YALE
PEABODY
MUSEUM

P.O.BOX 208118 | NEW HAVEN CT 06520-8118 USA | PEABODY.YALE. EDU

JOURNAL OF MARINE RESEARCH

The Journal of Marine Research, one of the oldest journals in American marine science, published
important peer-reviewed original research on a broad array of topics in physical, biological, and
chemical oceanography vital to the academic oceanographic community in the long and rich

tradition of the Sears Foundation for Marine Research at Yale University.

An archive of all issues from 1937 to 2021 (Volume 1-79) are available through EliScholar,
a digital platform for scholarly publishing provided by Yale University Library at
https://elischolar library.yale.edu/.

Requests for permission to clear rights for use of this content should be directed to the authors,
their estates, or other representatives. The Journal of Marine Research has no contact information
beyond the affiliations listed in the published articles. We ask that you provide attribution to the

Journal of Marine Research.

Yale University provides access to these materials for educational and research purposes only.
Copyright or other proprietary rights to content contained in this document may be held by
individuals or entities other than, or in addition to, Yale University. You are solely responsible for
determining the ownership of the copyright, and for obtaining permission for your intended use.
Yale University makes no warranty that your distribution, reproduction, or other use of these

materials will not infringe the rights of third parties.

This work is licensed under a Creative Commons Attribution-
‘ @ @ @ @ \ NonCommercial-ShareAlike 4.0 International License.

https://creativecommons.org/licenses/by-nc-sa/4.0/

SSSSSSSSSSSSSSSSS




Journal of Marine Research, 58, 297-325, 2000

On the influence of bottom topography and the Deep
Western Boundary Current on Gulf Stream separation

by Claire E. Tansley' and David P. Marshall’

ABSTRACT

The Gulf Stream separates abruptly from the North American coastline at Cape Hatteras. The
absence of significant seasonal and interannual variability in the separation point, compared with that
of other separating boundary currents, suggests that Gulf Stream separation is locally controlled. In
this paper we consider the possible influence of bottom topography and the Deep Western Boundary
Current (DWBC), which descends underneath the Gulf Stream at Cape Hatteras.

The path of the DWBC is strongly constrained by bottom topography. At Cape Hatteras, the
continental shelf widens and the DWBC is forced to swing offshore and pass beneath the Gulf
Stream. Three possible mechanisms by which bottom topography and the DWBC can affect the
separation of the Gulf Stream are proposed and investigated: (i) topography modifies the background
potential vorticity contours; (ii) the DWBC “advects” the Gulf Stream separation point southward;
(iii) intense downwelling as the DWBC passes beneath the Gulf Stream induces an adverse pressure
gradientin the Gulf Stream, leading to its separation.

Results from a series of idealized numerical experiments with a “geostrophic vorticity” model are
presented to investigate these mechanisms. Topography alone does have an impact on the separation
point, broadly consistent with modification of the background potential vorticity. We also show that
the presence of a DWBC does, indeed, push the time average separation of the Gulf Stream farther
southward, consistent with both the advection and adverse pressure gradient mechanisms. However,
the time-dependent boundary current separation is more nonlinear than suggested by each of the
above mechanisms, undergoing a series of abrupt transitions between northern and southern
separation states. As the DWBC transportis increased, the southern separation state is occupied more
and more frequently.

1. Introduction

The Gulf Stream follows the North American coastline northward until it reaches Cape
Hatteras, at which point the Gulf Stream abruptly separates and strikes out into the North
Atlantic. A remarkable aspect of Gulf Stream separation, and one that must be explained by
any theory of Gulf Stream separation, is the intransience of the separation latitude. Auer
(1987) has provided a comprehensive description of the Gulf Stream path over a five year
period dating from June 1980 to June 1985. The annual-mean and seasonal-mean paths,
defined here as the location of the landward surface edge, are reproduced in Figure 1 and
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Figure 1. Position of the landward edge of the Gulf Stream inferred from satellite sea-surface
temperature observations (Auer, 1987). (a) Annual mean paths over 5 years (1980-1985); (b)
seasonal mean paths over the five years. Note the remarkable absence of variability in the
separation latitude.
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reveal little interannual or seasonal variability. This is in marked contrast to the separation
behavior of other western boundary currents, for example the along-coast ranges of
separation for the Brazil Current and Malvinas Current are 930 km and 850 km, respec-
tively (Olson et al., 1988).

A number of mechanisms have been proposed to explain Gulf Stream separation. These
include the line of zero wind-stress curl, outcropping of the main thermocline (Parsons,
1969; Veronis, 1973), separation by vorticity crisis (Cessi et al., 1990), and maintenance of
a northern recirculation gyre by buoyancy forcing (Ezer and Mellor, 1992). Dengg et al.
(1996) provide a comprehensive review. Large-scale wind and buoyancy forcing, together
with eastern boundary processes, must play a role in determining the path of the Gulf
Stream. However, the absence of significant variability suggests that the exact position of
the Gulf Stream separation point is locally controlled. There are two key factors that might
provide this local control: coastline geometry, and interactions with the Deep Western
Boundary Current (DWBC) and bottom topography.

The coastline turns sharply northward at Cape Hatteras; thus it is tempting to argue that
the coastline separates from the Gulf Stream. Stern and Whitehead (1990) showed in both
numerical and laboratory experiments that for a fixed barotropic jet profile, separation
occurs at an obtuse-angled boundary, provided the angle exceeds a critical value. Using a
barotropic ocean model with idealized coastline geometries, Dengg (1993) was, in certain
cases, able to obtain separation. However Dengg’s experiments exhibit sensitivity to the
choice of lateral boundary condition and the strength of the wind forcing. Ozgokmen et al.
(1997) extended Dengg’s study to include baroclinicity and idealized topography and
obtained broadly similar results.

In this paper, we consider the influence of the DWBC and bottom topography on Gulf
Stream separation. A steep continental shelf follows the coast of North America; this alone
must have important implications for the vorticity budget of the Gulf Stream. The DWBC
is formed at high latitudes and flows southward along the continental shelf, as sketched in
Figure 2. At Cape Hatteras, the continental shelf abruptly widens, forcing the DWBC to
swing offshore and underneath the Gulf Stream. Observations (Pickart and Watts, 1990;
Pickart and Smethie, 1993; Bower and Hunt, 2000) suggest that the DWBC descends
approximately 800 m as it passes under the Gulf Stream. This localized descent implies a
localized stretching of vortex tubes in the Gulf Stream above.

While previous numerical studies by Thompson and Schmitz (1989) and Spall (1996a,b)
have considered the impact of the DWBC on the Gulf Stream, surprisingly little attention
has been given to the widening of the continental shelf, which controls the point at which
the Gulf Stream and DWBC must intersect. The aim of this paper is to investigate the
influence of both the DWBC and the geometry of the continental shelf on the separation of
the Gulf Stream. In the spirit of Dengg (1993), who considered only the effects of irregular
coastlines, in this paper we exclude irregular coastlines to isolate the effects of shelf
geometry and the DWBC.

In Section 2, we introduce three mechanisms by which the topography and the DWBC
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Figure 2. The paths of the Gulf Stream and the DWBC. Contours show bottom topography. Contour
intervalis 1000 m; the 500 m contouris also shown. Note how the DWBC swings offshore at Cape
Hatteras where the continental shelf widens.

might influence the separation of the Gulf Stream. In Section 3, we motivate and describe
the formulation of a numerical “geostrophic vorticity model.” In Section 4, we present
results from a series of idealized two-layer numerical experiments, containing a DWBC
flowing along a continental shelf in the lower layer, and wind-driven subtropical and
subpolar gyres in the upper layer. Finally, in Section 5, we discuss the wider implications of
our results for the observed separation, and for numerical ocean models.

2. Separation mechanisms

In this section, we describe three mechanisms by which topography and the DWBC
might influence the path of the Gulf Stream. The first two mechanisms—modification of
the background potential vorticity field by topography, and southward advection of the
separation point by the DWBC—have been previously proposed. The third mechanism
involves a new analysis of the vorticity budget at the separation point, and demonstrates
that the DWBC can induce an adverse pressure gradient in the Gulf Stream, and hence its
separation.

a. Modification of background potential vorticity by topography

The primary influence of variable bottom topography on Gulf Stream separation is likely
to be through modification of the background potential vorticity field. Using linear
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planetary-geostrophic dynamics, Salmon (1992, 1994) obtained solutions for a two-layer
ocean above an idealized, straight continental shelf along the western boundary. He found a
tendency for the circulation to reorientate itself southwest-northeast along the background
potential vorticity contours, leading to a southward shift of the separation point of the
upper layer boundary current, compared to the case without topography. However, it is not
clear that these results carry over to the more realistic scenario in which nonlinear
accelerations are included. For example, Thompson (1995) included continentalrises at the
boundaries of a quasi-geostrophic model, but found this gave no change in the separation
point. Furthermore, C)zgékmen et al. (1997) showed that in some cases, flow along
potential vorticity contours with the addition of topography led to their model Gulf Stream
separating too far north, but as the strength of the boundary current increased, its inertia
enabled it to cross background potential vorticity contours and separate correctly at an
idealized coastal promontory, representing Cape Hatteras.

A precise examination of the potential vorticity balance at the Gulf Stream separation
point requires knowledge of not just the Coriolis parameter and topography distributions,
but also the stratification. An alternative approach is to consider the “joint effects of
baroclinicity and relief”” (JEBAR) on the Gulf Stream. This approach has been used to
diagnose the effects of baroclinicity and topography from climatological data (e.g.,
Greatbatch et al., 1991; Myers et al., 1996) and model data (Bell, 1999). The JEBAR
forcing generally leads to a southward shift in the Gulf Stream separation latitude in these
diagnostic studies. However there is a real danger of confusing cause and effect with the
JEBAR approach, since the Gulf Stream separation at Cape Hatteras is imprinted on the
observed density field, and hence on the diagnosed JEBAR forcing. In reality, the density
field is free to evolve and adjust to the topographic forcing.

b. Southward “advection” of the separation point

There are two mechanisms by which the DWBC might locally influence the path of the
Gulf Stream. In order to simplify the conceptual and mathematical analysis, both of these
mechanisms will be developed in the context of a simple two-layer model. The upper layer
of thickness /; and velocity u; represents the Gulf Stream, and the lower layer of thickness
h, and velocity u, represents the DWBC; the total ocean depth is H. We exclude diapycnal
fluxes between the layers due to entrainment and mixing. We imagine a situation in which
there is initially no DWBC and the Gulf Stream separates to the north of Cape Hatteras. If a
DWRBC is suddenly introduced, then this will perturb the separation of the Gulf Stream.

Following Thompson and Schmitz (1989), the continuity equation for the upper layer
can be written

6_t: —h,V-u, —u, - Vi W

= —w; — up- vhl,
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where w; is the vertical velocity immediately above the interface separating the two layers.
Thompson and Schmitz assumed the flow is in geostrophic balance at leading order, and
henceu; - Vh; = uy, - Vhy = uy, - Vi = u, - Vi, (a form of the Margules relation; strictly
this approximation relies on the ageostrophic velocity being small relative to the geostro-
phic velocity component perpendicularto the interface height contours). Thus Eq. (1) can
be rewritten:

oh,
E%—wi—uz-Vhl. 2)
The final term on the right-hand side of (2) represents an ‘““advection” of the upper layer
thickness by the lower layer velocity, i.e., a southward advection of the Gulf Stream layer
by the DWBC. Thompson and Schmitz assumed that w; is negligible, in which case the
separation point migrates southward at a speed u,. In reality, there is likely to be some
vertical descent of the DWBC under the Gulf Stream, reducing the efficiency of this
advection mechanism. Nevertheless, the general tendency should still be for a southward
migration of separation latitude.

The Thompson and Schmitz mechanism is inherently transient in nature, describing a
theory for the southward migration of the separation point, rather than for the final steady
state. However, we note that there is a natural limit to this southward migration, set by the
geometry of the coastal shelf. South of Cape Hatteras, the continental shelf widens and the
DWBC swings offshore. For the DWBC to continue equatorward, it must descend
underneath the Gulf Stream, as sketched schematically in Figure 3. At this point, there
should be a steady state balance in which the southward advection of the upper layer
thickness by the DWBC is balanced by the downward vertical motion of the DWBC
beneath the Gulf Stream, that is

W[N _uz-Vhl. (3)

Alternatively, perhaps no steady state balance is possible, in which case the separation
latitude may return abruptly northward.

¢. Separation by adverse pressure gradient

In classical fluid dynamics, boundary layer separation is associated with ‘“‘the empirical
fact that a steady state of the boundary layer adjoining a solid boundary is impossible with
an appreciable fall in the velocity of the external stream” (Batchelor, 1967). In the context
of the Gulf Stream, this implies that a local deceleration of the boundary current can lead to
its separation. Through Bernoulli’s theorem, this is equivalent to the boundary current encounter-
ing an “adverse pressure gradient.” A number of authors have proposed the generation of an
adverse pressure gradient as a likely Gulf Stream separation mechanism (e.g., Haidvogel et al.,
1992; Baines and Hughes, 1996). Here we present new analysis of the vorticity balances within
the DWBC and Gulf Stream, which shows that the DWBC indeed acts to induce an adverse
pressure gradient within the Gulf Stream layer at the point where the two currents intersect.
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Figure 3. At Cape Hatteras, the continental shelf widens and the DWBC swings offshore. The upper
layer (of thickness /;) deepens to the south, associated with the intense eastward flow of the
separated Gulf Stream (through thermal wind balance). For the DWBC (velocity u,) to continue
southward, it must descend underneath this Gulf Stream layer as shown.

Defining a DWBC width, /, which is determined by topographic considerations rather
than inertial or frictional effects, and a DWBC velocity v,, the Rossby number for the
DWBC is Ro = v,/fl. Takingv, ~ 0.1 ms™!,/ ~ 10> m,f~ 107*s~!, we obtain Ro ~ 1072,
suggesting that relative vorticity can be neglected. This is broadly consistent with the
estimates of Pickart and Smethie (1993), who find that relative vorticity is at maximum 5%
of the Coriolis parameter in both the upper and lower cores of the DWBC. Thus, at leading
order, assuming geostrophic balance, the vorticity budget for the DWBC can be written

Bvah,
w; Rwy, + f (4)
where w; is the vertical velocity at the interface between the two layers and w, = —u, - VH

is the vertical velocity at the sea floor. Eq. (4) is equivalent to material conservation of
large-scale potential vorticity, f/h,, in the lower layer. Since this potential vorticity is
dominated by variations in the bottom topography, over most of its path (4) implies that the
DWBC must follow topographic contours.

At Cape Hatteras the continental shelf widens abruptly, forcing the DWBC to swing
offshore. Hogg and Stommel (1985) proposed that the DWBC must slide down the
continental slope in order to conserve its potential vorticity. Observational evidence of this
descent was found by Pickart and Watts (1990) and Bower and Hunt (2000). Assuming a
typical DWBC velocity of 10 cm s™!, a descent of 800 m (Hogg and Stommel, 1985), an
impact angle of 15°, and a Gulf Stream width of 100 km gives a typical vertical velocity at
the crossover point of w, ~ —0.2 mms™!. At the crossover point, fv,/,/f is negative, and
thus from (4),

Cwi > w, L )

That is, given descent in the lower core of the DWBC, there must be even stronger
vertical descent at the base of the Gulf Stream. Provided that the Rossby number remains
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small, this result will carry over to a continuously stratified model, in which the upper core
of the DWBC is entrained into the Gulf Stream (Pickart and Smethie, 1993).

Now turning to the Gulf Stream, what is the impact of negative w; on the pressure
distribution within the upper layer? To simplify the mathematics, we assume that the Gulf
Stream flows northward (i.e., v; > u;). Within the Gulf Stream layer it is essential to retain
inertial accelerations. The steady-state momentum equation for the upper layer is thus

Vp,

ul-vu1+fk><u1+p_:0. (6)
0

Taking the curl of (6) gives
Jw;
VX -Vu) = _h_ — By, (7
1

where we have used V - u; = w;/h,. At leading order, for a narrow, northward-flowing jet of
minimal curvature,? (7) can be rewritten

&
Ox0y

2
V1

vij i
2

N—h—l

- Bvl~ (8)

Integrating (8) across the jet between an arbitrary point, x, and its outside edge, x = &
where v, vanishes, we find:

0
oy

2
Vi

E dx. ©)]

J'-S
X

Since w; < 0, the effect of vortex stretching within the boundary current is therefore to
decelerate the boundary current, precisely as is required for separation in classical fluid
dynamics. Conversely the B-effect accelerates the boundary current, keeping it attached to
the coastline.

Taking the scalar product of velocity with the inviscid, unforced momentum equation
gives,

Jwi
By, + h_l

D
Dt

- u 0
.— 1
IO ( )

u-u

2

Thus the deceleration of the boundary layer is equivalent to fluid parcels encountering an
adverse pressure gradient.

In seeking to test the adverse pressure gradient mechanism, it is extremely difficult to
isolate cause and effect; separation by definition implies a decrease in velocity along the

2. It is straightforward to extend the analysis to a boundary current separating from a coastline of arbitrary
inclination. The B in Eq. (9) is then replaced by B cos o where o is the orientation of the coastline relative to the
north-south axis.
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coastline, and by Bernoulli’s principle an adverse pressure gradient. Nevertheless it should
be possible to look for intense localized downwelling where the DWBC and Gulf Stream
intersect as an indicator of the mechanism.

3. Geostrophic vorticity model

To test the dynamical ideas presented in the preceding section, we have developed a
*““geostrophic vorticity” ocean model. The model is based on the “‘geostrophic vorticity
equations” (Schir and Davies, 1988; Allen et al., 1990), which are in turn closely related to
the semigeostrophic equations widely used in atmospheric studies of frontogenesis (e.g.,
Hoskins, 1975). In contrast to a quasi-geostrophic model, the geostrophic vorticity
equations allow finite variations in bottom topography, and finite variations in isopycnal
layer thickness. Vertical motion is entirely implicit, so we avoid the problems of
representing vortex stretching inherent in z-coordinate primitive equation models (e.g., see
Bell, 1999). Moreover, because the model is based on solution of a Rossby wave vorticity
equation, it is ideally suited to studying the vorticity interactions between the Gulf Stream,
DWBC and bottom topography.

We consider an idealized rectangular domain, of dimensions L X 2L, with sponge layers
of meridional extent L appended to the northern and southern boundaries (Fig. 4). All our
experiments employ two constant density layers; the upper layer is initially 800 m, and the
total ocean depth without topography is 4 km. While in reality the Gulf Stream and DWBC
are composed of various water masses (Pickart and Smethie, 1993), the observations of
Bower and Hunt (2000) suggest that the Gulf Stream/DWBC dynamics are reasonably
described by a two-layer representation.

a. Momentum equations

The momentum equations are written:

5ug1 Tox

a_t +(f+ Cg‘)k Xu; + ngl - poh1 B KV4u8' + S, (1D
augz

= T ([ + Gk X uy + VB2 = —KViue — rug + 5. (12)

Here u, is the full (geostrophic plus ageostrophic) velocity, u,, = k X Vp,/pof is the
geostrophic velocity, §,, = 0v,, — Oy, is the geostrophic relative vorticity, By, = (uf,n +
vf,n)/Z + p./py is the geostrophic Bernoulli potential, f = f; + Py is the Coriolis parameter,
and py is a reference density.

The model is driven by a surface wind stress applied to the upper layer:
Ty

L

Ty = Ty COS —L=<y=L (13)
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Table 1. Model parameters.

Parameter Symbol Value
Longitudinal extent L 960 km
Latitudinal extent 2L 1920 km
Horizontal resolution Ax, Ay 15 km
Timestep Ar 5400 s
Top layer h initially 800 m
Bottom layer hy initially 3200 m without topography
Coriolis parameter o 8 X 1073s~! at midbasin
Beta parameter B 2 X 107" m~Is™!
Surface wind stress T 0.2 Nm~2 (layer 1 only)
Reduced gravity g’ 0.0l ms~2
Reference density Po 1035kg m™3
Bottom friction coefficient r 1 X 1077s7! (layer 2 only)
Biharmonic dissipation coefficient K 9.0 X 1019 m#*s~!
Sponge layer timescale s(y) 2 days (maximum)

Biharmonic diffusion is applied to both layers and a linear bottom drag applied to layer 2
only. Details of model parameters are given in Table 1.

Inflows and outflows are handled by relaxing the geostrophic velocities toward pre-
scribed values within two sponge layers to the north and south of the domain:

S; = s(y)(ugon — ug), (14)
$h = s(y)(ugn — ug), (15)

where s(y) varies with latitude as shown in Figure 4. In layer 1 we have uy,; = 0, and in
layer 2, w,, = vy The velocity profiles (Fig. 4) are determined using a prescribed
hyperbolic profile for the pressure, which is then used to calculate the velocity from
geostrophic balance. In practice, however, the inflow and outflows only cover a few
gridpoints; we have tested the sensitivity to these profiles, and the results are qualitatively
robust.

b. Continuity equation

The continuity equations involve the full velocity:

a—t+V-(hlul)=0, (16)
oh
a_: + V- (hu,) = 0, (17)

where £, is the thickness of each model layer.



2000] Tansley & Marshall: DWBC & Gulf Stream separation 307

DWBC inflow
in layer 2
7
y Va02
1920k I S
sponge ,./7
L
layer /
|
l
wind stress g\ o
applied to layer 1 ) akm fill E
/ |
sponge t
layer ‘\\\
~1920km V LN
Dk 9B0km 00 02 04

Timescale in days’

DWBC outflow

Figure 4. Model domain with an idealized continental shelf. Contours show basin depth; contour
interval is 250 m. The sponge layers are denoted by shading; the right-hand panel shows the
relaxation timescale.

¢. Hydrostatic balance

The pressures in each layer are related through hydrostatic balance,
Py = P2t Pog'hy, (18)
where g’ = g(p, — P)/py is reduced gravity. A rigid lid is applied so that
h,+ h,=H, (19)

where H is the ocean depth. Finite variations in bottom topography are allowed provided
that the Rossby number remains small in the resultant currents. Figure 5 shows the different
idealized continental shelves used in our experiments.

d. Lateral boundary conditions

At solid walls, the lateral boundary condition is no-normal flow:

u, =0. (20)
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Figure 5. Bottom topography for the different experiments describedin Section 4. (a) Straight shelf,
(b) shelf widening near mid-basin, (c) shelf widening 200 km to south, (d) shelf widening 400 km
to south, (e) shelf widening 500 km to south. Contour interval is 250 m. The arrow denotes the
shelf widening point, taken as the middle of the curve in the shelf. Note that as in subsequentplots,
only part of the sponge layer is shown.

The normal velocities are set to the prescribed relaxation velocities:
u; = uy, 21

at inflow and outflow points within the sponge layers (as detailed in Section 3a and
sketched in Fig. 4).
We also apply a no-slip condition to the geostrophic velocity,

Vip =0, (22)
together with a similar higher order boundary condition for the biharmonic dissipation:

V.V¥) =0. (23)

e. Conservation properties

The equations lead to a material conservation relation for the geostrophic potential
vorticity in each layer,

D

Dt

f—"—ggn

1
| = ok VX (). (24)

h,

Here D/Dt = 0/0t + u - V is the material derivative following the full velocity, and .7,
represents forcing and dissipation terms on the right-hand side of (11) and (12).
The energy equation can be written:

OE
5_t + V. ZBgnhnun

0
= Z hnun : /;/; - Z hnuagn : lalfn (25)
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where E= X, hag, - /2 + g’hf/Z, and u,, is the ageostrophic velocity. The first term on
the right-hand side of (25) represents energy input through mechanical forcing; the second
term arises as a result of the Geostrophic Vorticity approximation. Thus there is no exact
conservation of global energy in a Geostrophic Vorticity model. However, in our integra-
tions the last term on the right-hand side of (25) is several orders of magnitude smaller than
the forcing term, and hence is of no significance.

f. Method of solution

The geostrophic vorticity equations are solved by substituting u from the momentum
equations into the continuity equations. This gives a Rossby wave equation that can be
written in the form:

/(—p) - 26)

where . is a known three-dimensional elliptic operator. Eq. (26) is inverted for Op/ot
using a three-dimensional elliptic inverter, from which p can be deducted at the forward
time-step. Further details of the model grid and solution method are given in the Appendix.
This formulation avoids the transformation to geostrophic coordinates used in the semigeo-
strophic model (Hoskins, 1975), which can be numerically unstable adjacent to coastlines
(Cloke and Cullen, 1994).

4. Numerical experiments

We now present a series of experiments using our geostrophic vorticity model to explore
the three mechanisms, outlined in Section 2, by which the topography and the DWBC
might influence the separation of the Gulf Stream. In particular we wish to assess whether a
steady separation can be maintained at the point where the continental shelf widens and the
DWBC swings offshore. Rather than give a detailed account of the large number of
experiments that have been performed, the following discussion focusses on a small subset
of these experiments which capture the main results.

a. Control case with no topography

Firstly we consider a flat-bottomed experiment with only wind forcing, but no DWBC;
the ocean depth is a uniform 4 km. We integrate for 3000 days from a state of rest.

Figure 6 shows the Bernoulli potential averaged over the last 1000 days in the two
layers. The Bernoulli potential represents, to good approximation, streamlines for the flow.
The upper layer shows two gyres, separated by a Gulf-Stream like jet, which leaves the
western boundary mid-basin, at the line of zero wind-stress curl, in accord with classical
wind-driven theory (e.g. Pedlosky, 1996). The Sverdrup transport in each gyre is approxi-
mately 30 Sv. In the lower layer a series of recirculation gyres are set up against the
western boundary.
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b)

1000 U\j

Figure 6. Time averaged Bernoulli potential in (a) the upper layer and (b) the lower layer for a
control experiment with no topography or DWBC. Contour intervals are 0.4 m? s=2 for the upper
layer and 0.1 m? s~2 for the lower layer.

However, there is significant variability in the separation point. In Figure 7 we show the
zonal velocity component averaged over the three interior velocity points nearest to the
western boundary (i.e. between x = 15 km and x = 45 km), as a function of latitude and
time. The large positive values around mid-basin provide a good indication of the
separation point. Periodically eddies form near the western boundary and travel toward
the intergyre boundary, and the separation point is ambiguous—this shows a good
resemblance to the no-slip solutions found by Haidvogel et al. (1992).

500 -

~500 -

meridioncl distance in km

day

Figure 7. Time series of the zonal velocity in the upper layer, averaged between x = 15 km and x =
45 km, plotted as a function of y, for the control run. Positive contours are solid; negative contours
are dotted. Contourintervalis 10 cm s™! (contourvalues are =5 cm s™!, £15 cm s™!, etc.). Values
greater than 5 cm s™!, which give a good indication of jet separation, are shaded.
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Figure 8. Time averaged Bernoulli potential in (a) the upper layer and (b) the lower layer for an
experiment with a straight continental shelf. Contour intervals are 0.4 m? s~2 for the upper layer
and 0.1 m? s2 for the lower layer.

b. Influence of topography

We now introduce a 2 km high idealized continental shelf into the basin at the western
boundary. This is either straight, as in previous idealized studies, or widens in the south of
the basin, as in Figure 5, representing the widening of the continental shelf in the North
Atlantic at Cape Hatteras. Figure 8 shows the influence of a straight continental shelf.
There is a southward shift of the time average separation point in the upper layer by
approximately 100 km. This is what we might expect from the topography modifying the
background potential vorticity, following the results of Salmon (1992, 1994). The recircu-
lation gyres in the lower layer are pushed away from the western boundary, and the
separated boundary current is deflected northward. Figure 9 shows the influence of a
continental shelf which widens 400 km to the south of mid-basin (y = 0), before a DWBC
is included. In the lower layer, the recirculation gyres are again pushed away from the
boundary, although where the shelf widens, an intense barotropic gyre forms on the
shallower plateau. There is again a southward shift in the time average separation point of
100 km.

Now focusing on the time dependent behavior, Figure 10 shows time series of the
separation points for experiments with a straight continental shelf, a shelf which widens
mid-basin, a shelf which widens 200 km to the south and a shelf which widens 400 km to
the south. On the introduction of the straight continental shelf, much of the variability seen
in the control case disappears, and the separation is rather persistent (Fig. 10a). A shelf
widening mid-basin introduces a very large degree of asymmetry into the basin, and the
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Figure 9. Time averaged Bernoulli potential in (a) the upper layer and (b) the lower layer for an
experiment with a continental shelf which widens 400 km south of mid-basin. Contour intervals
are 0.4 m? s~2 for the upper layer and 0.1 m? s~2 for the lower layer.

separation is nearly always to the south, resulting in a time average separation point that is
250 km to the south. If the shelf widening point is 200 km south, the southern gyre
separates where the shelf widens and the northern gyre separates just 100 km south of
mid-basin, as in the straight shelf case. If the shelf widening is even farther south, both
gyres may separate just south of mid-basin, as in the straight shelf case, but the subtropical
gyre separates at the shelf widening point for periods of a few hundred days, introducing an
interesting low frequency variability. Hence the topography alone can have a dramatic
influence on the separation. This is in contrast to earlier results from quasi-geostrophic
models (e.g. Thompson, 1995), in which only shallow topographic slopes are permitted,
and the topography has little effect on the separation point. The geometry of the shelf
appears to be crucial.

Low frequency variability has been found in many other simple models. For example,
Jiang et al. (1995) found either steady, periodic or aperiodic behavior of the separation
point, depending on the asymmetry of the wind forcing and the nonlinearity of the
governing equations. McCalpin and Haidvogel (1996) described the flow in their quasi-
geostrophic model by infrequent and irregular transitions between a number of preferred
quasi-steady states. The character of this low frequency variability was shown to be very
sensitive to the model parameters; in particular, the magnitude and asymmetry of the wind
forcing. The above results suggest that a continental shelf can also excite low frequency
variability.
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Figure 10. Time series of the zonal velocity in the upper layer, averaged between x = 15 km andx =
45 km, plotted as a function of y. Positive contours are solid; negative contours are dotted.
Experiments have (a) a straight continental shelf, (b) continental shelf widening mid-basin, (c)
shelf widening 200 km south of mid-basin, (d) shelf widening 400 km to the south. Contour
intervalis 10 cm s™'; values greater than 5 cm s™!, which give a good indication of jet separation,
are shaded.



314 Journal of Marine Research [58,2

Figure 11. Time averaged Bernoulli potential in (a) the upper layer and (b) the lower layer for an
experiment with a straight continental shelf and a 15 Sv DWBC. Contour intervals are 0.4 m? s 2
for the upper layer and 0.1 m? s~2 for the lower layer.

c. Sensitivity to DWBC transport with a straight continental shelf

We now introduce a DWBC of varying strengths in the lower layer by relaxing to
prescribed velocities within the sponge layers as described in Section 3. First we consider
the case of the straight continental shelf. Figure 11 shows the time averaged flow in both
layers for a 15 Sv DWBC. The DWBC follows the continental shelf closely, as predicted in
Section 2c, and consistent with the observed path of the lower core of the DWBC (Hogg
and Stommel, 1985; Bower and Hunt, 2000). In common with previous studies (e.g.
Thompson and Schmitz, 1989; Spall, 1996a; Ladd and Thompson, 1998), the introduction
of the DWBC leads to a southward shift in the time averaged separation point. In this case
there is a shift of 200 km, so that the time average separation is now 300 km south of
mid-basin. If we interpret the southward shift as an ‘advection’ of the separation point, as
described by Thompson and Schmitz (1989), we might expect the distance of the
southward shift to be proportional to the strength of the DWBC. However, Eq. 9, showing
the deceleration of a boundary current due to the vortex stretching induced by the DWBC,
is nonlinear. We have conducted several experiments with different DWBC strengths, and
find that the relationship between the southward displacement of the separation point and
the DWBC transport does appear to be linear in our model, but only if a suitably long time
average is taken. In addition to the variability caused by eddies, as the DWBC transport
increases the separation point may become unsteady and the southern gyre separates
prematurely at random intervals in the model integration.
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Figure 12. Components of the vorticity budget for the lower layer, Eq. (4), for the 15 Sv DWBC,
straight shelf experiment. (a) Time averaged vertical velocity at the interface, w;, (b) time averaged

vertical velocity at the bottom, w,, (¢) planetary vorticity advection, Bv,hy/f, (d) residual, w; —

wy, — Bwyholf. Contour interval is 0.04 mm s~! (contour values are +0.02 mm s~!, £0.06 mm s~ !,

etc.). Values less than —0.02 mm s~ ! are shaded. The sponge layers are not shown.

As found in observations, the DWBC descends sharply as it passes beneath the upper
level Gulf Stream jet. Figure 12 shows the various terms in the vorticity equation for the
DWBC (Eq. 4): the vertical velocities at the layer interface and the bottom, w; and wy, the
planetary vorticity advection, Bv,h,/f, and the residual. The maximum downwelling at the
bottom (indicated by the shading in Fig. 12b) is about 0.14 mm s~!, in line with our
estimate in Section 2¢c. Away from the intergyre boundary, the DWBC moves upslope, in
order to conserve its potential vorticity, and as found in the inverse study of Bogden et al.
(1993). The maximum downwelling at the interface (indicated by the shading in Fig. 12a)
is 0.2 mm s~ !, The vortex stretching in the lower layer, w; — w,, is largely balanced by the
planetary vorticity advection, fv,h,/f, while the residual is mainly due to the biharmonic
dissipation term. In the south of the basin, the DWBC hugs the western boundary and
dissipation starts to dominate the vorticity balance. This does not happen in experiments
where the continental shelf widens, and the DWBC flows away from the western boundary
(see next section). In the quasi-geostrophic model of Ladd and Thompson (1998) the
DWRBLC is frictionally controlled all along the western boundary. This is probably because
the continental slope is small in their model, as required for quasi-geostrophic dynamics, so
that the DWBC cannot adjust its potential vorticity by traveling upslope as it travels
southward.

The vortex stretching in the Gulf Stream supplied by this large vertical velocity at the
interface is associated with a deceleration in the upper layer (Eq. 9). However, since
separation is always accompanied by deceleration of the flow and an adverse pressure
gradient, it is difficult to separate cause and effect in this case.
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Figure 13. Time averaged Bernoulli potential in (a) the upper layer and (b) the lower layer for an
experiment with a continental shelf widening 400 km south of mid-basin and a 20 Sv DWBC.
Contour intervals are 0.4 m? s~2 for the upper layer and 0.1 m? s~ for the lower layer.

d. Sensitivityto DWBC transport with a widening continental shelf

Next we examine the effect of the widening of the continental shelf. The DWBC again
follows the continental shelf closely. For example, Figure 13b shows the time averaged
Bernoulli potential in the lower layer for a 20 Sv DWBC, where in this case the continental
shelf widens 400 km to the south. The DWBC swings offshore as the shelf widens. For this
experiment there is a clear separation of the subtropical gyre in the upper layer (Fig. 13a) at
the point where the shelf widens. The northern gyre separates 250 km to the south of
mid-basin.

Figure 14 shows the time evolution of the separation points for experiments in which the
continental shelf widens 400 km to the south, and the DWBC transport is varied. As the
DWBC transport increases, the southern gyre starts to separate prematurely more and more
often. For 15 Sv and 20 Sv DWBCs the two distinct separation points of the northern and
southern gyres become clear throughout, and there is also reduced variability in the
separation point of the subtropical boundary current. In part this may be due to the
shielding of the subtropical boundary current from the subpolar boundary current, as
indeed occurs in reality.

e. Sensitivity to shelf geometry with fixed DWBC transport

We now examine the effect of changing the latitude at which the shelf widens. We keep
the DWBC transport fixed at 15 Sv. Figure 15 shows the time series of the separation points
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Figure 14. Time series of the zonal velocity in the upper layer, averaged between x = 15 km andx =
45 km, plotted as a function of y. Positive contours are solid; negative contours are dotted.
Experiments have a continental shelf widening 400 km south of mid-basin, and different DWBC
transports. (a) No DWBC, (b) 10 Sv, (c) 15 Sv and (d) 20 Sv DWBC transports. Contour interval is
10 cm s™!; values greaterthan 5 cm s™!, which give a good indication of jet separation, are shaded.
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Figure 15. Time series of the zonal velocity in the upper layer, averaged between x = 15 km and x =
45 km, plotted as a function of y. Positive contours are solid; negative contours are dotted.
Experiments include a 15 Sv DWBC, and a continental shelf widening at different latitudes. (a)
Straight shelf, (b) shelf widening mid-basin, (c) shelf widening 400 km to the south, (d) shelf
widening 500 km to the south. Contour interval is 10 cm s™!; values greater than 5 cm s™!, which
give a good indication of jet separation, are shaded.
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for some of these experiments. If the continental shelf widens at the midpoint, the time
average separation occurs about 350 km to the south. The time average separation is also
350 km to the south for a shelf which widens 200 km to the south or 300 km to the south.
Hence the introduction of the DWBC seems to push the separation southward despite the
widening of the shelf. Examination of the lower-layer pressure field shows that the DWBC
ascends the shelf where it widens in these experiments, until it reaches the Gulf Stream. As
shown earlier, for a straight shelf, separation occurs 300 km to the south with a 15 Sv
DWBC. So perhaps a steady separation at the shelf widening point is not possible in these
cases.

However, if the shelf widens 400 km to the south or 500 km to the south, we again find
two distinct separation points. The southern gyre always separates prematurely, and the
separation is fairly steady. The position is determined by the widening of the continental
shelf, consistent with both the advection and the adverse pressure gradient separation
mechanisms. This is in contrast to the case withouta DWBC, where the separation returns
north after periods of a few hundred days. The separation of the northern gyre generally
occurs at the same position as found in the equivalent straight shelf experiment.

f. Sensitivity to resolution and model parameters

Alarge number of model parameters, both physical and numerical, have an influence on
the circulation patterns we find in the model. Small changes in any one of these parameters
can lead to a transition to a different model regime. This is a characteristic feature of
nonlinear wind driven gyres, and has been investigatedin some detail by Jiang et al. (1995)
and Berloff and Meacham (1998). However, the broad pattern of results described above
does appear to be robust to variations in model parameters. For example, we have repeated
the above experiments at a lower resolution of 30 km, and obtain broadly similar results
(not shown).

5. Discussion
a. Role of the DWBC

A number of factors may influence Gulf Stream separation. In this paper, we have
isolated the impact of the DWBC, together with the geometry of the continental shelf. Our
results suggest that these alone cannot account for the observed intransience of the Gulf
Stream separation, although there is clear evidence of the topography and the DWBC
influencing the separation in our experiments, consistent with previous studies, including
C)ngkmen etal. (1997), Thompson and Schmitz (1989) and Spall (1996a,b).

Our theoretical analysis suggests that if the Gulf Stream initially separates north of Cape
Hatteras, the DWBC may advect the separation point southward (as suggested by
Thompson and Schmitz) until it reaches Cape Hatteras, where the continental shelf widens
and the DWBC swings offshore. A steady state balance may be possible at this point, where
the DWBC descends beneath the Gulf Stream. Formal analysis of steady state vorticity
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balances suggests that the DWBC decelerates the Gulf Stream above and induces an
adverse pressure gradient. However, it is difficult to prove cause and effect; the separation
of the boundary current is always accompanied by an adverse pressure gradient. Haidvogel
et al. (1992) inferred that this means separation is caused by an adverse pressure gradient;
however we do not believe that this necessarily follows.

Numerical experiments with an idealized, straight continental shelf along the western
boundary show that the topography alone can shift the time average boundary current
separation point, while introduction of the DWBC provides a further southward shift, in
common with previous studies. However, the situation becomes more complicated with a
widening continental shelf, representing the widening of the continental shelf at Cape
Hatteras. In this case the separation point of the subtropical gyre oscillates between
northern and southern separation positions, the southern position occurring at the point
where the continental shelf widens. As the DWBC transport increases, the southern
separation position is occupied more and more frequently, until we obtain a fairly steady
separation for sufficiently large DWBC transports.

We can identify the changing separation behavior in our model with different dynamical
regimes. Many other studies, e.g. Jiang et al. (1995), McCalpin and Haidvogel (1996),
have investigated in detail the low frequency behavior of simple uniform depth, wind-
driven models. In these experiments, low frequency behavior is moderated by changes in
the wind forcing and the nonlinearity of the boundary current. In our experiments,
changing the topography and the strength of the DWBC can also dramatically alter the time
dependent behavior of the model. In some cases we find very low frequency variability,
characterized by a separation point which changes abruptly after a period of several
hundred days. Introduction of a DWBC into a primitive equation model was also found to
produce a decadal timescale oscillation in the separation point by Spall (1996a,b). The
mechanism for Spall’s oscillation involved the periodic deflection of the DWBC into the
recirculation gyres, which we do not observe in our model integrations. However, in
common with Spall, we do find that the amplitude of the variability is reduced with large
DWBC transports, although in our model we believe this is due to the separation locking
on to the shelf widening point as described above.

b. Role of coastline geometry

The excess variability at the separation point in our experiments is most likely a
consequence of the straight coastline in our idealized domain. In a nonrotating fluid, in the
case of flow along a surface containing a salient edge, the separation is observed to always
occur at the salient edge, with the flow separating tangentially to the upstream face
(Batchelor, 1967). Stern and Whitehead (1990) showed that in a rotating fluid, separation
occurs provided the coastline angle exceeds a critical value. The coastline at Cape Hatteras
does possess a salient edge, and the Gulf Stream does indeed separate more or less
tangentially. In contrast, in our experiments, the boundary current is forced to retroflect in
order to separate. A similar retroflection is found as the Brazil Current and the East
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Australia Current separate—both currents show much larger variability in the separation
point than the Gulf Stream. In practice, variability may be further reduced because the Gulf
Stream is shielded from the subpolar gyre, although this isolation of the two boundary
currents does occur in our experiments with a strong DWBC.

In reality, the Gulf Stream does not separate from a vertical boundary. Prior to
separation, the Gulf Stream approximately follows the 200 m isobath, in which the salient
edge at Cape Hatteras is less pronounced. However, Stern (1998) pointed out that the
isobaths converge near Cape Hatteras, and this may also lead to the Gulf Stream separating,
where the separation is from a sloping bottom rather than a vertical side wall. Precisely
how this result is modified by a DWBC will require further study.

c. Role of large-scale forcing

While we have emphasized the importance of local effects in explaining the absence of
variability found in the Gulf Stream separation point, large-scale wind and buoyancy
forcing must also play a role in the separation problem (Parsons, 1969; Nurser and
Williams, 1990). In addition, Veronis (1973) pointed out that processes occurring in the
eastern North Atlantic affect the separation of the Gulf Stream through the mass budget of
the upper thermocline. These processes will include the northward transport into the
Norwegian Sea, and also the transport into the Mediterranean.

More locally, Ezer and Mellor (1992) suggested that maintenance of a cyclonic northern
recirculation gyre is important in obtaining the correct separation latitude. They achieved
this in their model through buoyancy forcing, and a prescribed barotropic inflow along the
continental shelf near Grand Banks. However, the presence of a northern recirculation gyre
is the inevitable consequence of a Gulf Stream separating at Cape Hatteras, so cause and
effect is not clear. The moderation of the lower layer recirculation by the topography shown
in our experiments suggests that the topography may be important in influencing the
northern recirculation gyre, and so aiding Gulf Stream separation in this way.

d. Implications for general circulation models

Ocean general circulation models generally produce a Gulf Stream which separates too
far north. We have shown that the DWBC can lead to a southward shift in the separation.
However, the excessive variability in our experiments suggests that an accurate representa-
tion of the coastline is also important to obtain a realistic simulation of the Gulf Stream
separation.

Recent high resolution simulations of the North Atlantic at 1/10° (Smith et al., 2000) and
1/12° resolution (Paiva et al., 1999) do show a plausible Gulf Stream separation. However,
in the foreseeable future, we will be unable to perform many long climate integrations at
this resolution. Hence a clear understanding of the processes involved in Gulf Stream
separation remains important, and will require further process studies such as the one we
have described in this paper. The geostrophic vorticity model is an ideal tool for such
studies.
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APPENDIX

a. Derivation of the Rossby wave equation

All variables are defined in Section 3. Following Allen et al. (1990), we rearrange the
momentum equation (Egs. 11 and 12) to obtain an expression for the full velocity, u, in
each of the two layers, and substitute for u in the continuity equation (Eqgs. 16 and 17).
Defining h,, = 1/Q,,, this gives a Rossby wave equation:

n

ot

Ouy,

ot

—i—V-{hgnkXVBgn—kX.,Z—i—kX )}:0 n=1,2 27
where .7, represents forcing and dissipation terms on the right-hand side of the momentum
equation.

Employing geostrophic and hydrostatic balance, and noting that dh,/0t = OH/Or —
Oh,/0t = —0h,/0t, this gives two inseparable equations for Op/0t in the two layers:

Layer 1

1 (apl p, Iy (apl)) _ .
F.g'a_t_a_t — .\?.f i V. (ha(k X VBy —k X 7)) (28)
Layer?2
he _|0p,

\ ot Ot v\p_ofv\at

=-V. (ha(k X VBgz —k X %)). 29)
These two elliptic equations, together with the boundary conditions, can be inverted to
obtain Op/Ot explicitly in each layer. This is done using a 3-d multigrid solver. Centered
time differencing is used to update the pressure fields from these pressure tendencies, using
a Robert-Asselin filter of 0.01. Diffusion and friction terms are lagged.

b. Model grid and finite differencing scheme

Our model grid is shown in Figure 16.
Puttingu = u’ + u*, where

hu* = h,(k X VB, =k X .7") (30)
and
h op
hu' = —=V (—) 31
pof ot G



2000]

Figure 16. Model grid.

allows us to write Egs. 16 and 17 in flux form:

X
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+

--------- grid box boundary
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T(2) = Ty in layer 1
(35)
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Ax
x+—
2

_X_l Ax
¢—2¢ + |x 3 (37)

VA($) = 8] + 8} (38)

and similarly for 8, and E At the model boundaries, Au’ and hv' are set to zero, and hu*
and hv* are set to zero unless there is a fixed inflow or outflow, when hu* and hv* are given
by the prescribed transport into or out of the boundary.
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