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[1] This paper demonstrates that a coupled new coastal wave model [Lin and Huang,
1996a, 1996b; Lin and Perrie, 1997, 1999] combined with a coastal current circulation
model [Haidvogel and Aike, 1999], accurately predicts the surface features of seamount
trapped waves. The environmental conditions, such as wind, buoyancy frequency, bottom
topography, latitude, and tidal current are the model-input parameters. We have tested the
applicability of the coupled model, using a set of trapped waves in the vicinity of two
seamounts in the Northwest Pacific ocean. Our motivation for doing this is to see if it is
possible to understand the origin of sea surface manifestations of these seamounts that
appear to be present in images derived using a synthetic aperture radar (SAR), from the
Russian Kosmos 1870 satellite. Each seamount is about 0.7 km in height and has a 20 km
semidiameter width, and the ocean is about 5 km in depth. The model results suggest it
is possible to detect these kinds of sea surface signatures from even such small
seamounts in deep ocean by radar imagery, directly, at low wind speeds (<1 m/s), and
indirectly, at higher wind speeds, from wave-breaking that occurs in the shorter
wavelength portions of the spectrum. INDEX TERMS: 1635 Global Change: Oceans (4203); 1640
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1. Introduction

[2] Seamount-trapped waves, resulting from the effects of
sea bottom topography on incident currents, are common
phenomena. When a tidal current frequency is sufficiently
close to the free-wave frequency, an unexpectedly large
tidal current can be generated over the top of the topo-
graphic features [Chapman, 1989]. This phenomenon has
attracted considerable interest.
[3] Many theoretical and numerical studies on seamount

trapped waves have been carried out in many previous
papers. For example, Brink [1988] examined the effect of
stratification on bottom-trapped waves. Chapman [1989]
studied the intensification of subinertial diurnal tides over
isolated seamounts. Although these studies have been based
on a linear barotropic system, their conclusions seem to be
applicable to more general cases. Recently, Zhang and
Boyer [1991] studied the flow over two seamounts in a
rotating and linearly stratified laboratory experiment.
According to their experimental results, flow patterns vary

greatly with the normalized distance between the seamounts
and the incident angle of the incoming current with respect
to the common axis of the seamounts.
[4] Based on work on tidally-generated internal waves

near the edge of the continental shelf off New York
[Gasparovic et al., 1988], it was felt very unlikely that
such low, deep seamounts could generate detectable signals.
In particular, it was known that strain rates in excess of
perhaps 5 � 10�4/s would be required in order to render a
subsurface object visible to normal synthetic aperture
radars. It seemed highly unlikely to U.S. scientists that such
deep features, as reported by Chelomei et al. [1990] could
possess surface signatures detectable to current SAR or
RAR systems. Nevertheless, preliminary Russian work
had indicated that this could indeed be the case.
[5] We were motivated by the observation by Chelomei et

al. [1990] of readily detectable variations in W-Band (10 cm
wavelength) radar image intensity, directly over large sea-
mounts, located several thousand meters below the sea
surface, near the Kamchatka Peninsula. These sea surface
manifestations of seamounts are clearly visible in one
particular, high (17 m � 30 m) resolution Synthetic Aper-
ture Radar (SAR) image [Chelomei et al., 1990, Figure 3].
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Chelomei et al. [1990] published this image in a Russian
journal. Although their paper has been translated, the
associated publication is not readily accessible. For this
reason, these authors have provided us with a copy of the
image, which we are including in Figure 1.
[6] This image was synthesized from data collected by the

Satellite ‘‘Kosmos-1870.’’ Because the associated SAR
image was processed using optical (as opposed to digital)
techniques, it is not possible to use this image quantitatively
to extract variations in image intensity, although within
limits, relative variations within the image scene can be used
to identify prominent changes in intensity. Despite these
limitations, two prominent features are clearly visible,
directly above the locations of two seamounts that are known
to be located several thousand meters below the sea surface.
In particular, as noted by Chelomei et al. [1990], the intensity
variations in the center of the image (associated with the
darkened oval-like structures and brightened, undulating,
horizontal streaks) occur in regions where one expects
‘‘‘leeward waves’ between [the] two underwater rises’’
[Chelomei et al., 1990]. The location of these seamounts is
in the vicinity of 51�N latitude and 164�E longitude of the
northwest Pacific Ocean. These seamounts are 0.7 km in
elevation, 20 km wide, and 4.3 km below the ocean surface.
Their bases are overlapping, and the distance between the
half-height of the two seamounts is 30 km (A.V. Smirnov,
personal communication).
[7] These observations raise many interesting questions

about mean-flow-seamount-internal-wave-surface-wave
interactions. For example, how are internal waves generated
near the seamounts? Under what conditions are the waves
resonant? Under what conditions can such internal waves be
seen from aircraft or satellite radar images? What role do
wave-current interactions have in bringing the internal
waves to the sea surface? In this study, our goal is to
examine the dynamical details of seamount trapped waves
in the hope of answering some of these questions. To
accomplish this, we use a coupled wave-current model to
simulate the flow pattern and waves generated by a semi-
diurnal tide incident on the two seamounts.
[8] The structural details of the flow field are resolved by

using very high horizontal and vertical resolutions. A
background stratification obtained from historical observa-
tions in the northwest Pacific for summer conditions is
implemented in the numerical model [Bell et al., 1974]. In
addition, a mixing process is included in the model when-
ever buoyancy or shear flow instabilities occur. The numer-
ical model is outlined in section 2, and the numerical
results are presented in section 3. Here, we examine the
uncoupled current model simulations first, followed by
results from the coupled wave-current model. Since the
laboratory experiments by Zhang and Boyer [1991] show
that (case a) the distance between the two seamounts and
(case b) the incident angle of the incoming current with
respect to the common axis of the seamounts are two
important parameters in controlling the flow pattern, we

Figure 1. (opposite) Synthetic aperture radar image from
Kosmos-1870, showing surface manifestations of two
seamounts in the northwest Pacific Ocean [from Chelomei
et al., 1990].
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study three canonical cases. In case a, the two seamounts are
well separated, while in case b, the two seamounts overlap,
which more closely mimics what is observed in the north-
west Pacific. In these two cases, the incident angle is taken as
zero. In the third situation, the two seamounts overlap also,
but here we use an incident angle of 90�. Since the seamount
trapped waves are not sensitive to incident angle, cases b and
c are not significantly different. For this reason, case c will
not be shown in this study. In addition to the velocity
patterns, we also present the strain rate pattern, which we
use as a guide for inferring the variations in radar intensity
modulation that may be observed in the SAR image. Finally,
we draw conclusions from these numerical experiments.

2. Numerical Model

[9] We use a new coastal wave model (NCWM) [Lin and
Huang, 1996a, 1996b; Lin and Perrie, 1997, 1999], coupled
with an S-coordinate Primitive Equation Ocean circulation
Model (SCRUM) [Haidvogel and Aike, 1999]. The reasons
for using the NCWM are (1) because it is based on the
action conservation equation (including wave action fluxes),
and, as a consequence, the exact wave-current interactions;
and (2) the nonlinear source function of our NCWM uses
the ‘‘Reduced Integration Method’’ (RIA) procedure [Lin
and Perrie, 1999], which is important because the RIA has
been found to be more accurate, efficient, and reliable than
existing state-of-the-art procedures [Jensen et al., 1998].
The reasons for using SCRUM are (1) it employs S-
coordinates, which are suitable for simulations involving
both bottom topography and the surface mixing layer; and
(2) this particular algorithm is well tested. A model of
vertical stratification with a strong seasonal thermocline and
an exponentially distributed deep buoyancy profile is adop-
ted to be consistent with observations in the northwest
Pacific Ocean.

2.1. Basic Equations

[10] NCWM

@A

@t
þ
@ cgx þ u
� �

A
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þ
@ cgy þ v
� �
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@y
þ @cqA

@q

þ @cgf A

@f
¼ Sin þ Sds þ Snl; ð1Þ

where A is the wave action spectral density (N/w), N is
energy density and w is frequency, cgx, cgy, cq, and cgf are
group velocities for x, y, q, and f coordinates respectively; u
and v are the current components from current model
output. The major source function Snl is calculated by the
Reduced Integration Approximation [Lin and Perrie, 1997,
1999].
[11] SCRUM
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Here, T is temperature, S is salinity, f is Coriolic force, f is
potential velocity, F is forcing, D is dissipation, and r is
density.
[12] The vertical variability of all variables in the model,

such as velocity and perturbation density are expanded in
terms of Chebyshev polynomials of the first kind Pk,

u; v; r;�ð Þ ¼
XN
k¼0

h
ûk x; y; tð Þ; v̂k x; y; tð Þ;

r̂k x; y; tð Þ; �̂k x; y; tð Þ
i
Pk Sð Þ; ð3Þ

where

Pk Sð Þ ¼
To Sð Þ if k ¼ 0

Tk Sð Þ if k is odd and k 	 1

Tk Sð Þ þ 1
k2�1

if k is even and k 	 2

8<
:

and �1 
 S 
 1, Tk(S) = cos[k cos�1(S)], and the upper
limit to the polynomial order is N = 28. The expansion
coefficients (û; v̂; r̂; �̂) can be obtained by using matrix
multiplications, which vectorize very well. This vertically
stretched coordinate system is quite suitable for describing
the strong nonlinear vertical stratification near the sea-
surface because the grid-spacing may be resolved more
finely near the surface and the bottom.

2.2. Boundary Conditions

[13] Boundary conditions are as follows,
Top (z = h (x, y, t)) for SCRUM only

n
@u

@z
¼ t x

s x; y; tð Þ;

n
@v

@z
¼ tys x; y; tð Þ;

kT
@T

@z
¼ QT
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roCp

@QT
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� �

;

KS

@S

@z
¼ ðE � PÞS

ro
;

W ¼ @h
@t

;

Bottom (z = �h(x, y)) for SCRUM only

n
@u

@z
¼ t x

b x; y; tð Þ;

LIN AND CHUBB: SEAMOUNT RADAR IMAGE/MODEL COMPARISON 14 - 3



n
@v

@z
¼ tyb x; y; tð Þ;

kT
@T

@z
¼ 0:

KS

@S

@z
¼ 0:

�wþ~v � rh ¼ 0:;

where t is wind stress and w is vertical velocity.

2.3. Vertical Stratification

[14] It is well known that topographic waves in stratified
oceans are generally bottom-trapped, with the wave ampli-
tude declining rapidly upward. Since we are interested in
finding out whether these waves can produce surface
signatures that may be seen in radar images, nonuniform
stratification is important. From the observational data, we
knew that in the northwest Pacific, there is a near-surface
density gradient, which is due to the seasonal thermocline,
followed by a weaker permanent thermocline [Bell et al.,
1974]. The Brunt-Väisälä frequency (N ) is then modeled by
a Gaussian profile describing the near-surface buoyancy,
superimposed on an exponentially decreasing deep-ocean
buoyancy profile, as follows:

N zð Þ ¼ 4:2 exp z=2000ð Þ þ 18:4 jzj=100ð Þ exp �z2= 2 1002
� �	 
� �

:

A plot of N is shown in Figure 2. The Brunt-Väisälä
frequency increases rapidly from 4.2 to 18.4 mrad/s within
depths that are less than �100 m of the sea surface and then

exponentially decreases beneath the sea surface to 0.34
mrad/s at the bottom, characteristic of the deep ocean.

2.4. Bottom Topographic Features

[15] The seamount elevation is modeled by symmetric
Gaussian heights,

h x; yð Þ ¼ hi exp � x� xið Þ2þ y� yið Þ2

d2i

" #
;

where (xi, yi) is the location of the seamount’s center, hi is
the height of the seamount, and di is its width. In this study,
i = 1, 2; when x 
 L/2, i = 1, and when x > L/2, i = 2, h1 = h2
= 700 m, and d1 = d2 = 10 km (A. V. Smirnov, private
communication, 1992). Figure 3 shows the two-seamount
topography: Figure 3a, two seamounts far apart; and Figure
3b, two seamounts overlapped.
2.4.1. Forcing
[16] We use semidiurnal barotropic tidal forcing because

it is the dominant component in the region, and the
frequency of the semidiurnal tide is closer to the free-wave
frequency than that of the diurnal tide. The tidal current is
constrained to be parallel to the side walls. Its maximum
amplitude is 0.25 m/s, and its period (T ) is 12.5 hours. The
semidiurnal tide is

u ¼ �0:25 1þ tanh t � 6Tð Þ= 3Tð Þ½ �f g=2 sin 2pt=Tð Þ:

The factor inside the curly braces is used to slowly turn on
the model from an initial state of rest. As we will see later,
the model reaches a quasi-periodic state within approxi-
mately 10 periods. Without this spin-up factor, the sudden
impact of the tidal currents may cause extremely high wave
amplitudes and numerical errors.

3. Results

[17] We have carried out two sets of numerical experi-
ments for tidal current flow over two seamounts. First we
used a conventional, more traditional procedure, involving
an uncoupled current model [Haidvogel and Aike, 1999].
Then we used a coupled wave-current model (the model by
Lin et al. plus the model by Haidvogel et al.).

3.1. Results from Uncoupled Current Model

[18] In the first experiment, case a, the two seamounts are
well separated and are aligned along the axis of the incom-
ing tidal currents. In the second experiment, case b, the two
seamounts overlap and are also aligned along the axis of
incoming tidal currents; thus, the bottom-trapped waves
around the two seamounts interact strongly. In the following
discussion, we will refer to the seamount on the left as the
left seamount, assuming we are looking northward. Sim-
ilarly, the other seamount will be called the right seamount.
Since the tidal currents come from the east for a normalized
tidal current period, such as t = 0.0–0.5, the left seamount is
downstream relative to the right one, and the right seamount
is upstream. As the direction of the incident tidal current
reverses for t = 0.5–1.0, the left seamount becomes the
upstream seamount and the right one becomes the down-
stream seamount. This information is presented in two parts.

Figure 2. Vertical profile of the Brunt-Väisälä frequency
observed in the northwest Pacific Ocean, [from Bell et al.,
1974].
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The instantaneous wave patterns are discussed first; next,
the mean-flow fields are presented.
[19] Since the semidiurnal tidal forcing has a period of T

(from the observational data, we know that T = 12.5 hours),
the forced waves have the same period. We therefore show
wave patterns for one full period. We use a nondimensional
unit of time t, in which one unit is equivalent to 12.5 hours
of real time. Thus, to show the wave solution, we present
patterns at four times: t = 0, 0.25, 0.5, 0.75. It is worthwhile
noting that the wave patterns for t = 0.5 and t = 0.75 are
almost, but not exactly, mirror images of those at t = 0.0 and

t = 0.25, respectively. This near-symmetry occurs because
the sinusoidal tidal current has a period of 1 nondimensional
unit. However, nonlinear effects prevent exact similarity. At
t = to + 0.5, the tidal currents are the reverse of those at t =
to, as are the wave patterns. For completeness, nevertheless,
we will present wave patterns for an entire period.
3.1.1. Barotropic Mode (Mean Flow)
[20] The basic response obtained from the numerical

experiments is that of the formation of a Taylor column
having one or more modes in the horizontal, with modifi-
cations in the vertical arising from the stratification. These

Figure 3. Topography and grid pattern. (a) A stretched grid for two seamounts that are far apart. The
actual grid used in the model is twice as fine as that shown, and domain is 100 km on a side. (b) The same
as Figure 3a, except the two seamounts are close to each other.
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can be termed a ‘‘Taylor cone’’, having multiple morphol-
ogy. The response induced by tidal currents flowing over
the seamounts appears in the form of a dipole. When the
two seamounts are well separated, little interaction between
the two dipoles is seen. Thus, in case a, there are two pairs
of vortices around each seamount, rotating counterclock-
wise around the seamounts as seen in Figure 4a. The

rotation of the dipoles is due to the tidal oscillation. As
discussed above, wave patterns at t = 0.5 and t = 0.75 are
mirror images of those at t = 0 and t = 0.25, respectively.
(There are some minor differences in the patterns at t = 0
compared with those at t = 0.5. These differences indicate
that the solutions are not completely periodic in time
because a mean flow is generated through nonlinear
effects.) As the distance between the two seamounts is
reduced, these two pairs of vortices interact with each other,
as seen in Figure 4b, case b. As a result of the interaction,
the vortices merge and become basically a single dipole. At
t = 0, the downstream cyclonic vortex of the right seamount
and the upstream anticyclonic vortex of the left seamount
appear to cancel each other, resulting in the appearance of
two, remaining, tiny vortices. However, the anticyclonic
vortex upstream of the seamount pair and the cyclonic
vortex downstream of the seamount pair intensify. In fact,
the mean flow maximum is about 60% larger than that in
case a. At t = 0.25, the two anticyclonic vortices north of the
seamounts merge into a single vortex, which is about 60%
stronger than the single vortex in case a. Although these two
pairs of vortices lose their identity in the mean flow pattern,
their existence can be clearly verified in the differential field
as discussed in the next section.
3.1.2. Baroclinic Structure
[21] In stratified oceans, Taylor cones/internal waves

generated by bottom topography are bottom-trapped. Con-
sequently, these waves may have no surface manifestations.
However, if the vertical density gradient has a noticeable
subsurface maximum, the internal wave field generated by
tidal currents will have a subsurface maximum, too. This
subsurface maximum could be weaker than that at the
bottom; nevertheless, this local maximum is particularly
interesting because of the possibility that it could result in
the formation of patterns on the ocean surface that could be
observed by radar. Therefore, in the following discussion of
the vertical structure of the wave fields we will present the
pattern at the sea surface, which corresponds to the surface
and subsurface maximum. The maximum at the bottom will
not be presented here because that structure is similar to the
subsurface structure, although much stronger.
[22] For comparison with radar observation, it is neces-

sary to examine the strain rate field generated by the internal
waves, because (as discussed above) the strain rate provides
a useful metric for inferring what can be observed in radar
imagery of the ocean surface. Strain rate is defined as the
sum of the spatial derivatives of the two horizontal velocity
components, @x(u + v) + @y(u + v). In case a, the strain rate
pattern consists of two separated dipoles, as shown in
Figure 5a. However, these strain dipoles do not seem to
rotate around the seamounts. Instead, their patterns remain
the same for t = 0 and t = 0.25. During the second half of the
tidal period, the patterns also look similar, but their signs are
opposite. In case b there are two closed dipoles, one on top
of each seamount as shown in Figure 5b. (At t = 0.25, one
of these dipoles is not quite well defined.) The dipoles
evolve in time in case a in a similar way. The major

Figure 4. Barotropic mode (mean flow). (a) Two sea-
mounts far apart; incoming tidal currents are along their
common axis. (b) Two seamounts close to each other;
incoming tidal currents are along their common axis.

Figure 5. (opposite) The strain rates (�j@xiuj) at the sea surface, where u is the local horizontal velocity. Solid lines
represent positive values and dashed lines represent negative values. (a) Two seamounts far apart; incoming tidal currents
are along their common axis. (b) Two seamounts close to each other; incoming tidal currents are along their common axis.
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difference between the two cases is again the existence of a
quadrupole in the middle. The shape of this quadrupole
does not change with time. Most importantly, the maximum
strain rate appears within this quadrupole. In fact, the
maximum strain rate reaches 1.1 � 10�5 s�1 at the tidal
minimum in case b. Thus, the strain rate in case b is about
60% higher than that in case a. However, based on the
Relaxation Model, the strain rates in Figure 5b are still 2
orders of magnitude too small to be observed [Gasparovic
et al., 1988; Thompson, 1988; Thompson et al., 1988].
[23] The situation in which the incoming tidal currents are

perpendicular to the common axis of the two seamounts is
similar to case b with respect to the vertical vorticity or
strain rate. This situation is not shown in this study.
[24] Figures 6a and 6b show the time series of horizontal

velocity (u) over the top of the left seamount at 4300 m and
10 m below the sea surface for cases a and b, respectively.
Two points are worth noting: First, the horizontal velocity
has approximately the same amplitude in both cases. Sec-
ond, the time series of u is shifted toward positive values in
both cases. Thus, there is a net positive flow, but it is more
than 1 order of magnitude smaller than the instantaneous
velocities. The amplitude of the horizontal velocity time
series in case b is about 20% greater than in case a, but this
is an order-of-magnitude estimate because it is derived from
information obtained at only one fixed point.

3.2. Numerical Results from the Coupled
Wave-Current Model

[25] Figure 7 is the initial spectrum, plotted in the angle-
frequency coordinate plane. When the angle is 7, the
spectrum propagates toward the south, with a peak fre-
quency of 0.09 Hz, and the maximum energy density is 13.9
m2/Hz/rad. Figure 8 shows the energy density spectrum
fluctuation from the coupled wave-current model when the
two seamounts are close to each other and the tidal current
is directed along the common seamount axis; two model
results are shown: (1) a model by WAM [Komen et al.,
1994] and (2) a new coastal wave model [Lin and Huang,
1996a, 1996b; Lin and Perrie, 1997, 1999]; two cases are
shown: case a, when two seamounts are far apart, and case b,
when two seamounts are close to each other. Figure 8a

Figure 6. Time series of horizontal velocity (u) over the
top of the left seamount for depths of 4300 m and 10 m. (a)
Two seamounts far apart. (b) Two seamounts close to each
other.

Figure 7. Initial swell in the angle-frequency coordinate. Toward the south is angle number 7.
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shows no pattern at all after the swell passes through the
seamount area; that is, the entire area remains at a constant
wave height in each frequency and direction. This occurs in
the associated WAM model, where wave-current interaction

is included indirectly, through a parameterized calculation,
using an energy transfer equation.
[26] The situation is very different when the NCWM is

used. This is shown in Figures 8b and 8c. Here, in

Figure 8. Coupled wave-current model results show the energy density spectrum fluctuation of sea
surface when incoming tidal currents are along their common axis. Solid lines represent positive values
and dashed lines represent negative values. (a) WAM. (b, c) A New Coastal Wave Model. Figure 8b
shows two seamounts that are far apart, and Figure 8c shows two seamounts that are close to each other.
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particular, dipoles are found that are very similar to those
obtained in Figure 5; one appears on top of each seamount,
as shown in Figures 8b and 8c. The major difference
between the results shown in this figure and those found
in Figure 5 is that the surface roughness in Figures 8b and
8c leads to strain rates that are about 2 orders of magnitude
greater than those associated with Figure 5. Thus, in the
coupled wave-current model, sea surface roughness
increases by about 2 orders of magnitude. This occurs in
the coupled wave-current model through wave-current
interactions that lead to the formation of surface waves that
result from the maximum seamount trapped wave amplitude
moving from beneath the thermocline to the sea surface.
The energy density fluctuations in Figure 8b are smaller
than those in Figure 8c because those in Figure 8c include
the nonlinear interaction between two seamount trapped
waves, which are consistent with Figures 5a and 5b.
Consistent with the findings of Cooper et al. [2000], the
larger strain rates associated with Figure 8c imply that the
resulting enhancements in radar modulation amplitude
should be detectable at moderate angles of incidence
(between 30� and 60�) either under mild wind conditions
(less than 1 m/s), where the dominant electromagnetic
scattering is provided by resonant Bragg waves (as in the
Relaxation Model), or under stronger wind conditions
(greater than 6 m/s), where wave breaking effects become
important.

4. Conclusions

[27] A current response 4 times greater than the driving
tidal current has been found when the semidiurnal tide is
incident on a small seamount in the deep ocean. This current
is generated by a resonance with seamount-trapped waves.
Because of the strong vertical stratification near the sea
surface (�100 m) in the northwest Pacific Ocean during the
summer, the largest amplitude internal currents are found
beneath the thermocline. The coupled wave-current model
results show that these waves modulate the sea surface and
should be observable along the tidal direction from satellite
and aircraft imaging radars when two seamounts are close to
each other as well as under alternative conditions, such as
during periods of mild winds or in the presence of wave
breaking. This is because the energy density spectrum
fluctuations are about 10�3 m2/Hz/rad. The strain rates
associated with sea surface roughness of the uncoupled
current model are 2 orders of magnitude too small to
account for significant radar intensity modulation, except
under extraordinary circumstances. However, the compara-
ble strain rates associated with surface roughness of the
coupled wave-current model should result in detectable
radar intensity modulations that are compatible with the
findings obtained from SAR imagery, obtained by the
Kosmos-1870 satellite. The enhancement in strain rate that
occurs in the coupled model is not due to the current model
accuracy. (The current model by Haidvogel and Aike [1999]
is an advanced current model, and is well tested.) Because
the enhancement occurs primarily through wave-current
interaction, to understand the origin of the enhancement,
wave-current interaction must be treated accurately. In

particular, as a consequence of wave-current interaction,
surface waves are generated with the maximum seamount
trapped wave being brought from beneath the thermocline
to the sea surface. Furthermore, when the two seamounts are
directly in contact, as seen in case b, the amplitude of the
instantaneous internal currents and the mean-flow increases
by about 60%. This nonlinear interaction between sea-
mounts greatly increases the possibility of observing inter-
nal waves by radar. In addition, nonlinear interactions also
cause the internal current patterns to become shorter in the
direction transverse to the tidal direction.
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