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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. ZD03 Acoustical Society of America.
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I. INTRODUCTION one-dimensional plane waves moving across the surface of
h@e water to explore possible mechanisms by which mi-

low frequency and low intensity seismic signals recorded orfT0S€isms could be generated. One of the first important
land-based seismometers that are associated with storrldestions that LH addressed was the apparent contradiction

moving across water, has been observed by many scientigketween thg fact that surface gravity waves are restricted to a
over the years. A very thorough review of such “radiated” narrow region near the surface and the evidence that pres-

microseisms and the related infrasound effects has been writd'es at the sea floor are an essential part of microseism

ten by Tabulevichand contains qualitative data that offers 9€neration. How could waves restricted to the surface have
insights into the causes of microseisms. Through many yea@n impact on the sea floor pressures? There are essentially
of observations, Tabulevich and colleagues observed that mfwo different mechanisms that resolve this apparent contra-
croseisms were closely associated with moving cyclone§liction. The first mechanism is the application of the Ber-
passing over water and that the cyclonic nature of the storrfioulli principle to each vertical column of water connecting
was essential, there being no significant microseisms assodpe surface to the sea floor. Bernoulli's principle states that
ated with linear wave fronts. She conducted triangulatiorfhe sum of the pressure, the kinetic energy per unit volume,
studies to locate the sources of microseisms and identifie@nd the potential energy per unit volume must have the same
specific storms as had others. For example, as early as 194@lue at all points in the column, even if any of these vari-
RamireZ used three seismographs to triangulate cyclones ugbles are varying in time. The immediate consequence of this
ing microseismic signals. More recently, other observess is that the pressure time dependence at the base of a column
ing arrays of seismometers have closely associated mpfwater is determined by the time dependence of the surface
croseisms with strong cyclonic storms at sea. gravity waves at the top of the column, and this effect is
The study reported in this paper was carried out to colindependent of the depth. The second mechanismbe
lect detailed data on large cyclones, both hurricanes and midliscussed below, is the generation of acoustic waves through
latitude cyclones, in order to test various theories predictinghe nonlinear interaction of surface gravity waves. The re-
the dominant microseism frequency and other properties ddulting acoustic waves are not damped with depth and their
the observed “radiated” microseisms as detected by landpropagation down to the sea floor provides a generation
based seismometers. While developing the new theory it benechanism for microseisms.
came clear that certain distinctions between radiated mi- LH’s most often quoted result is the observation that a
croseisms and sea floor detected microseisms needed to d@nding wave is the only one-dimensional plane wave struc-
clarified. While the cyclone data and theory are the mairture which can generate radiated microseisms. In most of the
focus of this paper, some attention will be paid to these disliterature, it has not been widely appreciated that this part of
tinctions. LH’s analysis applies only to the radiation of seismic signals
The foundational theoretical study of the radiation ofthrough the earth’s crust to distant seismographs. As is dis-
microseisms from the sea floor to land-based seismometersissed below, Bernoulli’s principle alone is adequate to gen-
was carried out by Longuet-Higgihg$LH), who used Ber- erate microseisms detected at a fixed sea bottom location.
noulli's principle, linearized hydrodynamic equations andAlso the generation of a seismic signal radiating into the

The phenomena of storm-generated microseisms, t
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crust and scaling with the size of the storm requires a wavéal for the formation of a standing wave. In few of these
with spatial coherence and persistence. cases was consideration made of the possible change in am-
LH also observed that Bernoulli’s principle implies that plitude from various reflections considered. Tabulevich
the kinetic energy of the surface wave gives rise to pressuramong others attempted to have the wind waves ahead of a
fluctuations on the sea floor, which will be observed at twicemoving cyclone and those which follow the storm, and move
the frequency of the surface wave. Thi$ 2ignal is a direct in opposite directions, combining to form standing waves,
consequence of Bernoulli’s principle and expresses a nonlineven when these two winds were not present at the same
earity in the sense that the square of the velocity in the kipoint at the same time. Other discussions have associated
netic energy produces the effect on the pressure. The 2standing waves with wind direction changes and cross
signal is not exclusively a sign that nonlinear interactionswinds® Detailed measurements by Kibblewhite and Ewans
between surface gravity waves are involved in the producat the Maui Development site were also interpreted as being
tion of that signal. caused by waves running into a recently changing wind and
In contrast to the studies by Tabulevich which are inter-thus possibly encountering oppositely moving waves of simi-
preted exclusively through Bernoulli’s principle, a prominentlar amplitude. In general, searches for one dimensional,
school of thought has focused on the generation of acoustiglane, standing waves as a cause of microseisms have been
waves by nonlinear interactions between surface gravitynferential, that is, mostly without direct observations. Care-
waves. From this perspective, microseisms are caused by tliiel, well-instrumented shallow ocean bottom observatidns
acoustic waves which are not damped with depth under théound no evidence of standing waves, or even significant
surface. The chief proponent of this effect has been Kibblereflected waves from nearby shores. On the other hand, sev-
white who has developed mechanisms for producing theseral studies with under water pressure detectors and seis-
acoustic waves in great detlilhe initial motivation for the mometers observed microseisms in the presence of ‘Swell
consideration of these nonlinear effects was a hydrophonfrom far away storms and shore, wiidind what would be
study by Nichols, who concluded that nonlinear mecha- expected to be predominantly traveling waves.
nisms must be involved since thef Deak was so prominent. This paper is presented in the conviction that all of the
It is worth noting that Nichols included LH’s work as part of consequences of the linear theory based on Bernoulli’'s prin-
this nonlinear theory and did not definitively distinguish be-ciple need to be more deeply examined, and that there exists
tween the two generation mechanisms listed above. Kibblea wave form, other than one-dimensional, plane standing
white and colleaguéshave worked out a number of details waves, not considered by LH, that can give rise to mi-
of the generation and consequences of acoustic waves gecroseisms. In particular, cylindrical waves on the two-
erating microseisms. The dominant gravity waves that arelimensional air—fluid interface around the center of a cy-
assumed to be involved in microseism generation are pairs alone can also generate microseisms and rationalize much of
waves moving in almost opposite directions. the existing data in the literature. The role of the wind and
The decisive researcher in this school has been Weblthe cyclonic nature of the storms associated with mi-
who has conducted a number of exceptionally well-crafteccroseisms is explored below.
experiments with carefully gathered data to probe the fine In the following sections, the LH study for one-
structure of a wide variety of theories. He collected sea-floodimensional plane waves on the surface and its relationship
microseism dafhat several depths and sites in the Pacific.to microseism development is reviewed. Emphasis will be
Much of this data represented the microseisms generated lgjiven to the difference between stationary bottom measure-
the “equilibrium” wave distribution above the detector, but ments and extensive coherent area sources for radiated mi-
some interesting data was collected for what appears to beaoseisms. Briefly discussed are two different approaches to
mid-latitude cyclone which passed near the site. He also colmicroseism generation which parallel the wind generation of
lected fascinating data on microseisms under the frozen iceater waves! namely, the resonance theory of Philfips
pack in the Beaufort Se4This very quiet data offers further and the shear flow theory of Milé§ A resonance theory of
data to distinguish between competing theories. Finally, henicroseism generation is found to agree with the LH travel-
explored the interesting idea of the “climatolog}® of bot-  ing wave null results in the absence of viscosity, but does
tom detected microseisms by seeking to predict the mipredict a double frequency peak whose amplitude is prob-
croseism spectrum from the wave height distribution associably too small to be observed in land-based seismometers. A
ated with the surface. While these data are not central to thievo-dimensional theory, the cyclonic shear flow theory, is
present work, a brief discussion of several of these measureleveloped that exhibits double frequency peaks in the mi-
ments from the point of view of the Bernoulli principle is croseism spectra, the frequency of which depends on the
presented at the end of this paper. cylindrical velocity structure of the atmospheric storm and
The Longuet-Higgins conclusion about standing waveghe associated flow in the water. This theory will be applied
has been part of the guiding foundation for experiments oro two different kinds of cyclonic storms: tropical hurricanes
microseisms over the years since his paper. Because a stavdhich are represented by a vortex line with an eye wall,
ing wave can be obtained from the linear combination of twocentered on the storm, and mid-latitude cyclones which have
oppositely traveling waves with equal amplitudes, severahlmost circular isobars and a constant radial pressure gradi-
observers sought to find standing waves caused by refleent about their center. This shear flow theory is compared to
tions from shore emplacements, harbors, and partially erland-based seismic measurements of two different storms in
closed bodies of water. The equality of amplitudes is essent998: a Nor’easter in January and Hurricane Bonnie in Au-
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gust. Good success is achieved in predicting the frequency of The kinematic boundary condition at the free surface is
the double frequency peak from first principles and severalhat the changes in the surface are caused by the velocity
other features of Bonnie. In the last section, consequences &eld of the fluid, so the time rate of change of the surface
these ideas are applied to observations of Tabuleviclposition must be equal to the speed of the fluid in the vertical
Kibblewhite, and Ewans, and climatology of microseisms,direction’
and sea-floor spectral measurements of Webb. an oD

ot = E, z=0. (8)

II. REVIEW OF GOVERNING EQUATIONS FOR

Combining this surface boundary condition with the
INCOMPRESSIBLE FLUIDS

equation of motion ford yields the equivalent of a wave
In this section the notation and background for gravityeduation at the surface,
waves is established. The beginning is the Navier—Stokes 2¢ s 9D 10P,
2 =__

equation for the force on a mass of material of dengignd —+g———vV'——= , z=0. 9
; : 17 : ot 9z ot p dt

velocity u. Following Mei;’ yields the momentum equation

of motion: Assuming that the surface of the water bears a wave
p P with wave vectork, »=Aé&** yields the following disper-
—u+u.Vu=—V —+gz|+ vV, (1)  sion relation for gravity waves propagating along the sur-
Jt p face:

wherev is the constant kinematic viscosify,is the pressure, w(k)2=gktanh(kh), (10)

and g is the local acceleration of gravity, and theaxis is . )
pointing upward. When the flow is laminar and the viscosity@"d these waves are damped exponentially with depth.

is small, a velocity potentiab approximately determines the As with any physical system it is expected that if an
velocity u through atmospheric pressure disturbance with a velogitpatching
the gravity wave phase velocity for some wave vedtor
u=vao. (2
Lo : o g tani(kh)  w(k)
Substituting into the Navier—Stokes equation yields dor v= K = (12

the following equation:
there should be some sort of resonant interaction.
. ©) Precisely this resonant effect has been considered by
Phillips™® in the study of transient wave development in the
Without the viscosity this equation leads to the Bernoulliocean:
principle that

Vaq)—i—lV(I)Z V2h |=-V
A

P
—+gz
P

ob 1 P _
W+E|V®|2+—+gz=0(t), @ lll. REVIEW OF THE LONGUET-HIGGINS STUDY
p The excitation of gravity waves in the linearized theory
whereC(t) is a constant in space, dependent only, possiblyabove for an incompressible fluid is localized to within a few
on time. Becaus€(t) does not depend on depth, the pres-wavelengths of the surface since the waves are damped out
sure at the sea flodthe coordinate system has the unper-with increasing depth. However, the time dependence of the

turbed surface ar=0 and the sea floor &= —h), where  surface gravity waves can be transmitted to the ocean floor

Vb, 9b/ot —0 asz— —h, through the column of water between the surface and the
floor via the Bernoulli principle. For laminar flow this prin-
b 1 P(0) P(—h) ) :
E+ §|ch|2+ ——+gz= —gh. (5) ciple relates the atmospheric pressure at the suRgde the
p

pressureP(x,y,—h) at a deptth on the floor
In the following discussion the continuity equation and 1 5
the boundary conditions are written for the surface and bottat PITXY. )+ Zpv (XY, 7.1)"=P(X.y, —h) = pgh, 15
tom of the body of water, assuming that all quantities have a (12
e '“! time dependence. Viscous effects are kept to loweswherev(x,y,7,t) is the velocity of the surface waves at the
order where necessary, but tHed|? terms are neglected.  surface point X,y), 7(x,y,t) is the water surface profile
Given that the coordinate system has the unperturbedboutz=0, p is the density of the wateg is the local ac-
surface az=0 and the sea floor &= —h, the equation of celeration of gravity, and it is assumed that the bottom ve-
continuity for the velocity potential is locity of the water is zero. From this principle the pressure at
V2p=0, —h<z<O. ©) a point x,y,—h) on the bottom should show the time de-

pendence of the surface gravity waves
The velocity at the sea floor must vanish so the follow- . 5
ing condition on the normal derivative of the velocity poten- PO6Y, ~h)=Patpg(h+7(xy,t) + zpv(xy, 7,)%. (13

tial must hold: Consider as a simple example, a vertically oriented trav-
oD eling wave with wave vectok and angular frequenca,
—=0, z=-—h. 7 .
an ™ 7(X,y,t) =Asin(kx— wt), (14
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v(X,y,0t) = wA cogkx— wt). (15 L P9 ) )
ngJ sin(kx— wt)dx= TW(sm(kL— wt)+sin(wt)),
The bottom pressure at a fixed positiony, —h) will have 0
the following time dependences: (18)

. which is not proportional to the area, vanisias noted by

P(x,y,=h)=Pat pg(h+Asin(kx=ot)) LH) whenevelkL is a multiple of 27, and will thus not scale

1. 252 o2 with the size of the storm unle&s=0, i.e., a stationary wave.
T z2pw A" cosgkx—wt)” (16) A similar observation can be found for the kinetic en-

Thus, if a single frequency traveling wave from someergy from the traveling surface gravity waves,
source, like a hurricane or typhoon, passes over a pgint L 1 1
this simple traveling wave would generate a pressure power f pv? dx=W= pw?A?—(cogkL— wt)sin(kL— wt)
spectrum with peaks ab and 2». Such observations have 0 2 K
clearly been made with the bottom placed seismic and pres- +cog wt)sin(wt) +kL). (19)
sure observations of Sutton and Barstdw.

The Longuet-Higgins well-known conditions about The time-dependent contribution for this one-dimensional
standing waves being necessary for surface radiated milane traveling wave is not of orderunlessk=0, as before.
croseisms are not applicable to signals received at a single Longuet-Higgins then asked whether there was any form
point on the bottom. The measurements and observations 8f one-dimensional plane wave which would, through the
this paper and the LH original study deal with the radiationkinetic energy, exert a force on the whole area and thus pro-
of seismic signals from the ocean floor and their propagatio§luce a detectable signal. In a straightforward manner he

through the surface and body of the earth to a distant seighowed that a standing plane wave could produce a signal on
mometer. This distinction is clarified in the following para- the ocean floor that would scale with the area of the storm.

graphs. The vertical velocity due to such a standing wave is given by
Longuet-Higgins began his study by looking at the gen- ;= ;A cogkx)cog wt), (20)
eration of seismic waves by a source induced on the floor of o } o
the ocean. For simplicity, in the following discussion, an&nd th2e kinetic energy integral has a positive integrand
approximate Green’s function for the propagation of the seis€0S&¥)~ and becomes
mic signal through the surface of the earth will be used in- L 1 1
stead of a more detailed Green’s function that reflects the;[ Pvde=W§Pw2A2E
surface boundary conditions and curvature of the earth. The®
more complete Green’s function shares the property of de- X (cogkL)sin(kL) +KkL)coS(wt), (21
pending on coherence in the source region for signal propa—h_ hh tensive. time-d dent tribution to th
gation so our arguments below will remain valid for the moreVNICN Nas an extensive, ime-tependent contribution 1o the
accurate formulas. pressure at twice the wave frequency. _ .
For simplicity, assume a storm occupies surface over a The currenF study began by asking if th.ere IS another
rectangular sea-floor section of lendthand widthW with type of wave disturbance on the surface which would give

an areal X W, which region is a distance from the seis- rise to an extensive force on the floor of the ocean. The

mometer, then the vertical displacemsmf the seismometer search led to the examination of the two extreme types of
at a fre(iuencyw is given approximately in the far field theories for the generation of surface waves following the

regiort® by work of Phillips and Miles, and to examine two-dimensional
cylindrical waves that are generated under wind fields of
gilwlcd R e both the tropical hurricane and the mid-latitude cyclone.
S(va): Czp R WJ’O P(X,y,_h,ﬂ))dx, (17)
sF's

wherec; is the velocity of sound in the earth’s crupt,is an V. WAVE RESPONSE TO ATMOSPHERIC PRESSURE
average density of the solid in the crust, and for the follow-PROFILE: RESONANCE THEORY

Ing e|>.(amplles It P:NI" be assumed Lhat all pIaneh Waves are it 5 |arge storm with its attendant pressure profiéx
traveling aong.t <Ia<d|rect|0n.andht. ere is nolot er depen- —ut) is moving through a region, Phillip& resonance
dence perpendicular to theaxis. This assumption reduces a yhaqry of wave excitation argues that those waves whose

surface integral over the area to the linear integral multipliedphase velocity is the same as the moving storm will be

by W. strongly excited. This resonance condition of matching the

The primary assumption of Longuet-Higgins was that,, e yelocity selects a dominant wave vector satisfying the
detectable radiated seismic signals are those in which tl llowing equation

integral of the bottom pressure over an area is proportional to

that area. To borrow language from thermodynamics, the sig- kv =w(K). (22)
nal has to be extensive in the area and energy of the storm. E‘valuating this condition fow(k) = Vgk, valid for deep wa-
our explicitly simplified example, the pressure integral ter, yields

should be proportional tb.

Examining the effect of the gravitational potential en- o 9
i : w,=vq=w(q)=— (23

ergy term on this region, shows that v
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and 1 9(rvy) v,

g rooor a0 @7
q=—7. (24) . ;
v the radial component of the momentum equation
The resonance theory thus predicts a microseism frey v . v2
. . r r r @
quency that is strongly dependent on the velocity of theEJrerHJZE—T
storm.
A fairly straightforward calculation, in the limit of van- 19p v, laov, v, z
ishing viscosity, yields the following for one of the surface =———+tv| o t-—t———|, (28
" p or ar ror 9z r
wave velocities:
g the azimuthal component of the momentum equation
Bl 2
9 () g, x Wy, g I, DV,
U——z—zpv sin| > t—; , (25) ot T or 2757 r
whereP(g/v?) is the spatial Fourier transform of the mov- _ v, 1 %+ Fu, B ﬁ (29
ing pressure profilé(x). Note, however, that this is a trav- “Vorz T Tar 9z> x|’

eling wave and hence does not contribute to distant seis- . .
mometer signalga consequence of the LH theorem for and the axial component of the momentum equation
traveling waveg v, v, v,
Including the viscosity to lowest order in this resonanceW”LUrWvazE
theory does give rise to a small peak at twice the resonance
frequency, but its magnitude is proportional to the viscosity 1dp Fv, 1lav, &,
N o Trar T a2 )

of the water and thus the signal would be very small. - poz
There is another major problem with the resonance , .
theory. It predicts that the frequency generated by a storm F_or von Ka_rmens StUdyz the boundary conditions were
will become very large as the velocity of the storm ap_no slip at _the disk and no viscous effects far from the disk
proaches zero. As is discussed below, the hurricane Bonnf@<CePt azimuthal flow, i.e., &=0, v,=v,=0,v,=r{, p
stopped or slowed considerably three times in its lifetime,~ 9 and ag—, v, =v,=0. For this infinite rotating disk
twice at sea and once while it reversed directions at the CarerOblem' von Karman deduceq that the components
lina coast and returned to sea. The dominant frequency dfr/"+ U¢/T: vz, andp are all functions otz alone and was

Bonnie’s microseismic power spectrum is almost constant‘:’lble to reduce this problem to one of the coupled ordinary

velocity independent and does not obey this velocity dependifferential equations, which he solved numerically.
The problem being studied here is very similar. A large

denceg/v. This flatly contradicts the resonance model. . . s )
9/vs y storm is rotating above the water, but with a different set of
boundary conditions. In the vertical direction, the kinematic
condition is that the change in the surface height

(30

V. GENERATION OF MICROSEISMS BY A SLOWLY =n(r,¢) is determined by the vertical flow at the surface
MOVING HURRICANE: CYLINDRICAL SHEAR FLOW such that
THEORY
J
In this section a theory is derived in which the atmo- a—?:vz. (31

spheric winds around a cyclone excite resonant excitations of
the surface gravitational waves. However, the other boundary condition at the liquid va-
The treatment of the problem is in cylindrical coordi- por interface has to do with the transverse stress
nates with the quiescent surface of the sez=ad. White°in o
=\u—2] . 32
liq (M az)gas ( )

his book on viscous flow discusses a classical cylindrical
The boundary condition at the gas—liquid interface can

problem that had been earlier analyzed by von Karftan.
This problem involved the flow of fluid near a infinite rotat-

be expressed using a drag coeffici€qpf for the atmosphere
above the water,

&v¢

Tint= | M E

ing disk with a no-slip boundary condition between the disk
and fluid. The fluid velocity is expressed in terms of the
cylindrical components
dv 1
V=06 106,76, (26) D= ( P«T;) :ECDpairV\%vinw (33
where the unit vectors, ,e, ,e, form the standard orthonor- =0
mal basis for cylindrical coordinates. Because of the exsince itis only in thep direction that we find the major wind

pected cylindrical symmetry, these three velocity compo-velocity.

nents and the pressure should be independeni,ofhe As a first approximation, the convectional derivatives
azimuthal angle. are neglected and an approximate solution of the resulting

The governing equations include, the continuity equadinear system is sought, since the frequencies and velocities
tion of interest are quite small. Oscillatory solutions are sought
2566 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Bowen et al.: Microseism generation by cyclones
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for the fluid motion due to the wind velocity. A Fourier time 1 a(rd(r)) 1 dF
transform of all quantities, (), v (), v,(®), andp(w), H(r)  or == F(2) 9z
are taken and it is assumed that everything has a time depen-

dence ofe'®!. It is also assumed that the hurricane has theélhe equation for a dimensionleB$z) can be solved imme-
shape of a vortex floff around thez axis, with a velocity ~diately

given by

(46)

F(z)=Fye?, (47)
V.= Qr,2 r=a, (34) which vanishes ag— —o0. At this stage, our consideration is
¢ 1Qalr r=a, effectively limited to an infinitely deep ocean. The following
where the rotational frequency of the hurricane is lab&led 1S then obtained:
and a is the effective eye radius. Incorporating the body 1703 J(r)
force due to gravity at the surface, into the linearized H(r)=—E Fri (48

Navier—Stokes equations, yields
Now becausé-(z) is a factor in all equations, séf=1 and

Lolrv) | v (35  factor it out of all equations at the surface to obtain

roa ez
the radial component of the momentum equation J ldt_g i + 73 + Lo +| B2 ! J
P a = d e Mt ra VAT
, 1op anp [P, 1dv, v, vF (49)
lov, = ————g— V=t - —— -—,
P or ar r or 0z r (926 109G 1
(36) iwG=v 6’7_‘—??4—('82—?)(3} (50)
the azimuthal component of the momentum equation
2 2 2 H= 'BL H+ 52H+1‘9H+ 2 Ly
i wv :,,[?UZ‘PJFE% av;_v_@' (37) o P i Ve A b
® ar roor Jz r (51)
and the axial component of the momentum equation The boundary condition for the horizontal stress is
19dp Jan &zvz 1 ov, r?zvz dv mn 11
lov,=——~— —g—+ (W Ttz (38 = P ﬂzCDpa.rV@.nd, z=1. (52)
Introducing the vertical boundary condition, yields Sincev ,=G(r)F(2),
iwn=v,, (39 5 m 1 2
= == . .
so that G(z)Be BG(2) L 24 CopairViind» (53)
dn 1 dv, 40 assuming that the displacement of the surface is srBal,
o iw or @0 <1,
The boundary condition at the surface may be rewritten
and as
d 1 ov 2
ERrE S “) BG(H = - 2 Cop e e (54
DFar (ha?/r)2, r=a,
Now, seeking an approximate solution, an assumption i%r
made about the factor structure of the solutions to derive
separable ordinary differential equations. That is, r 1 2[ (rla)?, rla<i,
G| =|==—Cpp.i(Qa 55
v,(1,9,2,0)=3(r,0)F(z,0), (42) POla) =2 Coral O a2, rjaz1. Y
v,(r,¢,2,0)=H(r,w)F(z,0), (43 SO, if V=43, including one factor oV, in the defini-
tion of B and the other factor in the definition &(r/a),
v(r,¢,2,0)=G(r,0)F(z,0), (44 sinceG(r/a) must have units of velocity, yields an expres-
p+pgz=L(r,0)F(z,w), (45 Sonfork
which implies that all four functions have the samdepen- ——Cppar(Qa)= CopaiVmax- (56)

dence. A= 2 water 2 sea

The continuity equation is found to be separable, Our solution forG(r/a) can be determined by the Hankel

1d(rv,) dv, 19(rd) JF transformK (u) of the first order Bessel function

—S=0=-— ,
ror dz roar Jz f r r (rla)?, rla<i,
. . K(u)Jilu-|du=G| -|= 5
and adopting3 as a separation constant, (W a a "X (alr)?, rla=1. ©7
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These conditions determine the value of the separation 200
constaniB. In the comparisons with observation the tempera- 180
ture dependence of the viscosities, densities, and velocities 1g0
near the ocean surface is used for the evaluatiof. dhere 18.0
are no adjustable parametersgn 120

In the next few steps an approximate frequency depen- < 100
dence is sought and the viscosity, to lowest order, is included § g4

m/g)

. . . =N
to give a broadening to the resonances. For the axial compo-# 60 | \
nent of velocity at the surface, this yields 4'0 i ‘0‘
T B B 20
Iw+m—vﬂ H(r)=——L(r) (58 00
P e - e x 858352585 8
or Three Hour Intervals Since 21182
L of L(r) FIG. 1. Speed of Hurricane Bonnie as estimated by the National Hurricane
H(r)=i 7 W (59) Center at 3 hour intervals since August 21 at 1800Z.
Observe the resonance kH(r,w) at the frequency
w=198 (60) storm were collected and recorded from advisories issued by
the NHC. The effective eyewall radisswas determined by
or fitting the observed wind speeds in four quadrants at various
1 distances from the storm as reported by the NHC advisories.
fB=2— VaB. (61) The first step of this study is to construct the velocity of
o

the hurricane. These results are included in Fig. 1. This

This resonance will not depend on how fast the hurricane ishows the NHC reported velocity as Bonnie carried out a

moving but rather on the maximum wind speed of the stormmotion that had the hurricane essentially motionless near a
1 [gCoparV 12 t@me of re_porting an advisory in three different Iocatipns. The

fp=o— ﬂ) ) (62) first two times the storm slowed down and stopped it was far

2 21H,0 at sea and intensified while motionless over warm water. The

White notes that Blasius developed a drag coefficient fothird time the storm stopped it had just made landfall on the
a flat plate as a function of a Reynolds numbeg, Rehich Carolina coast and turned back to go out to sea again before

depends on the disk radias in this case, the eyewall radius, Passing to the north and northeast. _
For the following discussion it is necessary to acquaint

~1.328 the reader with graphing conventions followed in the rest of

CD_E' ©3  this paper. The frequencies at which Fourier coefficients

have been measured are integer multiples of 1/51.25 Hz.

where This fundamental unit is imposed by our sampling rate and
Viad collection time. In all of the following plots of Hurricane

Re,= > (64) Bonnie data, the integral number of such units, which we call

frequency index units are plotted. The physical frequency
andv is the kinematical viscosity of air. can be obtained by multiplying the frequency index unit by

The parameteg thus depends on the maximum velocity 0.0195 Hz. The time intervals at which power spectrum data
of the hurricané/ .y, the effective eyewall radius, and the  are compared with the NHC data are 3 hour intervals which
temperature, density, and viscosity of the air and water. Allcorrespond to the time interval between the two different
of these parameters are accessible from the National Hurrtypes of advisories issued while a hurricane is monitored. In
cane Centéf (NHC) archival data, if the eyewall radius is some references below, the notation 21/18Z is used to desig-
determined by a fit from the reported external wind fieldsnate, August 21, 1998 at 1800 hours Zulu. Occasionally, ref-
that surround the hurricane. erence is made to an hour by the designation fd50, which
designates the 50th power spectrum recorded by the
Fordham seismometer.

In order to get a better idea of whether seismometer data
are signals being generated by the hurricane and not New

Using the Fordham Seismic Station, seismic signalsYork noise, it is useful to plot in Fig. 2 the total radiated
were recorded at each hour for most of the movement ointensity between the 4th and 40th frequency index unit as a
hurricane Bonnie in August 1998. Each 1024 points of datdunction of time and compare it to a theoretically expected
were recorded from August 21 at 0900Z to August 30 atintensity from each hurricane location. This frequency range
2200Z on each hour at a frequency of 20 Hz using a verticaincludes all microseisms and should capture the nonzero fre-
seismometer and were collected in one large data file using@uency intensity which is radiated by the hurricane. Along
23 bit A to D converter. Data on the location, wind fields atwith the observed radiated intensity, Fig. 2 also contains a
various radii, wind speed, and velocity of movement of thenormalized plot of the inverse squared arc length distance

VI. COMPARISON OF HURRICANE BONNIE DATA
WITH THE CYLINDRICAL SHEAR FLOW MODEL
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three hour intervals since 21/182 .
FIG. 3. The observed average frequency and the theoretical double fre-

FIG. 2. Low frequency seismometer powarbitrary unit$ and the normal-  quency from the cylindrical shear flow theory versus 3 hour intervals since
ized inverse squared distance between Bonnie and Fordham versus 3 hotdgust 21 at 1800Z.
intervals since August 21 at 1800Z.

The agreement between the average observed frequency

along the surface of the earth from the hurricane to the sei®@nd 2f 5 indicates that the kinetic energy is the contribution
mometer site. This inverse squared arc length is labeletf the pressure at the bottom of the ocean even though the
1/cosfb)? wherefb is the angular separation of the hurricane hurricane is moving. A small translation of the cylindrical
and Fordham on the surface of the earth. TAigos(b)2 coordinates by a translation velocityy does not seem to
function is scaled to match the received power at the point offake much of a difference. Consider the velocity of fluid
closest approach and gives a rough measure of the expectdfder a moving hurricanssumed here in the direction
intensity signals generated by the storm. This distance ddhe kinetic energy expression will be
pgndenge should roughly track the radiated intensity of thaz(vTex+vrer+vgoe<p+vzez)(UTex+Urer+U(pe<p+vzez) (65)
microseisms by the hurricane source.
Several features of Fig. 2 require comment. First, thevhich becomes
intensity as a function of time and distance is fairly close to1,, 2, 2, 2, 2 ) )
the inverse squared arc length distance. This suggests th%lgvT+v‘p+Ur+vz+szvrer Bt 20TV 485 ). (€6
most of this signal is from the hurricane and not from noiseThe last two terms average out when integrated @vahile
in the vicinity of the seismometer. Second, there are two verghe first two terms have no time dependence and so make no
anomalous peaks that are much more intense than the othentribution. The two terms?+v2 both will exhibit the
points. In fact, the first pointinterval 16, fd50, 23/15rhas 2 f 4 frequency.
actually been truncated to make the graphic observable. The So, the remaining question to be answered is what is
actual value is almost 75 times more than the value plottetiappening at the points where the hurricane has stopped. The
here. The second pedknterval 43, fd135, 27/03zis the  hint can be seen in Fig. 3 at the location of the first peak. The
correct value as plotted. average frequency is almost exactlyfat The explanation
What is happening at these two intensity peaks? Carefuleturns to the Bernoulli equation and the contribution of the
correlation with the hurricane location indicates that thesegravitational potential energy, which has a resonandg; at
two peaks are generated when the hurricane is stationary. H(r) L(r)
The first time Bonnie is at sea and the second peak represents (r,w)= _U—Z: gp. ( = , )
gpn(r, gp 9h— 2
the reversal upon landfall and the return to the sea. The third o o o —gBtivpw
peak in Fig. 2 is due to the intensity variation as the hurri-
cane reaches its closest point to Fordham and then passes&s noted by LH and discussed above, if such a oscillation
to the northeast. moves along the surface as a traveling wave, it does not
Figure 2 gives confidence that measured signals areake a significant contribution to radiated microseisms.
from the hurricane Bonnie. The next test will be to see if theHowever, if there is no translational motion, then an oscilla-
dominant peaks, essentially the average frequency, of théon in the vertical direction will be coherent and give rise to
power spectrum is close to the prediction of 2 which is  an excitation on the floor at the frequendyB. If the storm
expected if the kinetic energy is integrated over the circulais motionless, the gravitational potential energy of the sur-
area of the storm. A positive integrand is expected since th&ce should be seen in the microseism spectrum.
velocity is squared in the cylindrical area of integration. Pa- It is useful to examine the power spectrum as measured
rameters are chosen to match the temperatures of the soutly the spectrometer to describe these phenomena. Two dif-
Atlantic and derived other variables from the data on Hurri-ferent plots of the power spectrum are shown below, the first
cane Bonnie from the NHC. of these will be 3 hours before the hurricane stopfrger-
Figure 3 plots the observed average frequency and twiceal 16, fd50, 23/15Zand will show behavior similar to most
the resonant frequencyf2 as a function of the advisories hours of microseism production.
issued by the NHC. In these plots the frequency is measured The spectruntfd47,23/127 in Fig. 4 is fairly typical for
by the frequency indek the actual value of the frequency is a moving hurricane. There is a dominant peak close to the

0.0195< 1 Hz. frequency 2/gB as well as a number of other smaller peaks
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Bowen et al.: Microseism generation by cyclones 2569
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0.025 y y " y period, our data would indicate the velocity was slowly
changing and was zero before and after the advisory at 24/
0.02} 15Z.

A similar analysis of the times around the third peak

% 0.015¢ near Interval 60 in Fig. 5 shows that the spectrum is concen-
g trated at frequencies closer ta/g§s3 and there is no shift to
< oo a lower frequency during this period. The microseisms gen-
0.0051 erated here appear to arise primarily from the kinetic energy
terms in Bernoulli's equation.
\ The power spectrum at different hours was never exactly
0 10 20 30 40 50

the same. Most of the largest peaks are close to thg3
frequency as shown in Fig. 4, although there is some varia-
FIG. 4. The microseism power spectrum at the 47th hour of data plotted ijon with time. The parameters that have been used to calcu-
frequency index units of 0.195 Hz. late B are averages computed over the whole lifetime of the
hurricane and the real values must change with time more
which fluctuate in time. Notice that the maximum vertical quickly than indicated by our data. This theory clearly is
scale of this graph is 0.025 arbitrary units, which is typical ofgnly a first approximation in which fluctuations are ignored.
the spectrum in this early path of the hurricane. Figure 3p gpite of this limitation, it appears that this vortex theory

shows the power spectrum for the 50th hediS0,23/152  captures much of the radiated microseism generation by this
during which the hurricane was motionless. Notice immedi-yrricane.

ately that the vertical scale here is 4.0, a factor of 160 larger
than the previous figure. Note also the significant change in

the location of this peak as well as the large increase in
intensity. While the much smaller peak in Fig. 4 was veryV”' EXTENSION OF THE CYLINDRICAL STRESS

close to 2/gB, the spectrum in Fig. 5 is dominated by the FLOW MODEL TO MID-LATITUDE CYCLONES

very large peak very close tggg. At the hour 50(fd50, A second study was carried out with the Fordham Seis-
23/152 the frequency of the peak is between 8.75 and 9.Gnjc station during the passage of a strong Nor'easter which
frequency index units. The calculated valuefgt is found  mgyed up the East Coast in January 1998. Seismic data were
to be 8.87 units. . gathered when the storm was close to Fordham so the storm
At the second intensity peatd130, 26/202 the peak  ould dominate the seismic data. The data were collected for
Iocatior_1 is approximat_ely 11 frequency inde_x units a_nd théjanuary 21 and 22 and average frequencies of the mi-
theoretical value of  is about 9. The peak is not quite as ¢roseisms were tabulated hourly for this time period. A series
large as the case for the 50th hour, but it must be rememys sateliite images and detailed surface weather fapsre
bered that much of the hurricane was over land when if;sed to map the location of the storm and estimate its speed,
stopped and moved back onto the sea. A smaller signal frorgize, and pressure.
the remaining part of the hurricane over the ocean should be  The preceding theory for hurricanes was based on the
expected. S _ assumption that the storm structure resembled a vortex with
In Fig. 1 there.was a th|rd. time in which the NHC re- g, eyewall parametex and a maximum velocity .. The
ports a zero velocity for Bonnie. This was @iterval 23, grycture of the mid-latitude cyclone is quite different. In the

fd75, 24/152. A review of a number of measured power pext few paragraphs the cylindrical stress—flow model is
spectrum near this time show spectra wWigfpeaks dominant  4qapted to this atmospheric structure.

at fd70-fd73 and fd79-fd81. None of these lower frequency  The striking structure of mid-latitude cyclones as repre-

peaks is as large as observed at fd50. Even though the NHEanted by our nor'easter is that the isobars are approximately

reports the hurricane having zero velocity in a three hougjrcylar and that the pressure gradient is radial and essen-
tially constant. A balancing of the Coriolis force and the

Frequency Index Units

4P ) " " pressure gradient forces induces the main winds to be pre-
35} dominantly azimuthal.
st The equations of motion for the air above the sea are
o 28l derived in a cylindrical coordinate system that rotates about
;é) ' the local zenith with a Coriolis rotation frequen€l . Let-
PO § ting v, andv 4, be the radial and azimuthal velocities of the
< 15} air at the bottom of the cyclone and at the surface of the
1t water, yields the following equatior(gvithout viscosity:
*of J v, vy ., 1P
0 10 20 30 20 50 W_Zﬂcv(b_ T Pair I (68
Frequency Index Units
FIG. 5. Microseism power spectrum at the 50th hour plotted versus fre- % +20 0.+ wzo_ (69)
quency index units of 0.195 Hz. ot T r
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05 VIIl. COMPARISONS WITH OTHER OBSERVATIONS
02 This study was originally stimulated by the work of
£ »ﬁf_m__’m Tabulevich and it would be gratifying to extend its predic-
) 015 ¢ [ S ——2 ftheory tions against her carefully gathered data. The data supplied
£ o —#— obsenved for a cyclone observed crossing the Caspian Sea in 1956
£ minimally provides the required data, including a sketch of
005 | isobars. Inserting best guesses for values needed to calculate
2 f 5 for a mid-latitude cyclone, a 10% to 25% difference is
0 . 1‘0 2'0 3'0 Q found between experimental and theoretical periods. Similar

sets of observations over Lake Baikal and the Okhotsky Sea

were more ambiguous. Otherwise, the theory generated here

FIG. 6. Theoretical and observed 2f frequencies for the mid-latitude cyclonesatisfies most of Tabulevich’'s observations concerning the

microseisms. essential role of a cyclonic storm structure in generating mi-
croseisms.

To find the steady state solution, set the derivatives on  While the main purpose of this paper has been to explain
the left-hand side to zero and solve the remaining equationgnicroseisms radiated from cyclonic storms, it is worthwhile
This implies thaw, =0 and tha , depends om in a simple to address the question of the equilibrium microseisms spec-
fashion. In order to write this, impose the assumption that th&'um as measured from the sea floor. This question of the

radial pressure gradient of the pressure is constant. It ma&;:limagology" of microseisms has been studied carefully by
then be evaluated by measuring the pressure differarite Webb'? and compared with bottom measured spectra mea-

between the outermost isobar and the center, and the radig§red at different sites ,i” the Pacific. The fundamental
R. of the cyclone between these same two points. Definingfémise underlying Webb’s treatment is that acoustic waves

Elapsed Hours

the maximum azimuthal air velocity generated by gravity wave pairs are responsible for the equi-
librium microseism spectrum observed in measurements. As
1 AP a model of the sea for this calculation Webb used a gravity

v =—— 70
( zj>)max 4Q¢ paiRe (70

and a characteristic length for the velocity variation

wave height versus frequency distribution suggested by Pier-
son and MoskowitZ> Webb carries out a careful and thor-
ough study of the distribution of acoustic waves generated by

1 AP gravity wave interactions and their approach to equilibrium.
) ) , , the spectrum should be a direct consequence of the surface
yields the steady state solution for the azimuthal velocity wave distribution as expressed through EtB). A calcula-
r r
U¢:4(U¢)max\/; 1- \/; - (72 sea through the Bernoulli principle was carried out in direct
comparison with the theory and experiment of Webb.
air and water and using the Blasius drag coefficient results ifjzed and the contribution of the non-linearly generated
acoustic waves is ignored, the equilibrium spectrum should
1.328 4\ vai(4(v ¢>)max) g q P

a= Q_g m (71) From the perspective postulated by the current authors,
tion of the frequency dependent pressure at the bottom of the

Inserting these into the boundary condition between the  |f the consequence of the Bernoulli principle is recog-
be a direct reflection of the equilibrium wave height distri-

BG(2)=

2puVR( ¢) max bution. The sea-floor pressure fluctuatiohp(w) at a fre-
; o\ 2 quencyw should be given by
X4(U¢)maxg 1- \/; (73

1 _
Ap(w)= Epj v(X,y, 7,t,t)2%e' “tdt, (75)
Following factorization, and the same process as before, we
find that 8 is given by wherev (Xx,y, 7,t,t) is the surface gravity wave velocity at
the surface. The equilibrium distribution for this velocity was
_ 1.328:i vai 4(V g) max) (74  calculated using the same wave height distributitfw) as

2u RV p)max discussed by Webb
By combining appropriate temperatures, densities, vis- 11 do .
cosities and measured pressure differentPsand average v(Xy,7,At)= EJ ﬁwH(w)e_""t. (76)
radii R, from the surface weather maffsthe predicted
stress—flow frequenciefs; are calculated for this storm. Approximate calculations of the pressure power spectrum for

The comparison of the average measured microseisrinis wave distribution as normalized by Webb and the direct
frequency and the double frequency 2were tabulated and calculation of the pressure power spectrum was carried out
the results are shown in Fig. 6. As can be seen, the differenand the comparison is Fig. 7 where the two thin lines are
between the theoretical and observed frequencies varies frodigitized graphs from Webb of experimental data in the Pa-
3% to 10%. Again, there have been no adjustable parametecific, the next thicker line is Webb’s calculation for winds of
in any of the theoretical calculations. 10 m/s based on acoustic waves, and the broadest line is the
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10000 spond to the conditions on the depth and sea-floor covering
of the Beaufort Sea. Furthermore, since the floor of the sea is
very fluid and covered with a deep layer of sediment, it
1000 would be expected that the resonances would have been
wider due to acoustic losses at both boundaries.

An alternative theory for these sharp resonances is sug-
100 gested by the presence of the ice layer and the Bernoulli
principle. If there are very low frequency shear waves ex-
cited along the length of the ice pack section over the bottom
10 detectors, these waves should have an influence on the floor
pressure due both to the potential and kinetic energy of such
waves. If the length of distance between major cracks or
1 discontinuities of the ice island Isand the velocity of sound
in the ice isc, then the low lying modegstanding wave
frequencies of the ice layer would be given bf=(c/L)n
wheren=1,2,3,4,5,... . If these frequencies are present in
the Bernoulli expression for the bottom pressure, the effects
of the potential energyf and kinetic energy 2 of these
FIG. 7. _Compa'lr.ison. of equi'librium microseism spectrithin lines obse'r- surface modes should appear as the following multiples of
vations in Pacific(middle thicknessspectrum calculated by Webtheavi- .
est ling spectrum from direct Bernoulli principle. the lowest mode: 1, 2, 3, 4, 5, 6, 8, 10, 12, 14. The even

frequency peaks should be larger than the odd peaks should
they represent both a potential and kinetic energy contribu-

direct Bernoulli spectrum based on the same Pierson angbn. The odd peaks will represent only the potential energy.
Moskowitz spectrum for a steady wind of 10 m/s. It should|f the lowest mode is chosen to be the peak at 0.077 Hz, then
be noted that both of the theoretical predictions are at higheg|| of these modes are clearly seen except for 3, 5, and 8,10.
frequencies than the observations, but that the Bernoulli refhe location for the third and fifth frequency multiple would
sult extends to lower frequencies than the nonlinear results &ccur on the sides of large and wide peaks for 2 and 4. Near
Webb. the required locations are slight shoulders which could be

The detailed microseism and wave spectrum data colthese modes potential energy modes. Since these modes rep-
lected by Kibblewhite and EwaMswas originally inter-  resent a contribution from the potential energy and all even
preted as evidence of the nonlinear interaction of surfacgequencies are also from the kinetic energy contribution, it
gravity waves to create acoustic waves. The data can be segflikely to be harder to observe these two odd frequencies.
to support the Bernoulli principle as well. The time course ofThe frequencies at 8 and 10 are not clearly resolved in the
microseism events are much better explained by the apjata, but there is a broad peak at 9 times the base frequency
proach and passing of the anticyclone with the maximumwhich could be an unresolved combination of these two
occurring at the point of closest approach of the storm centepeaks. The other peaks do correspond well with the remain-
This behavior should parallel the observations of Hurricaneéng multiples. Taking reasonable values for the velocity of
Bonnie in an earlier section of this paper. Kibblewhite andsound in icé® obtained from the Army Cold Weather Labo-
Ewans also present a log—log plot of a very large data set g&tory, the length of the ice island would be about 10 miles.
pressure fluctuations at a given frequency versus the wave Finally, the application of the mid-latitude cyclone cy-
amplitude at the same frequency. Given the uncertainty thaindrical stress—flow model of this paper to the time evolu-
the wave amplitudes are not measured near the center of thi®n of microseisms observed on the bottom of the P&Gific
cyclonic storm, the equations above for the pressure at gebruary 1983 as a presumably, cyclonic storm passed over
given frequency due to the Bernoulli principle immediately or near to the detectors would offer a further test of these
give rise to a slope of 2 on the log—log plot. The width of thejdeas.
scatter on this plot may be understood in terms of the scatter
of the frequencies

Pa?/Hz

01 01502 03 05 07 1
Hz

IX. CONCLUSION AND NEED FOR FURTHER STUDY

IN(Ap(w))=In(3pw?)+2In(H(w)). 7
(Ap(@)=In(zp®) (H{w)) (77 The cylindrical stress—flow model for the generation of

A further application of the Bernoulli principle for sea microseisms developed here has displayed much success in
bottom pressure is suggested by the intriguing study of mipredicting the average frequencies of microseisms and their
croseisms under the ice covered Beaufort S&zlatively dependence on environmental variables. At the same time
sharp resonances are observed in a very quiet environmetitere are many details that have been left unexamined in this
under the ice layer. In this paper it was assumed by Webbpaper. The average or dominant frequencies were well pre-
that an acoustic wave guide theory could achieve similadicted, but the other peaks which appear in microseism
resonances by assuming standing wave resonances in thewer spectra have not been examined. The fluctuations
wave guide for a particular depth and boundary conditionfrom the mean motion which was assumed have been ig-
However, as expressed in this reference, the resonant condiered as has any explanation of the lifetime broadening of
tions (depth and boundary conditiondo not closely corre- the microseisms themselves. Experimentally microseisms
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croseisms have been explained yet. Acoust. Soc. Am.85, 1935-19451989; “A reexamination of the role

The id in thi d t directl inst th wave—wave interactions in ocean noise generatidig. 85, 1946—-1957
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