JANUARY 1994

NOTES AND CORRESPONDENCE

On the Interaction between the Gulf Stream and the New England Seamount Chain

TAL EzER
Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton, New Jersey

22 June 1992 and 9 March 1993

ABSTRACT

In the course of numerical simulations with a primitive equation regional model of the Gulf Stream, bottom
topography and the New England Seamount Chain (NESC) in particular show significant influence on the
variability and the energetics of the Gulf Stream system. The model is an eddy-resolving, coastal ocean model
that includes thermohaline dynamics and a second-order turbulence closure scheme to provide vertical mixing
coefficients; it is driven at the surface by observed monthly wind stress and heat fluxes. The surface and the
deep variabilities obtained from the numerical simulations are in fair agreement with the observed variabilities
inferred, for example, from the Geosat altimetry data and from measurements of eddy kinetic energy (EKE).

To study how the NESC affects the Gulf Stream dynamics, a control run without the NESC (however, leaving
the other topographic features such as the continental shelf and slope intact) is compared to simulation with
full bottom topography. According to the model results, the effects of the NESC on the Gulf Stream include
southward deflection of the stream as it passes across the NESC and the development of several quasi-stationary,
nearly barotropic recirculation cells on both sides of the Gulf Stream. Another result is an increase in the mean
kinetic energy (MKE) and a decrease in the EKE in most of the water column as a result of the inclusion of
the NESC. The inclusion of the NESC causes an upstream shift in the area of maximum variability compared
with the case without the NESC; the maximum deep EKE is thus obtained upstream of the NESC. This study
suggests that the stabilizing effects of the bottom topography dominate over possible destabilizing effects due to
increase in meander amplitudes near the NESC. This study also suggests that the NESC causes a downstream
decrease in the propagation speed of meanders upstream of the NESC and the development of an almost steady,
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large meander downstream of the NESC.

1. Introduction

The importance of topographic effects on ocean cir-
culation has been demonstrated for a long time; several
observational and numerical studies have been focused
for example, on the interaction between western
boundary currents and the bottom topography. Of
particular interest in the western North Atlantic is the
possible influence that the New England Seamount
Chain (NESC) may have on the Gulf Stream dynamics.
The NESC consists of a series of seamounts with dif-
ferent sizes and heights; they have a diameter com-
parable to the Rossby radius of deformation of the
ocean in this region, and some of them rise to more
than half the ocean depth.

Analysis of fluctuating flows in the deep western
North Atlantic suggests that bottom friction may bal-
ance all the energy input by the wind and that most of
this dissipation occurs in a small region near the NESC
(Weatherly 1984). Interaction between the NESC and
the Gulf Stream is thus expected; however, there is
conflicting evidence of the exact way in which the
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NESC affects the Gulf Stream path and variability
[Cornillon (1986 ) reviews some of these observations].
For example, while some observations suggest a dra-
matic increase of Gulf Stream meander amplitudes and
envelop downstream of the NESC (e.g., Richardson
1983; Teague and Hallock 1990), satellite infrared im-
ages analyzed by Cornillon (1986) show that down-
stream of the NESC, the Gulf Stream envelope is nearly
the same as over the seamounts and that the down-
stream rate of increase of meander amplitudes is similar
to the rate upstream of the NESC. Inverted echo
sounders and Geosat altimeter crossover data used by
Hallock et al. (1989) did not show significant differ-
ences between the regions upstream and downstream
of the NESC, in contrast to a more recent study using
model and observations (Hallock et al. 1991). A five-
year climatological survey conducted by Auer (1987)
indicates that the NESC region has the largest frequency
of warm-core eddy formations. These and other ob-
servations strongly suggest that there are some inter-
esting changes in the dynamics of the Gulf Stream as
it transits the NESC. However, one cannot be certain
that the NESC is the sole factor responsible for these
changes. For example, an area of maximum heat flux
and wind stress are found around the location of the
NESC, so local atmospheric forcing may also be re-
sponsible for changes in the Gulf Stream there [e.g.,
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Ezer and Mellor (1992) show the atmospheric forcing
for the western North Atlantic, as obtained from the
Oberhuber (1988) atlas].

Since oceanic observations are usually too sparse in
space and time to describe the three-dimensional me-
soscale dynamics of the ocean, high-resolution nu-
merical ocean models are being used to study different
processes on such scales. Recently, basin-scale numer-
ical models became realistic enough to resolve meso-
scale topographic features as well as mesoscale oceanic
processes. The Community Modeling Effort (CME) of
the World Ocean Circulation Experiment (WOCE)
provides, for example, an eddy-resolving basin-scale
model for the North Atlantic Ocean (Bryan and Hol-
land 1989; Treguier 1992). However, the Gulf Stream
region is still not well resolved by this basin-scale model,
and the stream tends to overshoot the observed sepa-
ration point; this pathological behavior of numerical
models has been studied by Thompson and Schmitz
(1989), who used a two-layer regional primitive equa-
tion model and showed that the deep western boundary
current (DWBC) plays an important role in the Gulf
Stream separation problem. The recent study of Ezer
and Mellor (1992), using a regional coastal ocean
primitive equation model, shows that a realistic Gulf
Stream separation is obtained when realistic atmo-
spheric forcing is used and when the observed slope
water inflow along the continental slope (from the
northeast) is specified. Because regional models of this
type are largely controlled by the flows specified on the
open boundaries, the separation problem is now being
studied with basin-scale models.

Numerical models can be used to test the hypothesis
that the NESC is responsible for changes in the Gulf
Stream, by calculating a contral case in which bottom
topography is neglected (i.e., a flat bottom case). Ex-
periments of this type have been done before; they
show, for example, that southward deflection of the
stream (Adamec 1988) and large change in the eddy
kinetic energy field (Thompson and Schmitz 1989)
may be attributed to the interaction of the stream with
the NESC. However, these studies used relatively sim-
ple models (quasigeostrophic dynamics with a square
domain in the former study, and a two-layer primitive
equation layered model in the latter one). The above
experiments strongly suggest the need for more realistic
models with better vertical resolution; for example,
significant changes in the interaction of a midlatitude
jet with bottom topography were found by Adamec
(1988) between simulations with one baroclinic mode
and simulations with two.

Here, we use a more realistic model than those used
in previous studies: the Princeton ocean model of
Blumberg and Mellor (1987), which includes the con-
tinental shelf and slope and is forced by observed
monthly heat flux and wind stress. In its Gulf Stream
version, it has better resolution and larger domain than
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the previous studies of Mellor and Ezer (1991) and
Ezer and Mellor (1992).

The numerical ocean model is described briefly i
section 2. The numerical experiments are presented
and the results are discussed in sections 3 and 4. Con-
clusions are offered in section 5. )

2. The ocean model

The numerical ocean model used here is described
in detail by Blumberg and Mellor (1987); it is a three-
dimensional, free surface, coastal ocean model with a
second-order turbulence closure scheme (Mellor and
Yamada 1982) to provide vertical mixing coefficients.
The model has been used, for example, to study bays
and estuaries and many coastal regions around the
world. In the Gulf Stream region it has been used in a
smaller domain to test altimetry data assimilation
schemes (Mellor and Ezer 1991), to study the inter-
action between the deep and the coastal ocean (Oey et
al. 1992), and to study the effects of atmospheric forc-
ing on Gulf Stream separation (Ezer and Mellor 1992).
The model with the extended domain used here, has
been used to evaluate the forecast skill of the model
(Ezer et al. 1992) and to compare sea surface height
derived from diagnostic calculation with Geosat altim-
etry data (Ezer et al. 1993). »

The vertical grid uses a sigma coordinate system (i.e.,
bottom-following vertical grid) with 15 layers; the hor-
izontal grid uses a coastal-following, curvilinear or-
thogonal grid system. The horizontal grid used here is
shown in Fig. la, the bottom topography used in the
experiments described later are shown in Figs. 1b,c.
The horizontal resolution in the Gulf Stream region is
now ~10~17 km compared to 20-25 km in the pre-
vious studies of Mellor and Ezer (1991) and Ezer and
Mellor (1992); the model domain is also larger than
that used in those studies. The prognostic variables of
the model are the free surface 7, potential temperature
T, salinity .S (hence density p), and velocity (U, V,
W). The numerical scheme has a split time step, an
external mode that solves the vertically integrated mo-
mentum equation, and an internal mode that solves
the three-dimensional momentum, heat, and salt
equations. Further details of the numerical techniques
are given in the papers mentioned above.

Since it is a regional model, open boundary condi-
tions either are specified according to observations or
have a radiation condition. Near the southwest corner
of the model, at the Florida Straits, a constant inflow
transport of 30 Sv (1 Sv = 10° m3s™!) is prescribed
and is distributed according to measurements from the
Subtropical Atlantic Climate Studies (STACS; Leaman
et al. 1987). On the eastern boundary, the total of 100
Svis allowed to exit the domain between 37° and 40°N,
while 40 and 30 Sv total inflow enter north of the Guif
Stream, along the continental slope, and south of the
Gulf Stream, respectively. These inflows, based on a



JANUARY 1994

NOTES AND CORRESPONDENCE

193

(A) MODEL GRID

45N

N2

s

40N

35N [

30N [~

T0W

60W 50W

(C) BOTTOM TOPOG. (EXP. 2)

45N

40N

35N

A

1

30N |- (

. &ujgﬁgzg&&.

o

70W BOW

60W 50W

FIG. 1. (a) The curvilinear orthogonal model grid. (b) The bottom topography in experiment ! (full bottom topography). (¢) The bottom
topography in experiment 2 (the seamounts are eliminated ). The contour interval in (b) and (c) is 200 m; bottom topography in (b) and
(¢) are identical for regions shallower than 4000 m (the dashed contour).

diagnostic calculation (Mellor et al. 1982) and obser-
vations (Richardson 1985; Hogg et al. 1986), represent
the northern recirculation gyre and the subtropical gyre.
Except for the Florida Straits, the rest of the open
boundaries are governed by the Sommerfeld radiation
condition. Therefore, although the total transport on

the open boundaries is prescribed, the internal veloc-
ities are free to adjust to the density field. Tempera-
ture and salinity on the open boundaries are prescribed
from the observed climatologies, and are advected
into the model domain when flow is into the model
domain.



194

The surface boundary conditions include heat flux
and wind stress obtained from a 2° X 2° monthly av-
eraged climatology of the Comprehensive Ocean-At-
mosphere Data Set (COADS) analyzed by Oberhuber
(1988), together with a one-way model feedback
scheme. They are described in detail by Ezer and Mellor
(1992). Surface salinity fluxes are zero here; however,
preliminary analysis of experiments in which surface
salinity fluxes and river runoff are added indicate that
these fluxes may be important for the coastal ocean,
but have only a small effect on the Gulf Stream.

3. The numerical experiments

The model is initialized with the synoptic analysis
temperature and salinity fields of 4 May 1988 obtained
from the Optimum Thermal Interpolation System
(OTIS), developed at the U.S. Navy’s Fleet Numerical
Oceanography Center; the global ocean OTIS is de-
scribed by Clancy et al. (1990), and the regional OTIS
used here is described by Cummings and Ignaszewski
(1991). In the western North Atlantic, it uses satellite
sea surface temperature images, as well as other ob-
servations and a feature model to construct the Gulf
Stream and its associated rings; the data were provided
by the Institute for Naval Oceanography. More details
about the OTIS analysis and how it is used to initialize
the model can be found also in Ezer et al. (1992, 1993),
who used this data for nowcast and forecast experi-
ments.

The initialization approach consists of 10 days of a
diagnostic calculation (holding 7" and § constant) to
produce nearly geostrophic velocities and surface ele-
vation, and then an additional 30 days of a prognostic
calculation (during this time the model develops its
own meanders and rings). In this paper we discuss the
analysis of a one-year simulation that followed the ini-
tialization described above. It should be noted here
that initialization of a large-scale ocean model with
density field p = p(z) or with a coarse-resolution cli-
matological data p = p(x, y, z) requires much longer
spinup time. However, here we use for initialization
high-resolution (0.2° X 0.2° horizontal grid and 34
vertical levels) data, including observations taken
around the initialization day plus the position of the
Gulf Stream’s meanders and eddies. Moreover, with
the high-resolution regional model, which is largely
driven by the imposed flows on the open boundaries,
the adjustment time is of the order of the dominant
scales of the region (around 20 days), as indicated in
previous studies with similar initialization (e.g., Mellor
and Ezer 1991; Ezer and Mellor 1992; Ezer et al. 1992).
In fact, during the short spinup time, the flow is dy-

"namically balanced enough to demonstrate a consid-
erable forecast skill for at least a two-week period (Ezer
et al. 1992). Experiments (not shown) with longer
spinup time show the same results as those presented
here (e.g., the mean and the variance of, say, the first
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and the second year of the simulation are very similar).
Although interannual variabilities are neglected here,
with the expected improvement in computational ca-
pabilities, we will focus more attention toward long-
term variabilities in future studies.

In this study we present two cases, initialized and
forced in the same way but with different bottom to-
pography. In experiment 1 the full bottom topography
is included (Fig. 1b), while in experiment 2 the sea-
mounts ( mostly the NESC and Bermuda) are removed,
leaving the other topographic features such as the con-
tinental shelf and slope and the general shape of the
bottom of the deep ocean intact (Fig. ic). We next
compare statistics (mean and variability) obtained
from a one-year simulation of each experiment. The
simulations are also compared with observations.

4. Simulation results
a. The flow fields

The one-year average velocity fields for the case with
full bottom topography (experiment 1) and for the case
without the seamounts (experiment 2) are shown in
Fig. 2. In the upper layers between 55° and 65°W the
Gulf Stream is deflected southward just upstream of
the NESC and splits into several meanders in experi-
ment 1 (Fig. 2a); this is clearly due to the seamounts
since such meandering is absent from experiment 2
(Fig. 2c¢). Southward deflection of the stream by the
NESC is obtained also by other models (Adamec 1988;
Hallock et al. 1991) and may be observed in satellite
IR images as a quasi-permanent meander (Cornillon
1986); however, it seems that models tend to overreact
to this topographic effect, so the observed deflection is
usually smaller than that predicted by models. A de-
flection of a jet flowing over a ridge is expected from
the conservation of potential vorticity; however, the
response is more complicated here since the topo-
graphic features consist of individual seamounts with
sizes comparable to the mesoscale features of the Gulf
Stream system.

The simulated flow at 1500 m (Figs. 2b,d) shows
the eastward flow of the deep Gulf Stream and the
westward flow of the deep western boundary current
(DWBC) along the continental slope. The latter flow
marks the edge of the northern recirculation gyre (Hogg
et al. 1986) formed in the model by the nearly baro-
tropic slope water inflow that enters the domain near
the northeast boundary; the upper portion of it is en-
trained into the Gulf Stream around 75°W, while the
deep part (i.e., the DWBC) crosses under the Gulf
Stream and exits the model domain at the southwest
boundary. While experiment 2 shows smooth, weak
recirculation flow in the deep ocean (Fig. 2d), exper-
iment 1 shows several strong recirculation gyres north
and south of the stream (Fig. 2b). The transport of the
DWBC also increases when the seamounts are included
in the calculation. Several studies have demonstrated






