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Numerical experiments on the effects of a meridional
ridge on the transmission of energy by barotropic
Rossby waves
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Abstract. Analytical and numerical models are used to study the effects of

a meridional ridge on the propagation of barotropic Rossby waves produced by
distant wind stress forcing. The analytical model illustrates the qualitative aspects
of the problem by solving a simplified form of the potential vorticity equation. The
analytical results are complemented by numerical experiments using a shallow-water
model. In these experiments, waves are excited near the eastern boundary of the
model. The effect that the presence of a meridional ridge has on the propagation of
these waves is evaluated using spectral analysis. The numerical experiments show
that the ridge acts as a low-pass filter for westward propagating waves. In a 4000-m
deep ocean a ridge 500 km wide and 500 m high has little effect in preventing energy
transmission by barotropic waves. The topographic effect increases sharply with
the ridge’s height so that a 2000-m ridge almost isolates two neighboring subbasins.
The numerical results indicate that for the range of geophysically relevant cases the

ridge’s width plays only a minor role.

1. Introduction

In order to understand oceanic variability, it is nec-
essary to understand how the ocean adjusts to changes
in the wind stress forcing. Large-scale, low-frequency
wind or atmospheric pressure fluctuations can excite
free waves in the ocean. These waves, the well-known
Rossby waves, exist because of the restoring force pro-
vided by latitudinal changes in the Coriolis parame-
ter. If the wind or pressure fluctuations have periods
of less than a year, the free waves generated are mostly
depth independent, barotropic modes, since the baro-
clinic waves at-these low frequencies have restrictively
low phase speeds [Anderson and Corry, 1977, Wille-
brand et al., 1980).

The dominance of barotropic variability in the ocean
is supported by a number of observational studies. Kob-
linsky and Niiler [1982] studied the relations between
wind and current near Barbados. They found signif-
icant coherence between the fluctuations of the trade
winds and the meridional ocean currents at periods of
less than 2 months. Dickson et al. [1982] analyzed cur-
rent meter data from the eastern North Atlantic and
suggested that the observed seasonal changes in eddy ki-
netic energy were correlated with atmospheric variabil-
ity. Luther et al. [1990] showed that significant coher-
ence can be found between bottom pressure and wind
stress curl for periods between 2 and 28 days. The re-
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lationship between barotropic oceanic fluctuations and
the atmospheric forcing has also been investigated in a
series of analytical and numerical studies [e.g., Frankig-
noul and Miiller, 1979; Willebrand et al., 1980; Miller
and Frankignoul, 1981; Brink, 1989; Samelson, 1990;
Samelson and Shrayer, 1991; Cummins, 1991].

The propagation of barotropic Rossby waves can be
strongly influenced by the topography of the ocean
floor. Large-scale ridges or seamounts may attenuate
barotropic modes at some frequencies. A rough bot-
tom may prevent any wave propagation [Rhines and
Bretherton, 1973]. For a large-scale feature such as
the Mid-Atlantic Ridge, the topographic influence upon
the barotropic motion is expected to be of the same
order of magnitude as the gradient of planetary po-
tential vorticity (the B effect) that sustains ordinary
Rossby waves [Barnier, 1984a]. The first research on
the effects of bottom topography on the propagation of
barotropic Rossby waves is described in the seminal pa-
pers by Rhines [1969] and Rhines and Bretherton [1973].
Rhines [1969] analyzed the effects of both a topographic
step and a smooth triangular ridge using an analytical
model. These topographic features reflected most of the
incident energy carried by low-frequency waves. Rhines
and Bretherton [1973] studied the effects of a rough bot-
tom on the propagation of energy by barotropic waves
and found both a strong reduction in the amount of
energy that can be transmitted and a shrinking in the
scales imposed by the forcing. Kroll and Niiler [1976]
investigated the transmission of energy by barotropic
Rossby waves incident on a continental shelf. Accord-
ing to their results, very little of the energy incident
from the open ocean can penetrate into the shelf region.
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Figure 1. Maximum frequency that is allowed to pass
through a topographic barrier without any energy loss
as a function of the topography for several values of the
meridional wavenumber £.

Anderson and Killworth [1977) studied the effects of a
meridional ridge on an ocean basin subjected to a sud-
denly applied wind stress. For the barotropic case they
observed wave reflection along the eastern flank of the
ridge. Barnier [1984a] studied the transmission prop-
erties of eastward propagating waves and found that a
topography similar to the Mid-Atlantic Ridge may re-
flect most of the energy of waves with periods longer
than a week. Barnier [1984b] investigated the influ-
ence of a mid-ocean ridge on the kinetic energy distri-
bution in a midlatitude, barotropic ocean. At periods
of 10 days the ocean response to the wind stress forcing
consisted of basin-size topographic Rossby modes. At
longer periods the response was basin modes relative to
the half-basins.

This paper presents new results on how a meridional
ridge affects energy transmission by barotropic Rossby
waves. Previous studies were based on the results of an-
alytic or semianalytic models that matched plane wave
solutions at the boundaries of regions of constant ambi-
ent vorticity gradients. A different approach is taken in
the first part of this article, where the qualitative effects
of a ridge on the wave propagation are studied using
perturbation theory. The second part of the present ar-
ticle focuses on the quantitative aspects of the problem
using a numerical model that solves the shallow-water
equations on a rotating sphere.

2. Theory

The influence of large-scale bottom topography on
energy transmission by barotropic Rossby waves has
previously been investigated using analytical or semi-
analytical methods. Solutions to the potential vorticity
equation were obtained by matching plane wave solu-
tions at the boundaries of regions of constant ambi-
ent vorticity gradients. In these studies the bottom
topography was modeled by simple exponential func-
tions. The qualitative effects of more general forms of
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bottom topography on the propagation of barotropic
waves are investigated here using perturbation meth-
ods. The bottom topography is represented by a contin-
uous function, and instead of determining energy trans-
mission properties by matching plane wave solutions
across slope discontinuities, the evolution of wave pack-
cts across changes of topography are calculated using
the WKB method.

2.1. Equations

Consider the linear potential vorticity equation for
the quasi-geostrophic motion of a homogenous, inviscid
fluid [Rhines, 1969)

a 2 Vh
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where ¢(z,y,t) is the mass stream function, f is the
Coriolis parameter, h is the depth of the ocean floor,
and S is the meridional gradient of the Coriolis param-
eter. If w is a characteristic value of the time deriva-
tive, then the ratio of the second to the last term of
(1) is of O|w/f] and can be neglected for low-frequency
waves. This approximation is usually called “Rhines’
first approximation.” Veronis [1966] showed that this
simplification is required to avoid the spurious growth
associated with the assumption of a constant value for
the Coriolis parameter (see LeBlond and Mysak [1978]
for a more complete discussion on these matters).

Let h = h(z) (analysis of ridges oriented in other
directions follows using rotated coordinates). We seek
wave solutions of (1) of the form

0 )

(z,y,t) = ¢p(x)h? exp [i (—%x + &y — wt)] (2)

where ¢ is the meridional wavenumber and w is fre-
quency. Substituting (2) into (1) gives

2
jx_f +K2(z) =0 3)
where .
2= (LY g2 flh=
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Solutions of (3) depend on the value of the zonal wave-
number «%(z). If x%(z) is a positive, slowly varying
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Figure 2. Schematic representation of a flat-bottomed
basin divided by a generic meridional ridge.
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function, then, in the WKB limit, the only effect of the
bottom topography on the wave propagation is a local
refraction of the wave packet with no associated loss
of energy. If k?(z) is negative somewhere in the do-
main, then solutions to (3) decay exponentially and the
topography h(z) represents a barrier to energy trans-
mission by propagating waves. The amount of energy
that can be transmitted across the ridge depends on the
exact form of h(z) and the frequency and direction of
the incident waves.

Figure 1 shows the maximum frequency (in the WKB
limit) wps of waves that may pass over a topographic
barrier with no energy loss as a function of both the
topographic parameter h;/h and the meridional wave-
number £. If £ — 0 (waves traveling in a direction
perpendicular to the topographic anomaly), wy — o0
[Barnier, 1984a], which means that there is no fre-
quency restriction by the bottom topography. Since
there is no cross-slope motion, the wave does not feel
the bottom changes. For a given meridional wavenum-
ber, the maximum frequency decreases with increasing
hz/h (steeper slopes are more effective in reflecting the
wave energy).

It has to be noted that the previous discussion applies
only in the WKB limit. It is possible, however, to have
k? > 0 everywhere and still have energy losses if there
are rapid changes in the bottom slopes. In such cases,
wave reflection, and the consequent loss of transmitted
energy, is related to the abrupt changes in the bottom
topography, a situation that clearly violated the WKB
assumption of a slowly varying medium.

2.2. A WKB Solution

Consider now the effects of a meridional ridge on
the transmission of energy by barotropic Rossby wave
packets. Figure 2 is a schematic representation of a
flat-bottomed basin divided by a meridional ridge de-
fined by a continuous, but otherwise unspecified, func-
tion h(z). A wave packet incident upon the ridge will
find a“potential barrier” in the region where k* < 0.
Part of the incident energy will be reflected at the turn-
ing line where k2 = 0, while the remaining wave energy
will be transmitted across the potential barrier. To de-
termine how much energy can be transmitted across the
ridge by a given wave, it is necessary to solve (3) sub-
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Figure 3. Coefficient of transmission of energy as a
function of the frequency for a meridional ridge of Gaus-
sian shape.
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Figure 4. The ocean basin used for the numerical
experiments, which is 200° long and 60° wide, with a
meridional ridge of Gaussian shape in the middle. The
maximum depth is 4000 m. The shadow boxes in the
western side of the basin indicate the areas where the
energy balances where made. The size of these areas is
10° x 10°. The one to the north is centered at 50°N, and
the one to the south is centered at 30°N. The shadow
area near the eastern boundary marks the region where
the wind stress forcing was applied.

ject to specified boundary conditions. Although no gen-
eral solution of (3) is known, an approximate solution
can be obtained using the WKB method. The WKB
method requires that x? be a slowly varying function
of z. Specifically, the wavelength of the incident wave
must be smaller than the characteristic horizontal scale
of the bottom topography. Since even the relatively
short, nondivergent barotropic waves that we are inter-
ested in have wavelengths comparable to or greater than
the characteristic topographic scale, the formal validity
of a WKB solution for the study of realistic topographic
features is marginal. In spite of this limitation, the
WKB method is known to give surprisingly good results
well beyond its range of formal validity (see the discus-
sions on this subject by Nayfeh [1973] and Bender and
Orzag [1978]). Following these experiences and since
the method will only be applied to investigate the qual-
itative effects of the bottom topography on the wave
propagation, we will proceed with the WKB. In section
3 the approximate analytical results will be compared
against results obtained using numerical methods.
Equation (3) has the WKB solution

8@ = As [P e [ [ VG | 9

The positive and negative signs yield solutions corre-
sponding to wave packets with eastward or westward
group velocity, respectively. Barnier [1983] noted that
for a given frequency and wavenumber, waves with
group velocity in either direction will suffer the same
attenuation when crossing over a ridge. It is sufficient
therefore to restrict attention to eastward propagating
wave packets when elucidating the transmission and re-
flection coefficients.
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Without loss of generality, consider the generic merid-
ional ridge depicted in Figure 2. Then,
k%(z) =<0
K3 (z) =>0
Consider a wave packet incident from the west. The
form of the solution for ¢(z) is

T <T < Ty
elsewhere

(@) = Ar[2@)] MV exp [i f " /) ds]
+Ag [$3(z)] 7!
exp :—i/IMds] T <1y
#z) = Ap[-w*(@)]
exp -—/:\/T(z)ds] T <z < Ty
$z) = Ar[@)]*
exp .z‘ fz:\/nz_(z)ds] T2 < T

where Ay, AR, and Ar are, respectively, the amplitudes
of the incident, reflected, and transmitted waves and Ag
is the amplitude of the decay in the region where wave
propagation is not possible. Determining the values of
these amplitudes is a classical problem in quantum me-
chanics called “tunneling.” Tunneling is a process by
which a particle passes through a potential barrier that
classical mechanics predicts is impenetrable. Detailed
solutions to this problem can be found in textbooks on
perturbation theory (e.g., Nayfeh [1973] or Bender and
Orzag [1978]) and will not be repeated here. In the
regions where k2 # 0 the solutions are propagating or
evanescent. As the wave approaches either z; or z3,
k2(z) — 0 and the WKB approximation breaks down.
One approach used to circumvent this problem is to as-
sume that near the turning lines, x%(z) ~ az, where o
is a constant. Under this assumption, (3) becomes the
Airy equation whose solutions are the Airy functions.
The asymptotic matching between the Airy functions
and the WKB solution in the neighborhood of z; and
x3 permits the calculation of Ar, Ag, and Ar as a func-
tion of A;. It is then possible to compute the coefficient
of energy transmission T as

2
T = IATI2
|Ar]

= B\ £ hs

exp /m. \J [(%) = k]ds . (6)
Figure 3 shows a schematic representation of the co-
efficient T as a function of frequency for a meridional
ridge with a Gaussian cross section. For waves with fre-
quencies higher than w,, T increases with increasing fre-
quency. For this type of wave the wavelength of the in-
cident wave increases with increasing frequency. Longer
waves are less affected by the topographic anomaly. For

~
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waves with frequency smaller than w., T increases with
decreasing frequency. This corresponds to the case of
waves with westward group velocity (longer waves have
smaller frequencies). The total amount of energy trans-
mitted decreases with the height of the ridge and in-
creases with its width. The numerical values of wys and
w, depend on the characteristics of the bottom topog-
raphy and the incident wave. For a meridional ridge
of 2000-m height, w, has an approximate value of 1/60
days™! and decreases with increasing heights. For the
case of a ridge with 1000 m height and 500 km width,
wyr has a value close to 1/150 days~!. This value de-
creases with the height of the ridge and increases with
the meridional wavenumber of the incident wave. For
realistic topographic scales the predicted amount of en-
ergy that can be transmitted is negligible for waves
with frequencies higher than wpys, which implies that
the most important effect of a meridional ridge on the
westward propagation of barotropic waves is to act as
a filter of high frequencies.

3. Numerical Experiments

The analytical solution to the potential vorticity
equation described section 2.2 illustrates the qualita-
tive effects of a meridional ridge on the transmission of
energy by barotropic Rossby waves. The approxima-
tions required to derive (6) prohibits quantitative eval-
uations. In this section a numerical model is used to
confirm the qualitative results derived in section 2 and
to extend these results to quantify the“filtering powder”
of ridges of different sizes.

3.1. The Model

The numerical model used in these experiments solves
the barotropic shallow-water equations on a rotating
sphere, i.e.,

Du u oG o1
Dt (2Q+Rcosﬁ‘)vsm9_ Recosf o) e
Dv u ., g0n
i ~ (304 frgg) usind = g 75 —rv
an 1 a a

vo
R 88’

D du u 9

Dt~ 5t Rcos6ox
where u and v are the zonal and meridional components
of velocity, n is the sea surface elevation, A and @ denote
longitude and latitude, H(z,y) is the bottom depth, R
is the radius of the Earth and 2 its angular velocity, g
is the acceleration of gravity, and r is the coefficient of
linear bottom friction.

The numerical scheme used to solve the shallow-
water equations follows the enstrophy-conserving, stag-
gered grid formulation proposed by Sadourney [1975].
The time integration is done using a leapfrog, cen-
tered scheme with time smoothing of all dynamical vari-
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ables to avoid mode splitting. The model resolution is
1° and the computational code was developed by R.
Pacanowski at the Geophysical Fluid Dynamics Lab-
oratory (Princeton, New Jersey). The model domain
(Figure 4) is a rectangular basin 200° long and 60° wide
centered at 40°N. The model has a constant depth of
4000 m everywhere except in the middle of the basin,
where there is a meridional ridge of Gaussian shape.
The basin was chosen to be very long in the zonal di-
rection to avoid the interactions between the regions
where the forcing is applied and the neighborhood of
the ridge. The large meridional extent allows compari-
son between results from high and low latitudes.

To create westward propagating waves, the model was
forced near the eastern boundary with a wind stress of
the form

2
r=nep{-EZ=lbpg (@
z and y denote respectively zonal and meridional co-
ordinates, 7o = 0.1 N m~2, and A = 500 km. The
function F(t) defines the time dependence of the wind
stress forcing, and it will be discussed later.

The wind stress acts on a relatively small area near
the eastern boundary, where it creates a forced re-
sponse. At the coastal boundary, free Rossby waves
cancel the normal component of the forced flow. These
waves then propagate away from the forcing area and
travel westward as free waves. To avoid spurious energy
propagation by coastal Kelvin waves near the northern
and southern boundaries of the model, the coefficient
of bottom friction was increased using a hyperbolic tan-
gent function from its value of 1/200 days~! in the open
ocean to 1/2 days~! near the walls. The same proce-
dure was used near the western boundary of the basin
to avoid the reflection of short, eastward propagating
Rossby waves.

3.2. The Experiments

Two series of experiments were conducted. The first
is a qualitative study on the effects of a meridional ridge
on the propagation of planetary waves when the wind
forcing is modulated in time by a single harmonic com-
ponent. In the second series of experiments the forcing
was modulated in time by a stochastically generated
function with prescribed spectral properties. The ef-
fect of the height and width of the ridge on the energy
transmission was quantified using spectral analysis.

In the first experiment the wind stress forcing is mod-
ulated in time by a cosine function with a period of 1
month. The height of the ridge is 1000 m and its e
folding width is 500 km. Figure 5 (top and bottom)
shows the time-longitude plots of the free surface eleva-
tion for slices taken along 50°N and 20°N, respectively.
In Figure 5 the westward propagation of the waves is ev-
ident from the negative slopes of the contours. Near the
ridge, part of the incident energy is reflected by short
waves with eastward group velocity. This reflection is
evidenced in Figure 5 (top and bottom) by the wiggling
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contours to the east of 100°. Part of the energy incident
over the ridge is trapped as topographic waves. These
waves travel in the meridional direction and are dissi-
pated near the top and bottom boundaries of the model
by the increased bottom friction in those areas. The re-
maining incident energy continues propagating to the
west. A comparison between the two panels of Figure 5
shows that the effects of the ridge are more pronounced
at high latitudes. Note that at 20°N the amplitudes of
the sea surface elevation are quite similar on both sides
of the ridge. At 50°N, however, the amplitudes to the
east of the ridge are almost twice as large as those in
the western part of the basin. This latitudinal effect
can be explained by considering the potential vorticity
equation for the sea surface elevation,

a1 2
e “;I“V'(Hvﬂ)—;'gn]

+Jn, ) = LI, H) =0 ®)

The first term of (8) is the time rate of change of rela-
tive vorticity, the second term represents the change in
planetary vorticity, and the last term is the change in
vorticity due to the stretching of the water columns by
the variation of the bottom topography. The relative
importance of the topography can be estimated from
the ratio of the second and third terms of (8), namely,

fJ(n, H) _ atand
mien = (“m°): @

where « is a scale parameter for the topographic slope,
and Hp is the mean water depth. For large values of
the ratio (9) the vorticity balance is dominated by the
topographic term and the § effect can be neglected.
For small values of this ratio the effects of bottom to-
pography are negligible and the dynamics are those of
pure Rossby waves in a flat-bottomed ocean. For a
given bottom topography, (9) changes with latitude be-
cause of changes in both f and 3. At low latitudes the
higher values of 3 and the lower values of f combine
to reduce the importance of bottom topography. Topo-
graphic control should therefore increase with latitude,
as observed.

This experiment gives a qualitative picture of the
effects of a meridional ridge on the propagation of
barotropic Rossby waves. It is desirable, however, to
quantify the topographic effect on waves of different fre-
quencies and therefore of different wavelengths. To this
end, waves of a broad range of frequencies were excited
at the eastern side of the basin using a stochastic wind
forcing. To analyze the effects of a meridional ridge on
the wave propagation, a reference experiment was run
in a flat-bottomed basin and spectral analysis of energy
budgets were done at selected locations. A meridional
ridge was then included, and the energy balances re-
peated. The comparison between the energy spectra al-
lows an assessment of the quantitative and qualitative
effects of bottom topography on the energy transmis-
sion by barotropic Rossby waves.
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Figure 5. Time-longitude plots of the free surface elevation of the numerical model taken along

(top) 50°N and (bottom) 20°N.

To generate westward propagating waves, the model
was forced with a wind stress of specified spectral char-
acteristics. Figure 6 shows the chosen wind stress power
spectra; it is white for periods longer than a few days
and decreases exponentially for higher frequencies. The
time series associated with this power spectra (func-
tion F(t) in (7)) was calculated using a discrete Fourier
transform, and these values were interpolated to the

time steps of the model using a cubic spline. The model
was then started from rest and run for 10 years using
the stochastic forcing.

Figure 7 shows snapshots of the sea surface elevation.
Figure 7 (top) shows the case of a flat-bottomed basin,
while the two middle and bottom panels correspond to
the case of a basin divided by a meridional ridge 1000 m
high. For the case of a flat-bottomed basin the sea
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surface elevation map is dominated by long-scale fea-
tures everywhere except the western boundary. When
a meridional ridge is included, there are marked dif-
ferences between the dominant scales at the two sides
of the ridge. While to the west of the ridge, the sea
surface elevation is mostly dominated by long-scale fea-
tures, there are sea level disturbances of several scales to
the east of the ridge. The effect of the ridge is to act as
a filter for short-scale disturbances, which are mostly
reflected as eastward propagating Rossby waves, that
give its distinct appearance to the eastern side of the
basin.

Figure 6. Energy spectra of the wind stress forcing.
The time series associated with this spectra was cal-
culated using a discrete Fourier transform, and these
values were then interpolated into the time steps of the
model using a cubic spline.

T T T T !
100 125 150 175 200
Longitude
Figure 7. Snapshots of the sea surface elevation at days 300, 330, and 360 of two numerical
simulations, (top) for a flat-bottomed basin for a basin that has a meridional ridge (middle) 500
km wide and (bottom) 1000 m high. The contour interval is 0.1 m, and dashed lines represent
negative values.
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Figure 8. Power spectra of the total energy in the low-
latitude area of the model for a flat-bottomed basin.
The corresponding spectra for the high-latitude region
are qualitatively similar.

To quantify the amount of energy that is allowed to
cross a given ridge, the kinetic energy of the model was
calculated in the shaded areas of Figure 4. A coefficient
of energy transmission was defined as

S(w)

Te(w) So(@)
where S(w) is the amount of energy in the area when
a ridge is present and Sp(w) is the amount of energy in
the same area for a flat-bottomed basin. Figure 8 shows
the power spectra of the total energy in the low-latitude
area of the model for the case of a flat-bottomed basin.
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Figure 9. Energy spectra in the low-latitude region for
a flat-bottomed ocean and for basins with ridges of 500,
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Figure 10. Transmission coefficients in the low-
latitude area of the basin.

The spectra in the high-latitude region are qualitatively
similar. Like the wind stress, the oceanic spectra have
most of its energy concentrated in the low frequencies.
The peaks observed in the neighborhood of 10 days are
associated with the resonant excitation of basin modes,

ie.,
7 3 :

where T is the period of the n,m mode and L, and L,
are the dimensions of the basin [Pedlosky, 1987).

Figure 9 shows the energy spectra calculated in the
low-latitude area for a flat-bottomed basin and for
ridges with heights of 500, 1000, 1500, and 2000 m. The
ridge width was 500 km in all cases. The peaks of the
transmission coefficient for periods between 10 and 20
days are related to the shifting of the resonant modes
by the bottom topography. Although a 500-m ridge
does not strongly affect the westward energy propaga-
tion, increasing the ridge height has a marked effect in
the amount of energy that is allowed to pass from the

Energy
5

Frequency [1/day]

10Q0, 1500, and 2000 m. The ridge’s width was 500 km Figure 11. Same as Figure 9, but for the high-latitude

in all cases.

region.
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eastern to the western side of the basin. The energy
transmitted is substantially reduced, and the resulting
energy spectra become noticeably redder. Figure 10
shows the transmission coefficients calculated for these
cases. For waves with periods smaller than a month
the transmission coefficient remains approximately con-
stant. There is a strong reduction in the energy trans-
mitted when the ridge height is increased. While a 500-
m ridge will pass approximately 90% of the incident
energy, a 2000-m ridge will pass less than 10%.

The qualitative characteristic of the results is in
agreement with those predicted from the WKB model.
Estimates of the frequency w, (see Figure 3) for differ-
ent values of the meridional wavenumber gave values
between 1/10 and 1/60 days~'. For a ridge of 1000 m
height and 500 km width the parameter h;/h = 5.1077;
for waves with a meridional wavelength of 3000 km
the analytical model of the previous section (see Fig-
ure 1) predicts that only waves with periods greater
than 5 months would pass with no energy attenuation.
If the meridional wavelength is reduced to 1000 km (a
value more characteristic of midlatitude storms), then
the minimum period increases to a value longer than a
year.

Figures 11 and 12 show the spectra and the energy
transmission coefficient for the high-latitude area. As
noted before, at high latitudes the topographic barrier
is more effective in preventing westward energy trans-
mission. This effect is easily discernible for ridges lower
than 1000 m. For higher ridges the amount of energy
transmitted is insignificant at high as well as low lati-
tudes. It should be noted that the present definitions of
“high” and “low” latitudes do not encompass the broad
range of latitudes that is usually associated with these
terms. In the present context the term low latitudes
refers to areas around 30° (and not equatorial regions),
while the term high latitudes refers to areas around 50°.
The latitudinal effects would have been more accentu-
ated had we chosen more extreme regions to make our
calculations, but at higher or lower latitudes the rel-
evance of barotropic waves in the oceanic adjustment
diminishes, making the problem less relevant.

Another series of experiments were conducted to
check the effect of the ridge width on the wave prop-
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Figure 12. Same as Figure 10, but for the high-latitude
region.
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agation. To that end, the ridge width was increased
from 500 to 1000 km and then decreased to 200 km.
The results of those experiments are not shown because
they are not substantially different to those just de-
scribed. The general outcome is that a wider ridge fa-
vors the wave passage through the topographic barrier.
For the geophysically relevant case, such effect is very
small in comparison to those associated with changes in
the ridge height.

4. Summary and Discussion

We have used analytical and numerical models to
study the properties of energy transmission by baro-
tropic Rossby waves across a meridional ridge. The an-
alytical model obeys a simplified form of the barotropic
potential vorticity equation that is solved by the WKB
method. For the most relevant case of westward prop-
agating waves, energy transmission across the ridge is
enhanced for long-period waves (larger wavelength). Al-
though the analytical solution clarifies the qualitative
properties of the energy transmission, it is not adequate
for quantitative analysis because of the approximations
involved in its derivation. For quantitative purposes we
have used a numerical model that solves the discrete
form of the primitive equations on a rotating sphere.
The numerical experiments indicate that a meridional
ridge acts as a low-pass filter for westward propagating
waves. In a 4000-m deep ocean a ridge 500 km wide
and 500 m high has little effect in preventing energy
transmission by barotropic waves. The topographic ef-
fect increases sharply with the ridge’s height so that a
2000-m ridge almost isolates two neighboring subbasins.
The numerical results indicate that for the range of geo-
physically relevant cases the ridge’s width plays only a
minor role in the attenuation of propagating waves.

It has long been argued |Gill and Niiler, 1973; An-
derson and Corry, 1977; Willebrand et al., 1980] that
the oceanic adjustment to seasonal wind changes is ac-
complished primarily by the propagation of barotropic
Rossby waves. It is important to understand how the
propagation of these waves is affected by the underly-
ing bottom topography. The case presented here and
those previously studied by other authors are steps in
that direction. The fact that a meridional ridge will
act as a low-pass filter for high-frequency fluctuations
may explain why western boundary currents such as
the Gulf Stream [Anderson and Corry, 1977; Great-
batch and Goulding, 1989] or the Brazil Current may
have seasonal cycles that can be directly related to the
low-frequency changes in the wind stress forcing.

It is, of course, obvious that a meridional ridge, a
basically one-dimensional problem, is just a first step
in the understanding of topographic effects. Its ap-
peal is that direct comparison can be made between
numerical and analytical solutions. For a more real-
istic approach, however, two-dimensional topography
and the effect of density stratification should be in-
cluded. The barotropic problem with a two-dimensional
topography can be interpreted in terms of basin modes
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and “teleconnections” between them. The fully three-
dimensional problem, however, requires consideration
between barotropic and baroclinic interactions, which
makes the problem far more complicated. By the time
this manuscript was completed we became aware of a
recent analytical study by Wang and Koblinsky [1994]
that investigates the interaction between barotropic and
baroclinic modes forced by a meridional ridge.
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