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Abstract

Hurricanes, powerful storms with wind speeds that can exceed 80 m/s, are one of the
most destructive natural disasters known to man. While current satellite technology
has made it possible to effectively detect and track hurricanes, expensive ‘hurricane-
hunting’ aircraft are required to accurately classify their destructive power. Here
we show that passive undersea acoustic techniques may provide a promising tool for
accurately quantifying the destructive power of a hurricane and so may provide a safe
and inexpensive alternative to aircraft-based techniques.

It is well known that the crashing of wind-driven waves generates underwater
noise in the 10 Hz to 10 kHz range. 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. Acoustic measurements of the
underwater noise generated by hurricane Gert are correlated with meteorological data
from reconnaissance aircraft and satellites to show that underwater noise intensity
between 10 and 50 Hz is approximately proportional to the cube of the local wind
speed. From this it is shown that it should be feasible to accurately measure the
local wind speed and quantify 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.

It has also long been known that hurricanes generate microseisms in the 0.1 to
0.6 Hz frequency range through the non-linear interaction of ocean surface waves.
Here we model microseisms generated by the spatially inhomogeneous waves of a
hurricane with the non-linear wave equation where a second-order acoustic field is
created by first-order ocean surface wave motion. We account for the propagation of
microseismic noise through range-dependent waveguide environments from the deep
ocean to a receiver on land. We compare estimates based on the ocean surface wave
field measured in hurricane Bonnie with seismic measurements from Florida.

Thesis Supervisor: Nicholas C. Makris
Title: Associate Professor of Mechanical Engineering
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2-4 Noise spectral level (dB re I,.;) in the North Atlantic (a) and (b)
and the Bay of Bengal (¢) 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
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2-5 Error induced by the local area approximation (Eq. (2.9)) as a function
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for values n = 1 to 4 is less than 0.1 dB. The North Atlantic, Bay of
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3-1 Spectrogram of the hurricane noise in dB re uPa?/Hz, from 1 to 50
Hz, received by the NOAA hydrophone on 15 Sept. Above 10 Hz the
maximum between 13:00 and 16:00 correspond to the powerful winds
of the hurricane’s eye-wall. At 1 Hz we see noise most likely due to
cable strum. There seems to be some hurricane related noise between
1 and 10 Hz, however it does not correlate well with wind speed and
may be caused by nonlinear surface wave interaction as discussed in
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V in m/s above the hydrophone given the best fit relation log[I /(1Watt/m?Hz)] =
nlog[V/(1m/s)] + b where n = 3.36 and b = —14.46 . The maxima at
13:30 and 15:30 correspond to the powerful winds of the hurricane’s
eye-wall and the minimum at 14:30 corresponds to the hurricane’s eye.

The percent root-mean-square error between the two curves is 5%. . . 71

3-3 Wind speed in m/s in hurricane Gert as a function of position relative
to the center or ‘eye’. As hurricane Gert passed over the acoustic
sensor the sensor effectively sliced a path through the hurricane. The
lines show the paths estimated based on Satellite (dash-dot), Aircraft

(dashed) and Acoustic best fit (solid) respectively. . . . . . . ... .. 74

3-4 The log of the noise spectral intensity I in Watts/m?Hz versus the log
of the surface wind speed V in m/s at the NOAA hydrophone (circles)
based on the best fit hurricane track. The best fit linear regression
shows a log[I/(1Watt/m?Hz)] = 3.36log[V/(1m/s)]—14.46 relationship
between intensity and wind speed with a percent root-mean-square
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3-5 The upper plot gives the root-mean-square error (RMSE) of the lin-

ear regression for each possible hurricane track. The y-axis is the
north-south distance between the hydrophone and the possible hur-
ricane track and the x-axis is the speed at which the hurricane was
moving. The minimum RMSE of 0.76 dB, indicated y the + symbol, is
taken to represent the ‘best fit’ hurricane track. Note that the RMSE
is small, less than 0.8 dB, over a range of possible tracks. The lower
plot gives the slope n of the linear regression for each possible hurri-
cane track with the same x and y axes as the upper plot. For the best
track the slope n = 3.36. For the range of tracks with a RMSE less

than 0.8 dB, the slope of the regression could vary from 3 to 3.6. . . .

Log of noise intensity I versus log of hindcast local wind speed V
based on the best-fit track (red circles). Also plotted is the log of
noise intensity I versus log of local wind speed V measured by Cato
and Tavener [23] (blue circles) at lower non-hurricane wind speeds
off Australia. The linear regression shows a log(I/1 Watt/m?Hz) =
3.34log(V/1 m/s) — 14.5 relationship between noise intensity I and
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(A) Wind speed in m/s and (B) microseismic source level Lg_ _(w, z, =
0) at w = 1.26 rad/s (f = 0.2 Hz) in dB re Pa®s/m* from Eq. (4.39)
at 1200 on 24 August 1998 as a function of latitude and longitude.
The arrow indicates the direction hurricane Bonnie was moving. The
letters (a), (b), (c) and (d) represent features of interest; (a) indicates
the location of maximum wind speed, (b) indicates the eye where wind
speed is zero, and (c) and (d) indicate peaks in the microseismic source
level. This figure shows that, while a hurricane can produce significant
microseismic source levels (B), these level do not directly follow the

wind speeds (A) in the hurricane. . .. ... ... ... .......

The wave-height power spectral level (10 log Syum(K)/(m2/(rad?/m?)))
in dB re m?/(rad?/m?) at the locations of interest (a), (b), (c), and (d)
given in Fig. 4.2 at 1200 on 24 August 1998. The peak in the spectra is
at roughly k = 0.04 rad/m or ¢ = 0.63 rad/s which corresponds to an
acoustic frequency of w = 1.26 rad/s or f = 0.2 Hz. At some locations
(b, ¢, and d) there are waves propagating with opposing wavenumber
vectors K, while at other locations (a), most of the waves propagate in
the same direction. From Eq. (4.37) we expect these locations with

opposing waves to produce the greatest microseismic source levels and
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4-3 Geometry of the hurricane wave field and ocean waveguide (not to
scale). In our model the waveguide environment may be range depen-
dent and in this paper we consider the example of an upslope propa-
gation from the deep North Atlantic to Florida. The range and ocean
depth parameters R and d are given in Table 4.6. The depth of the
receiver below the ocean bottom of 162 m corresponds to the depth
below the earth surface of the actual seismometer in Florida. The
compression wave speeds ¢, are 1500 and 5200 m/s in the water and
bottom respectively. The shear wave speed ¢, in the bottom is 3000
m/s. The densities p in the water and bottom are 1.0 and 2.5 g/cm
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4-4 The ocean depth (solid line) between hurricane Bonnie and the seis-
mometer in Florida at noon on 24 August. Also shown is the ocean
depth for the idealized up-sloping environment used to calculate the
Green functions in Section 4.6 (dashed line). The scale of the figure
makes the actual slope appear to change rapidly, however, the maxi-

mum slope of the ocean floor is roughly 3°. . . .. .. ... ... ..
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G-1

G-2

G-3

Horizontal (a-d) and vertical (e-h) velocity spectra, as a function of seis-
mic frequency (f = 2nw), modeled (red) and measured (blue) at the
seismometer in Florida at four times on 24 August 1998. The dashed
blue lines represent portions of the data that where corrupted by non-
hurricane related ambient noise. Note that the peak in the spectra is
at roughly f = 0.2 Hz. This frequency corresponds to the peak in the
wave-height power spectral level at k = 0.04 rad/m (surface wave fre-
quency f = 2mo = 0.1 Hz) seen in Fig. 4.2 and in plots (i-1). The sur-
face wave-height power spectral level (10 1og S (&)/(m2/(rad? /m?)))
in plots (i-1) is taken at the center of the storm and averaged over wave
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The RHS and LHS in log (upper plot) and linear (lower plot) domains
from 13.33 to 13.4 seconds. We see that the peaks in the curves occur at
the same times but that the amplitudes of the peaks differ significantly.
We also see that the RHS peaks are higher for the earlier low-order
modes while the LHS peaks are higher for the later high-order modes.
Note that the RHS in the lower plot has been scaled by a factor of five
so that it can be compared against the LHS. . . . . . ... ... ...
The RHS and LHS (upper plot) over a longer time duration. We
continue to see the general trend where the peaks of the RHS are higher
for low-order early arrivals and lower for later high-order arrivals. This
can also be seen in the lower plot which shows the difference between
RGN, o ey Y e Ry P YRR R R AT KT RS
The weighting term J"a—"‘m(i—‘"):ﬁ as a function of mode number m at several
frequencies in an isovelocity waveguide. The source depth z, << A

typical of ocean surfacenoise. . . . ... ... ... ... .......
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Chapter 1

Introduction

In this thesis we theoretically and experimentally study the noise generated by a hur-
ricane and show that passive undersea acoustic techniques may provide a promising
tool for accurately quantifying the destructive power of a hurricane and may provide a
safe and inexpensive alternative to aircraft-based techniques. While current satellite
technology has made it possible to effectively detect and track hurricanes; expensive

‘hurricane-hunting’ aircraft are required to accurately classify its destructive power.

Quantification of a hurricane’s total destructive power, which is proportional to the
cube of the hurricane’s maximum wind speed [52], is critical for hurricane planning.
The destructive power of a tropical cyclone was recently demonstrated by hurricane
Katrina which caused over 1000 fatalities[29] and an estimated economic loss of 100
billion dollars[10] and in 1970 a hurricane killed over 300,000 people in Bangladesh
in[33]. Prior to Katrina the United States Commission on Ocean Policy emphasized
the need for more accurate quantifications of hurricane destructive power to improve
disaster planning[133]. Inaccurate quantifications can lead to poor forecasting and
unnecessary evacuations, which are costly, or missed evacuations, which can result in
loss of life[36]. These fatalities and costs can be reduced if the public is given timely

and accurate advanced warning, but this depends on the ability to accurately quantify
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hurricane wind speed while it is still far from land. Current classification and warning
systems save an average $2.5 billion each year in the United States alone[133] and

more accurate systems could save even more.

1.1 Current Hurricane Classification Techniques

Currently there are two primary tools used by meteorologists for detecting and classi-
fying hurricanes in the ocean; satellites and aircraft. Satellites are useful for detecting
and locating hurricanes but their poor spatial resolution in measuring wind speeds
limits their ability to accurately classify the hurricane. Aircraft are much better for
classifying hurricanes, however, their expense means that their use is not feasible for
most countries[33]. Also their limited endurance means that they cannot monitor the

hurricane continuously.

The Dvorak method [31, 32, 131] is the most common method for classifying a
hurricane’s destructive power. This method, where hurricane cloud features observed
in satellite images are interpreted to estimate wind speed and classify destructive
power, can yield errors in wind speed estimates exceeding 40% (93, 43, 12, 4, 121]
when compared to the best-estimate wind speed from aircraft measurements. For
example, of the eight North Atlantic hurricanes of 2000, three of them [93, 43, 12]
experienced Dvorak errors over 40% and three more [94, 72, 120] experienced Dvorak
errors over 20%. Despite these errors, the Dvorak method is still the primary tech-
nique for classifying the destructive power of a hurricane from satellite measurements
[44]. A satellite-based pattern-recognition technique 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 as the Dvorak method [7].

Satellite classification of hurricanes with Microwave Sounding Units (MSU) [130]

is secondary to the primary Dvorak method [44] due to the limited spatial resolution
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of the unit. The 55 GHz microwave radiation given off by warm air in the hurricane’s
eye 1s used to estimate temperature and then infer the hurricane’s power. Because
of the small size of the satellite array unit the spatial resolution of the measurement
is about 48 km [65], which is often larger than the diameter of the eye, resulting in
a blurred image of the hurricane and potentially leading to errors in the estimate of

the destructive power [130, 65].

Other satellite techniques for estimating hurricane wind speed and destructive
power are currently being studied. For an overview see the article by Katsaros,
Vachon, Liu and Black [59]. These techniques, however, are still under development
and are not yet being used operationally for hurricane classification and disaster

planning [41].

More accurate classiﬁcaf,ion can be achieved by flying specialized ‘hurricane-hunting’
aircraft, like the Air Force’s WC-130 and NOAA’s WP-3, through the high winds of
a hurricane [41]. Using on-board sensors and expendable dropsondes, accurate wind
speed estimates with errors less than 5 m/s can be obtained [41]. Unfortunately
the expense of these aircraft prohibits their routine use outside of the United States
[33]. For example, the cost to purchase a WC-130 aircraft is roughly $82 million [2]
(adjusted for inflation to year 2005 dollars) and the deployment cost is $155,000 per
flight [9]. Given these limitations in current capability, the United States Commission
on Ocean Policy has recommended that future ocean observing systems be used to
improve weather related warnings [133]. We experimentally and theoretically demon-
strate that underwater acoustic measurements of noise intensity may provide a useful

technique for hurricane wind speed estimation.
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1.2 Acoustic Field from Spatially Uncorrelated Sur-

face Noise Sources

Sea-surface agitation from the action of wind and waves is a dominant source of
ambient noise in the ocean [67, 136] in the 10 Hz to 10 kHz frequency range. We show
that it may be practical to inexpensively determine local wind speed and quantify the
destructive power of a hurricane by measuring this noise which can be described as a
sum of fields radiated from many random sources on the sea surface [26, 76, 70, 19,
95, 81]. If the surface noise sources have the same statistical distribution, Ingenito
and Wolf have shown that the wind-generated noise spectral intensity is the product
of two separate factors, a waveguide propagation factor and a “universal ambient
noise” [57] source factor which is a function of wind speed but otherwise is expected

to be effectively independent of horizontal position.

Shaw, Watts and Rossby[118] first considered the concept of using underwater
sound to estimate wind speed for spatially uniform wind speed distributions. They
found sound pressure level in dB to be linearly related to the log of the wind speed
and the idea of a universal ambient noise source factor was implicit 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,
Watts, Halpern and Bourassa demonstrate that these wind speed estimates could be
made to within £1 m/s at low 5 to 10 m/s wind speeds [38], which is much less than

is experienced in a hurricane.

Many experiments have been conducted to determine the relationship between
local wind speed and underwater noise intensity as noted in Ref. [18]. A common
difficulty in these experiments has been contamination from shipping noise [18, 61].
This typically leads to poorer correlation and greater variance in estimates of the

relationship between wind speed and noise intensity [18]. Two experimental stud-
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ies conducted over many months that minimized this contamination show that a
consistent high-correlation power-law relationship exists [102, 38]. They also show
underwater noise intensity 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.
It is possible that at higher frequencies attenuation by bubbles could cause a roll-off
in the power-law relationship [139]. This attenuation, however, is insignificant at low

frequencies and can be accurately measured and modeled at high frequencies.

In this thesis we present the first published data relating ambient noise and wind
speed in a hurricane. In 1999 an autonomous underwater acoustic sensor package in
the North Atlantic recorded the underwater noise from crashing wind-driven waves as
hurricane Gert passed overhead. By correlating this noise with meteorological data
from reconnaissance aircraft and satellites we show that underwater noise intensity
between 10 and 50 Hz is approximately proportional to the cube of the local wind
speed. Passive underwater acoustic intensity measurements from a single sensor may
then be used to estimate hurricane wind speed to within a 5% error and from this

accurately quantify the destructive power of the hurricane.

Based on theoretical and empirical evidence we find that it may be possible to
estimate local hurricane wind speed by generalizing the approach of Shaw, Watts and
Rossby [118]. 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 conditions. Temporal variations in underwater noise intensity should then
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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 relationships [102] between wind speed and noise
level in this frequency range, the ambient 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 frequency. Farmer
and Lemon [40] 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 unambiguously estimated from broadband ambient noise
measurements in hurricane conditions above 100 Hz once the corresponding universal

source dependence is empirically determined.

The accuracy of underwater acoustic wind speed estimates depends on the signal
to noise ratio (SNR) of the underwater ambient noise intensity measurements upon
which they are based. Piggott [102] and Perrone [97] have consistently measured
wind noise with a standard deviation of less than one dB and in measurements of
hurricane Gert we find standard deviations of 0.7 dB, as expected from theory where
the variance of the intensity measurement can be reduced by stationary averaging
[99, 80, 81]. For previously measured power-law relationships that range from quartic
to square [102, 38], a one dB standard deviation in sound pressure level corresponds
to a 6% to 12% respective error in estimated wind speed. The 3.3 power law and

0.7 dB standard deviation measured in hurricane Gert results in only a 5% error in
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estimated wind speed.

Ocean acoustics then has serious potential for providing accurate and inexpensive
hurricane classification estimates. Since a single hydrophone effectively measures
only the local 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, however, by making broad-band measurements at higher frequency.

In Chapter 2 we review models for range-dependent noise in the ocean and develop
a model for wind generated noise from a hurricane for both single sensors and arrays.
We use this model to demonstrate the potential usefulness of quantifying hurricane
wind speed with underwater acoustic sensors. We also review past experiments where
the relationship between underwater noise intensity and wind speed was measured.

In Chapter 3 we present data from an autonomous underwater acoustic sensor
package in the North Atlantic that recorded the underwater noise from crashing wind-
driven waves as hurricane Gert passed overhead. This data further demonstrates the

potential usefulness of classifying hurricanes with underwater acoustic sensors.

1.3 Acoustic Field from the Interaction of Surface
Gravity Waves on the Ocean Surface

Hurricanes also generate seismic noise, commonly referred to as microseisms, in the
0.1 to 0.6 Hz frequency range. In Chapter 4 we describe the microseisms generated
by the spatially inhomogeneous waves in a hurricane. Using the ocean surface di-
rectional wave spectrum in hurricane Bonnie [142, 88] we hindcast the microseismic

field and compare it with seismic measurements from Florida. Previously hurricane
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surface directional wave spectra had not been adequately measured or modeled so
that researchers had to rely on assumed spectra in order to model hurricane micro-
seisms [78]. This analysis is useful because microseisms are a primary cause of noise
in seismic measurements [74, 107, 105] that raise the detection threshold for moni-
toring earthquakes [135] and tsunamis. Historically microseismic measurements have
also been used to track hurricanes [107, 45] although that task is now accomplished
using satellites. We find that, due to the nonlinear nature of microseism generation,
measurements of the microseismic field will probably not be useful for hurricane wind
speed estimation.

We present an analytic expression for microseism generation by the spatially inho-
mogeneous waves typical in a hurricane based on the non-linear wave equation where
a second-order seismo-acoustic field is generated by a source distribution which de-
pends on the first-order ocean surface wave motion. The seismo-acoustic field at a
receiver can then be expressed as the integral over the source distribution multiplied
by the waveguide Green function. This expression is ideal for hurricane generated
microseisms since it can be used to calculate the acoustic field due to spatially in-
homogeneous surface waves. Also, this expression may be used in range-dependent
waveguide environments as is the case when a hurricane at sea generates microseisms
that propagate up the continental margin to a receiver on land.

Based on the wave-height spectra in hurricane Bonnie, we calculate the microseis-
mic source levels generated by the nonlinear interaction of the ocean surface waves.
Our derivation shows that microseisms are generated by the non-linear interaction
of ocean surface waves with roughly the same wavelength but nearly opposing prop-
agation directions. This is in agreement with earlier works [86, 78]. Recent mea-
surements [142, 132] and models [88] of surface directional wave height spectra in
hurricane Bonnie show complex patterns with the opposing surface waves necessary

to generate microseisms.
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Chapter 2

Ocean Acoustic Hurricane Wind
Speed Quantification from
Spatially Uncorrelated Surface

Noise

2.1 Introduction

A case is made that it may be practical to inexpensively determine local wind
speed and quantify the destructive power of a hurricane by measuring its under-
water acoustic noise intensity. The dominant source of ambient noise in the ocean is
sea-surface agitation from the action of wind and waves [67, 136]. This noise can be
described as a sum of fields radiated from many random sources on the sea surface
[26, 76, 70, 19, 95, 81]. If the surface noise sources have the same statistical distri-
bution, 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” [57] source factor which is a function of wind speed but otherwise is

31



expected to be effectively independent of horizontal position.

Shaw, Watts and Rossby [118] found sound pressure level in dB to be linearly
related to the log of the wind speed and from this developed the concept of using
underwater sound to estimate wind speed for spatially uniform wind speed distribu-
tions. We show that the slope of their linear relationship corresponds to the universal
ambient noise factor described by Ingenito and Wolf [57] and the intercept to the
waveguide propagation factor. As discussed in Chapter 1, it was later demonstrated
that these estimates could be made to within +1 m/s in the 5 to 10 m/s wind speed

range [38].

By generalizing the approach of Shaw, Watts and Rossby [118] we find that it may
be possible to estimate local hurricane wind speed. 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. Noise intensity can then 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.

In this chapter we review models for the spatial wind speed dependence of a
hurricane that will be used to model ambient noise. We also review past experiments
that measured the relationship between underwater noise intensity and wind speed.
We review models for range-dependent noise in the ocean and develop a model for
wind generated noise from a hurricane for both single sensors and arrays. We use this
model to demonstrate the potential usefulness of quantifying hurricane wind speed

with underwater acoustic sensors.
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2.2 Hurricane Structure and Current Classifica-
tion Techniques

Hurricanes are severe storms characterized by surface winds from 33 to over 80 m/s
[33] that circulate around a central low pressure zone called the eye. Holland[52] gives
an analytic model for the surface wind speed profile as a function of range from the

eye since hurricanes are typically cylindrically symmetric,

exp{#}

5 (2.1)

e \JAB(p,, = Pc)

where V' is wind speed at a height of 10 m above the sea surface, p. and p, are
the atmospheric pressure in the eye and outside the hurricane respectively, p, is the
density of the air, and A and B are empirical values. Using this model, the surface
wind speed profile for a moderate hurricane is given in Fig. 2-1, 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 ten kilometers thick,
wind speed slowly decreases to the edge of the hurricane which is typically hundreds
of kilometers from the eye. Most of a hurricane’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.[53]

The standard approach for classifying a hurricane’s destructive power, the Dvo-
rak method,[31, 32, 131] is effectively a pattern-recognition technique where satellite
images, in the visible and infra-red spectrum, are used to classify the hurricane based
on features like the size and the geometry of cloud patterns. As discussed in Chapter
1, this method often yielded wind speed estimates with errors of over 40% in sev-
eral recent hurricanes.[93, 43, 12, 4, 121]| Despite these errors, the Dvorak method is
still the primary technique for classifying the destructive power of a hurricane from

satellite measurements.[44] A satellite-based pattern-recognition technique similar to
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Figure 2-1: Hurricane wind speed as a function of distance from the hurricane center
based on Holland’s model[52] with parameters A = 72.44, B = 1.86, p. = 96300 Pa,
Pn = 100500 Pa and p4;r = 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.[53]

34



the Dvorak method using SSM/I satellite microwave (85 GHz) instead of optical and
infrared images has recently been developed but gives similar errors as the Dvorak

method.[7]

Satellite classification of hurricanes with Microwave Sounding Units (MSU)[130]
is secondary to the primary Dvorak method[44] due to the limited spatial resolution
of the unit. The 556 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 satellite array unit the spatial resolution of the measurement
is about 48 km,[65] which is often larger than the diameter of the eye, resulting in
a blurred image of the hurricane and potentially leading to errors in the estimate of

the destructive power.[130, 65]

Other satellite techniques for estimating hurricane wind speed and destructive
power are currently being studied. For an overview see the article by Katsaros,
Vachon, Liu and Black.[59] These techniques, however, are still under development
and are not yet being used operationally for hurricane classification and disaster

planning.[41]

To overcome the limitations of satellite techniques, specially equipped aircraft,
like the Air Force’s WC-130s and NOAA’s WP-3s, are flown through the center of
a hurricane.[41] Using on-board sensors and expendable dropsondes, accurate wind
speed estimates with errors less than 5 m/s can be obtained.[41] Unfortunately, as
discussed in the introduction, these aircraft are expensive to purchase and operate

and are currently only used by the United States.[33]
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2.3 Wind Generated Surface Noise from Uncorre-

lated Surface Sources

Here we develop a model for the surface generated noise intensity and mutual intensity
from a hurricane received by a hydrophone or hydrophone array submerged in an
ocean waveguide. The geometry of the problem is shown in Fig. 2-2. The hurricane
is centered at the origin and is surrounded 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 that are modeled as a sheet of monopoles on a source plane
at a depth zp within a quarter wavelength of the free surface following ocean acoustic
noise modeling convention.[70, 19, 95] 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 with approximations or parameterizations that are
not suitable for modeling hurricane noise. Kuperman and Ingenito[70] developed a
widely used surface noise model, however, embedded in their derivation is the as-
sumption that the source field is range independent. This is not true for hurricane
generated noise where the wind speed and source level change drastically with posi-

tion.

Using an adiabatic normal mode formulation Perkins, Kuperman, Ingenito, Fi-
alkowski, and Glattetre[95] 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 sub-areas over which the source field could be
considered constant. They used far-field approximations for each sub-area. These
were coupled with the further approximation that the cross-spectral density for each

sub-area could be expressed as a single sum over modes. This approximation is only

36



Region of
Hurricane Winds Region of
Ambient Winds

Ocean Surface
Z’ r
y Source Plane
Sound
Speed
Profile o ecccooe

<(2), p,o Receiver Receiver Array

S A0, v 2z Ocean Bottom

Figure 2-2: Cross section of the stratified ocean waveguide showing the geometry
of the surface noise problem (Not to scale). On the surface is the area covered by
the hurricane and surrounding area covered 5 m/s ambient winds. The surface noise
sources are modeled as a plane of monopoles a small depth 2y below the surface and
the sound field is measured by receivers and receiver arrays.
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valid when the inverse of the difference between the horizontal wavenumber of the
modes is much less than the dimension of the sub-area.[108, 109] For the highly range-
dependent winds of a hurricane in an otherwise range-independent waveguide, this
approach proves to be less accurate, more cumbersome and less efficient to implement
than direct integration.[140] Carey, Evans, Davis and Botseas[19] have developed a
computational approach based on the parabolic equation approximation for calculat-
ing 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 approach used here since it has
not explicitly appeared in the previous literature even though many essential elements
are implicit in the work of Perkins, Kuperman, Ingenito, Fialkowski and Glattetre.[95]
For uncorrelated sources the cross-spectral density of the noise field can be written

as

Clrsra ) = [ o@D ey pigrero, ) (22

as shown in Appendix A where Sy, (V(po), f) is the source power-spectral density,
which is a function of wind speed V and frequency f, AA is a small area increment of
integration at least the size of the horizontal coherence area of the source distribution,
and g(r;|re, f) is the waveguide Green function. Throughout this paper a cylindrical
coordinate system in used where r = (p, 2) = (p,0, z), p is the horizontal location
vector, p is distance from the origin, # is azimuth angle and 2 is depth measured
with positive downward from the surface. The locations r; and rq are receivers and
ro 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
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for range-dependent source fields and environments.

The source depth z; is taken to be a quarter wavelength for all simulations in the
present paper. This follows noise modeling convention[70, 19, 95] 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. [50] This is true
even for average source depths greater than a quarter wavelength and sea-surface
roughness much larger than the wavelength[50, 101] as in a hurricane where wave
heights may exceed 10 m. This is understandable since surface noise is believed to
arise from many monopole sources, in particular bubbles, randomly distributed near
the sea surface. All of these, by the method of images, have main downward directed
lobes which reinforce and varying horizontally directed side-lobes which cancel.

As discussed in the introduction, the source power-spectral density has been shown

to follow

SeaV, £) = so( V™D (2.3)

for certain frequency and wind speed ranges. While experiments[102] at wind speeds
below 20 m/s give n = 3.110.3, 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 absorption, lower ambient noise levels at frequencies
above 8 kHz and wind speeds above 15 m/s.[40] While such attenuation has never
been observed at lower frequencies, we will consider its possibility in the high winds

of a hurricane.
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Attenuation, in dB/m, can be written as a = 10log(e)on,,, where o is the extinc-
tion cross section of an individual bubble and n, is the number of bubbles per unit
volume.[139] Using this expression, Weston[139] provides a model for attenuation by
sea surface bubble clouds, based on the extinction cross section and spatial distri-
bution of wind-generated bubbles as a function of wind speed and frequency. This
attenuation can then be included in the Green function in Eq. 2.2 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

0.35 % 10~"/fv® < 1.5kH
¥ 1) = i ? (2.4
2.44 x1078fV3 . f>1.5kH:z

in a layer at the sea surface as given by Weston.[139]

2.4 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.

(2.2), the spectral intensity of the sound field received at r can written as

tir, )= EETI - 2 p SaalV (P0), 1)

PuwC prAA |g(l‘|l‘0,f,V(p0))|2 (25)

where the total instantaneous intensity is given by
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I(r) = /0 “ I(x, f)df (2.6)

The Green function g(r|ro, f,V(po)) depends on local wind speed V(pg) 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. 2-1 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. 2-3. The difference in water depth between these two
environments leads to fundamental differences 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
off 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 speed[55] 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.

The spectral intensity level, given by

Er=10 log(i(:;’(';)» (2.7)

in dB re I..;(f), of hurricane generated noise is computed by the direct integration of
Eq. 2.5 as a function of receiver range p and depth 2 from an origin at the center of

the hurricane on the sea-surface. For convenience in the present paper the reference
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Figure 2-3: Sound speed profiles ¢(z) for the North Atlantic[82] and the Bay of
Bengal[69, 114]. The bottom has a density of 1.38 g/cm and an attenuation of
0.3 dB/A corresponding to the deep silty sediment layers of the Bay of Bengal[123, 48]

and the North Atlantic Abyssal plain[49, 125]. The water has a density of 1 g/cm
and an attenuation of 6 x 10~° dB/\.
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level I,.;(f) is taken to be the spectral intensity at a reference depth z,.; = 200 m

for a reference 10-m altitude wind speed of V;.s = 5 m/s over the entire ocean

2, Saa(Vees, f)

{0 o]
Ffl) = Ty, s /_ o™ T g ey ro, 1, Vie)I? (2.8)

where r,.; = (p, zref). Noise intensity has been measured for 5 m/s wind speed in
many ocean environments and at similar depths.[102, 24, 97, 20] In an experimental

scenario other reference values could be chosen.

Spectral intensity level is shown in Fig. 2-4 for frequencies of 50, 400 and 3200 Hz,
spaced three octaves apart, using Egs. (2.3)-(2.8) and assuming n = 3. The choice
of n = 3 is within measured power-laws[102] and has been chosen out of convenience
since it is linearly related to the power of the wind.[34] The wind speed profile of the
hurricane and surroundings 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 Fig. 2-4(a) and (c) is the effectively linear relationship
at low frequency, 50 Hz, between spectral intensity level L; and the log of the wind
speed. This is roughly independent of depth as can be seen in Figs. 2-4(b) and (d).
At the higher frequencies shown 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 nonlinear dependence as will be shown in the
next section. The small increase in level in the North Atlantic outside the hurricane
at ranges of 193 and 257 km and at a depth of 4.7 km is caused by convergence
zone propagation from the powerful 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. 2.5.
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Figure 2-4: Noise spectral level (dB re I,y) 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. Ly (p) = 10log (V(p)/Vres)
is plotted for comparison where V;.; = 5 m/s. Ly = 0 is equivalent to V = 5 m/s and
Ly = 10is 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
corresponding to sound that propagates from the hurricane’s eye wall via refraction.
Note the convergence zone near the surface at a range of 257 km and the ray vertex

depth of 4.7 km.
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2.4.1 Local Noise Dominates

The effectively linear relationship between the log of the local wind speed and un-
derwater acoustic spectral intensity shown in Fig. 2-4 suggests a possible simplifying
approximation to our formulation. In particular the areal integral of Eq. (2.5) can
be approximated by integrating only over the local sources in the hurricane. These
fall within a disc of area A = mR? centered at the horizontal location of the receiver
p which provides the dominant contribution in the exact integral (Eq. (2.5)). The

spectral intensity can then be approximated as

Sa(V(p), f)
I(r, %/d2'u F Vi(po))? P}

(r f) 1 pO prAA |g(r|ro f (po ))| ( 9)
where py = po — p. Such a simplification can potentially lead to errors if R is too

small.

To quantify the potential error of this local approximation, the approximate equa-
tion (2.9) 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. (2.5), 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 Rj.q. The error as a function of
R is given in Fig. 2-5 where, for deep-water environments, Rjocer = 300 to 2000 m
depending on sensor depth.

It is noteworthy that the deep-ocean North Atlantic and Bay of Bengal error curves
closely match those of the infinite half-space. This shows that bottom reflections and
variations in sound speed profile do not have a significant effect on R;,cq; in deep water.
For a bottom mounted sensor in a typical shallow water environment Ry = 2 to
3 km in the 50 to 400 Hz range. Our computations also show that R, does not

change significantly for the expected source power-spectral densities and attenuations
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Figure 2-5: Error induced by the local area approximation (Eq. (2.9)) as a function
of local source area radius R, for a single sensor under the maximum winds in the
eye wall of a hurricane. Curves are shown for the North Atlantic 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
environments are very similar. In these deep-water environments, for the shallow
100 m sensor depth, we see that for Rj,cq over roughly 300 m the error from this
approximation is negligible. For the deeper 800 m sensor depth, the R, 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 Rj,c.;- 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.
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considered in this paper.

The wind speeds in a hurricane do not change significantly over Ry, and can
be approximated as constant in Eq. (2.9). This leads to less than 0.2 dB additional

error in the spectral intensity level, which can then be approximated as

= Sqq(v(p))f) 2 (Riocal EART 2
I(r,f) = . /0 /0 Podpodfy|g(xlre, £,V (p))|

= Su(V(e), NW(x, £,V(p)) (2.10)

where only the local wind speed V(p) directly above the receiver has a significant
effect on both the source factor S (V(p), f) and the waveguide propagation factor
W(r, f,V(p)). The source factor is universal in that it does not depend on propa-
gation 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 environment, ocean waveguides typically
change gradually with horizontal position. The wind-speed-independent functionality
of W(r, f,V(p)) should then be effectively constant over Rj,.. and over the horizon-
tal extent of a hurricane, on the order of 100 km. Both factors may be characterized
numerically or empirically to develop a set of curves to estimate wind speed from
acoustic intensity. In the next section we find that it is possible to simplify these

factors and develop an approximate analytic equation for wind speed estimation.

The approximate Eq. (2.10) for range-dependent sources and potentially range-
dependent waveguides is similar to Kuperman and Ingenito’s[70] exact Eq. (30) for
range-independent sources and waveguides in that spectral intensity is the product
of a “universal ambient noise” source factor, following Ingenito and Wolf[57] and
here defined as S, (V (p), f), and a waveguide propagation factor W(r, f,V(p)). The

implicit assumption of formulations of this kind is that variations in source depth can
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be accounted for as equivalent variations in Sg(V(p), f). This is consistent with the

measured dipole behavior of ambient noise in the ocean.[50]

Taking the log of Eq. (2.10) leads to a useful approximate equation for spectral

intensity level

Li(r, f) = Ls(V(p), f) + Lw(x, £, V(p)) (2.11)

in dB re I,.f(f) where

Ls(V (), ) = 0log (S L)), (212)
Lw(r, f,V(p)) = 1010g(%) (2.13)

and
Iref(f) = Sqq(vref, f)W(rref, Jy Vref) = Sqq(vrefa f)Wref(f) (2'14)

Here Ls(V(p), f) is a universal ambient noise source term that is independent of
waveguide propagation parameters, while Ly (r, f, V(p)) 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 bound-
ary layer, while the functional dependencies of the second term should be locally

determined.

If Se(V(p), f) follows a power-law, such as Eq. (2.3), then universal ambient

noise source level is linearly related by
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Ls(V(p), f) = 10n(J) log(Y,fz)) (2.15)

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.[118, 38, 102, 24, 20]

To estimate wind speed from ambient noise measurements using Eq. (2.11), the
dependence of Ly (r, f,V(p)) 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.

2.4.2 Separating the Effect of Attenuation by Bubbles from

Local Waveguide Propagation

Analytic expressions are derived to show how attenuation can be separated from other
waveguide propagation effects so that Ly (r, f,V(p)) can be split into a universal
wind-speed-dependent attenuation term and a local waveguide calibration term that is
wind-speed independent. These analytic expressions also demonstrate the uniqueness
of a wind speed estimate based on broad-band underwater noise measurements. They
also enable analytic expressions for estimation 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 quantification as illustrated in Fig. 2-6 using the
full areal integration of Eq. (2.5). 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 Ly (r, f,V(p)) is only a func-

tion of the local waveguide environment and spectral intensity level L;(r, f) should
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depend on the log of wind speed only through Eq. (2.15) given the power-law n = 3
assumption of the simulation. For higher wind speeds and frequencies, attenuation
by bubbles is significant and eventually leads to a roll-off in the spectral intensity
so that Ly (r, f,V(p)) is a separable 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 calculated exactly using the full areal integration of Eq.
(2.5) or the local integral approximations of Egs. (2.9) or (2.10), a useful first-order

approximation leads to the analytic result

4m?|A(V (p), f, k. = 0)|?

W(r, f,V(p)) = Wo(r, f) py (2.16)
where
Wo(r, f) = W(r, £,0) (2.17)
and
in(k
AV(0), £k = 0) = g ( )cS;:((kz()))+ = (2.18)
og(e c(z

is the downward plane-wave amplitude for a source in an attenuating sea-surface

bubble layer following the Pekeris solution.[58] The complex wavenumber k = c(‘;’o) -+
i“z(,(‘)/l(og()é{) is used in Eq. (2.18) where a(V (p), f) is given in Eq. (2.4).
The spectral intensity level of Eq. (2.11) can then be approximated as
Ly(r, f) = Ls(V(p), f) + La(V(p), f) + Lw,(r, f) (2.19)

where
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Figure 2-6:  Simulated noise spectral level (dB re I,.f) in the North Atlantic for
range-independent winds as a function of wind speed and frequency including at-
tenuation by sea-surface bubbles assuming n = 3 from Eq. (2.5). 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 progressively lower wind speeds. For
a given frequency the noise level increases linearly with wind speed, peaks, and then
decays exponentially.
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La(V(p), 1) = 2010g( ZIAL 0L Lk = O)) (2.20)
and
Lw,(r, f) = 1010g(%’(ff))) (2.21)

The approximation of Eq. (2.19) is in agreement with the full areal integration of Eq.
(2.5) to within 1 dB for frequencies below 500 Hz even at hurricane wind speeds as

shown in Fig. 2-7.

By splitting the local waveguide and but;ble attenuation effects of Ly (r, f, V(p))
into two terms, L4(V (p), f) and Ly, (r, f), wind speed can now be estimated from am-
bient noise using Eq; (2.19), where L4(V (p), f) is a universal attenuation term that
depends on local wind speed but like Ls(V(p), f) is also independent of waveguide
parameters. The last term of Eq. (2.19), Lw,(r, f), is a local waveguide calibration
that is independent of wind speed.

At frequencies below 100 Hz where attenuation a due to bubbles is negligible at
hurricane wind speeds La(V (p), f) goes to zero, as expected from Fig 2-6. In this
important case, if S,q(V(p), f) follows a power law, Eq. (2.19) reduces to a linear

equation in the log of wind speed

Li(r, f) ~ 10n(f) log(‘;‘—”f)) s Bl ) (2.22)

where 10n(f) is a universal empirically determined slope and Lyw,(r, f) is a local

calibration intercept. The log of wind speed can be then found from measurements
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Figure 2-7: (a) Noise spectral level (dB re I,.s) 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. (2.5) and the grey curves show the first-order approximation of
the field given by Eq. (2.19) with Egs. (2.15), (2.20) and (2.21).
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of ambient noise level by standard linear least squares estimation, as has been done
in Refs. [118] and [38] at low wind speed.
As frequency increases, bubble-layer thickness exceeds a quarter wavelength and

the L,(V (p), f) term can be approximated as

La(V(p), f) = —a(V(p), f)L (2.23)

If we use for illustrative purposes the L = 1.2 m layer thickness given by Weston,[139]
then Egs. (2.20) and (2.23) 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. (2.18) and (2.23).
The locations of maxima in noise spectral level correspond to the ridge in Fig.
2-6. These can now be approximated analytically by substituting Egs. (2.15), (2.21)
and (2.23) into Eq. (2.19) and taking the derivative with respect to wind speed to

obtain

e (IH{2.15% 107 /)R ¢ 30 < F < 15kHz (2.24)
" (1/(5.63 x 10LAYS : f> 1.5kHz '

here assuming n = 3 and a(V(p), f) from Eq. (2.4).

2.4.3 Accuracy of Underwater Acoustic Wind Speed Esti-

mates

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
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ambient noise intensity /, the maximum likelihood estimate (MLE) of the wind speed
V given a measurement of ambient noise intensity [ is V = H(f ) by the invariance
of the MLE.[60] The function H can be found either numerically from the exact
integration, Eq. (2.5), or analytically from one of the approximations, Egs. (2.11),
(2.19) or (2.22). We define the percent root-mean-square error (RMSE) of the wind

speed estimate V as

V< |V =V2>
Vrmse = 100 ~ (225)

<V >

and the percent bias as

~

-V
Vbias = 100& (2.26)
Vv
given
<Vm>= / H™(Dp(D)di (2.27)
0

where p(f ) is the probability density function of the measured intensity I. For the
hurricane noise measurements considered here, where the contributions from a large
number of independent sources are received simultaneously, the acoustic field is ex-
pected to be a circular complex Gaussian random variable. The time averaged mea-

sured intensity I is then expected to follow a Gamma distribution[80, 81]

p(f) = (n/DPI "“Ifz(;){—u(l /D)} (2.28)
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where p is the time-bandwidth product and I is the mean of the noise measurement.

From the full areal integration of Egs. (2.5) we can numerically find the percent
RMSE and percent bias of the wind speed estimate V. For frequencies below 100
Hz, where attenuation « is insignificant, we find that the percent RMSE and percent
bias are functions of n and p as shown in Fig. 2-8. At higher frequencies, where
attenuation is significant, the percent RMSE and percent bias are also functions of
frequency and wind speed. This is illustrated in Fig. 2-9 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/u. In typ-
ical ocean acoustic applications, such as matched filtering, u’s in excess of 100 are
common.[128, 25, 17] For example Piggott[102] and Perrone[96] have obtained mea-
surements of wind noise level with standard deviations less than 1 dB corresponding[99,
80, 81] to p > 19.

Given a spectral intensity measurement with p > 19, underwater acoustic wind
speed estimates with errors similar to the 6% to 15% errors of hurricane-hunting
aircraft[41] are possible. For example, at low frequencies where attenuation is insignif-
icant, a measurement of noise spectral level with u = 19 would yield a corresponding
percent RMSE in estimated wind speed of 6 to 25% for the range of published values
for n as shown in Fig. 2-8. For the higher frequency 400 Hz example in Fig. 2-9,
where attenuation is significant, a spectral intensity measurement with g = 19 will
yield percent RMSEs from 9 to 20%. Even larger errors are common for remote satel-
lite techniques, as high as 40% as noted in the introduction. From this error analysis
we find that underwater acoustic measurements may be worthwhile for estimating
hurricane wind speed. Additional errors related to the practical application of the

underwater acoustic technique will be discussed in Sec. 2.4.4.

At low frequencies, less than 100 Hz, where attenuation o from bubbles becomes
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Figure 2-8: The percent RMSE vy, (a) and percent bias vy,s (b) of the wind
speed estimate V where attenuation by sea-surface bubbles is insignificant, evaluated
numerically from Eqgs. (2.5) and (2.27). For time-bandwidth products g > 5 the
estimate becomes unbiased and the RMSE attains the Cramer-Rao Lower Bound.
Piggott[102] and Perrone[96] have measured wind noise level with standard deviations
less than 1 dB which corresponds to g > 19. For p = 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 satellite classification method.
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Figure 2-9: The percent RMSE v, (a) and percent bias v, (b) of the wind speed
estimate V including the effect of attenuation calculated numerically from Egs. (2.5)
and (2.27), assuming n = 3, at f = 400 Hz where Vo, = 58 m/s. The error and bias
increase for V = V,,,, but for u > 5 and for values of V where v;,s < 1% the percent
RMSE decreases and attains the Cramer-Rao Lower Bound. For spectral intensity
measurements with g = 19 the percent RMSE in this example is between 9 and 20%
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insignificant, the moments of V can also be evaluated analytically from the first-order
approximation of Eq. (2.22) to illustrate the fundamental parameters affecting a wind

speed estimate. The mean of the wind speed estimate can then be written as

" r 1 B i T 1
< ¥ on L) () VI Dt 1/, (2.29)
T(u)  \sowop T(u)ut/n
and the standard deviation as
I Wn |\ T 2 r ¢
SoWolk I'(p) I'(p)
At these low frequencies the percent bias can then be approximated as
N I'(p+1/n)
Uigs & 100‘ PG 1 (2.31)
and the percent RMSE as
Tk +2/n)T (k) T(p)pt/m T(u)2p?/n
mse & 100 - 2.89
. \l M+ i/nf  Tu+im  Ta+rym 2%

These analytic expressions for the percent RMSE and percent bias match those cal-
culated numerically from Egs. (2.5) and (2.27) and shown in Fig. 2-8 to within
1%.

At low frequencies, where attenuation is insignificant, the Cramer-Rao Lower
Bound can be derived from the first-order approximation, Eq. (2.22), as shown in

App. B. This provides a straightforward analytic method for calculating the percent
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RMSE as

\/VGTaay:npwtic(V) — 100 1
<V> N1

Vrmse = 100

(2.33)

which matches the numerically computed value in Fig. 2-8 for o > 5. This is

expected since the Cramer-Rao Lower Bound is the asymptotic variance for large p.

The Cramer-Rao Lower Bound can also be used to calculate the percent RMSE at

frequencies above 300 Hz from the first-order approximation in Eqgs. (2.19) with Eqgs.

(2.15), (2.21) and (2.23) yielding

\/V arasymptotic ( V)
=V %

1 .
— 100 VE(n—6.46x10-7L\/fV3) f <1.5kHz

Vrmse =~ 100

f>15kHz

1
VB(n—1.69x10-8LfV3)

which matches the numerical results in Fig. 2-9 when p > 5 and v, < 1%.

2.4.4 Practical Issues

(2.34)

We have shown that a single underwater acoustic sensor provides significant potential

as a measurement tool to accurately 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 measurement

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.
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One possible scenario would be to deploy multiple sonobouys, similar to those
used in weather quantification experiments by Nystuen and Selsor,[90] 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 measure-
ment 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 spaced 5 km apart across
the hurricane’s path would span almost 100 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>