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EDDIES DETACHED FROM A JET CROSSING OVER A
SUBMARINE RIDGE USING A SIMPLE NUMERICAL MODELl

Motoyoshi Ikeda

ABSTRACT. An eastward-flowing jet crossing over a submarine
ridge is studied using a two-layer quasi-geostrophic model. The
jet initially has small-amplitude meanders of one wavelength to
the west of the ridge, and the lower layer is quiescent only at
t = O. The meanders grow propagating eastward, and the lower
layer begins to move and feel bottom topography. Then, the
ridge influences meanders and eddies that are detached from
large-amplitude meanders. Detached, cyclonic eddies are
strengthened south of the jet on the western slope of the ridge,
as are anticyclonic eddies north of the jet on the eastern
slope, because of vorticity generated by the topographic effects
on the westward flows associated with two recirculating gyres
which form on the north and south of the jet. Consistent with
topographic Rossby wave theory, some of these eddies approach
and coalesce with the jet. As a result the jet splits into two
branches surrounding the cyclonic eddy. The two recirculating
gyres are divided by the ridge and have shorter zonal length
than do those in the no-ridge case. These specific flow pat
terns are observed in the Gulf Stream in the vicinity of the New
England Seamount Chain and the Kuroshio over the Shatsky Rise.

1. Introduction

The purpose of this paper is to study influences of a submarine ridge
on a strong oceanic jet using a simple numerical model. We pay special
attention to the influences of the ridge on unsteady flow patterns of the
jet, and observe whether meanders grow more rapidly, whether detached eddies
are intensified, and whether the jet has a different pattern compared with
the mesoscale features that occur in the same unstable jet when the ridge is
not present.

In real oceans, there are several regions in which strong ocean currents
cross over submarine ridges and have unsteady meanders and detached eddies.
Some examples are the Gulf Stream over the New England Seamount Chain, the
Kuroshio over the Shatsky Rise and the Emperor Seamount Chain, and the
Antarctic Circumpolar Current in Drake Passage. There should be significant
differences in flow properties in these regions as compared with those
associated with the Gulf Stream flowing over a nearly flat bottom, east of
Cape Hatteras and west of the New England Seamount Chain far away enough not
to be influenced by the Chain.

lContribution No. 521 from NOAA PMEL



From the Gulf Stream flowing over the nearly flat bottom, cyclonic
eddies are detached southward, and anticyclonic eddies are detached north
ward. These eddies drift westward, and the Gulf Stream returns to the state
of small-amplitude meanders after detachment. Amplitude of meanders, the
number, distance, and strength of eddies, and zonal location of detachment
are similar on the north and south of the Gulf Stream.

In the regions where the strong currents cross over the submarine
ridges, some specific flow patterns have been observed, which have not been
observed in the Gulf Stream over the flat bottom. Using satellite infrared
images, Richardson (1981) suggested that the Gulf Stream had a cyclonic
"ring-meander" south of the Gulf Stream axis, and that the eastern part of
the ring-meander was located over the New England Seamount Chain. Another
anticyclonic meander occurred north of the axis and immediately east of the
Chain. Richardson noted that this feature was a common one appearing in
several satellite images. Free drifting buoys which measured surface currents
confirmed these cyclonic and anticyclonic motions at the same time as the
satellite images. The flow pattern is schematically shown in figure 1,
which is also typical of the Kuroshio around the Shatsky Rise as shown
later. It may be a reasonable assumption that the Gulf Stream splits into
two branches around the Seamount Chain.

Contour lines of 10°C-isotherm depth observed by Emery, Ebbesmeyer, and
Dugan (1980) show that the Kuroshio splits into two branches surrounding a
cyclonic eddy whose location relative to the Shatsky Rise was similar to the
eddy around the New England Seamount Chain, although they did not mention
the splitting. Monthly maps of temperature at 300-m depth made by Bernstein
and White (1981) also show the splitting of the Kuroshio in the vicinity of
the Shatsky Rise. These two eddies were confirmed by surface buoys, one of
which drifted into the Kuroshio from the continental slope south of Japan
and was trapped in the cyclonic eddy on the southern side of the main flow.
The other traced along the northern edge of the anticyclonic eddy (Ishii,
1982). Gordon, Georgi, and Taylor (1977) observed that the Antarctic
Circumpolar Current split into two branches west of the North Scotia Ridge
in Drake Passage, although eddies were not clearly observed.

Although Richardson (1981) insisted that the flow pattern shown in
figure 1 is semipermanent, there is still a question whether the pattern is
permanent or not permanent but very frequent.

The mean temperature field at a depth of 450 m observed by Richardson
(1980) shows that the New England Seamount Chain and Newfoundland Ridge
break the circulation south of the Gulf Stream into three partially con
nected gyres.

Roden (1977) noted the differences in the strength of the perturbations
of the Kuroshio between the western and eastern sides of the Emperor Seamount
Chain, with the stronger in the west. In this region, however, specific
flow patterns, such as jet splitting, which indicate the strong influence of
bottom topography, have never been observed.

The numerical model chosen for the present study is similar to that of
Ikeda and Apel (1981), in which meanders grow in an eastward-flowing jet
because of instability, and eddies are detached from the large-amplitude
meanders. The only difference is that the present model has a submarine
ridge around the point where eddies are detached in the no-ridge case.
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We use a two-layer quasi-geostrophic model. The basic equations are
those governing conservation of potential vorticity on a ~-plane. An initial
condition is that, in the upper layer, an eastward-flowing jet has meanders
of one wavelength; that is, an initial streamline has one maximum and one
minimum in the western side of the jet, where the distance between two
extremes is similar to half the wavelength of the fastest growing linear
solution. The lower layer is quiescent only in the initial state. As cal
culation time advances, meanders grow and propagate eastward in the integra
tion domain whose zonal length is approximately six wavelengths. Then, the
jet acquires large-amplitude meanders in the intermediate region between the
western and eastern boundaries. The submarine ridge is assumed to extend
north and south in the intermediate region. Since the lower layer moves
because of momentum transport from the upper layer, the fluid feels the
bottom topography. Hence, the meanders and eddies are influenced by the
ridge.

The initial condition is justified, especially in terms of the relative
location between the initial meanders and the ridge. The mean path of the
Gulf Stream departs from the coast at Cape Hatteras (75°W) and crosses over
the New England Seamount Chain at 63°W (Richardson, 1980). Manyobserva
tions have shown that small-amplitude meanders grow to generate detached
eddies approximately at 66°W and in the more eastern side (Hansen, 1970;
Robinson et al. 1974; Ikeda and Apel, 1981). In other words, the Gulf
Stream is not always disturbed to the point of eddy generation in the up
stream side of the Seamount Chain, but alternatively has a relatively calm
situation with small-amplitude meanders and a highly disturbed situation
resulting in eddy generation. Therefore, the initial condition reasonably
describes the Gulf Stream at the moment when small-amplitude meanders start
to grow.

The Kuroshio departs from the continental slope at 1400 E and crosses
over the Shatsky Rise at 158°E (Bernstein and White, 1981). The distance
between them is similar to that between Cape Hatteras and the New England
Seamount Chain. The Kuroshio generally has larger-amplitude meanders west
of the Shatsky Rise than does the Gulf Stream west of the Seamount Chain.
The Kuroshio is always highly disturbed in the region east of the Shatsky
Rise and west of the Emperor Seamount Chain. Since the Antarctic Circum
polar Current has no topography that restricts a path to a weakly disturbed
situation near upstream of the North Scotia Ridge, the Current is always
highly disturbed (Gordon et al., 1977). Therefore, the present model is
capable of describing best the Gulf Stream and the Kuroshio around the
Shatsky Rise well, but only poorly the Kuroshio around the Emperor Seamount
Chain and the Antarctic Circumpolar Current.

Theory based on a steady state cannot explain the flow pattern men
tioned above. According to the steady-state theory, streamlines are de
flected toward the equator over a ridge and form stationary Rossby waves
downstream. This pattern is inconsistent with the cyclonic ring (or
meander) upstream of the ridge.

The model used by Huppert and Bryan (1976) differs from the present one
in that they used a multilayer model, and they assumed bottom topography
modeled after a seamount. The major difference, however, is in the classi
cal hypotheses that a uniform parallel flow is perturbed by the bottom top
ography to have unsteady patterns. Their numerical experiments started from
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a state of rest. A flow was forced by the uniform transport over a short
time, and then, a nearly uniform flow felt the bottom and generated a
perturbation. Therefore, if all parameters were fixed, only one flow pattern
could appear.

By contrast, the flow in the present study is unstable and initially
perturbed. The lower layer is set in motion by momentum transport from the
upper layer and feels bottom topography. The bottom influences are depen
dent on relative locations between the ridge and meanders or eddies; that
is, many different flow patterns can appear depending on relative locations
between the ridge and the initial meanders. The model in the present study
is more appropriate for describing the influences of a submarine ridge on a
strong current, for example, the New England Seamount Chain on the Gulf
Stream, and the Shatsky Rise on the Kuroshio.

For the purpose of representing all relative locations of the initial
disturbance well enough, we make numerical calculations for four cases,
taking into consideration both the reflection of the initial streamlines
about the jet axis and the shift of a ridge location by approximately one-fourth
of the meander wavelength.

In section 2, we outline the basic equations, the ridge location, the
initial and boundary conditions, and numerical method. In section 3, flow
patterns for the four cases are shown, compared with the flow pattern in the
no-ridge case. In section 4, we present methods used for interpretation of
the flow patterns--a map of vorticity induced by bottom topography, energy
transfers among zonal Fourier components, etc. In section 5, the topographic
effects on the flow patterns are estimated using the methods presented in
section 4. In section 6, a parameter study is performed with the variations
of the ridge height and width. In section 7, numerical results are compared
with specific flow patterns observed in the Gulf Stream around the New
England Seamount Chain, the Kuroshio over the Shatsky Rise, and the An
tarctic Circumpolar Current in Drake Passage.

2. Basic Equations, Ridge Locations, Initial and Boundary Conditions,
and Numerical Method

The basic equations used are those governing conservation of potential
vorticity in a two-layer quasi-geostrophic flow as

(2.1)

and

where
~

D./Dt =a/at + v.-grad, (j =1, 2)
J J

5



and

~

v
J
' = (-ap./ay, ap./ax).

J J

The coordinates x and yare eastward and northward, respectively, and t is
the time, p is the pressure, which is identical to a stream function in the
quasi-geostrophic approximation. The suffixes 1 and 2 denote the upper
layer and the lower layer, respectively. The interface between the two
layers is assumed to be

-d + E~,

and the bottom topography is represented by

-1 + Eh,

where E =U/(foL) is a Rossby number.

The nondimensional parameters in the basic equations (2.1) are chosen
in the following wa~. A ratio of the upper-layer thickness to the total
fluid depth, d =D/H, is 0.3, where the interface between the two layers is
analogous t~ the main thermocline. An internal rotational Froude number, F
= f 0

2L2/(g'H,) is 1, where g' = g~p/po is the reduced gravitational accelera
tion, f o is the Coriolis parameter at y =0, and L is the horizontal length
scale, a half-width of the jet. The p-plane parameter, b =pL2/U, is 0.1,
where U is the velocity scale, a maximum speed of the initial jet. The time

scale is L/U. An internal Rossby radius of deformation is (d(l-d)/F)\
=0.46.

The scales referred to the Gulf Stream are H =4 km, D =1 km,

g' = 10- 2 m s-2, f = 10-4 s-l, P = 1.6 X 10- 11 m- 1 s-l, L = 60 km and
o

U = 1 m s-l, where Land U are determined so that the velocity profile of
the basic jet may represent the Gulf Stream at a depth of 500 m, the mid
depth between the sea surface and the main thermocline. The nondimensional
parameters are E = 0.17, d =0.25, F = 0.9 and b = 0.06. Although there are
differences between the values chosen in the present paper and the values
referred to the Gulf Stream, it has been confirmed by Ikeda and Apel (1981)
that there is no difference in the essential properties; that is, eddies are
detached from the jet, and two recirculating gyres are generated on the
northern and southern sides of the jet. Therefore, the model represents the
Gulf Stream and the Kuroshio well.

The bottom topography is assumed to be

(2.2)

which denotes the north-south extending ridge whose summit is located at x =
x

R
. h is the height, and Q denotes the width. For the purpose of includ

ing thg variations of the relative locations between the ridge and the
initial meanders, xR is chosen as

x = 12.5 or 13.5

6



(2.3)

with the variation of 1, where the domain of numerical calculations is taken
to be 0 < x < 27. It is mentioned below that this variation corresponds to
one-fourth of the meander wavelength.

The initial state is taken as the total stream function, which has the form

PI =PIB + PA(x - 3)exp{-0.5(x - 3)2 - y2},

P2 = 0,

for the upper layer and the lower layer, respectively, where the basic flow
consists of an eastward jet in the upper layer with a Gaussian velocity
profile described by

The initial state indicates that a localized perturbation is superimposed on
the basic jet in the form of a single wave centered at (3, 0). In contrast,
the lower layer is quiescent at t =O. The value of PA is chosen as

PA =0.1 or -0.1.

When PA is chosen to be 0.1, a streamline of PI = 0 has a minimum of

y = -0.1 e-~ at x = 2 and a maximum of y =0.1 e-~ at x = 4. In the case of

PA = 0.1, the streamline has a maximum at x = 2 and a minimum at x = 4; that
is, the streamline is reflected about the jet axis, which is identical to a
meander shift by a half wavelength.

We mention length scales associated with perturbations, and the rela
tionship with the ridge width and the variations of the ridge location.
According to Ikeda and Apel (1981), in which the no-ridge case was studied,
the fastest growing solution has a wavelength of 4.5 at least before an eddy
is detached. Diameters of detached eddies are 1.8, which is of the same

order as half the ridge width, 1.4 (=1/0.5)~ determined by (2.2) for £ = 1.
By selecting the values of x

R
and PA' we make four cases among which the

relative locations of meanders to toe ridge vary at intervals of approxi
mately one-fourth of the wavelength, because the relative locations shift by
approximately one-fourth with the variation of x

R
' and by a half with the

change of PA. These four cases, A, B, C, and D, are presented in table 1,
together wiLh the no-ridge case N, where the ridge shape is fixed as h = 1
and £ = 1. 0

In addition to the variations of the relative locations between the
ridge and the initial meanders, the ridge shape is varied as

h = 1 or 0.5,
o

and

£ = 1 or 0.5.

where h denotes the height, and 2~£ denotes the half width at
With thg pivot at h = 1 and £ = 1, numerical calculations are

o
two cases, DR and DW, shown in table 2. The initial condition

7
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Table 1. The four cases (A, B, C, and D) in which the submarine ridges are
assumed to exist and one case (N) without a ridge.*

Case
~ PA eA

A 12.5 0.1 00

B 12.5 -0.1 ±1800

C 13.5 0.1 -900

D 13.5 -0.1 +900

N 0.1

*The ridge-summit location is denoted by ~ in (2.2) which indicates the

bottom topography. PA denotes shapes of the initial streamlines given by

(2.3). The phase difference, eA, denotes the eastward advances of

meanders compared with case A, where 360 0 corresponds to one wavelength.

Table 2. One basic case (D) and two cases (DH and DW) by which effects of
the ridge height and width are examined.*

Case h R.
0

D 1 1

DH 0.5 1

DW 1 0.5

*The height is determined by eh , and the half width by 2~R. in (2.2), where e
o

is a Rossby number. The initial condition determined by PA (=-0.1) and

the ridge location by xR (=13.5) are the same as case D.
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location are the same as in case D, because the most typical effects of the
ridge appear in case D compared with cases A through C, as shown in Section 3.

Based on the scales, H = 4 km, E =60 km and e = 0.17, the pivot (h = 1,
! =1) corresponds to the height of 680 m (eh /H =0.17) and the half wiSth
of 88 km. The Shatsky Rise has a height as e& /H =1500 m/5000 m and a half
width of 100 km, approximately. It is difficu~t to estimate the effective
shape of the New England Seamount Chain, because the Seamount Chain is
composed of several peaks whose horizontal scales are tens of kilometers.
However, it is clear that the Seamount Chain is narrower than the Shatsky
Rise.

The calculation domain has two open boundaries on the west and east.
On the western (upstream) boundary, x-derivatives of the pressure and po
tential vorticity are assumed to be zero to avoid oblique streamlines on the
boundary. On the eastern (downstream) boundary, the pressure and potential
vorticity are fixed until t =30, and they are assumed to propagate through
the boundary at a given speed, cD =0.15, after t =30, because a signi
ficant perturbation reaches there immediately after t =30. The value of cD
is selected to be identical to the phase velocity of the meanders appearing
in the vicinity of the downstream boundary similarly to Ikeda and Apel
(1981). It has been confirmed that those boundary conditions make no serious
deformation of flow in the intermediate region where eddies are detached and
influenced by the ridge. The northern and southern boundaries are slippery
walls on which the perpendicular velocity vanishes.

The numerical method is identical to one used in Ikeda (1981). We
convert the basic equations to the finite-difference equations. The finite
difference scheme used has no artificial viscosity due to upstream differ
ences. However, smoothing is performed at t = 30 and 36, since it is needed
for the suppression of local instability caused by the numerical scheme. By
smoothing, the potential vorticity at each calculating point is replaced by
an average of five points, including the point itself and the four points
nearest to it. The solutions obtained using this scheme have been confirmed
to describe jet meanders and detached eddies by Ikeda (1981).

3. Flow Patterns

The time variations of the PI-contour lines, which are identical to the
stream function in the upper layer, are shown in figure 2 at t =24, 30, 36,
and 42 for cases N, A, B, C, and D. All meanders are marked by 1 m' and are
numbered sequentially from west to east. The location of a meander is
defined as the position of a maximum or minimum in the contour line for
which PI = O. The meanders, mO and m1, correspond to two extremes of the
initial jet.

We briefly describe the evolution in the no-ridge case N. All meanders
propagate eastward (downstream) and grow, keeping in proper order until t =
24, although the flow patterns are not shown before t = 24. Then, between t
=24 and t =30, the three meanders, mO' m1, and m2 , interact with each
other; that is, mO overtakes m2 . After the overtaKing, a cyclonic eddy, E2 ,
is detached southward, and a new meander, M2 , forms. The new meander M2

9
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Figure 2. The time variations of the upper-layer stream function with only
PI =0 shown at t =24, t =30, and t =36. 'm' and 'E' denote a meander
and a detached eddy, respectively. Capital 'M' denotes a new one generated
after meader interactions. Cases (a) N, (b) A, (c) B, (d) C, and (e) Dare
listed in table 1. E; of cases A and D are generated after E2 is detached
from mZ' The bottom topography is shown by the side view of the ridge in
each f1gure, and the summits are indicated by broken lines.
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propagates very fast and overtakes m3 and m~. Subsequent to this overtaking,
an anticyclonic eddy, E1 , is detachea northward from m~ between t = 30 and t
=36, and a cyclonic edny, E4, is detached southward from m~ between t =36
and t =42. The state of a small-amplitude motion is established at least
at x < 15 after the eddy detachment, and two large-scale recirculating gyres
form north and south of the jet flowing nearly zonally.

Let us look at the flow patterns for the ridge cases. If there were no
ridge in cases A, B, C, and D, the patterns in cases A and C would be iden
tical to those in the no-ridge case N, and cases Band D would have patterns
reflected about the x-axis from those of case N with the change of sign of
Pl' Although no pattern is shown, there is no significant difference be
tween the patterns of the no-ridge case and the ridge cases until t = 18,
except for the reflection in cases Band D. The reason is that flows are
weak in the lower layer in the vicinity of the ridge.

In contrast, for t > 24, as meanders grow and propagate eastward, the
lower layer moves and feels the bottom topography, which results in dif
ferences caused by the ridge. Table 3 shows the maximum strength of pres
sure anomalies in the eddies, when and at what y-location the eddies are
detached, and whether the eddies coalesce with the major jet. From the flow
patterns shown in figure 2 and the eddy features in table 3, it is first

Table 3. The features of the detached eddies.*

N A B C D

L, 0.0 L, -1.4 H, +0.3 L, +0.1 H, +0.2
E2 26, -4 26, -3 22, +5 26, -4 23, +4

no no no no no

H, +0.4 H, +0.1 H, +1. 0 L, -1.5
E3 31, +5 26, +3 32, +2 28, -3

no yes no yes

L, -0.4 L, -0.1 H, +0.8 L, -1.2 H, +0.8
E4 36, -6 32, -4 32, +3 40, -5 32, +3

no no yes yes

H -- H, +0.9 L, -0.5 H, +0.3 L, -0.5,
E5 42, >+6 36, +4 36, -5 40, +4 36, -5

no no no no

*Five items in each matrix element denote the kind of pressure anomaly,
the maximum strength, the detachment time, the detachment y-location,
and whether the eddy coalesces with the major jet. -- denotes that it
is unclear in the present calculations.
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noticed that there are large differences among the four ridge cases. In
other words, the flow evolution strongly depends on the relative locations
of meanders to the ridge. We can see the following examples: no meander
overtakes until t = 30 in case A, while m

O
overtakes m

2
in all other cases.

No eddy is generated from m
3

in case B, but E is detached in case D.
Especially, the patterns at t = 42 look very ~ifferent among the four cases.

Although there are many differences among the ridge cases, we find
behaviors that are common in some of the ridge cases and significantly
different from those of the no-ridge case. Some of them, however, appear
only under special conditions; for example, no stronger eddy exists south of
the jet on the western slope in case C, unlike all other cases. The common
behaviors are summarized below with all examples shown in table 4.

1. Eddies are detached more rapidly than in the no-ridge case.

2. Eddies are detached closer to the region of the jet axis than in
the no-ridge case.

3. Detached, cyclonic eddies are strengthened south of the jet on the
western slope of the ridge, and anticyclonic eddies are strength
ened north of the jet on the eastern slope.

4. The jet meanders northward over the western slope, on which a
high-pressure anomaly exists, and meanders southward over the
eastern slope, with a low-pressure anomaly.

5. A detached, cyclonic eddy travels northward on the western slope
and coalesces with the jet, and anticyclonic eddies coalesce with
the jet traveling southward on the eastern slope.

6. The jet splits into two branches.

7. Each recirculating gyre is divided into two parts, one west and
one east of the ridge.

We examine the mechanisms by which the flows have these behaviors, consid
ering effects of the bottom topography in section 5.

4. Method of Examining Topographic Effects

4.1 Balance of Vorticity

By the integration of the basic equations (2.1) with respect to z
through each layer, we have

+ + = 0,

(4.1)

+

The second equation in (4.1) indicates that bottom topography influences the

2relative vorticity in the lower layer, VHP2' through the term u2ahjax. If
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Table 4. The common behaviors in the ridge cases and examples of them.

A B C D

1. more rapid detachment E3 ,E4 ,E5 E4,E5 E3 ,E4,E5

2. closer to axis E3,E4,E5 E4,E5 E3 ,E4,E5 E3 ,E4 ,E5

south-west E2 E1 E3

3. stronger

north-east E4 E4

middle-west E_ 1 m_ 2 E3 ''''E' (M )2 2

4. meander

middle-east M4 m3 m3

south-west E3

5. coalescence

north-east E3 E4 E4

6. jet splitting no no no t =42

7. gyre divisions yes yes yes yes

NOTE: * E2denotes the second eddy generated from M2 after E2 is

detached from m2.
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there is some mechanism by which one layer tends to move in the same way as

the other, then viPl is also influenced by the bottom topography. A positive

(-U2ah/ax) generates an increase in the relative vorticity, which corres
ponds to a low-pressure anomaly. Hence, the simplest method of examining
topographic effects qualitatively is to compare a map of (-U2ah/ax) with
locations of pressure anomalies.

In order to estimate the strength of the topographic effects quantita
tively, integrating (4.1) with respect to x and t in a concerned region and
time, we obtain

RVI + IHI = ADI + ABI + API,
(4.2)

RV2 + IH2 = AD2 + AB2 + AT + AP2,

where

RVj = djf~tV~Pj dx dt,
,+ 2

ADj = -d .ffv. ogradVHP. dx dt,
J J J

ABj = -bd.ffv. dx dt,
J J

IHI = -IH2 = -ff~ dx dt,at
,+

API = -AP2 = - ffv. ograd 11 dx dt,
J

AT ah dt,= -ffu2- dxax

dl = d, and d2 = 1 - d.

The equations (4.2) describe the following budgets of potential vorticity:
both the relative vorticity, whose time variation is denoted by RVj, and the
interface height, whose variation is denoted by IHI (= -IH2), are induced by
advections of these two quantities, ADj and APj, and the meridional variation
of a Coriolis term, whose contribution is denoted by ABj, plus the stretch
ing of a vortex pole because of the bottom topography, AT, in the lower
layer.

The topographic effects are estimated in' the following way: under the
condition that ABj is negligible compared with the other terms, AT induces
RV2-AD2 and IH2-AP2, which is identical to -(IHI-APl) and nearly equal to
RVI-ADI. In other words, the bottom topography contributes the variation of
the relative vorticities in the lower layer, RV2-AD2, and also in the upper
layer, RVI-ADl, through the variation of the interface height. These two
terms are compared with the advection terms, ADj.

When the variation of the interface height, IHI-APl, dominates over AT
and is a major source of generation of the vorticity, the above estimation
is unreasonable. In this case, however, it is clear that the bottom effects
are minor.
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4.2 Energy Transfers among Zonal Fourier Components

The present method of Fourier analysis is similar to that proposed by
Ikeda and Apel (1981). The steady basic jet whose profile is represented by
PI =-IY exp(-y2)dy and P2 =0 is assumed to exist in the regions where -~ <
x < 0 a&d where 27 < x <~. Strictly speaking, this assumption is reasonable
only when the pressure and potential vorticity are fixed on the western and
eastern boundaries. However, since these values vary slightly even for 30 <
t < 36, the assumption is reasonable.

Under that assumption, all flow quantities and bottom topography are
represented by Fourier transforms with respect to zonal wavenumber k. For
example,

where

p. (x, y, t) = ~_ p.(k, y, t) exp(ikx)dk,
J -.... J

(4.3)

p.(k, y, t) =21~ p.(x, y, t) exp(ikx)dx. (4.4)
J 7t -~ J

The component, p.(-k), which has negative wavenumber k is identical to the
J '"

complex conjugate of p.(-k);
J

p.(-k) =p.*(k).
J J

The negative-wavenumber components are used to simplify Fourier analysis.

The total energy, E, is composed of kinetic energy in each layer and
potential energy associated with the interface height. The total energy is
represented as an integral of energy associated with Fourier components as

E = t: E(k)dk.
-~

(4.5)

The time variation of E(k) is contributed by the other components. The
contributions are divided into two parts. One of them is the interaction
between the component that represents the bottom topography with wavenumber
k' and the component that represents the flow with wavenumber k - k'. Another
is the interaction between the two flow-components with k' and k - k'.
Substituting the Fourier transforms (4.3) for p. in the basic equa!ions
(2.1), and multiplying resultant equations for the k component by p.*(k), we
obtain aE(k)/at J

where

aE(k)
~ =ET + EA, (4.6)

ET

EA

=I~ T<
-~

= rJ» A<J_~

k, k', k" > dk',

k, k', k" > dk',

T < k, k', k" >
(4.7)

J 2 (k, kit) =kP2*(k) ap2(klt)/ay + kItP2(klt) ap2*(k)/ay,
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k" is k - k', and Re denotes the real part. The two terms in the righthand
side of (4.6) have the following meaning: i < k, k', ~' > denotes the
energy transfer from the k" (= k - k') flow-component to the k flow-component
caused by the interaction with the k' bottom-component. The total transfer
to the k component is denoted by ET. A < k, k', k" > denotes the transfer
from the k' and k" flow-components caused by the interaction between these
two components, and EA is the total transfer. The term EA, discussed by
Ikeda and Apel (1981), has three forms of transfer: to and from kinetic
energy in the upper layer or in the lower layer, and to and from potential
energy. In the present study, we consider ET and the total EA; that is, the
transfer caused by the bottom effects, and the transfer not caused by the
bottom effects.

5. Mechanisms of Bottom Topographic Effects

Let us study the relationship between the ridge effects and the behav
iors common to the ridge cases listed in table 4.

5.1 Eddy Generation Influenced by the Ridge

We first examine the behaviors shown in 1 to 4 of table 4. The behav
iors 1 and 2 suggest that the ridge promotes eddy detachment; that is,
eddies are detached from smaller-amplitude meanders than are those in the
no-ridge case. All behaviors 1 to 4 show that the ridge promotes the gener
ation of eddies which would be detached even if there were no ridge, and
that the ridge generates eddies which would not be generated without the
ridge.

5.1.1. Basic Concept of Vorticity Generation by the Ridge Effects
on Recirculating Gyres

The basic concept is shown schematically in figure 3. The condition
for this concept is that recirculating gyres are generated. As shown for
case D in figure 4 gyres are generated in the northern and southern sides of
the jet for x < 15 by the time t = 30. Although a typical bipolar shape of
the gyres is not seen at t =36, it is still correct that the lower layer
has a region of eastward flow and two of westward flow north and south of
it.

The positive (-u
2
oh/ox) generates the positive relative vorticity, which

corresponds to a low-pressure anomaly, while the negative (-u2oh/ox) makes a
high-pressure anomaly. Therefore, low- and high-pressure anomalies are
generated in the westward flows on the western and eastern slopes of the
ridge, respectively. In contrast, in the eastward flow, a high-pressure
anomaly is generated on the western slope, and a low-pressure anomaly on the
eastern slope.

If meanders and eddies encounter the special conditions proposed above,
the meanders are easily cut off to form eddies, and the eddies are strength
ened. To put it more concretely, northward meanders which exist on the
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Figure 3. The basic concept is shown schematically. Pressure
anomalies are generated by the ridge effects on the recirculating
gyres.

westward flow of the gyres are easily cut off over the eastern slope, while
southward meanders are easily cut off over the western slope. These pheno
mena are realized by behaviors 1 and 2 in table 4. The eddies listed in
behavior 3 are examples of cyclonic eddies which are detached southward and
strengthened on the westward flow over the western slope, and examples of
anticyclonic eddies which are detached northward and strengthened on the
westward flow over the eastern slope. As shown by behavior 4, the major jet
which exists on the eastward flow of the gyres meanders northward over the
western slope and southward over the eastern slope. Each case is discussed
in the following subsections.

5.1.2. Case C

A map of (-u
2
ah/ax) at t = 30 is shown in figure 5. Compared with the

flow pattern at t = 36 shown in figure 2, the negative anomaly of (-u2ah/ax)
is located at the same position as the high-pressure anomaly of the anti
cyclonic detached eddy, E3 , located at (12.8, 2.2). This agreement in-

dicates that E
3

is also strengthened in the upper layer because of the

topographic effects.

We have found the correspondence between ridge effects and the eddy in
the upper layer. Let us estimate a ratio of the topographic effects to the
variations of the relative vorticity in the eddy, using (4.2) which are
obtained from the basic equations being integrated with respect to x and t.
We consider the region of 11.5 < x < 14.5 which includes the eddy E3 and the
time 30 < t < 31 during which E

3
is generated. Each term in (4.2) 1S

plotted versus y in figure 6 except for ABj which is negligible. The phys
ical meaning of each term is discussed in section 4.1.
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Figure 4. The lower-layer stream function of case D at (a) t = 30 and
(b) t = 36.
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Figure 5. (-u2ah/ax) at t =30 of case C. Dotted area denotes the
negative value. The topographic effects are compared with the flow
pattern in the upper layer at t =36 shown in figure 2.
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Figure 6. The balance of vorticity versus y integrated from x =11.5
to x = 14.5 and from t = 30 to t = 31 for case C in (a) the upper
layer and (b) the lower layer. All terms are discussed in section
4.2. ABj is not plotted, because it is negligible.
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Around y = 2 at which E
3

is located, each term is roughly evaluated as

AT =-0.3, 1H2 - AP2 =API - 1H1 =RV1 - AD1 =-0.1,

RV2 - AD2 =-0.2,

RV1 =-0.2, AD1 =-0.1, RV2 =-0.3, AD2 =-0.1.

These values are interpreted in the following way: the ridge effects denoted
by AT are separated into the upper layer (RV1 AD1) by one-third and the
lower layer (RV2 AD2) by two-thirds. The part affecting the upper layer
contributes half of the variation of the relative vorticity (RV1) and has
the same amount as the advection of the relative vorticity (AD1). The part
affecting the lower layer has two-thirds of the variation of the relative
vorticity (RV2). These budgets are represented by

AD1-0 . 1 RV1-0 . 1 AT-0 . 2 RV2-0 . 1 AD2.
-+ +- -+ +-

Since two detached eddies, E4 and E
S

' are located far enough from the
ridge not to be affected, it is a reasonable interpretation that they are
detached more rapidly because of indirect influences of the ridge; that is,
the detachment point propagates downstream at higher speed compared with the
no-ridge case.

S.1.3. Cases D, A, and B

We first study case D, and then conjecture an analogy for cases A and B
on the basis of similar points in the flow patterns.

A map of (-u2ah/ax) at t = 30 of case D is shown in figure 7, and com
pared with the flow patterns at t =36 in figure 2. Although there are
minor differences of locations, the positive anomalies of (-u2ah/ax) corres
pond to the low-pressure anomalies associated with E

3
and m

3
, and the ne

gative anomalies to the high-pressure anomalies of E4 and M
2

• Also, in this
case, as well as in case C, we observe the close agreement oetween the ridge
effects and the pressure anomalies in the upper layer.

Since E
S

is far enough from the ridge, it is interpreted that the more
rapid detachment of E

S
is due to indirect influences of the ridge like E4and E

S
in case C.

Let us examine the detailed mechanisms of intensification of E3 and E4
using (4.2). The vorticity balance for E~ is shown in figure 8 for the
region 11.7 < x < 13.9 and the time 30 < t < 31. As with E3 of case C, the
budgets are obtained as

AD1 0.0 RV1 0.1 AT 0.3 RV2 0.2 AD2.
-+ +- -+ +-

Since the transfers from AT to RVj dominate over those from Adj, it is con
cluded that the ridge effects are a major cause of the eddy intensification
in both layers.
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Figure 7. (-u2ah/ax) at t =30 of case D. Dotted area denotes the
negative value.

a 0 X:II.7-13.9
t :30-31

-0.5

b

Figure 8. The balance of vorticity integrated from x =11.7 to x =
13.9 and from t = 30 to t = 31 for case D in (a) the upper layer and
(b) the lower layer.
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The vorticity balance for E4 is shown in figure 9, where the region of
integration is 13.9 < x < 17.1, and the time is 30 < t < 31. The funda
mental difference between E

3
and E~ is that in E4 the ridge effects take a

secondary role. Around y =3.2, tlie center of E4 , the advection of the
relative vorticity in the upper layer is the major source of the variation
(decrease) of the relative vorticity. In the region 2 < Y < 3, the neck of
M4 , this advection increases the relative vorticity in the upper layer as
well as in the lower layer through the variation of the interface height,
which results in cutting off the meander, M4 . The ridge effects with a neg
ative value around y = 3 take only a role of generating E4 slightly closer
to the jet axis.

Comparing the flow patterns of cases A and B with those of case D, we
conjecture analogy of the topographic effects in cases A and B. In terms of
the locations relative to the ridge, the eddies and meanders of cases A and
B listed in behaviors 3 and 4 of table 4 are similar to the corresponding
eddies and meanders of case D. Therefore, we may interpret the mechanisms
in cases A and B as in case D; for example, E2 of case A is strengthened
because of the westward flow of the gyres on the western slope.

a D X:13.9-17.1
t:30-31 ADI

0.5

-0.5

b

------- ........,
------ "------ ,

~~==_---..JRV' \
\

a 1--7---....:..:..,"...- ...-~""""'""---"""""":-:!='\T----.....<..,"'-1
,
"'"

' ... .........,t\PI
...... _---"

Figure 9. The balance of vorticity integrated from x = 13.9 to x =
17.1 and from t = 30 to t = 31 for case D in (a) the upper layer and
(b) the lower layer.
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We summarize the analysis in this subsection. The basic concept en
ables us to interpret the intensification of detached eddies and jet mean
ders over the ridge as effects of the ridge on the zonal flows associated
with the recirculating gyres. The topographic effects denoted by (-u2ah/ax)
are sometimes major causes, but there are cases where the topographic effects
take a secondary role. Indirect bottom influences, by which the event of
detachment propagates downstream faster, cause eddies to be detached more
rapidly and closer to the jet axis, even far downstream of the ridge.

5.2 Coalescence of Eddies with the Jet

For the purpose of interpreting behavior 5 in table 4, we look at eddy
trajectories and study the effects of the ridge on eddy movement.

In figure 10, we show the trajectories of the detached eddies, E2 , E ,
and E4 , and of the pressure anomalies from which these eddies are detache~.
The locations of the latter ones are plotted using the anomaly centers in
the lower layer, because they are more marked in the lower layer. In the
no-ridge case N, the cyclonic detached eddy E2 travels westward after de
tachment, and E4 southeastward. The anticyclonic eddy E

3
travels north

westward. None of these eddies coalesces with the jet, at least until t =
42. The pressure anomalies, L

2
, H3 , and L

4
, leave from the corresponding

eddies toward the other sides of tfie jet and are located within the re
circulating gyres.

lOa.
Figure 10. The trajectories of the detached eddies and of the pressure
anomalies from which the eddies are detached. Land H denote the
low-and high-pressure anomalies, respectively. The subscript numbers
associated with Land H correspond to those of the eddies. No eddy is
detached from L

3
of case B. The locations are plotted at t = 21 (x),

t = 24 (0), t =27(x), t = 30 (~), t =33 (x), t = 36 (D), t = 39 (x),
and t = 42 (0) for cases (a) N, (B) A, (c) B, (d) C, and (e) D. The
side views of the ridge are shown in all figures.
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Let us look at the four ridge cases. It is clear that E
3

of case A, E4of case B, and E
3

and E4 of case D travel toward and coalesce with the jet.
These eddies travel northward on the western slope, or southward on the
eastern slope. This movement is consistent with a topographic Rossby wave;
that is, eddies move to the left facing the up-slope. The similar tendency
is found in the cases of L2 (A), L

3
(B), H

3
(C), H2 (D), and L

3
(D).

In summary, the coalescence of the detached eddies with the jet is
interpreted to be a result of a topographic Rossby wave associated with the
ridge; eddies and jet would not coalesce without the ridge.

5.3. Jet Splitting

The jet splits into two branches in the region where 9 < x < 14 at t =
42 in case D. The time variations of the flow pattern shown in figure 2
indicate that the cyclonic detached eddy, E

3
, travels northward and coa

lesces with the jet between t = 36 and t = ~2. Then, one branch splits from
the major jet and flows around E

3
. This south branch tends to expand west

ward and eastward; that is, it does not keep a strict path around E3 , but
tends to flow zonally where 6 < x < 17. We call this flow pattern Jet
splitting. Although one condition of the jet splitting is the coalescence
of E3 with the jet, the zonal expansion of the south branch is also neces
sary for the splitting.

It has been described in
the jet because of the ridge.
of the zonal extension of the
fers among Fourier components

subsection 5.2 that the eddy coalesces with
Let us examine whether the ridge is a cause

south branch using the method of energy trans
proposed in 4.2.

We look for a correspondence between the flow patterns and zonal wave
number. The south branch of the splitting jet at t =42 has length of 10,
which corresponds to a wavenumber of 0.3 (= 2n/(2 x 10)). The original flow
pattern at t =36, from which the jet changes to the splitting pattern, is
composed of E

1
, E4 , M2 , and M

3
in the vicinity of the ridge and has a wave

length of 8; that is, a wavenumber of 0.8 (= 2n/8).

In figure 11, energy transfers to the flow-components at t =36 are
plotted versus zonal wavenumber k, being divided into the transfer caused by
the ridge effects, ET, and the transfer not caused by the ridge effects, EA.
ET is positive around k = 0.3, but negative around k =0.8; that is, the
south branch of the jet takes energy, while the eddies at t = 36 give energy.
It is concluded that the ridge causes the south branch to expand zonally.

The sharp peak of EA around k = 1.0 corresponds to meander growth in
the eastern part, and the large magnitude for k < 0.2 indicates that the
interface is going up on the south side and down on the north side of the
jet in a large region. Fourier components decomposed in a large region tend
to cover characteristics of a local phenomenon. Therefore, ET shows the
strong bottom effects on jet splitting, a local phenomenon, although the
magnitude of ET is smaller than that of EA.
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5.4. Smaller, Divided Gyres

As shown by behavior 7 in table 4, the recirculating gyres are divided
into the western and eastern sides of the ridge, and are smaller than those
in the no-ridge case N. We compare the gyres of case D indicated by the
lower-layer stream function in figure 4 with those of case N in figure 12,
because the gyres are stronger in the lower layer than in the upper layer.
The gyres at t = 36 in case D are restricted to the region west of the
ridge, and are smaller than those at t =36 in case N. Furthermore, the
gyres become smaller from t =30 to t =36 in case D, and seem to be divided
by the ridge.

In figure 13, the smaller, divided gyres are indicated also by the
kinetic energy in the lower layer, K

2
(k), associated with the Fourier compo

nents at t =36. The distributions of K
2

show that K
2

is smaller for k <
0.3 and larger for 0.4 < k < 0.7 in the ridge cases, compared with case N.
The gyres of case N have length of 11, which corresponds to k = 0.3 (= 2n/(2
x 11)). At this wavenumber, K2 of case N is larger than K

2
of all ridge

cases. The gyres at t = 36 of case D have length of 8, corresponding to k =
0.4 (= 2n/(2 x 8)), at which K2 of all ridge cases is larger than K2 of case N.

Let us examine the ridge effects on the division of the gyres, using
ET, the energy transfers to the Fourier components resulting from topo
graphic effects. ET at t =30 is shown in figure 14 for the ridge cases.
All distributions have peaks around k =0.6, and are negative for k < 0.3.
These indicate that both the gyres with k =0.4 and eddies whose scales are
smaller than the gyres take energy from larger-scale flows which are re
presented by the components with k < 0.3.

6. Parameter Study with the Variation of Ridge Shape

In section 3 to 5, only one ridge shape is assumed; h =1 and Q =1.
In this section, influences of the ridge on flow patterns gre examined for
the two cases shown in table 2 with the variations of the height, a maximP-ffi
of which is denoted by h , and the width, a half of which is denoted by 2~Q.
The initial condition ana the ridge location are the same as case D in which
the ridge influences appear typically compared with cases A, B, and C.

6.1 Halved height (h = 0.5)
o

A difference between cases D and DH is that the ridge height is halved
in case DH. The flow pattern at t = 42 of case DH is shown in figure 15(a).
Major differences in flow patterns are noted in the following: in case DH,
E3 is weaker, E4 is not absorbed into the jet but parts from the jet, and E2
which forms on the western slope in case D does not appear. Although E3
does not coalesce with the jet by t = 42, E3 seems to coalesce shortly,
because that is travelling northward on the western slope similarly to case D.

From the differences mentioned above, it is clear that the ridge in
fluences are much weaker in case DH. However, the coalescence between the
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Figure 11. The energy transfers to the Fourier components with zonal
wavenumber k, caused by the ridge effects (ET) and not caused by the
ridge effects (EA). At t = 36 of case D.

Figure 12. The lower-layer stream function at t = 36 of case N.
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Figure 13. K2 , the kinetic energy in the lower layer associated with
the Fourier components versus zonal wavenumber k at t = 36.
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Figure 14. ET, the energy transfers to the k components caused by the
bottom topographic effects at t = 30.
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jet and the eddy is observed also in case DH, while that does not occur in
the no-ridge case.

6.2 Halved Width (i = 0.5)

A difference between cases D and DW is that the ridge width is halved
in case DW. Both flow patterns are similar in the following points: the
jet splits into two branches and includes E3 which is travelling northward
on the western slope after southward detachment and Ei which is generated
because of the interaction between the western slope and the eastward flow
of the recirculating gyres. Although E4 is not absorbed into the jet yet by
t = 42 of case DW, that will coalesce with the jet shortly, similarly to
case D.

The differences in flow patterns between both cases are that E3 and Ei
have weaker anomalies in case DW, and that splitting branches extend neither
westward nor eastward. From the comparisons mentioned above, it is clear
that the ridge influences are less significant in case DW. It may be sug
gested that, on the condition of the same height, stronger ridge effects
appear in the case of the half width of 1.4 than 0.7, where an eddy diameter
is approximately 2.

7. Comparison with Observations

In the present paper, we have studied the influences of the ridge on
the jet. Even if there is no ridge, the jet is unstable enough to have
large-amplitude meanders and generate eddies. The ridge strongly affects
the process by which eddies are detached from the large-amplitude meanders,
and by which the eddies are strengthened and coalesce with the jet. The jet
makes many time-variable perturbations which are influenced by the ridge.
Among the behaviors shown in table 4, three behaviors are qualitatively
compared with flow patterns observed in real oceanic jets over submarine
ridges.

As proposed in behavior 3 of table 4, the detached, cyclonic eddies are
strengthened south of the jet over the western slope of the ridge, and the
anticyclonic eddies north of the jet over the eastern slope. These eddies
travel toward the jet and coalesce with the jet, which results in the jet
splitting into two branches shown in behavior 6 of table 4. These branches
surround the cyclonic eddy mentioned above. .

Richardson (1981) showed the observed flow patterns of the Gulf Stream
around the New England Seamount Chain. A cyclonic eddy (ring-meander) was
located south of the Gulf Stream axis and west of the Chain. Another anti
cyclonic meander was north of the axis east of the Chain. The Gulf Stream
seemed to surround the cyclonic eddy mentioned above.

Similar flow patterns are observed in the Kuroshio. Monthly maps of
temperature at 300-m depth made by Bernstein and White (1981) show that
strong cyclonic eddies were generated south of the Kuroshio over the western
slope of the Shatsky Rise, and that marked anticyclonic eddies appeared
north over the eastern slope. The Kuroshio split into two branches surround-
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ing the cyclonic eddy. Emery et al. (1980) also showed the splitting im
mediately west of the Shatsky Rise.

Although the process has not been observed, the numerical solutions are
successful in duplicating the flow patterns frequently observed in the Gulf
Stream around the New England Seamount Chain as well as the Kuroshio around
the Shatsky Rise.

The basic condition for the eddy intensification is that the recircu
lating gyres are generated north and south of the jet. Richardson (1980)
showed that the Gulf Stream is accompanied by a significant recirculating
gyre at least on the southern side. In the case of the Kuroshio, there is
no observation that confirms the gyres. However, Bernstein and White (1981)
suggest a westward, deep mean flow, judging from the fact that time-variable
mesoscale disturbances propagate westward in the north and south of the
Kuroshio. Therefore, we may conclude that the basic condition is fulfilled.

Behavior 7 in table 3 shows that the recirculating gyres are divided
into the western and eastern parts by the ridge, after meanders propagate
downstream of the ridge. Richardson (1980) suggested that the New England
Seamount Chain and Newfoundland Ridge break the recirculation south of the
Gulf Stream into three gyres, using the mean temperature field at a depth of
450 m.

Based on a total fluid-depth of 4 km, a half jet-width of 60 km and a
Rossby number of 0.17, the experiments A through D have the ridge with the
height of 680 m and the half width of 88 km. The model ridge is much lower
than both the New England Seamount Chain and the Shatsky Rise. Even in the
case when the height is halved as 340 m, it is observed that a detached
cyclonic eddy travels northward on the western slope and coalesces with the
jet. Although the two layer model is more sensitive to a bottom topography
than is a continuously stratified ocean, the numerical solutions suggest
that the Seamount Chain and the Rise are high enough to influence flow
patterns in upper oceans.

The half width of 88 km is similar to that of the Shatsky Rise. Although
it is difficult to estimate the effective width of the New England Seamount
Chain, the half width may be 20 or 30 km. In the case when the width is
halved, although the ridge influences are weaker, the ridge has qualitative
ly the same influences on the eddies whose diameters are three times as
large as the half width. This result suggests that the Seamount Chain is
wide enough to influence mesoscale eddies.

In terms of the comparison between the model solutions and the observed
patterns, the most inadequate point is that no observation has caught the
moment of generation. There remain interesting questions to be revealed by
further observation: whether the patterns around the ridge are semi
permanent or not permanent but frequent, where the eddies come from, and
where they go, together with the variation of eddy strength.
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