments based on this quasi-stationary
state are performed: in the first, a constant temperature
anomaly of �0.4°C is applied in the northeastern part
of the basin over the upper 1000 m, whereas there is no
anomaly in the second. Anomalies are defined from the
differences between these two experiments so that the
drift of the model is largely eliminated. The evolution
of the temperature anomaly at 300 m is shown in Fig.
13. This variable has been chosen as a proxy to estimate
the variations of the isopycnic surface depth. Indeed, a
direct computation of the latter led to very noisy re-
sults. A coastal wave, whose amplitude is one order of
magnitude smaller than the initial perturbation, propa-

FIG. 12. Temperature at (left) 311 m and (right) along the western side in the GCM after a
stationary state has been reached in the upper layers (above 1000 m).

FIG. 11. Plot of F, 50 days after the start of the integration
(m s�1). The zero line is not indicated. The areas in light gray are
bounded by isoline �2 � 10�8 m s�1 and contain isolines �4, �6,
�8, �40, and 100 � 10�8 m s�1. The areas in dark gray are
bounded by isoline �2 � 10�8 m s�1 and contain isolines �4, �6,
�8, �40, and �100 � 10�8 m s�1.
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gates along the northern, then western, coasts. This
propagation can be detected up to 2000 m (not shown).
As Kelvin waves are not resolved in this low-resolution
model, the modeled wave does not have the same char-
acteristics as theoretical Kelvin waves (emergence of an
oscillatory behavior in the normal-to-coast direction).
Its propagation velocity, which does not exceed 0.3
m s�1, is weak mainly because of the strong viscosity
(Hsieh et al. 1983; Davey et al. 1983). Following their
computations, this high viscosity could explain a de-
crease of the propagation velocity by a factor of 4–5
with respect to the theoretical one in an inviscid model.
This would lead, in this model, to a theoretical velocity

of about 1.3 m s�1, which seems in agreement with the
stratification along the northern boundary. After 6
months, the wave front reaches the area where the
western boundary current separates from the coast. A
temperature anomaly of opposite sign then begins to
form south of the separation zone in the upper 1000 m.
It increases during the following months and slowly ex-
tends southward along the western boundary. The up-
per part of the anomaly is advected eastward, above
200-m depth, by the mean flow (not shown). As in the
previous experiments, the formation of the anomaly
does not prevent the propagation of the coastal Kelvin
wave beyond the separation area (see also Fig. 14).

FIG. 13. Temperature anomalies (°C) at 311 m in the MIT model. The anomalies are shown 4, 6, 8, and 10 months
after the start of the integration. The 0 line is not drawn. The areas in dark gray are bounded by the isoline 2 �
10�4 °C and contain isolines �6, 10, 20, 40, 80, 120, and 160 � 10�4 °C. The areas in light gray are bounded by the
isoline �2 � 10�4 °C and contain isolines �6, �10, �20, �40, �80, �120, . . . � 10�4 °C.
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Figure 14 shows the velocity anomalies after 6 (left
panel) and 10 (right panel) months of integration.
Associated with the coastal wave, there is a current
anomaly that flows northward along the western side.
In the separation area, a clockwise whirling pattern
forms simultaneously with the temperature anomaly.

The results are similar to those obtained with the
layer models except that the anomaly formed in the
separation area now propagates eastward in the upper
layers. This is easily explained by the vertical shear of
the current: in the surface layers f
zu is larger than
(g��/�)
yqs /qs (see the expression of Au in section 3),
and the effect of advection by the mean current domi-
nates. On the other hand, below 200 m, the reverse
occurs and the anomaly remains attached to the coast.

6. Conclusions

This paper considers the interaction of the Kelvin
waves excited by deep water convection with the mean

circulation in the area where the Gulf Stream separates
from the coast, and investigates it from numerical mod-
els of different complexity but simple geometry.

In all models, density anomalies produced close to
the northern boundary generate coastal Kelvin waves
that propagate toward the separation area. There, the
sign of the anomaly formed behind the Kelvin front
reverses in the surface layers (above 800–1000 m)
while it keeps the same sign below. The mechanism
of this sign change is the following: in the deepest lay-
ers, the Kelvin wave generates variations of thickness
(or equivalently volume) that, in turn, create current
anomalies acting as a forcing term on the upper layers.
Since this forcing term is proportional to the gradient of
mean vorticity, it is large enough to form an anomaly of
opposite sign only in the separation area where the
gradient of vorticity is the strongest. The growth of this
anomaly is limited by the mean meridional currents. In
the two-layer model, this anomaly remains close to the
coast because the advection by the mean current is bal-

FIG. 14. Velocity anomalies (cm s�1) at 311 m in the MIT model. The anomalies are shown
6 and 10 months after the start of the integration in the western part of the basin.
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anced by the current anomalies due to the variations of
thickness in the upper layer.

The presence of eddies does not seem to change sig-
nificantly the nature of the response at spatial scales
larger than the typical size of the eddies. Neither does
a more realistic stratification. However, because the
currents have a strong shear between the surface and
subsurface layers, the anomaly that forms in the sepa-
ration area is advected by the mean current in the up-
per layers (above 200-m depth).

The response to a density anomaly has been studied
previously in configurations where the mean state of
the ocean was assumed at rest, no wind stress being
applied (e.g., Johnson and Marshall 2004; Deshayes and
Frankignoul 2005). Consequently, the coastal Kelvin
waves did not interact with the mean flow but propa-
gated freely. Our study shows that, even if the Kelvin
wave generates an anomaly in the separation area, the
Kelvin wave is transmitted beyond this area without
suffering any sign change. Moreover, its amplitude
seems to weaken only slightly. Consequently, most of
the results evidenced in these studies are certainly ro-
bust.

The oscillation found in HSF probably involves in a
crucial way the mechanism described in this paper. In-
deed, they found a coupling between the subtropical
and subpolar gyre via temperature anomalies advected
by the surface and subsurface currents in the subpolar
gyre. This oscillation could add to that found by Spall
(1996a,b); both oscillations have comparable time
scales, but this study does not allow one to determine if
one mechanism is dominant in comparison with an-
other.
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