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Ocean measurements of the scintillation index �SI� of surface forward-scattered signals made in
August 2002 are presented and compared with a model developed by Yang and McDaniel �Waves
in Random Media 1, 419–439 �1991��. The acoustic measurements employed continuous wave
�CW� pulses and linear frequency modulated �LFM� sweeps with center frequencies of 20 and
40 kHz. Simultaneously, measurements of wind speed, directional surface wave height spectrum,
and ocean sound speed profile were made. The sea state was between 0 and 1 during the four days
of the experiment, in part because the location is very much in the lee of San Clemente Island. The
measured values of SI are found to agree with Yang and McDaniel model predictions, except for
measurements with the largest signal bandwidth and/or the narrowest beamwidths, which violate
model assumptions of continuous signals and omnidirectional projectors and hydrophones. In
addition, the data show that SI decreases with increasing signal bandwidth �or decreasing temporal
extent�. An extension to the Yang and McDaniel model is developed that accounts for a reduction
in signal temporal extent or ocean surface ensonification. The extended model is in qualitative
agreement with the measurements, in that SI is predicted to decrease with increasing signal
bandwidth. © 2007 Acoustical Society of America. �DOI: 10.1121/1.2382457�

PACS number�s�: 43.30.Re, 43.30.Hw �SLB� Pages: 120–131
I. INTRODUCTION

The intensity of a received signal can display temporal
variations due to phenomenon such as relative motion be-
tween a source and a receiver, fluctuations in the index of
refraction along the propagation path, or motion of the ocean
medium. The intensity variance divided by the square of the
mean intensity, referred to as the scintillation index �SI�, is
widely used in underwater acoustics to quantify signal level
variation.

SI =
�I2�
�I�2 . �1�

This paper presents measurements and theory for the SI of
acoustic signals that have been forward scattered by the
ocean surface. This work represents the first measurement-
model comparison for the SI ocean surface forward-scattered
signals.

From a theoretical point of view, there are several mod-
els for the SI of surface forward-scattered signals �Macaskill
and Kachoyan, 1988; Frankenthal, 1990; Yang and
McDaniel, 1991�. The Yang and McDaniel �henceforth re-
ferred to as YMcD� model is the focus of this paper. It in-
volves a scattering strength or roughness parameter that is
proportional to the ratio of root mean square �rms� ocean
surface wave height to acoustic wavelength. When the
strength/roughness parameter is small, scattering is weak and
the SI is close to 0; this is called unsaturated scattering by
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Flatté �1983� in the context of scattering by ocean volume
inhomogeneities. When the strength/roughness parameter is
large, scattering is strong and the SI approaches 1; this is
called saturated scattering. The SI can follow two behaviors
in the transition region, as shown in Fig. 1 �Colosi and Bag-
geroer, 2004�, which was developed from ocean volume
scattering considerations but is �shown to be, in Sec. II� ap-
plicable to scattering by the ocean surface. In the diffractive
path to saturation, the SI increases monotonically from 0 to 1
in transitioning from unsaturated to saturated scattering. In
the geometric path to saturation, the SI reaches a maximum
and decreases to 1. In this case, SI values greater than 1 can
occur due to constructive and destructive interference be-
tween a few, discrete acoustic paths �Flatté, 1983; Colosi and
Baggeroer, 2004�; this phenomenon is referred to as partially
saturated scattering. The behavior in the partially saturated
region is controlled by scatterer size or �for the purposes of
this work� a diffraction parameter related to the size of the
first Fresnel zone relative to the correlation length of surface
height fluctuations. Both the strength/roughness and size/
diffraction parameters will be discussed in detail below.

From an experimental point of view, there are few pub-
lished measurements of SI for ocean surface forward-
scattered signals. Several papers published in the 1960s and
1970s dealt with second order moments of the scattered pres-
sure �Scrimger, 1961; Melton and Horton, 1970; Nichols and
Senko, 1974�. More recently, Stroud, Marston, and Williams
�1997� published theoretical predictions and experimental
data for fourth order �and higher� moments of the scattered
pressure. The measurements were conducted in a tank using
a rigid one-dimensional surface with a Gaussian roughness

spectrum. Their experiment showed that SI falls off as pulse
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length is reduced in the saturated region, which is consistent
with the measurements presented in this report.

This paper presents measurements of the SI of surface
forward-scattered signals made in August 2002 near the east-
ern shore of San Clemente Island, California, and compares
them with theory developed by Yang and McDaniel �1991�
�YMcD�. The acoustic measurements employed 1.0 and 0
.14 ms continuous wave �CW� pulses and 8 ms linear fre-
quency modulated �LFM� sweeps with center frequencies of
20 and 40 kHz; LFM signal bandwidths range from 1 to
22 kHz. Source-receiver separation was approximately
700 m. In most cases, source and receiver depths were such
that the direct and surface forward-reflected arrivals were
separated in time. Environmental measurements of the wind
speed, the directional surface wave height spectrum, and the
ocean sound speed profile accompanied the acoustic mea-
surements. The sea state was between 0 and 1 during the
experiment, in part because the location is very much in the
lee of San Clemente Island.

As will be discussed in Sec. II, the YMcD model is
based upon the Kirchhoff approximation for scattering from
the rough surface. Thus the issue of the validity of the Kirch-
hoff approximation for the experimental conditions associ-
ated with the measurements presented in this paper has to be
considered. Thorsos �1988; 1990� has investigated the con-
ditions under which the Kirchhoff approximation is valid and
found it accurate near the specular direction, even for quite
small incident angles �as low as 10 deg�. Both single spatial
scale Gaussian and multiscale Pierson-Moskowitz surface
wave height distributions were considered. Away from
specular, but still far from very shallow grazing angles where
shadowing or multiple scatter can occur, the validity of the
Kirchhoff approximation was found to depend upon the ratio
of the surface correlation length l to the acoustic wavelength
�. This is the range of angles which dominate the scintilla-
tion of forward-scattered signals, and here the Kirchhoff ap-
proximation is found to be valid as long as l

� �1. For the
data presented here, the grazing angles are 10 to 20 deg;

FIG. 1. Sketch of SI vs strength parameter illustrating the two possible paths
to saturation. After Colosi and Baggeroer �2004, Fig. 1�.
values of l range from 0.6 to 4.9 m and � is 0.0325 or
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0.075 m �see Sec. IV�, so that l
� is clearly much greater than

1. The validity of the Kirchhoff approximation is therefore
valid and it is appropriate to compare the YMcD model with
the measurements.

The experimental conditions did not satisfy two impor-
tant assumptions of the YMcD model, namely, that the signal
was continuous and the projector and hydrophones were om-
nidirectional. The measurements were made with pulses with
finite bandwidth �larger than 1 kHz�, and half of the acoustic
projectors and all of the receive hydrophones were direc-
tional. Not withstanding these shortcomings, many SI mea-
surements agree well with the YMcD model. The SI mea-
surements that did not agree with the model were made using
signals with the largest bandwidth and/or projectors/
hydrophones that ensonified a significantly reduced area of
the ocean surface, thus violating model assumptions to the
greatest degree. Increasing signal bandwidth results in in-
creased temporal resolution at the output of the matched fil-
ter, and equivalently in reduced signal temporal extent. The
YMcD development has been modified to handle pulses with
finite bandwidth and directional beams by limiting the en-
sonified area of the ocean surface, hereafter referred to as the
XYMcD model. The XYMcD model predicts a reduction in
SI when the signal temporal extent is shortened, which is in
agreement with the measurements.

The Yang and McDaniel �YMcD� model and its exten-
sion for limited ensonification of the ocean surface
�XYMcD� are described in Secs. II and III, respectively. In
Sec. IV acoustic and environmental measurements are pre-
sented, and the method of estimating the surface wave height
spectrum and the correlation function of surface wave height
fluctuations is detailed. SI measurements are compared to
YMcD and XYMcD model predictions in Secs. V and VI,
and a summary is given in Sec. VII.

II. THE YANG AND MCDANIEL „YMcD… MODEL FOR
SCINTILLATION INDEX „SI…

The Yang and McDaniel �YMcD� model �Yang and
McDaniel, 1991� utilizes the two-dimensional geometry
shown in Fig. 2 and assumes an omnidirectional source and
receiver, a CW signal, and validity of the Kirchhoff approxi-
mation. Derivation of the scattered pressure for the Kirchhoff
approximation is taken from Clay and Medwin �1977�. Using
the geometry and notation of Fig. 2 and the assumptions

FIG. 2. Geometry for the YMcD model for scintillation index �SI�.
discussed above, the scattered pressure ps can be written
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ps = �
−�

�

exp�− i	 x2

xf
2 + 2���x�
�dx , �2�

where

xf
2 �

2

k
	 sin2�i

Ri
+

sin2�s

Rs

−1

, �3�

� � −
k

2
�sin �i + sin �s� . �4�

In writing Eq. �2�, the terms describing time and range de-
pendence have been omitted because they are not important
to this derivation. Note that ��x� denotes surface elevation.
The parameter xf can be interpreted as 1


�
times the radius of

the first Fresnel zone �Clay and Medwin, 1977, p. 50�, pro-
jected onto the x axis. The exp �−i x2

xf
2 � term thus provides

sinusoidal dependence upon x as x moves through the
Fresnel zones. Also, k is the wave number and � is the mean
vertical component of the wave number of the incident and
scattered waves, so that the term 2���x� parametrizes the
effect of the rough surface to alter the phase of the received
signal �Clay and Medwin, 1977, p. 340�. Equation �2� is the
starting point for calculating the mean intensity �I�= ��ps�2�
and the mean squared intensity �I2�= ��ps�4�. After some ma-
nipulations, Yang and McDaniel obtain the following expres-
sion for SI:

SI =
�I2�
�I�2 − 1

=
4

�
Re��

0

� 	�
0

P

exp�− iPS�exp�− �2H�P,S��dS
dP�
− 1, �5�

where Re means “real part of,” and P and S are functions of
position on the surface defined for convenience. Equation �5�
is the same as Eq. �32� of YMcD. It is similar to Eq. �9� of
Yang, Fennemore, and McDaniel �1992�, in which the
YMcD theory is applied to a two-dimensional �2D� ocean
surface; note that for consistency the factor in front of the
integral should be 4

� in the latter paper. The factor H depends
on the correlation function of a nondimensional parameter
C�X�=C�� Xxf


2
�=C��Xl
	�

H�P,S� = 2 − 2C�P� − 2C�S� + C�P + S� + C�P − S� . �6�

� and 	 are the strength/roughness and size/diffraction pa-
rameters that control SI behavior. They are defined as fol-
lows:

�2 � 4h2�2, �7�

	 �
xf

2

2l2 , �8�

where h= ��2�1/2 is the rms ocean surface wave height and l is
the scale size for the ocean surface correlation function.

To understand what � and 	 physically mean, consider

the case of specular reflection ��i=�s=� in Fig. 2�. Then Eq.
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�7� becomes the Rayleigh roughness parameter �
=4�h sin � /�, where � is the acoustic wavelength, as de-
fined, for instance, by Melton and Horton �1970� and Dahl
�1999�.1 When � is large ���1�, the surface appears very
rough and there are many acoustic paths to the receiver that
are, on average, uncorrelated. SI approaches 1, and the scat-
tering is referred to as saturated. When � is small ���1�,
the surface appears smooth and approaches only one acoustic
path. SI approaches 0, and the scattering is referred to as
unsaturated. This behavior can be seen on the 	-� diagram
shown in Fig. 3 �Flatté, 1983�. The axes in Fig. 3 are
�Flatte=k0�
2�1/2
RLP and 	Flatte=R /6L2k0, where �
2�1/2 is
the rms sound speed fluctuation, R is source-receiver separa-
tion, L and LP are the sound speed inhomogeneity correlation
lengths in the vertical direction and along the path, respec-
tively, and k0 is the mean acoustic wave number �Flatté et al.
1979�. There is strong physical correspondence between
�Flatte and 	Flatte, which were derived for ocean volume scat-
tering, and � and 	 defined in Eqs. �7� and �8� for surface-
forward scattering. The rms wave height and correlation
length of the ocean surface in the YMcD theory correspond
to rms sound speed fluctuation and the correlation length of
the sound speed fluctuations, respectively, in Flatté’s theory.
In both theories, the diffraction parameter 	 is proportional
to the square of the Fresnel radius divided by the square of a
correlation length. Both definitions of the strength parameter
include the product of a wave number and rms fluctuation,
but in Flatté’s theory an additional range times along-path
correlation length term is present. Scattering in the ocean
volume occurs along the path, and 
RLP is a Fresnel term
with LP replacing �.

	 plays an important role in the transition region be-
tween the unsaturated and saturated regions in both volume
and surface scattering. As stated above, xf can be interpreted
as 1


�
times the radius of the first Fresnel zone projected onto

the x axis. A spherical wave front can be divided into half-

FIG. 3. 	-� diagram representing the different scattering regimes with
respect to the size/diffraction parameter 	Flatte and the strength/roughness
parameter �Flatte. After Flatté �1983, Fig. 12�.
wavelength annular zones called Fresnel zones; these zones
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es�.
define phase relationships, since points from adjacent zones
are out-of-phase from each other. The parameter l is a mea-
sure of the area over which the surface elevation is corre-
lated. Thus for surface scattering, 	 compares the size of the
first Fresnel zone to the size of the correlated region of the
ocean surface, and is therefore called size parameter. 	 pro-
vides a similar comparison for volume scattering, although it
is called a diffraction parameter by Flatté �1983� since for
small values of 	 �roughly 	�1�, the geometric approxima-
tion is valid, while for large values of 	 �roughly 	�1�,
diffraction occurs. The corresponding geometric and diffrac-
tive paths to saturation are represented by two block arrows
in Fig. 3, which are related to the SI behavior shown in Fig.
1. For surface scattering, in the geometric path to saturation
�xf � l�, the surface elevation is correlated over several
Fresnel zones. This leads to constructive and destructive in-
terference between acoustic arrivals �also referred to as mul-
tipath correlation by Colosi and Baggeroer �2004�� for a
range of � values that cause large variations and SI values
greater than 1. In the diffractive path to saturation �xf � l�,
acoustic arrivals from Fresnel zones other than the first zone
are uncorrelated and SI transitions directly from unsaturated
scattering to fully saturated scattering.

YMcD predictions for dependence of SI on 	 for vari-
ous values of � using a Gaussian surface correlation spec-
trum are shown in Fig. 4. Note that this representation is
different from the one used in Fig. 1. Curves in Fig. 1 are
equivalent to vertical paths in the 	-� diagram �see Fig. 3�,
while curves in Fig. 4 are equivalent to horizontal paths in
the 	-� diagram. As will be discussed in Sec. V, the range of

FIG. 4. �Color online� Comparison of three models for SI of ocean forward-
plotted and scaled with respect to the Yang and McDaniel 	 and � paramete
1.6, 2.0, 2.5, and 3.0 �solid lines�, as given in the text boxes. Macaskill and
and Frankenthal predictions are given for log10���=1.0 and 3.0 �dashed lin
	 values over which measured SI can be compared with the
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YMcD model is 0.3 to 1.9, and this range is indicated in the
figure. Two other models are compared in Fig. 4 using Yang
and McDaniel 	 and � parameters. The predictions by Ma-
caskill and Kachoyan �1988� are obtained by numerical
simulation based upon inversion of the full integral equation
describing surface scattering, for which the Kirchhoff ap-
proximation corresponds to the first iteration. As shown there
and by Thorsos �1988�, the Kirchhoff approximation com-
pares well with the full integral equation for scattered angles
near the specular, for small to moderate rms surface wave-
height, and for a Gaussian surface waveheight spectrum. Re-
flection coefficients are found for different realizations of a
random sea surface, and the SI is calculated by ensemble
averaging over the reflection coefficients. No size parameter
is explicitly defined. The model by Frankenthal �1990� uses a
phase screen model for the surface interaction that can be
applied to a refracting as well as a reflecting scattering sur-
face. Numerical results are presented for large scattering
strength parameters and for normal incidence. Frankenthal’s
definition of 	 is the same as Yang and McDaniel’s for nor-
mal incidence ��i=�s= �

2
�. It can be seen that his model fits

Yang and McDaniel’s very well. To calculate 	 using Ma-
caskill and Kachoyan parameters, a rms wave height h �or
equivalently a correlation length l� needs to be chosen. h is
assumed to be 0.01 m to obtain the best fit with the other two
models for log10���=1.0. Doing so this model fits the Yang
and McDaniel predictions relatively well. Note that all three
models predict unsaturated scattering for the smallest values

red signals. A Gaussian surface correlation spectrum is used, and results are
he Yang and McDaniel predictions are given for log10���=0.2, 0.6, 1.0, 1.3,
oyan predictions are given for log10���=0.70, 0.85, and 1.0 �open circles�,
scatte
rs. T
Kach
of �. They also predict that the peak value of SI above 1,
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characteristic of the partially saturated region, increases and
shifts to lower 	 as � increases. This behavior is consistent
with Fig. 3.

III. YMcD MODEL EXTENSION FOR FINITE SIGNAL
BANDWIDTH AND LIMITED ENSONIFICATION
OF THE OCEAN SURFACE „XYMcD…

The conditions of the SI measurements reported in this
paper violate the assumptions of the YMcD model in two
respects. First, pulses with finite bandwidth were transmitted
rather than continuous signals, and second, directional acous-
tic projectors and hydrophones were used. A continuous sig-
nal has broad temporal extent or equivalently, very small
effective bandwidth. The signals used in the 2002 field ex-
periment have small temporal extent or non-zero effective
bandwidth, which means that at any given time only a small
part of the ocean surface will contribute to the received sig-
nal. The size of the area of the ocean surface that contributes
to the received signal is limited by the signal characteristics
because matched-filtering provides temporal extent equal to
the inverse signal bandwidth. For instance, the extent of the
ocean surface contributing to the received signal for a 1 ms
pure tone pulse and an 8 ms, 1 kHz LFM is approximately
c
� =1.5 m, where c=1500 m/s is the speed of sound in the
water and � is the effective bandwidth. Similarly, hydro-
phone directionality resulted in incomplete illumination of
the surface for some projector-receiver pairs. In some cases
the specular point was not strongly illuminated. Many mea-
sured SI values agreed with the YMcD model in spite of
these differences, but the SI measurements with the shortest
signal temporal extent �or largest bandwidth� and narrowest
beams did not agree. Therefore, the YMcD model has been
modified to account for finite signal bandwidth and hydro-
phone beam width by introducing an illumination factor I�x�
�Clay and Medwin, 1977�. The illumination factor I�x� is
limited to values between 0 and 1 and indicates the com-
bined projector-hydrophone pattern response for the point x
on the surface �x=0 is the specular point, as may be seen in
Fig. 2�. I�x�=1 corresponds to a completely ensonified sur-
face �omnidirectional projectors and hydrophones� and I�x�
=0 corresponds to no ensonification of the surface.

Introducing the illumination factor into the equation for
the scattered pressure, Eq. �2� becomes

ps = �
−�

�

I�x�exp�− i	 x2

xf
2 + 2���x�
�dx . �9�

Equation �9� has been evaluated by Clay and Medwin �1977�
for the case of a Gaussian beam. The mean intensity is given
by

�I� = xf
2�

0

� ��
−�

�

IL��
,��cos�
��d
�
�exp�− �2�1 − C�����d� , �10�
where

124 J. Acoust. Soc. Am., Vol. 121, No. 1, January 2007
IL��
,�� = I	 xf


2

 +

xf

2
2
�
I	 xf


2

 −

xf

2
2
�
 . �11�

A quadruple integral must be evaluated in order to calculate
the mean squared intensity

�I2� =
xf

4

4
�

−�

� �
−�

� ��
−�

� �
−�

�

IL�t,P,S,q�

�exp�− itq�exp��2H1�P,S,q��dtdq�
�exp�− iPS�exp�− �2H2�P,S��dSdP , �12�

where t and q are temporary variables of integration with no
physical significance

H1�P,S,q� = C	P +
q

2

 + C	P −

q

2

 + C	S +

q

2



+ C	S −
q

2

 ,

H2�P,S� = 2 + 2C�P + S� + C�S − P� , �13�

and

IL�t,P,S,q� = I	 xf


2
t +

xf

2
2
P +

xf

2
2
S +

xf

4
2
q


+ I	 xf


2
t −

xf

2
2
P +

xf

2
2
S −

xf

4
2
q


+ I	 xf


2
t −

xf

2
2
P −

xf

2
2
S +

xf

4
2
q


+ I	 xf


2
t +

xf

2
2
P −

xf

2
2
S −

xf

4
2
q
 . �14�

The effect of the illumination factor on SI has been
evaluated using the XYMcD model and an illumination fac-
tor defined by

Ix0
�� 1 + cos	 �x

2x0



2

for x � 2x0,

0 elsewhere,
� �15�

where x0 parametrizes the width of the ensonified area. In
Fig. 5, SI is plotted versus x0 for different values of log10���.
It can be seen that SI decreases as the size of the ensoni-
fied area decreases. As mentioned earlier, the range of 	
values used for comparison with measured SI is 0.3 to 1.9.
Results are shown for 	 equal to 0.5 only in Fig. 5 since
extended model predictions depend very little on the size
parameter 	 for 	 between 0.3 and 1.9.

IV. OCEAN MEASUREMENTS

Acoustic and environmental measurements were made
over a four-day period during August 2002 about 2.5 km east
of San Clemente Island, California �32° 38.2� N, 117° 57.4�

W�. Water depth was approximately 500 m. The acoustic
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measurement system and the signals used to measure SI are
described in Sec. IV A. Environmental measurements are
identified in Sec. IV B. The surface waveheight spectrum,
the correlation function of surface height fluctuations, the
rms waveheight, and the correlation length are estimated in
Sec. IV C.

A. Acoustic measurements

The acoustic measurement system consists of four pro-
jectors deployed from a moored buoy and a set of six receive
hydrophones deployed from the Motor Vessel �M/V� Acous-
tic Explorer as shown in Fig. 6. Projectors P1 and P3 are ITC
6084 hydrophones, with vertical half-beam widths of 13.3°
at 20 kHz and 6.4° at 40 kHz. Projectors P2 and P4 are ITC
1001 projectors, which are basically omnidirectional. All re-
ceive hydrophones are ITC 6080C, which have vertical half-
beamwidths of 42.0° at 20 kHz and 20.6° at 40 kHz. Hydro-
phone H3 malfunctioned during the experiment and recorded
no data. Seven acoustic data sets were recorded during the
experiment. Data for projector P4 were only available for

FIG. 5. XYMcD model predictions calculated using the illumination factor
Ix0

and the swell enhanced Plant spectrum described in Sec. IV C. 	=0.5
for all curves and log10���=0.4, 0.6, 0.8, and 1.0 from the lowest to the
highest curve.

FIG. 6. Acoustic measurement system configuration. The specular ray for

P2-H2 �projector 2 - hydrophone 2� is shown.
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two of the seven measurement periods and are not used in
this paper. Also, direct and surface bounce paths could not be
separated for the shallowest projectors and receivers and
those data are not used in this paper.

For each data set, the 12 signals identified in Table I
were transmitted by each projector. Center frequencies are 20
and 40 kHz. CW signals with duration 0.14 and 1 ms are
referred to as “short” and “long” pulses, respectively. LFM
signals have bandwidths ranging from 1 to 22 kHz. For each
signal and each projector, 300 pings were transmitted using a
0.1 s repetition rate. Received signals from all hydrophones
were digitized and recorded simultaneously using a sample
rate of 312.5 kHz. Subsequently, received signals were
matched filtered and the peak of the filter output located. The
SI was calculated over the 300 peak values of the surface
scattered path in the match-filtered output.

B. Environmental measurements

Sound speed in the water column, wind speed, and di-
rectional surface waveheight spectrum were measured during
the four-day period of the experiment. The sound speed pro-
file was estimated approximately once a day using a cast
conductivity-temperature-depth �CTD� profiler dropped
down to a depth of approximately 300 m. As shown in Fig.
7, a downward refracting profile is found; it is very similar
from day to day. Ray tracing is used to determine whether
the specular point is strongly illuminated for each projector-
receiver pair. The time-averaged directional wave height
spectrum was measured every 30 min using a Triaxys Direc-
tional wave rider buoy. However, sea surface waveheight
during the experiment was too small to be measured accu-
rately by the wave rider buoy2 and those data are not used in
this paper. Wind speed was measured using a Handar ultra-
sonic anemometer every 10 s, except that there are no wind
speed data for one of the four days of the experiment. Mea-
sured wind speed ranges from 6 to 12 m/s. Because of the
relatively steady conditions, the wind speed is taken to be
8±2 m/s during the experiment. The rms waveheight is very

TABLE I. Acoustic signal characteristics.

Name Type
Center

frequency �kHz�
Bandwidth

�kHz�
Duration

�ms�

Short CW 20 CW 20 7 0.14
Long CW 20 CW 20 1 1
Short CW 40 CW 40 7 0.14
Long CW 40 CW 40 1 1
LFM 20-1 LFM 20 1 8
LFM 20-7 LFM 20 7 8
LFM 20-13 LFM 20 13 8
LFM 20-22 LFM 20 22 8
LFM 40-1 LFM 40 1 8
LFM 40-7 LFM 40 7 8
LFM 40-13 LFM 40 13 8
LFM 40-22 LFM 40 22 8

LFM signal duration is 10 ms for projector P3 only.
low considering the wind speed measured during the experi-
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ment; this is because of the close proximity of the experi-
ment to San Clemente Island and the attendant reduced fetch
�McDaniel and McCammon, 1987�.

C. The surface waveheight spectrum and correlation
function

As stated above, surface conditions during the experi-
ment were too benign to be measured by the Triaxys wave
rider buoy. However, the correlation function of surface
height fluctuations is an important input parameter to the
models described in Secs. II and III. Accordingly, a model
was employed to estimate the surface waveheight spectrum,
the correlation function and the correlation length. Following
Dahl �1999�, the isotropic correlation function C���� can be
computed via the Bessel transform relation

C���� =

�
0

�

KJ0�K��F�K�dK

�
0

�

KF�K�dK

, �16�

where K is the magnitude of the ocean surface wave number,
F�K� is the directionally averaged surface height wave-
number spectrum, and � is the horizontal distance between
two points on the surface. Dahl showed that at high acoustic
frequencies �approximately 10 kHz and more�, directional-
ity of the surface waveheight spectrum does not play an
important role since scattering is dominated by capillary

FIG. 7. �Color online� Sound speed profiles measured between 15 and 18
August 2002 at the experiment site �thin lines�. The thick line is the aver-
aged sound speed profile over the four days.
waves �Dahl, 1999; Dahl, 2004�.
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The surface waveheight spectrum has been modelled us-
ing Plant’s D spectrum �Plant, 2002�. The model input pa-
rameters are wind speed and fetch. Because the experiment
location was about 2500 m east of San Clemente Island, and
the wind was out of the west northwest, the fetch is limited
to approximately 2500 m. Diffraction around the north-east
tip of the island could cause the effective fetch to be higher.
On the other hand, because of shadowing by hills on the
island, the effective fetch could be lower than 2500 m. For
this analysis, the fetch is taken to be 2500±1500 m.

Use of Plant’s model with a wind speed of 8 m/s and a
fetch of 2500 m produces the waveheight spectrum shown in
Fig. 8. The spectra of acoustic intensity fluctuations of se-
lected measurements are also shown in Fig. 8 for compari-
son. They correspond to Rayleigh roughness parameter R
=2kh sin��� �see Eq. �7� in the case of specular reflection
��i=�s=��� of 1.5 to 4.3, all normalized to the same maxi-
mum value. �The variation in R is due to change in grazing
angle and acoustic frequency.� A swell enhanced Plant spec-
trum �explained below� is also plotted in Fig. 8.

It can be observed in Fig. 8 that the acoustic spectrum
for the smallest roughness parameter follows Plant’s model
well above 0.5 Hz. However, as the roughness parameter in-
creases, higher frequency energy increases and a flattening of
the acoustic spectrum is observed. As a result, the fit with
Plant’s model degrades. The spectral broadening is related to
the change in the probability density function �pdf� of the
peak pressure at the receiver, as described by Clay and Med-
win �1977�. For small roughness parameter, the scattered
pressure follows a Gaussian distribution, and the field is
dominated by the coherent contribution corresponding to
specular reflection. For the large roughness parameter, the
scattered pressure follows a Rayleigh distribution; there are a

FIG. 8. �Color online� Spectra of peak long pulse acoustic intensity values
�solid lines� for different values of the Rayleigh roughness parameter R �as
labeled�. Each spectrum is an average over three measurement periods. The
dotted line corresponds to Plant’s model calculated using a wind speed of
8 m/s and a fetch of 2500 m. The dashed line is Plant’s model extended to
include a swell component at 0.23 Hz. All of the acoustic spectra have been
scaled so that their maxima equal the swell enhanced Plant spectrum maxi-
mum.
large number of randomly phased contributions �contribu-
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tions from many random facets of the ocean surface�, and the
incoherent component of the field dominates. This broaden-
ing of the acoustic spectra for large roughness parameter was
observed experimentally by Scrimger �1961� and Brown
�1969�. The result is that the spectrum of the acoustic pres-
sure �or intensity� fluctuations closely follows the ocean sur-
face fluctuation spectrum for the small roughness parameter,
while for larger roughness parameter, the acoustic fluctuation
spectra contain high frequency energy that is not present in
the surface wave height spectrum.

In general, the peaks of the acoustic spectra in Fig. 8
occur at frequencies below the 0.6 Hz peak of the Plant
model spectrum. The acoustic spectrum with the smallest
roughness parameter has a peak at 0.23 Hz �with a frequency
resolution of 0.04 Hz�. This peak could be due to swell from
distant storms, which is not predicted by Plant’s model, but
which could have been diffracted around the northeast tip of
San Clemente Island. The peak is modeled as a Gaussian
spectrum centered at 0.23 Hz. Taking into account the peak
in the acoustic spectra, a new wave-number spectrum is con-
structed by combining the Gaussian spectrum and Plant’s D
spectrum extrapolated down to 0.23 Hz. Figure 9�a� illus-
trates the construction of the swell enhanced Plant spectrum.

Surface waveheight frequency spectra are used to calcu-
late the wave-number spectra, using the dispersion relation

�2�f�2 = gK , �17�

where f is the surface wave frequency and g=9.8 m/s2 is the
gravitational constant. A correlation function calculated
using Eq. �16� and the extended waveheight spectrum is
plotted in Fig. 9�b�. The rms wave height is obtained from

FIG. 9. �a� Directionally averaged wave-number spectra for Plant’s model
with a wind speed of 8 m/s and a fetch of 2500 m �dotted line�, for the
Gaussian contribution due to swell centered at 0.23 Hz �dash-dotted line�,
and for the swell enhanced Plant spectrum �solid line�. �b� Correlation func-
tion of surface height fluctuations calculated using the swell enhanced Plant
spectrum.
the wave spectrum F�K� using
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h = 
��2� = 	�
0

�

KF�K�dK
1/2

. �18�

Yang, Fennemore, and McDaniel �1992� define the correla-
tion length as the normalized first moment of the correlation
function

l =

�
0

�

�C����d�

�
0

�

C����d�

. �19�

Equation �19� is used in this paper for comparison with the
YMcD model. The lag at which the correlation function
crosses zero is used as the upper limit for the integrals in Eq.
�19� because the most significant part of the correlation func-
tion is the region of small lags, and integrating to infinity can
yield small or even negative correlation lengths, which does
not make sense physically. The rms waveheight h and the
correlation length l for Plant’s D spectrum and the extended
spectrum are given in Table II. The low-frequency extension
is seen to have a small effect on h but a large effect on l,
which is about five times larger.

To understand the effect of uncertainties in wind speed,
fetch, and peak frequency, h and l are also calculated for two
extreme cases. A “lowest-energy” spectrum is calculated us-
ing a wind speed of 6 m/s, a fetch of 1000 m, and a peak
frequency of 0.27 Hz. Similarly a “highest-energy” spectrum
is calculated using a wind speed of 10 m/s, a fetch of
4000 m, and a peak frequency of 0.19 Hz. As shown in Table
II, using the highest and lowest energy spectra changes the
rms waveheight by about a factor of 2 and the correlation
length by about a factor of 1.5.

V. MODEL-DATA COMPARISON

In this section, the YMcD and XYMcD predictions are
compared to measured SI for similar strength/rouhgness �
and size/diffraction 	 parameters. For the measurements, �
and 	 are calculated using the values of h and l shown in
Table II, together with the source-receiver geometry. Model
parameter values are given in Table III for the 13 SI mea-

TABLE II. Rms wave height h and correlation length l for Plant’s D spec-
trum, for the swell enhanced Plant spectrum shown in Fig. 9�a�, and for two
extended spectra illustrating the effect of uncertainties on wind speed, fetch
and swell peak frequency.

Type of
spectrum

Wind
speed
�m/s�

Fetch
�m�

Peak
frequency

�Hz�
h

�cm�
l

�m�

Plant’s D
spectrum

8 2500 N/A 4.0 0.6

Swell enhanced
Plant spectrum

8 2500 0.23 4.4 3.2

“Lowest-energy”
spectrum

6 1000 0.27 2.1 2.2

“Highest-energy”
spectrum

10 4000 0.19 7.1 4.9
surements that are used in the paper. Data omitted because of
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projector and/or hydrophone directionality are P1−H5 at
40 kHz, P1−H6 at 40 kHz, P3−H4 at 40 kHz, P3−H5 at
40 kHz, and P3−H6 at 40 kHz. It can be seen in Table III
that 	 ranges from 0.3 to 1.9 and log10��� ranges from 0.16
to 0.62 for this set of measurements.

Measurements of SI from different measurement periods
are “noisy.” That is, large variations are observed from day
to day, but no measurement period has a consistently higher
or lower SI �regardless of source/receiver geometry or signal
type�. This is consistent with the environment remaining
relatively constant throughout the experiment. In order to
reduce noise in the SI measurements, results from the seven
measurements are averaged.

A. Comparison of long pulse SI with YMcD model

Figure 10 shows SI measurements made using the long
pulse and projector-hydrophone pairs for which the omnidi-
rectional assumption is not seriously violated. The mean and
mean ±1 standard deviation calculated over all seven mea-
surement periods are shown. Data are grouped by size/
diffraction parameter 	 equal to 1.9 �measurement numbers
5 and 11�, 1.0 �measurement numbers 1, 6, 7, 12, and 13�,
0.5 �measurement numbers 2, 3, 4, 8, and 9� and 0.3 �mea-
surement number 10�. Three YMcD model curves are plotted
in Fig. 10. The solid curve corresponds to the extended spec-
trum with a wind speed of 8 m/s, a fetch of 2500 m, and a
peak frequency of 0.23 Hz. These are the best estimates of
the environmental conditions at the time of the experiment.
The dashed curves give an idea of the variation in SI predic-
tion due to environmental uncertainties. The upper curves are
calculated using the “lowest-energy” spectrum �l=2.2 m�,
and the lower curves are calculated using the “highest-
energy” spectrum �l=4.9 m�. Parameters for these two spec-
tra are shown in Table II. It can be seen in Fig. 10 that SI
measured using the long pulse and omni directional
projector-hydrophones generally follows the YMcD model
predictions over the limited range of strength/roughness pa-

TABLE III. Parameters associated with the SI measurements presented
here. See Fig. 6 for definition of paths. Also, � is incident angle, fc is center
frequency, and � and 	 were defined in Eqs. �7� and �8�. The model pa-
rameter values are calculated with h=4.4 cm and l=3.2 m �parameters of
the swell enhanced Plant spectrum given in Table II�.

Path � �deg� fc �kHz� log10��� 	 Measurement number

P1-H4 12.6 20 0.16 1.1 1
40 0.47 0.5 2

P1-H5 15.0 20 0.24 0.6 3
P1-H6 17.6 20 0.31 0.4 4
P2-H4 13.2 20 0.18 1.6 5

40 0.49 0.8 6
P2-H5 15.6 20 0.26 1.0 7

40 0.56 0.5 8
P2-H6 18.1 20 0.32 0.6 9

40 0.62 0.3 10
P3-H4 13.7 20 0.20 1.9 11
P3-H5 16.1 20 0.27 1.2 12
P3-H6 18.7 20 0.33 0.8 13
rameter � for which data are available.
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B. Effect of signal bandwidth on SI

Dependence of SI on signal bandwidth �or temporal ex-
tent� is now discussed. Figure 11 shows mean measured SI
for the long �1 ms� CW and 1 kHz LFM pulses, both of
which possess a 1 kHz bandwidth, plotted using solid dots.
Mean SI is shown for short �0.14 ms� CW and 7 kHz LFM
pulses, both of which possess a 7 kHz bandwidth, plotted
using open circles. CW and LFM data having the same ef-
fective bandwidth, or equivalently, temporal extent, are seen
to have about the same SI values. Note that LFM signals are
much longer �8 or 10 ms� than the CW signals, indicating
that SI does not depend on the signal duration in a simple

FIG. 10. Mean of SI measured over the seven measurement periods for the
long pulse compared with model predictions for three environment condi-
tions. Error bars denote the mean ±1 standard deviation. Parameters for the
model predictions are given in Table II. The solid lines utilize the swell
enhanced Plant spectrum with a wind speed of 8 m/s, a fetch of 2500 m,
and a peak frequency of 0.23 Hz. The upper and lower dashed lines are
calculated using the “lowest-energy” and “highest-energy” spectra, respec-
tively.

FIG. 11. Comparison of measured SI with the YMcD model for 1 kHz LFM
and 1 ms CW signals �solid dots� and 7 kHz LFM and 0.14 ms CW signals

�open circles�.
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way. Figure 11 shows that measured SI is generally lower for
signals with greater bandwidth �or smaller temporal extent�,
although for small values of log10��� the trend is not as
clear. Also the 1 kHz bandwidth �1 ms temporal extent� sig-
nals are in better agreement with the YMcD model predic-
tions than the 7 kHz bandwidth �0.14 ms temporal extent�
signals, which is consistent with the former being closer to
the CW signal that is assumed by the YMcD model.

C. Comparison with the XYMcD model

Measured dependence of SI on signal bandwidth is now
compared to the XYMcD model, which accounts for finite
signal bandwidth and hydrophone beam width. Only the ef-
fect of signal bandwidth has been studied in the present pa-
per. Figure 12 shows measured SI for both LFM and CW
signals as a function of inverse signal bandwidth 1

� , which
�after match filtering� is equal to signal temporal extent. SI
appears to increase approximately linearly with log inverse
bandwidth. For comparison, Fig. 12 also shows SI computed
using the XYMcD model and the illumination factor in Eq.
�15� versus

x0

10c , where c is the speed of sound in water, and
1

10 is chosen to fit SI measurements around the 1 ms temporal
extent. The parameter x0 is a measure of the width of the
ensonified area, thus it is proportional to c

� . Strictly speaking
the width of the ensonified area is given by c

� cos � , but cos �
is larger than 0.95 for all projector-receiver paths used in this
paper so the angular dependence is neglected.

In Fig. 12, the SI measurements are partitioned into four
groups according to �. XYMcD predictions are calculated
for the value of log10��� closest to the experimental values,
except that computational difficulties limited model predic-

FIG. 12. Measured SI for LFM �solid dots� and CW data �open triangles� vs
inverse signal bandwidth 1 �� �equal to temporal extent after match filter-
ing�. SI measurements are grouped by values of � as indicated, and 	 is
equal to 0.5 for all plots. For comparison, SI predicted using the XYMcD

model is plotted vs
x0

10c �solid lines�, where x0 is a measure of illumination
factor width defined in Eq. �15�. XYMcD predictions are calculated using
log10���=0.4 for the two first � groups, log10���=0.4 and 0.6 for the third
� group, and log10���=0.6 for the last � group.
tions to log10����0.4. As mentioned in Sec. III, XYMcD

J. Acoust. Soc. Am., Vol. 121, No. 1, January 2007
model predictions depend very little on 	 for 	 between 0.3
and 1.9, and XYMcD predictions are given for 	=0.5 only.
The model predictions in the two upper panels of Fig. 12 are
for log10���=0.4, which is higher than that of the measure-
ments. The model-data comparison is not particularly good,
although the measured SI does increase with inverse band-
width and the model prediction does increase with the en-
sonified area. The model predictions in the lower left panel
of Fig. 12 are for log10���=0.4 and log10���=0.6. The
log10���=0.6 model prediction matches the data reasonably
well for the lower bandwidth data. The model prediction in
the lower right panel is for log10���=0.6, and it also matches
the lower bandwidth SI measurements reasonably well. In all
panels the rates of decline do not agree very well, and there
is some indication that some mechanism prevents measured
SI from dropping below a threshold for the largest band-
width. This point is discussed further in Sec. VI.

VI. DISCUSSION

The measurement-model comparison in Fig. 10 indicates
that values of SI measured under conditions that did not
seriously violate the continuous signal and omnidirection
transducer assumptions of the YMcD model matched the
trend of the model reasonably well. The range of �-	 rep-
resented by the measurements is modest—certainly it would
be valuable to measure SI under conditions that more fully
explored the �-	 parameter space. Figure 11 characterizes
the clear dependence of measured SI on signal temporal
resolution, or equivalently, inverse bandwidth. Higher band-
width signals resulted in lower SI and poorer agreement with
the YMcD model, which assumes continuous signals with
infinitely narrow bandwidth.

Figure 12 shows that measured SI decreases from about
0.85 to about 0.5 as bandwidth increased from 1 to 22 kHz.
A physical explanation is that smaller temporal extent result-
ing from increased bandwidth corresponds to a smaller en-
sonified surface area, so that fewer surface facets contribute
to the received signal at any point in time; as a result fluc-
tuations due to interference between micropaths are reduced.
Figure 12 also contains SI predictions made using an ex-
tended �XYMcD� model, in which ensonified area is re-
stricted via an illumination factor. The XYMcD model pre-
dicts a decrease in SI with reduced ensonified area consistent
with the measured trend. However, the difference between
the measurements and the XYMcD model predictions be-
comes large for the largest bandwidth measurements. The
main reason for this discrepancy is thought to be the spatial
averaging used in the model to calculate SI. As can be seen
in Eq. �5� for the YMcD model, or in Eqs. �10� and �12� for
the XYMcD model, SI is calculated by integrating contribu-
tions over the ocean surface, which corresponds to a spatial
averaging. On the other hand the measured SI is calculated
by temporal averaging �ping-to-ping averaging�. When a
large area of the ocean surface is ensonified, the two are
equivalent. However, for small ocean surface ensonification,
the number of contributions becomes small and the spatial
averaging yields smaller SI than the temporal averaging

does. To push this analysis to the extreme, when ocean sur-
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face ensonification is very close to 0 �contributions from
specular only�, the mean intensity �see Eq. �10�� and the
mean squared intensity �see Eqs. �12� and �13�� only depend
on the normalized surface correlation function at zero lag
which is 1; as a result the dependence on the surface statis-
tics is removed and SI is equal to 0. That is why the XYMcD
model predicts that SI tends to 0 when temporal extent tends
to 0, as shown in Fig. 12. In the measurements, there is still
ping-to-ping variations due to ocean “facets” moving with
time, so SI does not decrease below a certain threshold that
depends on the strength/roughness parameter �.

Two other bandwidth effects could be important. First
the transmit voltage response �TVR� of the projectors used in
the experiment is frequency dependent. This causes the ef-
fective bandwidth of the signals in the water to be lower for
the 13 and 22 kHz bandwidth signals, and consequently
moves the corresponding points in Fig. 12 to the right. Sec-
ond, model predictions are performed at the center frequency
�i.e., 20 or 40 kHz�; for the largest bandwidth �and smallest
temporal extent�, many other frequencies are present in the
received signal. This effect is not accounted for in the
XYMcD model.

A caveat to the model-data comparison presented in this
paper is that the YMcD model predicts SI due to interaction
with the rough surface only, while the measured SI may be
caused by other factors as well, such as inhomogeneities in
the volume or near-surface bubbles. Thus generally speaking,
for the measured SI

�SI�total = �SI�surf + �SI�other � �SI�surf, �20�

where �SI�total is the measurement result, �SI�surf is that due
to the interaction with the ocean surface, and �SI�other is
scintillation due to other effects. �SI�surf is the quantity
predicted by YMcD and XYMcD. Romond �2004� looked
at the SI of the direct path for the same data set considered
in the present study. The objective of that study was to
investigate the effect of an intermittent current jet �local-
ized in depth� on SI. Looking at four of the seven mea-
surement periods only, Romond observed that SI was less
than 0.1 for all projector-hydrophone pairs during three of
the periods when the magnitude of the current jet was very
low. However, during a measurement period when the
current was higher, and for shallow projector-hydrophone
pairs for which the direct path propagated through the
current jet in a largely horizontal direction, the SI was
found to be as high as 0.4 �the maximum value of 0.4
corresponded to P3−H1�. Thus SI values greater than 0.1
were attributed to interaction of the acoustic waves with
the current jet.

In the present study of SI for surface forward-reflected
signals, shallow projectors and receivers could not be used.
Surface-reflected rays connecting the deeper projector-
hydrophone pairs propagate at much higher angles than the
direct path rays and thus spend comparatively less time in
the depth stratum where the current jet was observed. There-
fore, since �SI�total is always greater than 0.4 for surface
forward-scattered signals, and surface bounce rays are
steeper than direct path rays, �SI�other should not significantly

contribute to �SI�total and �SI�total��SI�surf.
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VII. SUMMARY

Ocean measurements of scintillation index �SI� for
acoustic signals forward scattered by the ocean surface have
been presented and compared with a model by Yang and
McDaniel �1991�. To our knowledge, this is the first such
comparison for ocean surface forward-scattered signals. The
model uses the Kirchhoff approximation and assumes two-
dimensional scattering geometry, CW signal, and omnidirec-
tional projectors and hydrophones. The model utilizes two
parameters: � which is proportional to surface roughness
�strength or roughness parameter� and 	 which is a function
of geometry and the surface waveheight correlation length
�size or diffraction parameter�. The experiment employed a
range of geometries and signal frequencies, which in turn
provided measurements over a range of values of � and 	.
The measurement took place close to, and on the leeward
side of, San Clemente Island, with the result that the sea
surface was quite benign and basically constant throughout
the experiment. Measurements of SI reported here were av-
eraged over the seven measurement periods. In general, mea-
sured SI was found to compare favorably with the Yang and
McDaniel’s model as long as the model assumptions �con-
tinuous signals and omnidirectional acoustic transducers�
were not seriously violated. However, SI measured using sig-
nals with large bandwidth or directional transducers was
lower than that predicted by the model. Approximately the
same SI was measured using LFM signals and CW pulses
having the same effective bandwidth, or equivalently, the
same temporal extent, although the LFM signals were 8 to 70
times longer, indicating no simple dependence upon signal
duration.

In order to investigate how increasing signal bandwidth
�shorter temporal extent� reduces SI, the Yang and McDaniel
model was extended to include an ocean surface illumination
factor that controls the extent of the ocean surface that con-
tributes to the scattered signal. SI predicted using the ex-
tended �XYMcD� model is found to decrease with decreasing
ensonified surface area, but the relationship between ensoni-
fied area and signal temporal extent has not been quantified.
Also, since spatial averaging is used in the model to calculate
SI, XYMcD model predictions underestimate SI when the
ensonified area is very small, which explains the discrepancy
between model predictions and measured SI for the largest
bandwidth signals. Although transducer directionality was
not considered in the paper, it can be studied using the
XYMcD model with an illumination factor corresponding to
the projector/hydrophone directionality.

The YMcD and XYMcD models can be used to design
future experiments. For instance, it is quite challenging to
obtain SI measurements in the partially saturated region,
where SI is above 1. However it can be done using short
ranges and a range of acoustic frequencies, as long as the
surface wave height elevation is not too small.
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1The Rayleigh roughness parameter is sometimes defined as 2�
h sin �
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