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A two-dimensional cylindrical shear-flow wave theory for the generation of microseisms and
infrasound by hurricanes and cyclones is developed as a linearized theory paralleling the seminal
work by Longuet-Higgins which was limited to one-dimensional plane waves. Both theories are
based on Bernoulli’s principle. A little appreciated consequence of the Bernoulli principle is that
surface gravity waves induce a time dependent pressure on the sea floor through a vertical column
of water. A significant difference exists between microseisms detected at the bottom of each column
and seismic signals radiated into the crust through coherence over a region of the sea floor. The
dominant measured frequency of radiated microseisms is matched by this new theory for seismic
data gathered at the Fordham Seismic Station both for a hurricane and a mid-latitude cyclone in
1998. Implications for Bernoulli’s principle and this cylindrical stress flow theory on observations
in the literature are also discussed. ©2003 Acoustical Society of America.
@DOI: 10.1121/1.1567277#

PACS numbers: 43.30.Nb, 43.28.Dm, 43.28.Hr, 43.40.Ph@SAC-B#
t
o

or
ti

d’
w
rs
ea
t m
ne
or
o

io
ifie
9
u

m

o

in
s
nd
b
m
to
ai
is

o
te

nd

e of
mi-
tant
tion
to a
res-
ism
ave
tially
tra-
er-
g

hat
me,
ame
ri-
this
lumn
face
is

ugh
re-
heir
tion

t a
ruc-
the

t of
als
dis-
en-
tion.
he
I. INTRODUCTION

The phenomena of storm-generated microseisms,
low frequency and low intensity seismic signals recorded
land-based seismometers that are associated with st
moving across water, has been observed by many scien
over the years. A very thorough review of such ‘‘radiate
microseisms and the related infrasound effects has been
ten by Tabulevich1 and contains qualitative data that offe
insights into the causes of microseisms. Through many y
of observations, Tabulevich and colleagues observed tha
croseisms were closely associated with moving cyclo
passing over water and that the cyclonic nature of the st
was essential, there being no significant microseisms ass
ated with linear wave fronts. She conducted triangulat
studies to locate the sources of microseisms and ident
specific storms as had others. For example, as early as 1
Ramirez2 used three seismographs to triangulate cyclones
ing microseismic signals. More recently, other observers3 us-
ing arrays of seismometers have closely associated
croseisms with strong cyclonic storms at sea.

The study reported in this paper was carried out to c
lect detailed data on large cyclones, both hurricanes and m
latitude cyclones, in order to test various theories predict
the dominant microseism frequency and other propertie
the observed ‘‘radiated’’ microseisms as detected by la
based seismometers. While developing the new theory it
came clear that certain distinctions between radiated
croseisms and sea floor detected microseisms needed
clarified. While the cyclone data and theory are the m
focus of this paper, some attention will be paid to these d
tinctions.

The foundational theoretical study of the radiation
microseisms from the sea floor to land-based seismome
was carried out by Longuet-Higgins4 ~LH!, who used Ber-
noulli’s principle, linearized hydrodynamic equations a
2562 J. Acoust. Soc. Am. 113 (5), May 2003 0001-4966/2003/1
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one-dimensional plane waves moving across the surfac
the water to explore possible mechanisms by which
croseisms could be generated. One of the first impor
questions that LH addressed was the apparent contradic
between the fact that surface gravity waves are restricted
narrow region near the surface and the evidence that p
sures at the sea floor are an essential part of microse
generation. How could waves restricted to the surface h
an impact on the sea floor pressures? There are essen
two different mechanisms that resolve this apparent con
diction. The first mechanism is the application of the B
noulli principle to each vertical column of water connectin
the surface to the sea floor. Bernoulli’s principle states t
the sum of the pressure, the kinetic energy per unit volu
and the potential energy per unit volume must have the s
value at all points in the column, even if any of these va
ables are varying in time. The immediate consequence of
is that the pressure time dependence at the base of a co
of water is determined by the time dependence of the sur
gravity waves at the top of the column, and this effect
independent of the depth. The second mechanism,5 to be
discussed below, is the generation of acoustic waves thro
the nonlinear interaction of surface gravity waves. The
sulting acoustic waves are not damped with depth and t
propagation down to the sea floor provides a genera
mechanism for microseisms.

LH’s most often quoted result is the observation tha
standing wave is the only one-dimensional plane wave st
ture which can generate radiated microseisms. In most of
literature, it has not been widely appreciated that this par
LH’s analysis applies only to the radiation of seismic sign
through the earth’s crust to distant seismographs. As is
cussed below, Bernoulli’s principle alone is adequate to g
erate microseisms detected at a fixed sea bottom loca
Also the generation of a seismic signal radiating into t
13(5)/2562/12/$19.00 © 2003 Acoustical Society of America
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crust and scaling with the size of the storm requires a w
with spatial coherence and persistence.

LH also observed that Bernoulli’s principle implies th
the kinetic energy of the surface wave gives rise to press
fluctuations on the sea floor, which will be observed at tw
the frequency of the surface wave. This 2f signal is a direct
consequence of Bernoulli’s principle and expresses a non
earity in the sense that the square of the velocity in the
netic energy produces the effect on the pressure. Thef
signal is not exclusively a sign that nonlinear interactio
between surface gravity waves are involved in the prod
tion of that signal.

In contrast to the studies by Tabulevich which are int
preted exclusively through Bernoulli’s principle, a promine
school of thought has focused on the generation of acou
waves by nonlinear interactions between surface gra
waves. From this perspective, microseisms are caused b
acoustic waves which are not damped with depth under
surface. The chief proponent of this effect has been Kibb
white who has developed mechanisms for producing th
acoustic waves in great detail.6 The initial motivation for the
consideration of these nonlinear effects was a hydroph
study by Nichols,7 who concluded that nonlinear mech
nisms must be involved since the 2f peak was so prominent
It is worth noting that Nichols included LH’s work as part o
this nonlinear theory and did not definitively distinguish b
tween the two generation mechanisms listed above. Kib
white and colleagues6 have worked out a number of detai
of the generation and consequences of acoustic waves
erating microseisms. The dominant gravity waves that
assumed to be involved in microseism generation are pair
waves moving in almost opposite directions.

The decisive researcher in this school has been We
who has conducted a number of exceptionally well-craf
experiments with carefully gathered data to probe the
structure of a wide variety of theories. He collected sea-fl
microseism data8 at several depths and sites in the Paci
Much of this data represented the microseisms generate
the ‘‘equilibrium’’ wave distribution above the detector, b
some interesting data was collected for what appears to
mid-latitude cyclone which passed near the site. He also
lected fascinating data on microseisms under the frozen
pack in the Beaufort Sea.9 This very quiet data offers furthe
data to distinguish between competing theories. Finally,
explored the interesting idea of the ‘‘climatology’’10 of bot-
tom detected microseisms by seeking to predict the
croseism spectrum from the wave height distribution ass
ated with the surface. While these data are not central to
present work, a brief discussion of several of these meas
ments from the point of view of the Bernoulli principle
presented at the end of this paper.

The Longuet-Higgins conclusion about standing wav
has been part of the guiding foundation for experiments
microseisms over the years since his paper. Because a s
ing wave can be obtained from the linear combination of t
oppositely traveling waves with equal amplitudes, seve
observers sought to find standing waves caused by re
tions from shore emplacements, harbors, and partially
closed bodies of water. The equality of amplitudes is ess
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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tial for the formation of a standing wave. In few of thes
cases was consideration made of the possible change in
plitude from various reflections considered. Tabulevi
among others attempted to have the wind waves ahead
moving cyclone and those which follow the storm, and mo
in opposite directions, combining to form standing wav
even when these two winds were not present at the s
point at the same time. Other discussions have associ
standing waves with wind direction changes and cr
winds.8 Detailed measurements by Kibblewhite and Ewan11

at the Maui Development site were also interpreted as be
caused by waves running into a recently changing wind
thus possibly encountering oppositely moving waves of si
lar amplitude. In general, searches for one dimensio
plane, standing waves as a cause of microseisms have
inferential, that is, mostly without direct observations. Ca
ful, well-instrumented shallow ocean bottom observation12

found no evidence of standing waves, or even signific
reflected waves from nearby shores. On the other hand,
eral studies with under water pressure detectors and s
mometers observed microseisms in the presence of sw13

from far away storms and shore, wind,8 and what would be
expected to be predominantly traveling waves.

This paper is presented in the conviction that all of t
consequences of the linear theory based on Bernoulli’s p
ciple need to be more deeply examined, and that there e
a wave form, other than one-dimensional, plane stand
waves, not considered by LH, that can give rise to m
croseisms. In particular, cylindrical waves on the tw
dimensional air–fluid interface around the center of a
clone can also generate microseisms and rationalize muc
the existing data in the literature. The role of the wind a
the cyclonic nature of the storms associated with m
croseisms is explored below.

In the following sections, the LH study for one
dimensional plane waves on the surface and its relation
to microseism development is reviewed. Emphasis will
given to the difference between stationary bottom meas
ments and extensive coherent area sources for radiated
croseisms. Briefly discussed are two different approache
microseism generation which parallel the wind generation
water waves,14 namely, the resonance theory of Phillips15

and the shear flow theory of Miles.16 A resonance theory o
microseism generation is found to agree with the LH trav
ing wave null results in the absence of viscosity, but do
predict a double frequency peak whose amplitude is pr
ably too small to be observed in land-based seismometer
two-dimensional theory, the cyclonic shear flow theory,
developed that exhibits double frequency peaks in the
croseism spectra, the frequency of which depends on
cylindrical velocity structure of the atmospheric storm a
the associated flow in the water. This theory will be appli
to two different kinds of cyclonic storms: tropical hurrican
which are represented by a vortex line with an eye w
centered on the storm, and mid-latitude cyclones which h
almost circular isobars and a constant radial pressure gr
ent about their center. This shear flow theory is compare
land-based seismic measurements of two different storm
1998: a Nor’easter in January and Hurricane Bonnie in A
2563Bowen et al.: Microseism generation by cyclones
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gust. Good success is achieved in predicting the frequenc
the double frequency peak from first principles and seve
other features of Bonnie. In the last section, consequence
these ideas are applied to observations of Tabulev
Kibblewhite, and Ewans, and climatology of microseism
and sea-floor spectral measurements of Webb.

II. REVIEW OF GOVERNING EQUATIONS FOR
INCOMPRESSIBLE FLUIDS

In this section the notation and background for grav
waves is established. The beginning is the Navier–Sto
equation for the force on a mass of material of densityr and
velocity u. Following Mei,17 yields the momentum equatio
of motion:

]u

]t
1u•¹u52¹S P

r
1gzD1n¹2u, ~1!

wheren is the constant kinematic viscosity,P is the pressure
and g is the local acceleration of gravity, and thez axis is
pointing upward. When the flow is laminar and the viscos
is small, a velocity potentialF approximately determines th
velocity u through

u5¹F. ~2!

Substituting into the Navier–Stokes equation yields forF
the following equation:

¹S ]F

]t
1

1

2
u¹Fu22n¹2F D52¹S P

r
1gzD . ~3!

Without the viscosity this equation leads to the Bernou
principle that

]F

]t
1

1

2
u¹Fu21

P

r
1gz5C~ t !, ~4!

whereC(t) is a constant in space, dependent only, poss
on time. BecauseC(t) does not depend on depth, the pre
sure at the sea floor~the coordinate system has the unp
turbed surface atz50 and the sea floor atz52h), where
¹F, ]F/]t →0 asz→2h,

]F

]t
1

1

2
u¹Fu21

P~0!

r
1gz5

P~2h!

r
2gh. ~5!

In the following discussion the continuity equation a
the boundary conditions are written for the surface and b
tom of the body of water, assuming that all quantities hav
e2 ivt time dependence. Viscous effects are kept to low
order where necessary, but theu¹Fu2 terms are neglected.

Given that the coordinate system has the unpertur
surface atz50 and the sea floor atz52h, the equation of
continuity for the velocity potential is

¹2F50, 2h,z,0. ~6!

The velocity at the sea floor must vanish so the follo
ing condition on the normal derivative of the velocity pote
tial must hold:

]F

]n
50, z52h. ~7!
2564 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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The kinematic boundary condition at the free surface
that the changes in the surface are caused by the velo
field of the fluid, so the time rate of change of the surfa
position must be equal to the speed of the fluid in the vert
direction:17

]h

]t
5

]F

]z
, z50. ~8!

Combining this surface boundary condition with th
equation of motion forF yields the equivalent of a wave
equation at the surface,

]2F

]t2 1g
]F

]z
2n¹2

]F

]t
52

1

r

]Pa

]t
, z50. ~9!

Assuming that the surface of the water bears a w
with wave vectork, h5Aeikx yields the following disper-
sion relation for gravity waves propagating along the s
face:

v~k!25gk tanh~kh!, ~10!

and these waves are damped exponentially with depth.
As with any physical system it is expected that if a

atmospheric pressure disturbance with a velocityv matching
the gravity wave phase velocity for some wave vectork,

v5Ag tanh~kh!

k
5

v~k!

k
, ~11!

there should be some sort of resonant interaction.
Precisely this resonant effect has been considered

Phillips15 in the study of transient wave development in t
ocean.14

III. REVIEW OF THE LONGUET-HIGGINS STUDY

The excitation of gravity waves in the linearized theo
above for an incompressible fluid is localized to within a fe
wavelengths of the surface since the waves are damped
with increasing depth. However, the time dependence of
surface gravity waves can be transmitted to the ocean fl
through the column of water between the surface and
floor via the Bernoulli principle. For laminar flow this prin
ciple relates the atmospheric pressure at the surfacePa to the
pressureP(x,y,2h) at a depthh on the floor

Pa1rgh~x,y,t !1 1
2 rv~x,y,h,t !25P~x,y,2h!2rgh,

~12!

wherev(x,y,h,t) is the velocity of the surface waves at th
surface point (x,y), h(x,y,t) is the water surface profile
aboutz50, r is the density of the water,g is the local ac-
celeration of gravity, and it is assumed that the bottom
locity of the water is zero. From this principle the pressure
a point (x,y,2h) on the bottom should show the time d
pendence of the surface gravity waves

P~x,y,2h!5Pa1rg~h1h~x,y,t !!1 1
2 rv~x,y,h,t !2. ~13!

Consider as a simple example, a vertically oriented tr
eling wave with wave vectork and angular frequencyv,

h~x,y,t !5A sin~kx2vt !, ~14!
Bowen et al.: Microseism generation by cyclones
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v~x,y,0,t !5vA cos~kx2vt !. ~15!

The bottom pressure at a fixed position (x,y,2h) will have
the following time dependences:

P~x,y,2h!5Pa1rg~h1A sin~kx2vt !!

1 1
2 rv2A2 cos~kx2vt !2. ~16!

Thus, if a single frequency traveling wave from som
source, like a hurricane or typhoon, passes over a poinx,
this simple traveling wave would generate a pressure po
spectrum with peaks atv and 2v. Such observations hav
clearly been made with the bottom placed seismic and p
sure observations of Sutton and Barstow.13

The Longuet-Higgins well-known conditions abo
standing waves being necessary for surface radiated
croseisms are not applicable to signals received at a si
point on the bottom. The measurements and observation
this paper and the LH original study deal with the radiati
of seismic signals from the ocean floor and their propaga
through the surface and body of the earth to a distant s
mometer. This distinction is clarified in the following par
graphs.

Longuet-Higgins began his study by looking at the ge
eration of seismic waves by a source induced on the floo
the ocean. For simplicity, in the following discussion,
approximate Green’s function for the propagation of the s
mic signal through the surface of the earth will be used
stead of a more detailed Green’s function that reflects
surface boundary conditions and curvature of the earth.
more complete Green’s function shares the property of
pending on coherence in the source region for signal pro
gation so our arguments below will remain valid for the mo
accurate formulas.

For simplicity, assume a storm occupies surface ove
rectangular sea-floor section of lengthL and widthW with
an areaL3W, which region is a distanceR from the seis-
mometer, then the vertical displacements of the seismomete
at a frequencyv is given approximately in the far field
region18 by

s~R,v!5
ei ~v/cs! R

cs
2rsR

WE
0

L

P~x,y,2h,v!dx, ~17!

wherecs is the velocity of sound in the earth’s crust,rs is an
average density of the solid in the crust, and for the follo
ing examples it will be assumed that all plane waves
traveling along thex direction and there is no other depe
dence perpendicular to thex axis. This assumption reduces
surface integral over the area to the linear integral multipl
by W.

The primary assumption of Longuet-Higgins was th
detectable radiated seismic signals are those in which
integral of the bottom pressure over an area is proportiona
that area. To borrow language from thermodynamics, the
nal has to be extensive in the area and energy of the storm
our explicitly simplified example, the pressure integ
should be proportional toL.

Examining the effect of the gravitational potential e
ergy term on this region, shows that
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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rgWE
0

L

sin~kx2vt !dx5
rg

k
W~sin~kL2vt !1sin~vt !!,

~18!

which is not proportional to the area, vanishes~as noted by
LH! wheneverkL is a multiple of 2p, and will thus not scale
with the size of the storm unlessk50, i.e., a stationary wave

A similar observation can be found for the kinetic e
ergy from the traveling surface gravity waves,

E
0

L

rv2 dx5W
1

2
rv2A2

1

k
~cos~kL2vt !sin~kL2vt !

1cos~vt !sin~vt !1kL!. ~19!

The time-dependent contribution for this one-dimensio
plane traveling wave is not of orderL unlessk50, as before.

Longuet-Higgins then asked whether there was any fo
of one-dimensional plane wave which would, through t
kinetic energy, exert a force on the whole area and thus p
duce a detectable signal. In a straightforward manner
showed that a standing plane wave could produce a signa
the ocean floor that would scale with the area of the sto
The vertical velocity due to such a standing wave is given

v5vA cos~kx!cos~vt !, ~20!

and the kinetic energy integral has a positive integra
cos(kx)2 and becomes

E
0

L

rv2 dx5W
1

2
rv2A2

1

k

3~cos~kL!sin~kL!1kL!cos2~vt !, ~21!

which has an extensive, time-dependent contribution to
pressure at twice the wave frequency.

The current study began by asking if there is anot
type of wave disturbance on the surface which would g
rise to an extensive force on the floor of the ocean. T
search led to the examination of the two extreme types
theories for the generation of surface waves following
work of Phillips and Miles, and to examine two-dimension
cylindrical waves that are generated under wind fields
both the tropical hurricane and the mid-latitude cyclone.

IV. WAVE RESPONSE TO ATMOSPHERIC PRESSURE
PROFILE: RESONANCE THEORY

If a large storm with its attendant pressure profileP(x
2vt) is moving through a region, Phillips’19 resonance
theory of wave excitation argues that those waves wh
phase velocity is the same as the moving storm will
strongly excited. This resonance condition of matching
phase velocity selects a dominant wave vector satisfying
following equation.

kv5v~k!. ~22!

Evaluating this condition forv(k)5Agk, valid for deep wa-
ter, yields

vv5vq5v~q!5
g

v
~23!
2565Bowen et al.: Microseism generation by cyclones
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q5
g

v2 . ~24!

The resonance theory thus predicts a microseism
quency that is strongly dependent on the velocity of
storm.

A fairly straightforward calculation, in the limit of van
ishing viscosity, yields the following for one of the surfac
wave velocities:

U5

gP̃S g

v2D
2rv2 sinS g

v S t2
x

v D D , ~25!

whereP̃(g/v2) is the spatial Fourier transform of the mo
ing pressure profileP(x). Note, however, that this is a trav
eling wave and hence does not contribute to distant s
mometer signals~a consequence of the LH theorem f
traveling waves!.

Including the viscosity to lowest order in this resonan
theory does give rise to a small peak at twice the resona
frequency, but its magnitude is proportional to the viscos
of the water and thus the signal would be very small.

There is another major problem with the resonan
theory. It predicts that the frequency generated by a st
will become very large as the velocity of the storm a
proaches zero. As is discussed below, the hurricane Bo
stopped or slowed considerably three times in its lifetim
twice at sea and once while it reversed directions at the C
lina coast and returned to sea. The dominant frequenc
Bonnie’s microseismic power spectrum is almost consta
velocity independent and does not obey this velocity dep
denceg/vs . This flatly contradicts the resonance model.

V. GENERATION OF MICROSEISMS BY A SLOWLY
MOVING HURRICANE: CYLINDRICAL SHEAR FLOW
THEORY

In this section a theory is derived in which the atm
spheric winds around a cyclone excite resonant excitation
the surface gravitational waves.

The treatment of the problem is in cylindrical coord
nates with the quiescent surface of the sea atz50. White20 in
his book on viscous flow discusses a classical cylindr
problem that had been earlier analyzed by von Karma21

This problem involved the flow of fluid near a infinite rota
ing disk with a no-slip boundary condition between the d
and fluid. The fluid velocity is expressed in terms of t
cylindrical components

v5v rer1vwew1vzez , ~26!

where the unit vectorser ,ew ,ez form the standard orthonor
mal basis for cylindrical coordinates. Because of the
pected cylindrical symmetry, these three velocity comp
nents and the pressure should be independent ofw, the
azimuthal angle.

The governing equations include, the continuity equ
tion
2566 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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r

]~rv r !

]r
1

]vz

]r
50, ~27!

the radial component of the momentum equation

]v r

]t
1v r

]v r

]r
1vz

]v r

]z
2

vw
2

r

52
1

r

]p

]r
1nS ]2v r

]r 2 1
1

r

]v r

]r
1

]2v r

]z2 2
v r

2

r D , ~28!

the azimuthal component of the momentum equation

]vw

]t
1v r

]vw

]r
1vz

]vw

]z
2

v rvw

r

5nS ]2vw

]r 2 1
1

r

]vw

]r
1

]2vw

]z2 2
vw

2

r D , ~29!

and the axial component of the momentum equation

]vz

]t
1v r

]vz

]r
1vz

]vz

]z

52
1

r

]p

]z
1nS ]2vz

]r 2 1
1

r

]vz

]r
1

]2vz

]z2 D . ~30!

For von Karmen’s study, the boundary conditions we
no slip at the disk and no viscous effects far from the d
except azimuthal flow, i.e., atz50, v r5vz50, vw5rV, p
50, and asz→`, v r5vw50. For this infinite rotating disk
problem, von Karman deduced that the compone
v r /r , vw /r , vz , andp are all functions ofz alone and was
able to reduce this problem to one of the coupled ordin
differential equations, which he solved numerically.

The problem being studied here is very similar. A lar
storm is rotating above the water, but with a different set
boundary conditions. In the vertical direction, the kinema
condition is that the change in the surface heightz
5h(r ,w) is determined by the vertical flow at the surfa
such that

]h

]t
5vz . ~31!

However, the other boundary condition at the liquid v
por interface has to do with the transverse stresst,

t int5S m
]vw

]z D
liq

5S m
]vw

]z D
gas

. ~32!

The boundary condition at the gas–liquid interface c
be expressed using a drag coefficientCD for the atmosphere
above the water,

tD5S m
]vw

]z D
z5h

5
1

2
CDrairVwind

2 , ~33!

since it is only in thew direction that we find the major wind
velocity.

As a first approximation, the convectional derivativ
are neglected and an approximate solution of the resul
linear system is sought, since the frequencies and veloc
of interest are quite small. Oscillatory solutions are sou
Bowen et al.: Microseism generation by cyclones
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for the fluid motion due to the wind velocity. A Fourier tim
transform of all quantitiesv r(v), vw(v), vz(v), andp(v),
are taken and it is assumed that everything has a time de
dence ofeivt. It is also assumed that the hurricane has
shape of a vortex flow22 around thez axis, with a velocity
given by

vw5H Vr , r<a,

Va2/r r >a,
~34!

where the rotational frequency of the hurricane is labeledV
and a is the effective eye radius. Incorporating the bo
force due to gravity at the surface, into the lineariz
Navier–Stokes equations, yields

1

r

]~rv r !

]r
1

]vz

]z
50, ~35!

the radial component of the momentum equation

ivv r52
1

r

]p

]r
2g

]h

]r
1nS ]2v r

]r 2 1
1

r

]v r

]r
1

]2v r

]z2 2
v r

2

r D ,

~36!

the azimuthal component of the momentum equation

ivvw5nS ]2vw

]r 2 1
1

r

]vw

]r
1

]2vw

]z2 2
vw

2

r D , ~37!

and the axial component of the momentum equation

ivvz52
1

r

]p

]z
2g

]h

]z
1nS ]2vz

]r 2 1
1

r

]vz

]r
1

]2vz

]z2 D . ~38!

Introducing the vertical boundary condition, yields

ivh5vz , ~39!

so that

]h

]r
5

1

iv

]vz

]r
~40!

and

]h

]z
5

1

iv

]vz

]z
. ~41!

Now, seeking an approximate solution, an assumptio
made about the factor structure of the solutions to de
separable ordinary differential equations. That is,

v r~r ,w,z,v!5J~r ,v!F~z,v!, ~42!

vz~r ,w,z,v!5H~r ,v!F~z,v!, ~43!

vw~r ,w,z,v!5G~r ,v!F~z,v!, ~44!

p1rgz5L~r ,v!F~z,v!, ~45!

which implies that all four functions have the samez depen-
dence.

The continuity equation is found to be separable,

1

r

]~rv r !

]r
1

]vz

]z
505

1

r

]~rJ !

]r
F1H

]F

]z
,

and adoptingb as a separation constant,
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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H~r !

]~rJ~r !!

]r
52

1

F~z!

dF

]z
52b. ~46!

The equation for a dimensionlessF(z) can be solved imme-
diately

F~z!5F0ebz, ~47!

which vanishes asz→2`. At this stage, our consideration i
effectively limited to an infinitely deep ocean. The followin
is then obtained:

H~r !52
1

b F]J

]r
1

J~r !

r G . ~48!

Now becauseF(z) is a factor in all equations, setF051 and
factor it out of all equations at the surface to obtain

ivJ52
1

r

dL

dr
2

g

iv

]H

]r
1nF]2J

]r 2 1
1

r

]J

]r
1S b22

1

r 2D JG ,
~49!

ivG5nF]2G

]r 2 1
1

r

]G

]r
1S b22

1

r 2DGG , ~50!

ivH52
b

r
L2

g

iv
bH1nF]2H

]r 2 1
1

r

]H

]r
1S b22

1

r 2DHG .
~51!

The boundary condition for the horizontal stress is

]vw

]z
5

tD

m
5

1

m

1

2
CDrairVwind

2 , z5h. ~52!

Sincevw5G(r )F(z),

G~z!bebh5bG~z!5
tD

m
5

1

2m
CDrairVwind

2 , ~53!

assuming that the displacement of the surface is small,bh
,1.

The boundary condition at the surface may be rewrit
as

bG~r !5
1

2m
CDrairH ~Vr !2, r<a,

~Va2/r !2, r>a,
~54!

or

bGS r

aD5
1

2m
CDrair~Va!2H ~r /a!2, r /a <1,

~a/r !2, r /a >1.
~55!

So, if Vmax5Va, including one factor ofVmax in the defini-
tion of b and the other factor in the definition ofG(r /a),
sinceG(r /a) must have units of velocity, yields an expre
sion for b:

b5
1

2mwater
CDrair~Va!5

1

2mSea
CDrairVmax. ~56!

Our solution forG(r /a) can be determined by the Hank
transformK(u) of the first order Bessel function

E K~u!J1S u
r

aDdu5GS r

aD5VmaxH ~r /a!2, r /a <1,

~a/r !2, r /a >1.
~57!
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These conditions determine the value of the separa
constantb. In the comparisons with observation the tempe
ture dependence of the viscosities, densities, and veloc
near the ocean surface is used for the evaluation ofb. There
are no adjustable parameters inb.

In the next few steps an approximate frequency dep
dence is sought and the viscosity, to lowest order, is inclu
to give a broadening to the resonances. For the axial com
nent of velocity at the surface, this yields

F iv1
gb

iv
2nb2GH~r !52

b

r
L~r ! ~58!

or

H~r !5 i
vb

r

L~r !

v22gb1 inb2v
. ~59!

Observe the resonance inH(r ,v) at the frequency

v5Agb ~60!

or

f b5
1

2p
Agb. ~61!

This resonance will not depend on how fast the hurrican
moving but rather on the maximum wind speed of the sto

f b5
1

2p S gCDrairVmax

2mH2O
D 1/2

. ~62!

White notes that Blasius developed a drag coefficient
a flat plate as a function of a Reynolds number Rea , which
depends on the disk radiusa, in this case, the eyewall radius

CD5
1.328

ARea

, ~63!

where

Rea5
Vmaxa

v
~64!

andv is the kinematical viscosity of air.
The parameterb thus depends on the maximum veloci

of the hurricaneVmax, the effective eyewall radiusa, and the
temperature, density, and viscosity of the air and water.
of these parameters are accessible from the National H
cane Center23 ~NHC! archival data, if the eyewall radius i
determined by a fit from the reported external wind fie
that surround the hurricane.

VI. COMPARISON OF HURRICANE BONNIE DATA
WITH THE CYLINDRICAL SHEAR FLOW MODEL

Using the Fordham Seismic Station, seismic sign
were recorded at each hour for most of the movemen
hurricane Bonnie in August 1998. Each 1024 points of d
were recorded from August 21 at 0900Z to August 30
2200Z on each hour at a frequency of 20 Hz using a vert
seismometer and were collected in one large data file usi
23 bit A to D converter. Data on the location, wind fields
various radii, wind speed, and velocity of movement of t
2568 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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storm were collected and recorded from advisories issued
the NHC. The effective eyewall radiusa was determined by
fitting the observed wind speeds in four quadrants at vari
distances from the storm as reported by the NHC advisor

The first step of this study is to construct the velocity
the hurricane. These results are included in Fig. 1. T
shows the NHC reported velocity as Bonnie carried ou
motion that had the hurricane essentially motionless ne
time of reporting an advisory in three different locations. T
first two times the storm slowed down and stopped it was
at sea and intensified while motionless over warm water. T
third time the storm stopped it had just made landfall on
Carolina coast and turned back to go out to sea again be
passing to the north and northeast.

For the following discussion it is necessary to acqua
the reader with graphing conventions followed in the rest
this paper. The frequencies at which Fourier coefficie
have been measured are integer multiples of 1/51.25
This fundamental unit is imposed by our sampling rate a
collection time. In all of the following plots of Hurricane
Bonnie data, the integral number of such units, which we c
frequency index units are plotted. The physical frequen
can be obtained by multiplying the frequency index unit
0.0195 Hz. The time intervals at which power spectrum d
are compared with the NHC data are 3 hour intervals wh
correspond to the time interval between the two differe
types of advisories issued while a hurricane is monitored
some references below, the notation 21/18Z is used to de
nate, August 21, 1998 at 1800 hours Zulu. Occasionally,
erence is made to an hour by the designation fd50, wh
designates the 50th power spectrum recorded by
Fordham seismometer.

In order to get a better idea of whether seismometer d
are signals being generated by the hurricane and not N
York noise, it is useful to plot in Fig. 2 the total radiate
intensity between the 4th and 40th frequency index unit a
function of time and compare it to a theoretically expect
intensity from each hurricane location. This frequency ran
includes all microseisms and should capture the nonzero
quency intensity which is radiated by the hurricane. Alo
with the observed radiated intensity, Fig. 2 also contain
normalized plot of the inverse squared arc length dista

FIG. 1. Speed of Hurricane Bonnie as estimated by the National Hurric
Center at 3 hour intervals since August 21 at 1800Z.
Bowen et al.: Microseism generation by cyclones
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along the surface of the earth from the hurricane to the s
mometer site. This inverse squared arc length is labe
1/cos(fb)2 wheref b is the angular separation of the hurrica
and Fordham on the surface of the earth. ThisA/cos(fb)2

function is scaled to match the received power at the poin
closest approach and gives a rough measure of the expe
intensity signals generated by the storm. This distance
pendence should roughly track the radiated intensity of
microseisms by the hurricane source.

Several features of Fig. 2 require comment. First,
intensity as a function of time and distance is fairly close
the inverse squared arc length distance. This suggests
most of this signal is from the hurricane and not from no
in the vicinity of the seismometer. Second, there are two v
anomalous peaks that are much more intense than the
points. In fact, the first point~Interval 16, fd50, 23/15Z! has
actually been truncated to make the graphic observable.
actual value is almost 75 times more than the value plo
here. The second peak~Interval 43, fd135, 27/03Z! is the
correct value as plotted.

What is happening at these two intensity peaks? Car
correlation with the hurricane location indicates that the
two peaks are generated when the hurricane is station
The first time Bonnie is at sea and the second peak repres
the reversal upon landfall and the return to the sea. The t
peak in Fig. 2 is due to the intensity variation as the hu
cane reaches its closest point to Fordham and then pass
to the northeast.

Figure 2 gives confidence that measured signals
from the hurricane Bonnie. The next test will be to see if t
dominant peaks, essentially the average frequency, of
power spectrum is close to the prediction of 2f b , which is
expected if the kinetic energy is integrated over the circu
area of the storm. A positive integrand is expected since
velocity is squared in the cylindrical area of integration. P
rameters are chosen to match the temperatures of the s
Atlantic and derived other variables from the data on Hu
cane Bonnie from the NHC.

Figure 3 plots the observed average frequency and tw
the resonant frequency 2f b as a function of the advisorie
issued by the NHC. In these plots the frequency is measu
by the frequency indexl , the actual value of the frequency
0.01953 l Hz.

FIG. 2. Low frequency seismometer power~arbitrary units! and the normal-
ized inverse squared distance between Bonnie and Fordham versus 3
intervals since August 21 at 1800Z.
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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The agreement between the average observed frequ
and 2f b indicates that the kinetic energy is the contributi
to the pressure at the bottom of the ocean even though
hurricane is moving. A small translation of the cylindric
coordinates by a translation velocityvT does not seem to
make much of a difference. Consider the velocity of flu
under a moving hurricane~assumed here in thex direction!
the kinetic energy expression will be
1
2 ~vTex1v rer1vwew1vzez!~vTex1v rer1vwew1vzez! ~65!

which becomes

1
2 ~vT

21vw
21v r

21vz
212vTv rer•ex12vTvfef•ex!. ~66!

The last two terms average out when integrated overf while
the first two terms have no time dependence and so mak
contribution. The two termsv r

21vz
2 both will exhibit the

2 f b frequency.
So, the remaining question to be answered is wha

happening at the points where the hurricane has stopped.
hint can be seen in Fig. 3 at the location of the first peak. T
average frequency is almost exactly atf b . The explanation
returns to the Bernoulli equation and the contribution of t
gravitational potential energy, which has a resonance atf b ,

grh~r ,v!5gr
vz

iv
5

grH~r !

iv
5gb

L~r !

v22gb1 inb2v
.

~67!

As noted by LH and discussed above, if such a oscillat
moves along the surface as a traveling wave, it does
make a significant contribution to radiated microseism
However, if there is no translational motion, then an oscil
tion in the vertical direction will be coherent and give rise
an excitation on the floor at the frequencyAgb. If the storm
is motionless, the gravitational potential energy of the s
face should be seen in the microseism spectrum.

It is useful to examine the power spectrum as measu
by the spectrometer to describe these phenomena. Two
ferent plots of the power spectrum are shown below, the fi
of these will be 3 hours before the hurricane stops at~Inter-
val 16, fd50, 23/15Z! and will show behavior similar to mos
hours of microseism production.

The spectrum~fd47,23/12Z! in Fig. 4 is fairly typical for
a moving hurricane. There is a dominant peak close to
frequency 2Agb as well as a number of other smaller pea

our

FIG. 3. The observed average frequency and the theoretical double
quency from the cylindrical shear flow theory versus 3 hour intervals si
August 21 at 1800Z.
2569Bowen et al.: Microseism generation by cyclones
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which fluctuate in time. Notice that the maximum vertic
scale of this graph is 0.025 arbitrary units, which is typical
the spectrum in this early path of the hurricane. Figure
shows the power spectrum for the 50th hour~df50,23/15Z!
during which the hurricane was motionless. Notice imme
ately that the vertical scale here is 4.0, a factor of 160 lar
than the previous figure. Note also the significant chang
the location of this peak as well as the large increase
intensity. While the much smaller peak in Fig. 4 was ve
close to 2Agb, the spectrum in Fig. 5 is dominated by th
very large peak very close toAgb. At the hour 50~fd50,
23/15Z! the frequency of the peak is between 8.75 and
frequency index units. The calculated value off b . is found
to be 8.87 units.

At the second intensity peak~fd130, 26/20Z! the peak
location is approximately 11 frequency index units and
theoretical value off b is about 9. The peak is not quite a
large as the case for the 50th hour, but it must be rem
bered that much of the hurricane was over land when
stopped and moved back onto the sea. A smaller signal f
the remaining part of the hurricane over the ocean should
expected.

In Fig. 1 there was a third time in which the NHC re
ports a zero velocity for Bonnie. This was at~Interval 23,
fd75, 24/15Z!. A review of a number of measured pow
spectrum near this time show spectra withf b peaks dominant
at fd70–fd73 and fd79–fd81. None of these lower frequen
peaks is as large as observed at fd50. Even though the N
reports the hurricane having zero velocity in a three h

FIG. 4. The microseism power spectrum at the 47th hour of data plotte
frequency index units of 0.195 Hz.

FIG. 5. Microseism power spectrum at the 50th hour plotted versus
quency index units of 0.195 Hz.
2570 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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period, our data would indicate the velocity was slow
changing and was zero before and after the advisory at
15Z.

A similar analysis of the times around the third pe
near Interval 60 in Fig. 5 shows that the spectrum is conc
trated at frequencies closer to 2Agb and there is no shift to
a lower frequency during this period. The microseisms g
erated here appear to arise primarily from the kinetic ene
terms in Bernoulli’s equation.

The power spectrum at different hours was never exa
the same. Most of the largest peaks are close to the 2Agb
frequency as shown in Fig. 4, although there is some va
tion with time. The parameters that have been used to ca
late b are averages computed over the whole lifetime of
hurricane and the real values must change with time m
quickly than indicated by our data. This theory clearly
only a first approximation in which fluctuations are ignore
In spite of this limitation, it appears that this vortex theo
captures much of the radiated microseism generation by
hurricane.

VII. EXTENSION OF THE CYLINDRICAL STRESS
FLOW MODEL TO MID-LATITUDE CYCLONES

A second study was carried out with the Fordham Se
mic Station during the passage of a strong Nor’easter wh
moved up the East Coast in January 1998. Seismic data w
gathered when the storm was close to Fordham so the s
would dominate the seismic data. The data were collected
January 21 and 22 and average frequencies of the
croseisms were tabulated hourly for this time period. A ser
of satellite images and detailed surface weather maps24 were
used to map the location of the storm and estimate its sp
size, and pressure.

The preceding theory for hurricanes was based on
assumption that the storm structure resembled a vortex
an eyewall parametera and a maximum velocityVmax. The
structure of the mid-latitude cyclone is quite different. In t
next few paragraphs the cylindrical stress–flow model
adapted to this atmospheric structure.

The striking structure of mid-latitude cyclones as rep
sented by our nor’easter is that the isobars are approxima
circular and that the pressure gradient is radial and es
tially constant. A balancing of the Coriolis force and th
pressure gradient forces induces the main winds to be
dominantly azimuthal.

The equations of motion for the air above the sea
derived in a cylindrical coordinate system that rotates ab
the local zenith with a Coriolis rotation frequencyVc . Let-
ting v r andvf be the radial and azimuthal velocities of th
air at the bottom of the cyclone and at the surface of
water, yields the following equations~without viscosity!:

]v r

]t
22Vcvf2

vf
2

r
5Vc

2r 2
1

rair

]P

]r
, ~68!

]vf

]t
12Vcv r1

v rvf

r
50. ~69!
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-
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To find the steady state solution, set the derivatives
the left-hand side to zero and solve the remaining equati
This implies thatv r50 and thatvf depends onr in a simple
fashion. In order to write this, impose the assumption that
radial pressure gradient of the pressure is constant. It
then be evaluated by measuring the pressure differenceDP
between the outermost isobar and the center, and the ra
Rc of the cyclone between these same two points. Defin
the maximum azimuthal air velocity

~vf!max5
1

4Vc

DP

rairRc
, ~70!

and a characteristic length for the velocity variation

a5
1

Vc
2

DP

rairRc
, ~71!

yields the steady state solution for the azimuthal velocity

vf54~vf!maxAr

a S 12Ar

aD . ~72!

Inserting these into the boundary condition between
air and water and using the Blasius drag coefficient result

bG~z!5
1.328rairAnair~4~vf!max!

2mARc~vf!max

34~vf!max

r

a S 12Ar

aD 2

. ~73!

Following factorization, and the same process as before
find thatb is given by

b5
1.328rairAnair~4~vf!max!

2mARc~vf!max

. ~74!

By combining appropriate temperatures, densities,
cosities and measured pressure differencesDP and average
radii Rc from the surface weather maps,24 the predicted
stress–flow frequenciesf b are calculated for this storm.

The comparison of the average measured microse
frequency and the double frequency 2f b were tabulated and
the results are shown in Fig. 6. As can be seen, the differe
between the theoretical and observed frequencies varies
3% to 10%. Again, there have been no adjustable parame
in any of the theoretical calculations.

FIG. 6. Theoretical and observed 2f frequencies for the mid-latitude cyc
microseisms.
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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VIII. COMPARISONS WITH OTHER OBSERVATIONS

This study was originally stimulated by the work o
Tabulevich and it would be gratifying to extend its predi
tions against her carefully gathered data. The data supp
for a cyclone observed crossing the Caspian Sea in 1
minimally provides the required data, including a sketch
isobars. Inserting best guesses for values needed to calc
2 f b for a mid-latitude cyclone, a 10% to 25% difference
found between experimental and theoretical periods. Sim
sets of observations over Lake Baikal and the Okhotsky
were more ambiguous. Otherwise, the theory generated
satisfies most of Tabulevich’s observations concerning
essential role of a cyclonic storm structure in generating
croseisms.

While the main purpose of this paper has been to exp
microseisms radiated from cyclonic storms, it is worthwh
to address the question of the equilibrium microseisms sp
trum as measured from the sea floor. This question of
‘‘climatology’’ of microseisms has been studied carefully b
Webb10 and compared with bottom measured spectra m
sured at different sites in the Pacific. The fundamen
premise underlying Webb’s treatment is that acoustic wa
generated by gravity wave pairs are responsible for the e
librium microseism spectrum observed in measurements
a model of the sea for this calculation Webb used a gra
wave height versus frequency distribution suggested by P
son and Moskowitz.25 Webb carries out a careful and tho
ough study of the distribution of acoustic waves generated
gravity wave interactions and their approach to equilibriu

From the perspective postulated by the current auth
the spectrum should be a direct consequence of the sur
wave distribution as expressed through Eq.~13!. A calcula-
tion of the frequency dependent pressure at the bottom of
sea through the Bernoulli principle was carried out in dire
comparison with the theory and experiment of Webb.

If the consequence of the Bernoulli principle is reco
nized and the contribution of the non-linearly genera
acoustic waves is ignored, the equilibrium spectrum sho
be a direct reflection of the equilibrium wave height dist
bution. The sea-floor pressure fluctuationsDp(v) at a fre-
quencyv should be given by

Dp~v!5
1

2
rE v~x,y,h,t,t !2eivt dt, ~75!

wherev(x,y,h,t,t) is the surface gravity wave velocity a
the surface. The equilibrium distribution for this velocity wa
calculated using the same wave height distributionH(v) as
discussed by Webb

v~x,y,h,Dt !5
1

2 E dv

2p
vH~v!e2 ivt. ~76!

Approximate calculations of the pressure power spectrum
this wave distribution as normalized by Webb and the dir
calculation of the pressure power spectrum was carried
and the comparison is Fig. 7 where the two thin lines
digitized graphs from Webb of experimental data in the P
cific, the next thicker line is Webb’s calculation for winds o
10 m/s based on acoustic waves, and the broadest line i

e
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direct Bernoulli spectrum based on the same Pierson
Moskowitz spectrum for a steady wind of 10 m/s. It shou
be noted that both of the theoretical predictions are at hig
frequencies than the observations, but that the Bernoulli
sult extends to lower frequencies than the nonlinear result
Webb.

The detailed microseism and wave spectrum data
lected by Kibblewhite and Ewans11 was originally inter-
preted as evidence of the nonlinear interaction of surf
gravity waves to create acoustic waves. The data can be
to support the Bernoulli principle as well. The time course
microseism events are much better explained by the
proach and passing of the anticyclone with the maxim
occurring at the point of closest approach of the storm cen
This behavior should parallel the observations of Hurrica
Bonnie in an earlier section of this paper. Kibblewhite a
Ewans also present a log–log plot of a very large data se
pressure fluctuations at a given frequency versus the w
amplitude at the same frequency. Given the uncertainty
the wave amplitudes are not measured near the center o
cyclonic storm, the equations above for the pressure
given frequency due to the Bernoulli principle immediate
give rise to a slope of 2 on the log–log plot. The width of t
scatter on this plot may be understood in terms of the sca
of the frequencies

ln~Dp~v!!5 ln~ 1
2 rv2!12 ln~H~v!!. ~77!

A further application of the Bernoulli principle for se
bottom pressure is suggested by the intriguing study of
croseisms under the ice covered Beaufort Sea.9 Relatively
sharp resonances are observed in a very quiet environm
under the ice layer. In this paper it was assumed by W
that an acoustic wave guide theory could achieve sim
resonances by assuming standing wave resonances in
wave guide for a particular depth and boundary conditi
However, as expressed in this reference, the resonant co
tions ~depth and boundary conditions! do not closely corre-

FIG. 7. Comparison of equilibrium microseism spectrum:~thin lines! obser-
vations in Pacific,~middle thickness! spectrum calculated by Webb,~heavi-
est line! spectrum from direct Bernoulli principle.
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spond to the conditions on the depth and sea-floor cove
of the Beaufort Sea. Furthermore, since the floor of the se
very fluid and covered with a deep layer of sediment,
would be expected that the resonances would have b
wider due to acoustic losses at both boundaries.

An alternative theory for these sharp resonances is s
gested by the presence of the ice layer and the Berno
principle. If there are very low frequency shear waves e
cited along the length of the ice pack section over the bott
detectors, these waves should have an influence on the
pressure due both to the potential and kinetic energy of s
waves. If the length of distance between major cracks
discontinuities of the ice island isL and the velocity of sound
in the ice isc, then the low lying modes~standing wave
frequencies! of the ice layer would be given byf 5(c/L)n
wheren51,2,3,4,5, . . . . If these frequencies are presen
the Bernoulli expression for the bottom pressure, the effe
of the potential energyf and kinetic energy 2f of these
surface modes should appear as the following multiples
the lowest mode: 1, 2, 3, 4, 5, 6, 8, 10, 12, 14. The ev
frequency peaks should be larger than the odd peaks sh
they represent both a potential and kinetic energy contri
tion. The odd peaks will represent only the potential ener
If the lowest mode is chosen to be the peak at 0.077 Hz, t
all of these modes are clearly seen except for 3, 5, and 8
The location for the third and fifth frequency multiple wou
occur on the sides of large and wide peaks for 2 and 4. N
the required locations are slight shoulders which could
these modes potential energy modes. Since these modes
resent a contribution from the potential energy and all ev
frequencies are also from the kinetic energy contribution
is likely to be harder to observe these two odd frequenc
The frequencies at 8 and 10 are not clearly resolved in
data, but there is a broad peak at 9 times the base frequ
which could be an unresolved combination of these t
peaks. The other peaks do correspond well with the rem
ing multiples. Taking reasonable values for the velocity
sound in ice26 obtained from the Army Cold Weather Labo
ratory, the length of the ice island would be about 10 mil

Finally, the application of the mid-latitude cyclone cy
lindrical stress–flow model of this paper to the time evo
tion of microseisms observed on the bottom of the Pacific8 in
February 1983 as a presumably, cyclonic storm passed
or near to the detectors would offer a further test of the
ideas.

IX. CONCLUSION AND NEED FOR FURTHER STUDY

The cylindrical stress–flow model for the generation
microseisms developed here has displayed much succe
predicting the average frequencies of microseisms and t
dependence on environmental variables. At the same t
there are many details that have been left unexamined in
paper. The average or dominant frequencies were well
dicted, but the other peaks which appear in microse
power spectra have not been examined. The fluctuat
from the mean motion which was assumed have been
nored as has any explanation of the lifetime broadening
the microseisms themselves. Experimentally microseis
Bowen et al.: Microseism generation by cyclones
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appear as short wave trains less than 10 cycles in dura
Neither the wave train length or the arrival statistics of m
croseisms have been explained yet.

The ideas in this paper do not argue directly against
nonlinear generation of acoustic waves by gravity wa
which has come to dominate the theoretical treatments
microseisms. The objective of this paper is to argue that
direct application of the Bernoulli principle can expla
much of the observed phenomena by itself. Further st
should lead to assessment of the roles of these two dis
mechanisms.

The distinction between measuring pressure variation
a point on the sea floor~at the foot of a column of water! and
the conditions necessary to detect a radiated seismic sign
a distant seismometer has been delineated. This distinc
should eliminate the need to search for reflected an
standing waves over the sea floor detectors since coher
over a wide area is not required.

Most of the study in this paper has been directed tow
radiated microseisms which can only be detected with s
mometers. These same effects should be evident as i
sound and an effort at detecting such signals near large
ies of water as storms pass over would be an impor
further test of these ideas.
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