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SPATIAL COHERENCE OF SIGNALS FORWARD SCATTERED
FROM THE SEA SURFACE IN THE EAST CHINA SEA
PETER H. DAHL
Applied Physics Laboratory, University of Washington, Seattle, USA
Email: [email protected]
Measurements of sea surface forward scattering, wind speed, and directional wave
spectra made in 100 m of water in the East China Sea are discussed. The experiment
was part of the Asian Seas International Acoustics Experiment (ASIAEX) conducted in
May and June 2001. Signals were received at ranges near 500 m on two vertical line
arrays that were co-located but separated in depth by 25 m. Estimates of the vertical
spatial coherence along these arrays as a function of frequency, path geometry, and sea
surface environmental conditions are compared with a model for spatial coherence. The
model is based on identifying the probability density function that describes vertical
angular spread at the receiver position, and requires computation of the sea surface
bistatic cross section, done here with the small slope approximation. Model results for
the equivalent horizontal spatial coherence are also presented. Forward scattering from
the sea surface represents an important channel through which sound energy is
transmitted, and spatial coherence determines in part the performance of imaging and
communication systems that utilize the sea surface bounce path.
1
Introduction
Sound interaction with the sea surface is often a defining feature in shallow water,
multipath propagation. With each interaction with the sea surface, the sound field may
be further spread in time, frequency, and angle. Utilization of the sea surface multipath
for detection, imaging, and communication purposes depends greatly on the nature of
this spreading.
Here, we present new results from an experiment conducted in the East China Sea
to measure the vertical spatial coherence of O(10)-kHz sound that has been forward
scattered from the sea surface. Vertical spatial coherence relates, via Fourier transform,
to the vertical angular spread imparted by sea surface forward bistatic scattering. To
interpret the field measurements, we use a modeling approach that has been used
previously to predict field measurements of horizontal spatial coherence, requiring
computation of the sea surface bistatic cross section [1,2]; this approach is readily
extended to modeling vertical coherence. Thus, here we shall compare measured and
modeled estimates of vertical coherence and also present model curves of horizontal
coherence for the same conditions and geometry.
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Field experiment and measurements
The experiment was conducted from 29 May to 9 June 2001 in the East China Sea, off
the Chinese continental margin 350 km east of Shanghai (29.65oN, 126.82oE) in waters
nominally 100 m deep. The experiment was part of the Asian Seas International
Acoustics Experiment (ASIAEX) field program for 2001, and as such consisted of a
multi-tasked program of ocean acoustic and supporting environmental measurements
conducted from the U.S. R/V Melville and the Chinese R/Vs Shi Yan 2 and Shi Yan 3
[3].
The vertical spatial coherence measurements were made from the R/V Melville
using two, co-located vertical line arrays each of length 1 m, one at depth 26 m and the
other at depth 52 m, referenced to the top element. The autonomous Moored Receiving
Array (MORAY, Fig. 1) was deployed at a nominal range of 500 m from the acoustic
source, with precise range varying somewhat because current conditions influenced the
source position. Each array consisted of four elements (ITC 1042) with top-to-bottom
element separation equal to 13 cm, 30 cm, and 60 cm. Data recorded on MORAY were
sampled at 50 kHz and sent back to the Melville through an RF modem.
The acoustic source was deployed off the stern of the Melville at a depth of either
25 m or 50 m. Depending on frequency, one of three transducers (ITC 2010, ITC 1007,
and ITC 2044) was engaged in transmission. Every 100 s, a sequence of 7 transmit
pulses were sent, consisting of CW pulses of length 2 and 3 ms and center frequency
between 2 and 20 kHz, plus various FM pulse forms. The sequence was repeated 20
times to obtain an ensemble of 20 pings of each pulse type for a given measurement set.
Upon completion of a measurement set, the process was repeated. Two continuous
measurement periods, each nominally 24 h, were carried out in order to capture
environmental effects in the data. Here, we present results for three measurement sets
representing differing conditions in terms of both sea state and geometry, and from these
sets, the measurements made with CW pulses centered at 8 kHz and 20 kHz using the
ITC 1007 source. For data interpretation both the source and receiving elements are
assumed to be approximately omnidirectional.
The wind speed was measured continually using Melville’s IMET station, and the
local sea state was measured using a 0.9-m diameter TRIAXYS directional wave buoy.
The buoy measured wave height variance spectra in 0.005-Hz bins from 0.3 Hz to 0.64
Hz, and in 3-degree directional bins, with spectra estimated every 0.5 h based on a
20-min averaging time. The buoy operated from 29 May to 8 June within 500 m of
Melville’s position, itself maintained by dynamic positioning, and data were sent back to
the Melville via RF modem link. Figure 2 shows the surface waveheight spectra
corresponding to the three measurement sets. The legend lists the nominal time of each
measurement in UTC, rms wave height H, wind speed U, rms wave slope SL, and
principal direction of the waves (direction from).
The sound speed profile was monitored with frequent CTD casts made from both
the Melville and the nearby Chinese research vessel Shi Yang 3. Figure 3 (left side)
shows an averaged sound speed profile representing the conditions in effect at the time
of set 7, along with two individual profiles, taken before and after set 7. In this case the
single profiles vary little from the mean profile. In general, however, the sound speed
versus depth variation in the East China Sea is linked to the tides during late spring and
summer months, and the sound speed for the upper mixed layer (nominal depth 30 m)
often varied between 1525 and 1530 m/s.
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Figure 1. Diagram of MORAY vertical line array system.
Figure 2. Surface waveheight spectra corresponding to the three measurement sets.
Propagation conditions for set 7 are shown by the ray diagram (Fig. 3, right)
computed using the averaged sound speed profile (Fig. 3, left). The multipath structure
of the 105-m deep channel is resolvable with the 3-ms CW pulse used in set 7, and four
rays (direct, surface, bottom, surface-bottom) are shown in the ensemble average of
8-kHz data (Fig. 4). Surface-interacting paths typically displayed fluctuations consistent
with a Rayleigh distribution in amplitude, e.g., the standard deviation of the log of
intensity was close to 5.6 dB. In general, six ray arrivals were observed in the data for
the set-7 geometry (i.e., were sufficiently energetic to be observed above the noise), and
the gross channel impulse time was about 80 ms. Grazing angles for the bottom and
o
o
surface-bottom bounce arrivals shown in Fig. 4 are 16.3 and 22.3 , respectively, which
likely brackets the bottom critical angle. Of main in interest in this paper is the single
surface bounce path, shown by the dashed line in the ray diagram of Fig. 3.
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Figure 3. Left: average sound speed profile (thick line), and two sound speed profiles from single
CTD casts (thin lines) taken before and after set 7. Right: ray diagram for set 7; source is on the
left side at depth 26 m, and receiver on the right side at depth 52 m.
Figure 4. Ensemble averaged intensity (in dB arbitrary units) after leading edge alignment for the
8-kHz data from set 7. Vertical lines show time window within which coherence is estimated.
We estimate spatial coherence in the surface bounce path using
Γˆ ij =
ei e *j
(1)
e i e i* e j e *j
where ei is the time-dependent complex signal (proportional to pressure) for the
element i of the vertical line array. The brackets in Eq. (1) represent both a time
average over the time window defined by the two vertical lines in Fig. 4 (i.e., a cross
correlation of the two sample functions at zero time lag), and an ensemble average over
the 20-ping ensemble. We assume that spatial coherence is stationary along the 1-m
vertical array, and thus is a function only of element separation and not element
position; for the four-element array, there are six non-zero spatial separations. For an
SPATIAL COHERENCE OF SURFACE SCATTERED SIGNALS
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approximation of the standard deviation of the coherence magnitude estimate Γ̂ij , we
2
use (1 − Γˆ ij ) / n , with n being the number pings [4]. From numerical (bootstrap)
simulation, we conclude that this same expression, multiplied by 2 , can be used as an
approximation for the standard deviation of the estimates for the real and imaginary
parts of Γ̂ij .
3
Model for spatial coherence
Our model for vertical and horizontal spatial coherence is based on identifying the
probability density functions (PDF) that describe the angular spread at the receiver
position in vertical and horizontal arrival angle; these being Pv (θ v ) for vertical arrival
angle, and Ph (θ h ) for horizontal arrival angle. The PDFs are constructed by summing
the scattered intensities associated with discrete vertical and horizontal arrival angles,
and normalizing the result. For a given patch of sea surface, the scattered intensity
depends on the sea surface bistatic cross section, computed here with the small slope
approximation [1,2].
Required to compute the bistatic cross section is an estimate of sea-surface spatial
correlation function as derived from the sea-surface wavenumber spectrum. For the
latter, we use data from the wave buoy for surface wavenumbers up to about 1.5 rad/m,
and for the rms waveheight (Fig. 2). To fill in for higher wavenumbers not sensed by
the buoy, we use a model [5] for the directional wave spectrum as a function of fetch
and wind speed, which is run for fully-developed conditions in view of the O(100)-km
fetch in the East China Sea. Note that we are presently evaluating new approaches to
incorporate the raw directional spreading data from the wave buoy into a directional
wavenumber spectrum, and ultimately into a two-dimensional sea-surface spatial
correlation function. Thus, the results presented here will be based on a directionallyaveraged wavenumber spectrum. This approximation has been demonstrated to be a
reasonable one for frequencies of O(10) kHz [1].
The model for vertical and horizontal spatial coherence as function of wavenumber
times receiver separation, or kd , is obtained upon taking the Fourier transform of the
relevant PDF, equivalent to computing the characteristic function. For example, the
model for vertical coherence is obtained by numerical evaluation of
+∞
Γ( kd ) =
∫ P(θ ) e
v
ikdθ v
dθ v .
(2)
−∞
4
Results and discussion
Figure 5 shows the theoretical PDFs for vertical arrival angle at 20 kHz corresponding
to the three measurement sets. The mean value of each PDF is shown by the vertical
line, and the standard deviation is given in the legend. Unlike the PDF for horizontal
arrival angle, the one for vertical arrival angle is asymmetric with respect to the mean
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value with a positive coefficient of skewness, the value of which is between 2 and 3 for
the PDFs in Fig. 5.
Figure 6 shows model curves for the absolute value (upper plots) and real part
(lower plots) of vertical coherence plotted against element spacing normalized by
wavelength, compared with measured values at 8 kHz and 20 kHz from the three
measurement sets. (To reduce the complexity of Fig. 6, only the real part of coherence
is displayed, as correspondence between model and data for the imaginary part was
similar.) The plots are arranged from left to right with increasing wind speed (4 m/s, 7
m/s and 10 m/s). The effects of refraction are included in the model results; however,
these tend to be small. The largest effect is in set 22 (upper left plot), where, for
comparison, we have also plotted a 20-kHz model curve based on iso-velocity
conditions. The downward refracting conditions tend to slightly compress the set of
arrival angles at the receiver, thereby slightly increasing the vertical coherence.
In terms of the absolute value of vertical coherence, there is reasonable agreement
between the model and data, although when estimates fall below about 0.5 they are
encumbered with a high variance and in future work we will attempt to group data sets
measured under similar conditions to reduce this variance. Estimates made at 8 kHz
also stay slightly above those made at 20 kHz and become closer to those made at 20
kHz for increasing wind speed, two features which are in accord with the model.
Figure 5. Model PDFs for the vertical arrival angle corresponding to the three measurement sets
made at 20 kHz. Vertical lines mark location of the mean value, and the standard deviation of
each PDF is given in legend. The PDFs are defined with arrival angle expressed in radians.
The standard deviations σ for the model PDFs relate to the absolute value of
coherence as Γ (kd * ) ≈ 0.75 , where kd * = 1 / σ .
Thus, we define the normalized
receiver separation at which the absolute value of coherence reaches 0.75 as a
characteristic scale for vertical coherence length, and its inverse gives the equivalent
for vertical angular spread. The horizontal line at 0.75 across the upper plots (Fig. 6)
indicates a reasonable consistency between the model and data for this key descriptor of
angular spreading.
The upper plots (Fig. 6) also show horizontal coherence modeled for the same
conditions and geometry (the two higher-coherence curves in each plot, without data
points). In all cases, the characteristic scale for horizontal coherence length is about 5
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times greater than that for vertical coherence. As discussed in [2], the characteristic
scales for vertical and horizontal coherence have a geometric dependence in addition to
their dependence on the sea surface environment and acoustic frequency. Specifically,
vertical angular spread goes approximately as cos( θ g ) / (1+RD/SD) and horizontal
angular spread goes approximately as sin( θ g ) /(1+RD/SD) where SD and RD are,
respectively, source depth and receiver depth, and θ g is a characteristic grazing angle.
Thus, in terms of coherence length scales, the ratio of horizontal to vertical scale is
approximately cot( θ g ) , or about 5 when θ from the PDFs is used as θ g .
Figure 6. Comparison of measured values and model curves for the absolute value (upper plots)
and real part (lower plots) of vertical spatial coherence versus normalized receiver separation at a
frequency of 8 kHz (circle, solid line) and 20 kHz (square, dashed line). Results from the three
measurement sets are displayed from left to right with increasing wind speed (4 m/s, 7 m/s, 10
m/s), and key geometric variables are listed in the upper plot corresponding to each set. The
horizontal line across the upper plots intersects the point at which the absolute value of coherence
reaches 0.75. The three upper plots also show model curves for the absolute value of horizontal
coherence for the same conditions, geometry, and frequencies. The upper left plot shows an
additional model result for 20 kHz based on iso-velocity conditions (thin, dashed line).
In terms of the phase of vertical coherence, the real and imaginary parts of vertical
coherence are strongly influenced by the non-zero mean value of Pv (θ v ) , or θ v , an
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angle that is slightly greater than the nominal specular grazing angle. Were Pv ( θ v ) to
be symmetric about its mean value, then the real part of coherence would be cos( kdθ v )
modulated by its absolute value. The PDF’s skewness as seen Fig. 5 breaks this simple
relation. However, as both the cosine and the PDF are smooth functions near θ v , we
can approximate the real part of the vertical coherence function up to and including the
first zero-crossing by,
Re Γ ≈ cos( kdθ v ) 1 − ( kdσ ) 2 / 2
(3)
(
)
and the first zero-crossing for the real part is given by kdθ v = π / 2 . In terms of this
comparison, both model and data in the lower plots of Fig. 6 are in reasonable
agreement. Model-data agreement for the entire real part of vertical coherence is very
good for set 44 (right), is less satisfactory for set 7 (center), and is marginal for set 22
(left). The reason for the poor agreement with the real part of the coherence data for set
22 is unknown. Array tilt is a possible but unlikely cause. However, directivity in the
sea surface waves may be influencing higher moments of the PDF for vertical arrival
angle, and we shall be investigating this effect in future work.
The rms long-wave slope of the sea surface, or SL, is a key ocean environmental
parameter governing the predictability of spatial coherence in the surface multipath.
Estimates of SL from the wave buoy alone (Fig. 2) are necessarily low as they are based
on limited sea surface wavenumber support. Still, the buoy estimates provide a useful
correlate to the effective SL for surface forward scattering [2]. The increase in coherence
between set 7 and set 22 was in large part due to the reduction in SL. However, the
decrease in coherence between set 7 and set 44 was in part due to the change in grazing
angle. The downward-refracting sound channel can increase vertical coherence by way
of compressing the set of arrival angles, although this effect cannot be confirmed with
the data analyzed thus far, owing to the high variance in the coherence estimates.
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