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Theoretical and empirical evidence are combined to show that underwater acoustic sensing
techniques may be valuable for measuring the wind speed and determining the destructive power of
a hurricane. This is done by first developing a model for the acoustic intensity and mutual intensity
in an ocean waveguide due to a hurricane and then determining the relationship between local wind
speed and underwater acoustic intensity. From this it is shown that it should be feasible to accurately
measure the local wind speed and classify the destructive power of a hurricane if its eye wall passes
directly over a single underwater acoustic sensor. The potential advantages and disadvantages of the
proposed acoustic method are weighed against those of currently employed techniques. © 2006
Acoustical Society of America. �DOI: 10.1121/1.2130961�

PACS number�s�: 43.30.Nb, 43.30.Pc �ADP� Pages: 168–181
I. INTRODUCTION

A case is made that it may be practical to safely and
inexpensively determine local wind speed and classify the
destructive power of a hurricane by measuring its underwater
acoustic noise intensity. Sea-surface agitation from the action
of wind and waves is a dominant source of ambient noise in
the ocean.1,2 This noise can be described as a sum of fields
radiated from many random sources on the sea surface.3–8 If
the surface noise sources have the same statistical distribu-
tion, Ingenito and Wolf have shown that wind-generated
noise spectral intensity is the product of two separate factors,
a waveguide propagation factor and a “universal ambient
noise”9 source factor which is a function of wind speed but
otherwise is expected to be effectively independent of hori-
zontal position.

The concept of using underwater sound to estimate wind
speed was first considered by Shaw et al.10 for spatially uni-
form wind speed distributions. They found sound pressure
level in dB to be linearly related to the log of the wind speed.
The idea of a universal ambient noise source factor was im-
plicit in their approach. We will show that the slope of their
linear relationship corresponds to the universal ambient noise
factor and the intercept to the waveguide propagation factor.
Evans et al. demonstrated that these estimates could be made
to within ±1 m/s in the 5 to 10 m/s wind speed range,11

which is much less than hurricane wind speeds.
Many experiments have been conducted to determine

the relationship between local wind speed and underwater
noise intensity as noted in Ref. 12. A common difficulty in
these experiments has been contamination from shipping
noise.12,13 This typically leads to poorer correlation and
greater variance in estimates of the relationship between
wind speed and noise intensity.12 Two experimental studies
conducted over many months that minimized this contami-
nation show that a consistent high-correlation power-law re-
lationship exists.11,14 They also show underwater noise inten-
sity to be linearly proportional to wind speed to a frequency-
dependent power, ranging from two to four, for wind speeds
between 5 and 20 m/s. While no measured data have been

published relating ambient noise and wind speed in a hurri-
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cane, the only known mechanism that would cause a roll-off
in the extrapolation of these power laws is attenuation by
bubbles.15 This attenuation, however, is insignificant at low
frequencies and can be accurately measured and modeled at
high frequencies.

We find that it may be possible to estimate local hurri-
cane wind speed by generalizing the approach of Shaw et
al.10 We show that the wind-generated noise received by a
single underwater acoustic sensor in a hurricane can be well
approximated by sea-surface contributions so local that wind
speed and surface source intensity can be taken as nearly
constant. With these findings, noise intensity can be well
approximated as the product of a local universal ambient
noise source factor and a waveguide propagation factor even
for the range-dependent wind speeds of a hurricane.

At low frequencies, below roughly 100 Hz, we show
that attenuation by wind-induced bubbles in the upper-ocean
boundary layer should be insignificant even in hurricane con-
ditions. Temporal variations in underwater noise intensity
should then be primarily caused by the universal ambient
noise source factor which is expected to depend on local
wind speed and will vary as a hurricane advects over a fixed
receiver. By extrapolating known relationships14 between
wind speed and noise level in this frequency range, the am-
bient noise level should increase monotonically with wind
speed, and it should be possible to directly estimate local
wind speed from measured noise level.

At higher frequencies temporal variations in underwater
noise intensity may also be caused by attenuation due to
scattering from bubbles in the upper-ocean boundary layer.
This attenuation increases with wind speed and acoustic fre-
quency. Farmer and Lemon16 experimentally show that this
leads to a frequency-dependent peak in noise level versus
wind speed at frequencies above 8 kHz and wind speeds
above 15 m/s. We analytically show that such a peak may
also exist for frequencies above 100 Hz in typical hurricane
wind speeds. Since the shape of the ambient noise versus
wind speed curve and the location of its peak vary strongly
with frequency, we show that wind speed may still be unam-

biguously estimated from broadband ambient noise measure-
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ments in hurricane conditions above 100 Hz once the corre-
sponding universal source dependence is empirically
determined.

The accuracy of underwater acoustic wind speed esti-
mates depends on the signal-to-noise ratio �SNR� of the un-
derwater ambient noise intensity measurements upon which
they are based. Piggott14 and Perrone17 have consistently
measured wind noise with a standard deviation of less than
1 dB, as expected from theory where the variance of the
intensity measurement can be reduced by stationary
averaging.8,18,19 For the measured power-law relationships
that range from quartic to square,11,14 a 1-dB standard devia-
tion in sound pressure level corresponds to a 6% to 12%
respective error in estimated wind speed. If realizable in hur-
ricane conditions, this may provide a useful alternative to
current satellite-based techniques.

Ocean acoustics then has serious potential for providing
accurate and inexpensive hurricane classification estimates.
Since a single hydrophone effectively measures only the lo-
cal surface noise, it will effectively cut a swath through the
hurricane, yielding local wind speed estimates as the storm
passes over. At low frequencies, current evidence suggests a
simple power-law relationship between noise intensity and
wind speed. At higher frequencies, a frequency-dependent
roll-off is expected in the relationship due to attenuation by
bubbles. Wind speed can still be uniquely estimated, how-
ever, by making broadband measurements at higher fre-
quency.

While current satellite technology has made it possible
to effectively detect and track hurricanes, it is still difficult to
accurately measure the wind speeds and classify the destruc-
tive power of a hurricane from satellite measurements. The
standard method for hurricane classification by satellite, the
Dvorak method,20–23 often yields errors in wind speed esti-
mates as high as 40%.24–28 For example, of the eight North
Atlantic hurricanes of 2000, three of them24–26 experienced
Dvorak errors over 40% and three more29–31 experienced
Dvorak errors over 20% when compared to the best estimate
of wind speed from aircraft measurements. Several satellite
microwave techniques show some promise for measuring
hurricane wind speed32 but, because of resolution and accu-
racy issues, the Dvorak method is still the standard for sat-
ellite hurricane classification.23 In the North Atlantic the
limitations of satellite technology are overcome by use of
reconnaissance aircraft. These fly through the center of a
hurricane to make the accurate measurements of wind speed
necessary for classification. Unfortunately the expense of
these aircraft prevents their routine use outside the United
States.33 For example, the cost to purchase a WC-130 aircraft
is roughly $78 million,34 adjusted for inflation to year 2003
dollars, and the deployment cost is $155 000 per flight.35

Classification of a hurricane’s total destructive power,
which is proportional to the cube of the hurricane’s maxi-
mum wind speed,36 is critical for hurricane planning. For
example, inaccurate classification can lead to poor forecast-
ing and unnecessary evacuations,37 which are expensive, or
missed evacuations, which can result in loss of life. These
fatalities and costs can be reduced if the public is given

timely and accurate advanced warning, but this depends on
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the ability to accurately classify hurricanes while they are
still far from land. To give some background, in 1992 Hur-
ricane Andrew became the most costly natural disaster in
United States history causing an estimated 25 billion dollars
in damage33,38 and in 1900 an unnamed hurricane became the
most deadly disaster in United States history killing over
6000 people.39 Overseas the worst hurricane in history killed
over 300 000 people in Bangladesh in 1970.33

In this paper we review models for the spatial wind
speed dependence of a hurricane that will be used to model
ambient noise, past experiments that measured the relation-
ship between underwater noise intensity and wind speed, and
models for range-dependent noise in the ocean. We then de-
velop a model for wind generated noise from a hurricane for
both single sensors and arrays. We use this model to demon-
strate the potential usefulness of classifying hurricanes with
underwater acoustic sensors.

II. HURRICANE STRUCTURE AND CLASSIFICATION

Hurricanes are severe storms characterized by surface
winds from 33 to over 80 m/s �Ref. 33� that circulate around
a central low pressure zone called the eye. Holland36 gives
an analytic model for the surface wind speed profile as a
function of range from the eye since hurricanes are typically
cylindrically symmetric,

V =�AB�pn − pc�
exp�− A/rB�

�arB �1�

where V is wind speed at a height of 10 m above the sea
surface, pc and pn are the atmospheric pressure in the eye
and outside the hurricane, respectively, �a is the density of
the air, and A and B are empirical values. Using this
model, the surface wind speed profile for a moderate hur-
ricane is given in Fig. 1, where wind speed in the eye is
zero and rapidly increases to a maximum of 50 m/s at
what is known as the eye wall. Outside of the eye wall,
which is on the order of 10 km thick, wind speed slowly
decreases to the edge of the hurricane which is typically

FIG. 1. Hurricane wind speed as a function of distance from the hurricane
center based on Holland’s model36 with parameters A=72.44, B=1.86, pc

=96 300 Pa, pn=100 500 Pa, and �AIR=1.15 kg/m3. The zero wind speed
region at the center of the hurricane �0 km� is called the eye and the high
wind speed region �10 km� is the eye wall. The total destructive power of
the hurricane is proportional to the cube of the maximum wind speed, which
occurs in the eye wall.40
hundreds of kilometers from the eye. Most of a hurri-
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cane’s destructive power then comes from the high winds
in the eye wall since this power is roughly proportional to
the cube of the maximum wind speed.40

The standard approach for classifying a hurricane’s de-
structive power, the Dvorak method,20–22 is effectively a
pattern-recognition technique where satellite images, in the
visible and infrared spectrum, are used to classify the hurri-
cane based on features like the size and the geometry of
cloud patterns. As discussed in the Introduction, this method
often yielded wind speed estimates with errors of over 40%
in several recent hurricanes.24–28 Despite these errors, the
Dvorak method is still the primary technique for classifying
the destructive power of a hurricane from satellite
measurements.23 A satellite-based pattern-recognition tech-
nique similar to the Dvorak method using SSM/I satellite
microwave �85 GHz� instead of optical and infrared images
has recently been developed but gives similar errors to the
Dvorak method.41

Satellite classification of hurricanes with microwave
sounding units �MSU�42 is secondary to the primary Dvorak
method23 due to the limited spatial resolution of the unit. The
55-GHz microwave radiation given off by warm air in the
hurricane’s eye is used to estimate temperature and then infer
the hurricane’s power. Because of the small size of the sat-
ellite array its spatial resolution is about 48 km,43 which is
often larger than the diameter of the eye, resulting in a
blurred image of the hurricane and potential errors in esti-
mates of destructive power.42,43

Other satellite techniques for estimating hurricane wind
speed and destructive power are under development. For an
overview see the article by Katsaros et al.32 These tech-
niques, however, are not yet used operationally for hurricane
classification and disaster planning.44

To overcome the limitations of satellite techniques, spe-
cially equipped aircraft, like the Air Force’s WC-130s and
NOAA’s WP-3s, are flown through the center of a
hurricane.44 Using on-board sensors and expendable drop-
sondes, accurate wind speed estimates with errors less than
5 m/s can be obtained.44 Unfortunately these aircraft are ex-
pensive to purchase and operate and are currently only used
by the United States.33

III. WIND-GENERATED SURFACE NOISE

Here we develop a model for the surface-generated
noise intensity and mutual intensity from a hurricane re-
ceived by a hydrophone or hydrophone array submerged in
an ocean waveguide. The geometry of the problem is shown
in Fig. 2. The hurricane is centered at the origin and is sur-
rounded by ambient winds, all of which cause local sea-
surface agitation. This agitation leads to sound sources with
amplitude dependent on the local wind speed, modeled as a
sheet of monopoles on a source plane at a depth z0 within a
quarter wavelength of the free surface following ocean
acoustic noise modeling convention.5–7 Intensity and mutual
intensity are determined by directly integrating the surface
source contributions using the waveguide Green function.

Several previous authors have addressed similar surface

noise problems; however, their derivations are intertwined
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with approximations or parametrizations that are not suitable
for modeling hurricane noise. Kuperman and Ingenito5 de-
veloped a widely used surface noise model; however, embed-
ded in their derivation is the assumption that the source field
is range independent. This is not true for hurricane-generated
noise where the wind speed and source level change drasti-
cally with position.

Using an adiabatic normal mode formulation Perkins et
al.7 extended the model of Kuperman and Ingenito to range-
dependent source fields and mildly range-dependent
waveguides. They did this by dividing the surface area into
smaller subareas over which the source field could be con-
sidered constant. They used far-field approximations for each
subarea. These were coupled with the further approximation
that the cross-spectral density for each subarea could be ex-
pressed as a single sum over modes. This approximation is
only valid when the inverse of the difference between the
horizontal wavenumber of the modes is much less than the
dimension of the subarea.45,46 For the highly range-
dependent winds of a hurricane in an otherwise range-
independent waveguide, this approach proves to be less ac-
curate, more cumbersome, and less efficient to implement
than direct integration.47 Carey et al.6 have developed a com-
putational approach based on the parabolic equation approxi-
mation for calculating range-dependent surface noise. We
find that steep angle contributions dominate the intensity
measured by a single sensor and so require direct integration
of local noise sources with a full-field model for the Green
function rather than an elevation-angle-restricted parabolic
approximation.

It is useful to briefly derive the direct integration ap-
proach used here since it has not explicitly appeared in the
previous literature even though many essential elements are
implicit in the work of Perkins et al.7 For uncorrelated
sources the cross-spectral density of the noise field can be

FIG. 2. Cross section of the stratified ocean waveguide showing the geom-
etry of the surface noise problem �not to scale�. On the surface is the area
covered by the hurricane and surrounding area covered by 5 m/s ambient
winds. The surface noise sources are modeled as a plane of monopoles a
small depth z0 below the surface and the sound field is measured by a single
point receiver or reciever array.
written as
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C�r1,r2, f� = �
�

d2�0
Sqq�V��0�, f�

�A
g�r1	r0, f�g*�r2	r0, f�

�2�

as shown in Appendix A where Sqq�V��0� , f� is the source
power-spectral density, which is a function of wind speed V
and frequency f , �A is a small area increment of integration
at least the size of the horizontal coherence area of the source
distribution, and g�rj 	r0 , f� is the waveguide Green function.
Throughout this paper a cylindrical coordinate system in
used where r= �� ,z�= �� ,� ,z�, � is the horizontal location
vector, � is distance from the origin, � is azimuth angle, and
z is depth measured with positive downward from the sur-
face. The locations r1 and r2 are receivers and r0 is the
source. Green functions are calculated by a combination of
wavenumber integration at short ranges and the normal mode
approximation at long ranges. The integration over surface
source area is computed numerically. This expression is
valid for range-dependent source fields and environments.

The source depth z0 is taken to be a quarter wavelength
for all simulations in the present paper. This follows noise
modeling convention5–7 since source depths of a quarter
wavelength or less lead to a downward-directed dipole
source radiation pattern. Hamson has shown that on average
wind-generated noise in the ocean radiates with a downward
directed pattern that closely fits a dipole for wind speeds
between 5 and 20 m/s and frequencies from
400 Hz to 3.2 kHz.48 This is true even for average source
depths greater than a quarter wavelength and sea-surface
roughness much larger than the wavelength48,49 as in a hur-
ricane where wave heights may exceed 10 m. This is under-
standable since surface noise is believed to arise from many
monopole sources, in particular bubbles, randomly distrib-
uted near the sea surface. All of these, by the method of
images, have main downward directed lobes and varying
side-lobes which tend to cancel.

As discussed in the Introduction, the source power-
spectral density has been shown to follow

Sqq�V, f� = s0�f�Vn�f� �3�

for certain frequency and wind speed ranges. While
experiments14 at wind speeds below 20 m/s give
n=3.1±0.3, values in the broader n=1 to n=4 range will
be used here for illustrative purposes. If it is later found
that wind speed and noise intensity are related by some
other function, the power-law relationships considered
here will provide a basis for piecewise construction of this
more complicated dependence.

Farmer has shown experimentally that clouds of bubbles
near the ocean surface may, through scattering and absorp-
tion, lower ambient noise levels at frequencies above 8 kHz
and wind speeds above 15 m/s.16 While such attenuation has
never been observed at lower frequencies, we will consider
its possibility in the high winds of a hurricane.

Attenuation, in dB/m, can be written as
�=10 log�e��nv, where � is the extinction cross section of
an individual bubble and nv is the number of bubbles per unit

15 15
volume. Using this expression, Weston provides a model
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for attenuation by sea surface bubble clouds, based on the
extinction cross section and spatial distribution of wind-
generated bubbles as a function of wind speed and frequency.
This attenuation can then be included in the Green function
in Eq. �2� to determine its effect on the underwater noise
field. This is done by calculating the Green function for a
waveguide with an effective attenuation in dB/m of

��V, f� = 
9.35 � 10−7�fV3, f � 1.5 kHz,

2.44 � 10−8fV3, f 	 1.5 kHz,
� �4�

in a layer at the sea surface as given by Weston.15

IV. SINGLE HYDROPHONE ANALYSIS

Here it is shown that the noise intensity measured by a
single sensor in a hurricane is dominated by local sea-surface
sources rather than sound propagating from longer ranges.
Underwater acoustic intensity can then be used to estimate
the wind speed within a local resolution area since wind
speed in a hurricane is also found to be effectively constant
over this scale.

Beginning with the cross-spectral density of the noise
field in a hurricane, Eq. �2�, the spectral intensity of the
sound field received at r can written as

I�r, f� =
C�r,r, f�

�wc

= �
−�

�

d2�0
Sqq�V��0�, f�

�wc�A
	g�r	r0, f ,V��0��	2, �5�

where the total instantaneous intensity is given by

I�r� = �
0

�

I�r, f�df . �6�

The Green function g�r 	r0 , f ,V��0�� depends on local wind
speed V��0� because it includes attenuation due to wind-
generated sea-surface bubbles. We show that this wind speed
dependence is negligible at frequencies less than 100 Hz for
typical hurricane wind speeds, but needs to be accounted
for at higher frequencies. Surface wind speed V is given
by the Holland model of Fig. 1 for a hurricane, while the
surrounding ambient wind speed is taken to be 5 m/s.

Two hurricane-prone ocean environments surrounded by
densely populated coastal communities, the North Atlantic
and the Bay of Bengal, are considered. Their sound speed
profiles are shown in Fig. 3. The difference in water depth
between these two environments leads to fundamental differ-
ences in propagation. Typical near-surface sound sources
will lead to refractive propagation with excess depth in the
North Atlantic but not in the Bay of Bengal. In the former,
sound may propagate efficiently to long ranges via the deep-
sound channel, while in the latter, it will multiply reflect
from the lossy bottom leading to far greater transmission
loss. Although hurricanes decrease the temperature of the
local sea surface by roughly 1 °C near the eye wall to
roughly 35-m depth, the corresponding small change in
sound speed50 of roughly 4 m/s is also local and so has a
negligible effect on the curvature of both local and long-

range sound paths.
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The spectral intensity level, given by

LI = 10 log� I�r, f�
Iref�f�

 �7�

in dB re Iref�f�, of hurricane-generated noise is computed
by the direct integration of Eq. �5� as a function of re-
ceiver range � and depth z from an origin at the center of
the hurricane on the sea-surface. For convenience in the
present paper the reference level Iref�f� is taken to be the
spectral intensity at a reference depth zref=200 m for a
reference 10-m altitude wind speed of Vref=5 m/s over the
entire ocean

Iref�f� � I�rref, f� = �
−�

�

d2�0
Sqq�Vref, f�

�wc�A
	g�rref	r0, f ,Vref�	2,

�8�

where rref= �� ,zref�. Noise intensity has been measured for
5 m/s wind speed in many ocean environments and at
similar depths.14,17,51,52 In an experimental scenario other
reference values could be chosen.

Spectral intensity level is shown in Fig. 4 for frequen-
cies of 50, 400, and 3200 Hz, spaced three octaves apart,
using Eqs. �3�–�8� and assuming n=3. The choice of n=3 is
within measured power-laws14 and has been chosen out of
convenience since it is linearly related to the power of the
wind.53 The wind speed profile of the hurricane and sur-
roundings based on the Holland model at an altitude of 10 m
from the sea surface is also plotted with the spectral intensity
level at a depth of 200 m. The most apparent feature in Figs.
4�a� and 4�c� is the effectively linear relationship at low fre-
quency, 50 Hz, between spectral intensity level LI and the
log of the wind speed. This is roughly independent of depth

FIG. 3. Sound speed profiles c�z� for the North Atlantic65 and the Bay of
Bengal.66,67 The bottom has a density of 1.38 g/cm and an attenuation of
0.3 dB/� corresponding to the deep silty sediment layers of the Bay of
Bengal68,69 and the North Atlantic Abyssal plain.70,71 The water has a density
of 1 g/cm and an attenuation of 6�10−5 dB/�.
as can be seen in Figs. 4�b� and 4�d�. At higher frequencies,
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sea-surface bubbles significantly attenuate sound in the high-
wind-speed, eye-wall region of the hurricane but the noise
still follows local wind speed with a more complicated non-
linear dependence as will be shown in the next section. The
small increase in level in the North Atlantic outside the hur-
ricane at ranges of 193 and 257 km and at a depth of 4.7 km
is caused by convergence zone propagation from the power-
ful sources in the eye wall. This convergence zone structure
indicates an efficient mechanism exists for the long-range
propagation of hurricane noise in this environment that will
be considered in Sec. V.

A. Local noise dominates

The effectively linear relationship between the log of
local wind speed and underwater acoustic spectral intensity
shown in Fig. 4 suggests a possible simplifying approxima-
tion to our formulation. In particular the areal integral of Eq.
�5� can be approximated by integrating only over local
sources in the hurricane. These fall within a disc of area

2

FIG. 4. Noise spectral level �dB re Iref� in the North Atlantic ��a� and �b��
and the Bay of Bengal ��c� and �d�� for n=3. �a� and �c� show the level as a
function of range at a depth of 200 m for 50, 400, and 3200 Hz frequencies.
LV���=10 log�V��� /Vref� is plotted for comparison where Vref=5 m/s.
LV=0 is equivalent to V=5 m/s and LV=10 is equivalent to V=50 m/s. �b�
and �d� show the level as a function of range and depth at 50 Hz. In both
waveguide environments the noise level closely follows the local wind
speed. In the North Atlantic there is a convergence zone structure due to
sound that propagates from the hurricane’s eye wall. Note the convergence
zone near the surface at a range of 257 km and the ray vertex depth of
4.7 km.
A=
R centered at the horizontal location of the receiver �
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which provides the dominant contribution in the exact inte-
gral �Eq. �5��. The spectral intensity can then be approxi-
mated as

I�r, f� � �
A

d2�0�
Sqq�V��0��, f�

�wc�A
	g�r	r0�, f ,V��0���	

2 �9�

where �0�=�0−�. Such a simplification can potentially lead
to errors if R is too small.

To quantify the potential error of this local approxima-
tion, the approximate equation �9� is evaluated for a receiver
under the eye wall of the hurricane where wind speed varies
most drastically. When compared to the exact result of Eq.
�5�, we take the error induced by the local approximation to
be negligible, less than or equal to 1 dB, for R greater than a
minimum length Rlocal. The error as a function of R is
given in Fig. 5 where, for deep-water environments,

FIG. 5. Error induced by the local area approximation �Eq. �9�� as a function
of local source area radius Rlocal for a single sensor under the maximum
winds in the eye wall of a hurricane. Curves are shown for the North At-
lantic and the Bay of Bengal environments used in this paper as well as for
infinite half-space and shallow water continental shelf environments. Plots
are given for sensor depths of 100 m ��a� and �c�� and 800 m ��b� and �d��
and for frequencies of 50 Hz ��a� and �b�� and 400 Hz ��c� and �d��. While
these plots are given for n=3 the difference for values n=1 to 4 is less than
0.1 dB. The North Atlantic, Bay of Bengal, and infinite half-space environ-
ments are very similar. In these deep-water environments, for the shallow
100-m sensor depth, we see that for Rlocal greater than 300 m the approxi-
mation error is negligible. For the deeper 800-m sensor depth, the Rlocal for
which the error is negligible is roughly 2 km. In shallow water the error in
the local area approximation is higher leading to a larger Rlocal. This is likely
due to the strong reflection of sound off bottom. In deep water environments
bottom reflections have little effect and most of the sound measured by a
receiver propagates via direct path from the surface source.
Rlocal=300 to 2000 m depending on sensor depth.
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It is noteworthy that the deep-ocean North Atlantic and
Bay of Bengal error curves closely match those of the infi-
nite half-space. This shows that bottom reflections and varia-
tions in sound speed profile do not have a significant effect
on Rlocal in deep water. For a bottom-mounted sensor in a
typical shallow water environment Rlocal=2 to 3 km in the
50 to 400 Hz range. Our computations also show that Rlocal

does not change significantly for the expected source power-
spectral densities and attenuations considered in this paper.

The wind speeds in a hurricane do not change signifi-
cantly over Rlocal and can be approximated as constant in Eq.
�9�. This leads to less than 0.2 dB additional error in the
spectral intensity level, which can then be approximated as

I�r, f� �
Sqq�V���, f�

�wc�A
�

0

2
 �
0

Rlocal

�0�d�0�d�0�	g�r	r0�, f ,V����	2

� Sqq�V���, f�W�r, f ,V���� �10�

where only the local wind speed V��� directly above the
receiver has a significant effect on both the source factor
Sqq�V��� , f� and the waveguide propagation factor
W�r , f ,V����. The source factor is universal in that it does
not depend on propagation parameters and should be the
same for any waveguide environment so long as the ocean
depth greatly exceeds the ocean-atmosphere boundary layer.
While the propagation factor does depend on the environ-
ment, ocean waveguides typically change gradually with
horizontal position. The wind-speed-independent functional-
ity of W�r , f ,V���� should then be effectively constant over
Rlocal and over the horizontal extent of a hurricane, on the
order of 100 km. Both factors may be characterized nu-
merically or empirically to develop a set of curves to es-
timate wind speed from acoustic intensity. In the next sec-
tion we find that it is possible to simplify these factors and
develop an approximate analytic equation for wind speed
estimation.

The approximate Eq. �10� for range-dependent sources
and potentially range-dependent waveguides is similar to
Kuperman and Ingenito’s5 exact Eq. �30� for range-
independent sources and waveguides in that spectral inten-
sity is the product of a “universal ambient noise” source
factor, following Ingenito and Wolf9 and here defined as
Sqq�V��� , f�, and a waveguide propagation factor
W�r , f ,V����. The implicit assumption of formulations of
this kind is that variations in source depth can be accounted
for as equivalent variations in Sqq�V��� , f�. This is consistent
with the measured dipole behavior of ambient noise in the
ocean.48

Taking the log of Eq. �10� leads to a useful approximate
equation for spectral intensity level,

LI�r, f� � LS�V���, f� + LW�r, f ,V���� �11�

in dB re Iref�f� where

LS�V���, f� = 10 log�Sqq�V���, f� , �12�

Sqq�Vref, f�
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LW�r, f ,V���� = 10 log�W�r, f ,V����
Wref�f�

 , �13�

and

Iref�f� = Sqq�Vref, f�W�rref, f ,Vref� = Sqq�Vref, f�Wref�f� .

�14�

Here LS�V��� , f� is a universal ambient noise source term
that is independent of waveguide propagation parameters,
while LW�r , f ,V���� is a waveguide propagation term. The
functional dependencies of the first term can be determined
empirically in any waveguide where the ocean depth greatly
exceeds the ocean-atmosphere boundary layer, while the
functional dependencies of the second term should be locally
determined.

If Sqq�V��� , f� follows a power-law, such as Eq. �3�, then
universal ambient noise source level is linearly related by

LS�V���, f� = 10n�f�log�V���
Vref

 �15�

to the log of wind speed. The slope of this linear relationship
10n�f� has been previously measured in the
13 Hz to 14.5 kHz frequency range and 1 to 20 m/s wind
speed range.10,11,14,51,52

To estimate wind speed from ambient noise measure-
ments using Eq. �11�, the dependence of LW�r , f ,V���� on
wind-dependent attenuation by sea-surface bubbles needs to
be established. This may be done empirically, numerically, or
analytically as in the next section.

B. Separating the effect of attenuation by bubbles
from local waveguide propagation

Analytic expressions are derived to show how attenua-
tion can be separated from other waveguide propagation ef-
fects so that LW�r , f ,V���� can be split into a universal wind-
speed-dependent attenuation term and a local waveguide
calibration term that is wind-speed independent. These ana-
lytic expressions also demonstrate the uniqueness of a wind
speed estimate based on broadband underwater noise mea-
surements. They also enable analytic expressions for estima-
tion error to be obtained in some important cases.

Underwater spectral intensity level is calculated over a
range of wind speeds and frequencies relevant to hurricane
classification as illustrated in Fig. 6 using the full areal inte-
gration of Eq. �5�. The spectral intensity level exhibits a
maxima that depends on wind speed and frequency. For wind
speeds and frequencies below this maxima, attenuation by
bubbles is negligible so that LW�r , f ,V���� is only a function
of the local waveguide environment and spectral intensity
level LI�r , f� should depend on the log of wind speed only
through Eq. �15� given the power-law n=3 assumption of the
simulation. For higher wind speeds and frequencies, attenu-
ation by bubbles is significant and eventually leads to a roll-
off in the spectral intensity so that LW�r , f ,V���� is a sepa-
rable function of both wind-speed-dependent and wind-
speed-independent terms.

While the dependence of spectral intensity on wind

speed and frequency including attenuation by bubbles can be
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calculated exactly using the full areal integration of Eq. �5�
or the local integral approximations of Eqs. �9� and �10�, a
useful first-order approximation leads to the analytic result

W�r, f ,V���� = W0�r, f�
4
2	A�V���, f ,kr = 0�	2

z0
2 , �16�

where

W0�r, f� = W�r, f ,0� �17�

and

A�V���, f ,kr = 0�

=
sin�kz0�

2i
��/�20 log�e���cos�kL� + �2
�/c�z0��e−ikL �18�

is the downward plane-wave amplitude for a source in an
attenuating sea-surface bubble layer following the Pekeris
solution.54 The complex wavenumber

k =
�

c�z0�
+ i

��V���, f�
20 log�e�

is used in Eq. �18� where ��V��� , f� is given in Eq. �4�.
The spectral intensity level of Eq. �11� can then be ap-

proximated as

LI�r, f� � LS�V���, f� + LA�V���, f� + LW0
�r, f� �19�

where

LA�V���, f� = 20 log�2
	A�V���, f ,kr = 0�	
z0

 �20�

and

LW0
�r, f� = 10 log�W0�r, f�

Wref�f�
 �21�

The approximation of Eq. �19� is in agreement with the full
areal integration of Eq. �5� to within 1 dB for frequencies
below 500 Hz even at hurricane wind speeds as shown in

FIG. 6. Simulated noise spectral level �dB re Iref� in the North Atlantic for
range-independent winds as a function of wind speed and frequency includ-
ing attenuation by sea-surface bubbles assuming n=3 from Eq. �5�. Below
100 Hz the power-law relationship between noise intensity and wind speed
is unaffected by bubble attenuation even up to the 80 m/s wind speeds of a
hurricane. As frequency increases, attenuation affects the noise level at pro-
gressively lower wind speeds. For a given frequency the noise level in-
creases linearly with wind speed, peaks, and then decays exponentially.
Fig. 7.
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By splitting the local waveguide and bubble attenuation
effects of LW�r , f ,V���� into two terms, LA�V��� , f� and
LW0

�r , f�, wind speed can now be estimated from ambient
noise using Eq. �19�, where LA�V��� , f� is a universal attenu-
ation term that depends on local wind speed but like
LS�V��� , f� is also independent of waveguide parameters.
The last term of Eq. �19�, LW0

�r , f�, is a local waveguide
calibration that is independent of wind speed.

At frequencies below 100 Hz where attenuation � due to
bubbles is negligible at hurricane wind speeds, LA�V��� , f�
goes to zero, as expected from Fig. 6. In this important case,
if Sqq�V��� , f� follows a power law, Eq. �19� reduces to a
linear equation in the log of wind speed,

LI�r, f� � 10n�f�log�V���
Vref

 + LW0
�r, f� , �22�

where 10n�f� is a universal empirically determined slope
and LW0

�r , f� is a local calibration intercept. The log of
wind speed can be then found from measurements of am-
bient noise level by standard linear least squares estima-
tion, as has been done in Refs. 10 and 11 at low wind
speed.

As frequency increases, bubble-layer thickness exceeds
a quarter wavelength and the LA�V��� , f� term can be ap-

FIG. 7. �a� Noise spectral level �dB re Iref� as a function of wind speed at
several frequencies, assuming n=3. The black curves show the attenuation,
caused by bubbles, at 50 Hz, 400 Hz, and 4 kHz. The range of wind speeds
typical of a hurricane is also shown. �b� Noise spectral level curves as a
function of frequency for typical hurricane wind speeds of 30, 50, and
80 m/s. The black curves show the full areal integration from Eq. �5� and
the gray curves show the first-order approximation of the field given by Eq.
�19� with Eqs. �15�, �20�, and �21�.
proximated as
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LA�V���, f� � − ��V���, f�L . �23�

If we use for illustrative purposes the L=1.2 m layer thick-
ness given by Weston,15 then Eqs. �20� and �23� agree to
within 1 dB above 300 Hz and to within 2 dB between 100
and 300 Hz. While Weston notes that the assumption of a
bubble layer of constant thickness may be poor at high
wind speeds, any future improvements in our knowledge
of the parameter L can be incorporated in Eqs. �18� and
�23�.

The locations of maxima in noise spectral level corre-
spond to the ridge in Fig. 6. These can now be approximated
analytically by substituting Eqs. �15�, �21�, and �23� into Eq.
�19� and taking the derivative with respect to wind speed to
obtain

Vmax �
�1/�2.15 � 10−7L�f��1/3, 300 � f � 1.5 kHz,

�1/�5.63 � 10−9Lf��1/3, f 	 1.5 kHz,
�
�24�

here assuming n=3 and ��V��� , f� from Eq. �4�.

C. Accuracy of underwater acoustic wind speed
estimates

By standard stationary averaging, it should be possible
to reduce the variance of an underwater acoustic wind speed
estimate enough to be useful for meteorological purposes.
Given the relationship V=H�I� between the true wind speed
V and true ambient noise intensity I, the maximum likelihood

estimate �MLE� of the wind speed V̂ given a measurement of

ambient noise intensity Î is V̂=H�Î� by the invariance of the
MLE.55 The function H can be found either numerically from
the exact integration, Eq. �5�, or analytically from one of the
approximations, Eqs. �11�, �19�, and �22�. We define the per-
cent root-mean-square error �RMSE� of the wind speed esti-

mate V̂ as

RMSE = 100
��	V̂ − V	2�

�V̂�
�25�

and the percent bias as

bias = 100
	�V̂� − V	

V
�26�

given

�V̂m� = �
0

�

Hm�Î�p�Î�dÎ , �27�

where p�Î� is the probability density function of the mea-

sured intensity Î. For the hurricane noise measurements con-
sidered here, where the contributions from a large number of
independent sources are received simultaneously, the acous-
tic field is expected to be a circular complex Gaussian ran-

dom variable. The time-averaged measured intensity Î is then
8,19
expected to follow a gamma distribution

on and N. C. Makris: Ocean acoustic hurricane classification 175



p�Î� =
��/Ī��Î�−1 exp�− ��Î/Ī��

����
, �28�

where � is the time-bandwidth product and Ī is the mean of
the noise measurement.

From the full areal integration of Eqs. �5� we can nu-
merically find the percent RMSE and percent bias of the

wind speed estimate V̂. For frequencies below 100 Hz,
where attenuation � is insignificant, we find that the percent
RMSE and percent bias are functions of n and � as shown in
Fig. 8. At higher frequencies, where attenuation is signifi-
cant, the percent RMSE and percent bias are also functions
of frequency and wind speed. This is illustrated in Fig. 9 at a
frequency of 400 Hz assuming n=3.

Following the standard practice of stationary averaging,
the variance of noise measurements is reduced by inverse the
number of stationary samples, 1 /�. In typical ocean acoustic
applications, such as matched filtering, �’s in excess of 100
are common.56–58 For example, Piggott14 and Perrone59 have
obtained measurements of wind noise level with standard
deviations less than 1 dB corresponding8,18,19 to �	19.

Given a spectral intensity measurement with �	19, un-
derwater acoustic wind speed estimates with errors similar to
the 6% to 15% errors of hurricane-hunting aircraft44 are pos-
sible. For example, at low frequencies where attenuation is
insignificant, a measurement of noise spectral level with �
=19 would yield a corresponding percent RMSE in esti-
mated wind speed of 6% to 25% for the range of published
values for n as shown in Fig. 8. For the higher frequency
400 Hz example in Fig. 9, where attenuation is significant, a
spectral intensity measurement with �=19 will yield percent
RMSEs from 9% to 20%. Even larger errors are common for
remote satellite techniques, as high as 40% as noted in the

FIG. 8. The percent RMSE RMSE �a� and percent bias bias �b� of the wind

speed estimate V̂ where attenuation by sea-surface bubbles is insignificant,
evaluated numerically from Eqs. �5� and �27�. For time-bandwidth products
�	5 the estimate becomes unbiased and the RMSE attains the Cramer-Rao
lower bound. Piggott14 and Perrone59 have measured wind noise level with
standard deviations less than 1 dB which corresponds to �	19. For
�=19 the percent RMSE in the wind speed estimate ranges from 6% to 25%
depending on n which is a significant improvement over the primary satel-
lite classification method.
Introduction. From this error analysis we find that underwa-
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ter acoustic measurements may be worthwhile for estimating
hurricane wind speed. Additional errors related to the practi-
cal application of the underwater acoustic technique will be
discussed in Sec. IV D.

At low frequencies, less than 100 Hz, where attenuation

� from bubbles becomes insignificant, the moments of V̂ can
also be evaluated analytically from the first-order approxima-
tion of Eq. �22� to illustrate the fundamental parameters af-
fecting a wind speed estimate. The mean of the wind speed
estimate can then be written as

�V̂� �
��� + 1/n�

����
� I�f�

s0w0�
1/n

=
��� + 1/n�
�����1/n V �29�

and the standard deviation as

�V̂ � � I�f�
s0w0�

1/n���� + 2/n�
����

− ���� + 1/n�
����

2

. �30�

At these low frequencies the percent bias can then be ap-
proximated as

bias � 100���� + 1/n�
�����1/n − 1� �31�

and the percent RMSE as

RMSE

� 100���� + 2/n�����
��� + 1/n�2 − 2

�����1/n

��� + 1/n�
+

����2�2/n

��� + 1/n2�
.

�32�

These analytic expressions for the percent RMSE and per-
cent bias match those calculated numerically from Eqs. �5�
and �27� and shown in Fig. 8 to within 1%.

At low frequencies, where attenuation is insignificant,

FIG. 9. The percent RMSE RMSE �a� and percent bias bias �b� of the wind

speed estimate V̂ including the effect of attenuation calculated numerically
from Eqs. �5� and �27�, assuming n=3, at f =400 Hz where Vmax=58 m/s.
The error and bias increase for V�Vmax but for �	5 and for values of V
where bias�1% the percent RMSE decreases and attains the Cramer-Rao
lower bound. For spectral intensity measurements with �=19 the percent
RMSE in this example is between 9% and 20%.
the Cramer-Rao lower bound can be derived from the first-
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order approximation, Eq. �22�, as shown in Appendix B. This
provides a straightforward analytic method for calculating
the percent RMSE as

RMSE � 100
�Varasymptotic�V̂�

�V̂�
= 100

1

n��
, �33�

which matches the numerically computed value in Fig. 8 for
�	5. This is expected since the Cramer-Rao lower bound is
the asymptotic variance for large �. The Cramer-Rao lower
bound can also be used to calculate the percent RMSE at
frequencies above 300 Hz from the first-order approxima-
tion in Eqs. �19� with Eqs. �15�, �21�, and �23� yielding

RMSE � 100
�Varasymptotic�V̂�

�V̂�

= 100�
1

���n − 6.46 � 10−7L�fV3�
, f � 1.5 kHz,

1
���n − 1.69 � 10−8LfV3�

, f 	 1.5 kHz,�
�34�

which matches the numerical results in Fig. 9 when �	5
and bias�1%.

D. Practical issues

We have shown that a single underwater acoustic sensor
provides significant potential as a measurement tool to accu-
rately estimate local wind speed in a hurricane. There are
practical issues, however, to consider when deploying such
sensors to monitor a hurricane. While this is not a definitive
discussion of all the issues that might be involved, we will
attempt to illustrate how an underwater acoustic measure-
ment system might be implemented. For example, how
would one deploy these sensors, how many sensors would be
needed to fully characterize a hurricane, and how much
would it cost.

One possible scenario would be to deploy multiple
sonobouys, similar to those used in weather classification
experiments by Nystuen and Selsor,60 from aircraft or ships
in the path of an oncoming hurricane. As the hurricane
passes over each sonobouy the sensor would cut a swath
through the storm recording the wind speeds overhead. The
swaths from multiple sonobouys could give a fairly complete
measurement of the wind speeds in the hurricane. This is
similar to the current measurements made by hurricane-
hunting aircraft which fly through the storm cutting a swath
and measuring wind speed. For both methods, sonobouys or
hurricane-hunting aircraft, the sensors must pass through the
eye wall of the hurricane where the winds are strongest. For
aircraft this means actively piloting the plane through the
storm, whereas with stationary sonobouys, one would deploy
many sensors along a line that crosses the expected path of
the hurricane to insure that at least one sonobouy cuts

through the eye wall. For example, a line of 20 sonobouys
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spaced 5 km apart across the hurricane’s path would span
almost 100 km, assuring several measurements of the wind
speed in the eye wall.

The advantage of deploying sonobouys in advance of a
hurricane is that the ship or aircraft never has to enter the
storm and would not need to be as expensive as the special-
ized hurricane-hunting aircraft used today. The cost of a typi-
cal hurricane-hunting aircraft such as the WC-130 is $78
million �inflation adjusted to year 2003 dollars�34 and the
cost of a single flight35 is roughly $155,000. Between two
and eight aircraft flights are made per day44 for potentially
landfalling hurricanes in the North Atlantic where the
lifespan of a hurricane can be several weeks. Twenty
sonobouys, at $500 each,61 could be deployed from inexpen-
sive nonspecialized ships or aircraft in the path of an oncom-
ing hurricane well before conditions are dangerous for
roughly $10,000.

An alternative scenario would be to deploy hundreds of
permanent shore-cabled hydrophone systems, at $10,000 to
$20,000 each depending on cable length, in strategic
hurricane-prone areas for a few million dollars. As noted
before, this is much less than the purchase price of a WC-130
hurricane-hunting aircraft.

Such underwater acoustic systems would likely be used
in conjunction with a priori location estimates from satel-
lites. Satellites would determine the path of the hurricane
relative to the hydrophone and show whether the sensor
passed through the high winds of the eye wall. The under-
water acoustic measurement would then provide an estimate
of the wind speeds for the portions of the hurricane that
passed overhead. If a hydrophone does not pass through the
powerful eye wall but rather through the weaker surrounding
winds it would still provide a lower bound or threshold mea-
surement of wind speed and it may be possible to extrapolate
these lower wind speeds to determine the higher wind speeds
of the eye wall.

V. HYDROPHONE ARRAY ANALYSIS

The analysis in the previous sections demonstrates how
omnidirectional sensors may be used to accurately measure
the local winds and classify the destructive power of a hur-
ricane as it passes overhead. It may be possible to use arrays
of hydrophones to beamform on the acoustic field from a
hurricane at long range. For illustrative purposes we will
consider horizontal linear arrays of the type that might be
towed from an oceanographic or naval vessel; however, other
array configurations, such as moored arrays, might also be
useful. Arrays might also be useful for directionally filtering
out other noise sources, such as ships and surf, in local mea-
surements.

Using the expression for the cross-spectral density of the
noise field of Eq. �2� we find the angular spectral density of
the noise received by an N-element array, or beamformed

output, to be
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B��, f� =
1

N2 �
m=1

N

�
n=1

N

e−jk·rmC�rm,rn, f�ejk·rn �35�

with units of �Pa2/sr2 Hz, where k= �2
f /c�i�, i� is a unit
vector in the steering direction �, and rm is the position of
the mth hydrophone on the array.

We define the hurricane wind-generated noise source
area to include sources within 200 km of the hurricane’s cen-
ter as shown in Fig. 1 and the ambient noise source area to
include sources generated by the 5-m/s winds surrounding
the hurricane. To show how an array might be able to mea-
sure the destructive power of a hurricane, the angular spec-
tral density of the noise will be calculated for a hurricane as
a function of maximum wind speed.

The angular spectral density of Eq. �35� in the direction
of the hurricane increases with maximum wind speed, as
shown in Fig. 10 for an array at 200-m depth at a range far
from the hurricane eye. The difference in spectral density

FIG. 10. Angular spectral density level 10 log�B�� , f�� · �dB re �wcIref /sr2�
at 100 Hz for a 64-element � /2-spaced horizontal broadside array as a func-
tion of steering angle for hurricane-generated noise in the North Atlantic at
ranges of 257 km �a�, 289 km �b�, and 385 km �c� from the eye of the
hurricane, assuming n=3. Ranges of 257 and 385 km correspond to the
fourth and sixth convergence zones from the center of the hurricane. The
range of 289 km is exactly between the fourth and fifth convergence zones.
Curves are shown for a powerful 72-m/s hurricane, a medium 50-m/s hur-
ricane and a weak 33-m/s hurricane. The angular spectral density level from
ambient noise is plotted for comparison. A steering angle of 0° corresponds
to the array steered toward the calm eye of the hurricane and the powerful
eye wall is located at ±3°. This array has an angular resolution of 1.8°,
which at a range of 257 km corresponds to an 8-km spatial resolution.
between the strong 72-m/s-wind-speed and weak
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33-m/s-wind-speed hurricanes of Fig. 10 is roughly 10 dB
given the assumption here that n=3. The difference in spec-
tral density would be greater for larger n.

A practical horizontal array can resolve the important
features of the hurricane such as the eye wall, which has
dimensions of tens of kilometers, when placed in a conver-
gence zone as in Figs. 10�a� and 10�c�. This is not possible
for an array just outside the convergence zone as shown in
Fig. 10�b�. In the former case, the length L of an array, ori-
ented at broadside to the hurricane, would have to be

L 	 R�/l �36�

where R is the range from the array to the hurricane and l is
the size of the eye-wall. Typical linear arrays56 have lengths
L on the order of 100� /2. In the example of Fig. 10, a
broadside array with L=32�, similar to the ONR FORA
array,62 images the hurricane with 10-km resolution at a
range of 320 km. The width of the convergence zone must
also be sufficiently small to resolve the eye wall in range.
For the given environment and ranges considered, this
condition is satisfied because the convergence zone width
is roughly 5 km, which is less than the width of the eye
wall.

A horizontal array oriented at end-fire to the hurricane
has the advantage that it discriminates against local surface
noise coming from near broadside in favor of sound that
travels from long distances at shallow angles in the wave-
guide. This could potentially lead to longer hurricane detec-
tion ranges. Unfortunately, at end-fire, the length of the array
must satisfy

L 	 2��R/l�2 �37�

to resolve the eye-wall. For example, an impractically long
L=2000� end-fire array would be needed to achieve 10-
km resolution at a range of 320 km.

The analysis presented here for the North Atlantic shows
that it may be possible to image the features of a hurricane
using linear broadside arrays of sufficient length.
Waveguides that lack excess depth, such as the Bay of Ben-
gal, do not exhibit the convergence zone structure seen in the
North Atlantic. This probably makes it extremely difficult to
even detect hurricanes using practical linear arrays at long
ranges in these environments.

VI. CONCLUSIONS

We have shown that the wind-generated noise received
by a single underwater acoustic sensor in a hurricane can be
well approximated by sea-surface contributions so local that
wind speed and surface source intensity can be taken as
nearly constant. Two terms with empirically and analytically
determined dependencies may be used to estimate wind
speed from measured ambient noise spectral level: �1� a uni-
versal ambient noise source term and �2� a local waveguide
calibration term. At low frequencies, current evidence sug-
gests a simple power-law relationship exists between noise
intensity and wind speed so that the log of wind speed may
be estimated accurately from spectral ambient noise level by

linear least square estimation. At higher frequencies, a non-
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linear relationship is expected but we show that it should be
possible to make unambiguous low-variance wind speed es-
timates from broadband noise measurements.
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APPENDIX A: NOISE CORRELATION FROM RANDOM
SURFACE SOURCES

Previous models for sea-surface noise5–7 contain ap-
proximations or parametrizations that are not valid for the
rapidly spatially varying source levels of a hurricane, par-
ticularly in the case where the hydrophone is near or under
the hurricane. Because of this an alternative expression for
calculating the spatial cross-spectral density of the noise field
is necessary. The geometry for modeling the spatial cross-
spectral density from uncorrelated noise sources at the sur-
face of a stratified ocean waveguide is shown in Fig. 2.

The pressure field created by each surface source is
given by the solution to the Helmholtz equation

��r, f� = q�r0, f�g�r	r0, f� , �A1�

where ��r , f� is the pressure at r given a source spectral
amplitude q�r0 , f� at r0 and g�r 	r0 , f� is the waveguide
Green function. The total noise field �S�r , f� is the sum of
the fields radiated from each source:

�S�r, f� = �
m

M

��r, f� = �
m

M

q�rm, f�g�r	rm, f� . �A2�

The spatial correlation of the total field between two
receivers r1 and r2 can then be written as

R�r1,r2, f�, f��

= ��S�r1, f���S
*�r2, f���

= �
m

�
n

�q�rm, f��q*�rn�, f���g�r1	rm, f��g*�r2	rn, f�� .

�A3�

If the sources have zero mean and are uncorrelated, then
�q�rm , f��q*�rn , f���=�m,n�q�rm , f��q*�rn , f���, where �m,n is
the Kronecker delta function and the correlation simplifies to

R�r1,r2, f�, f��

= �
m

�q�rm, f��q*�rm, f���g�r1	rm, f��g*�r2	rm, f�� . �A4�

Assuming that the source function q and the received
field �S can be taken to follow a stationary random process
in time, at least over the measurement period,
then63 ��S�r1 , f��S

*�r2 , f���=C�r1 ,r2 , f���f − f�� and
�q�f�q*�f���=Sqq�f���f − f�� where Sqq�f� is the power-
spectral density of q and

C�r1,r2, f� = �
m

Sqq�rm, f�g�r1	rm, f�g*�r2	rm, f� �A5�
is the cross-spectral density of �S�r1� and �S�r2�.
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For dense source concentrations, this sum can be ex-
pressed as an area integral,

C�r1,r2, f� =� d2�0
Sqq�r0, f�

�A
g�r1	r0, f�g*�r2	r0, f� , �A6�

where �A is equal to or greater than the coherence area of
the random source distribution and corresponds to the small-
est differential area summable.

The variance of the source amplitude equals the inte-
grated power spectral density �	q�t�	2�=�Sqq�f�df . Since this
variance is asymptotically approximated by the sample vari-
ance �	q�t�	2���1/T��0

T	q�t�	2 dt for large measurement
windows T and since Parseval’s theorem has
�1/T��0

T	q�t�	2 dt= �1/T��−�
� 	Q�f�	2 df , we may deduce that

Sqq�f� �
1

T
	Q�f�	2, �A7�

which relates Sqq to practical measurements.
Equation �A6� is similar to an intermediate expression

derived by Perkins et al. �Eq. �6� of Ref. 7� derived for a
significantly different physical scenario as noted in Sec. III.
Equation �A6� can be used to model the spatial correlation of
the noise field for uncorrelated surface-generated noise when
the source distribution or waveguide is range dependent.
When the source distribution and environment are range in-
dependent, Eq. �A6� reduces to

C�r1,r2, f�

=
2
Sqq�f�

�A
�

kr

kr dkrg�kr,z1,z0�g*�kr,z2,z0�J0�kr	�1 − �2	� ,

�A8�

following the Kuperman and Ingenito approach5 where
g�kr ,z1 ,z0� is the wavenumber transform of g�r1 	r0 , f�.

APPENDIX B: ASYMPTOTIC VARIANCE FOR WIND
SPEED ESTIMATES

The variance of a wind-speed estimate is evaluated nu-
merically in Sec. IV C for some specific scenarios. A general
analytic expression is derived here for the asymptotic vari-
ance of the wind speed estimate for large sample size �
using Fisher information. For the expected intensity I of an
acoustic measurement with a signal-to-noise ratio or time-
bandwidth product �, the inverse Fisher information or
Cramer-Rao lower bound �CRLB� of a wind speed estimate

V̂ is given as19,64

Varasymptotic�V̂� = ��

I2� �I

�V
2−1

, �B1�

which is the asymptotic variance.63

At low frequencies the relationship between intensity
and wind speed can be expressed using Eq. �22�, which,
when inserted into Eq. �B1�, yields

Varasymptotic�V̂� =
V2

2 . �B2�

�n
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,

,�
At higher frequencies, where attenuation due to bubbles
becomes important, the relationship between intensity and
wind speed follows Eq. �19�, substituting Eqs. �15�, �21�, and
�23�, so that

Varasymptotic�V̂� =
V2

��n − �VL/�10 log�e������/�V��2 .

�B3�

For the attenuation ��V , f� described by Weston15 in Eq. �4�,
the CRLB becomes

Varasymptotic�V̂�

= �
V2

��n − 6.46 � 10−7LV3�f�2
, f � 1.5 kHz,

V2

��n − 1.69 � 10−8LV3f�2 , f 	 1.5 kHz.� �B4�

For V=Vmax where Vmax is given in Eq. �24�, the CRLB
goes to infinity, indicating that an unbiased estimate of
wind speed is not possible for that wind speed and fre-
quency. This problem can be overcome by broadband in-
tensity measurements. For a wind speed estimate given
intensity measurements at multiple frequencies, Eq. �B4�
becomes

Varasymptotic�V̂�

= ��
f

��f�
I�f�2� �I�f�

�V
2−1

����f

��f�
V2 �n − 6.46 � 10−7LV3�f�2−1

, f � 1.5 kHz

��
f

��f�
V2 �n − 1.69 � 10−8LV3f�2−1

, f 	 1.5 kHz

�B5�

which remains finite and can be made small by increasing
the time-bandwidth product �.
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