Effects of scattering due to seafloor microrelief on a multifrequency.
sonar seabed profiler

INTRODUCTION

Sonar reflection profiling of the seafloor is a routine
method for various objectives, such as geological surveys to
characterize the seabed, geotechnical properties, etc. In the
past few years, a considerable amount of work was underta-
ken to develop acoustic signal processing techniques to de-
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A theoretical study of the interaction effect of circular beams generated by coaxial circular
array operated at useful frequencies with different beam widths is carried out for differenF
types of seabed ripples. Analysis, by means of calculation of the probability density function
(PDF) of the echo amplitude, echo waveform structure, and reflected echo energy density,
shows that the fluctuation effects are prominent even at the most narrow beam width at an
operating frequency of 20 kHz for rippled bottoms of different sediment type. In this article,
the operating frequencies and ripple parameters are more responsive toward scattering effects
than narrow beam widths, generated by the coaxial circular array.

'PACS numbers: 43.30 Hw, 43.30.Gv, 43.30.Yh

and 4.2 ms). In addition, study of calculated energy densities
for different rippled seabeds are also carried out.

1. ANALYSIS

Figure 1 shows the geometry of the operating conditions
of the array that is ship mounted. Since the beam widths

termine the quantitative as well as qualitative distinction be-  depend upon operating frequencies, each beam insonifies 2

tween bottom characteristics. The present work isdevotedto  different area of the seabed. The maximum insonification
_ the determination of the interaction effects of the three rip-  area is obtained at the lowest frequency of 4 kHz. The sea

pled sea bottoms of different sediment type (sand, silt, and  bottom depth considered in present work is around 5000 m.

clays of specific ripple heights and wavelengths) with the = The study involves.only the echoes reflected back from wa-

circular sonar beams generated by our coaxial circular sonar ~ ter/bottom interface; i.e., penetration effects are not consid-

array.’ The array. operable at five frequencies (60, 30, 20,  ered.

12, and 4 kHz), is chosen for this current study because the :

scattering effects are frequency dependent. The sonar’s  A. Echo fluctuations

beam patterns are summarized in Table 1. Clay and Leong (in Stanton and Clay?) expressed the

In order to classify the seabed, the interaction effect of
the bottom relief on an acoustical signal must be known.

following relationship for correlation length of ripples in the
form of their rms roughness:

Stanton and Clay,? Dunsiger ef al.,*> and many workers,** . .

have done some amount of work to identify the bottom type I, =300 (inm), M
from its reflection and scattering characteristics. For exam- ~ where I, is the correlation length along the x axis. The corre:
ple, Stanton demonstrated that the probability density  lation length along the y axis I isrelated to I, by the follow-
function (PDF) of the echo amplitude depended on the sea-  ing relationship:

f{oor roughness, sonar .beam width, and frequency—espe- L/I, =y, (2)
cially at lower frequencies where the wavelength of sound is v '

much greater than the root-mean-square (rms) roughnessof ~ Where 7, depending on the ripple type, may vary from -3
the floor. Based upon that work, PDFs were calculated at 1™ this study, 7 is chosen as 5; i.e., the ripple correlation
lower frequencies like 20, 12, and 4kHzby our coaxial circy-  1c18th along the y axis is 5 times to the correlation length
lar array for different types of rippled bottom. To satisfy the ~ 210ngthe x axis. The Rice PDF describes the echo amplitude
criterion to employ the Helmholtz-Kirchhoff condition £ {rom the seabed™*:

(4k*Q* «1), where k is the operated wavenumber and ) is '

the rms roughness of the sea bottom; the higher frequencies ~ TABLE I. Properties of the circular beam.

(30 and 60 kHz) are not considered. Previously published

ripple height and wavelength parameters for different types Angle between  Insonifcd
of rip;;l:s, tabulated in Table II, are used for the present Frequency of b:?n]f:,)i%‘::r ¢ lhi fh_I,pOims m::::] :‘u:he
study.™ o " Sonar operalio: in transceivt:r0 oceiVZr 1'(2;1; depth of
Determination of echo waveforms and related echo en- number kHz in degrees in degrees 5000m
ergy densities reflected from different sediments, along with 434
the knowledge of PDF, are important tools to predict the ; ,;’ 2 0 ] ;35:95
type of bottom.” In view of that, waveforms of the reflected 3 20 gg : "3 23142

echoes are also presented for different pulse lengths (2.12
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TABLEIL Properties of ripple mark considered in calculation.

] Correlation length Corresponding ripple
rms ripple® inm wavenumber (inm™')
Sonar roughfiess Density®  Sound velocity®
aumber Sediment type  (height) inm along X along ¥ along X along Y (g/cc) (in m/s)
1 sand 0.011 0.1068 0.534 14.69 2.941 2.03. 1836
2 clay 0.013 0.1316 0.658 11.92 2.387 1.42 1519 .
3 silt 0.015 0.1575 0.787 9.98 1.995 1.56 1522

s Adopted from Dunsiger et al.’
* Adopted from Bell and Porter.®

PE)=[2E(1 + G)/(E?)) 100 - N ——— 20 Kz
xexp{ — [(1 + GOE? + G (EDI/AEDM,(Q), Py ZoImeE
, 3) i — 4 KkHz

where I,(Q) is the modified Bessel function and
Q=2E[G(1 +G)1**/({E*))°".

NORMALIZED PDF (%)

Here, (E %} is the mean echo amplitude and G is the measure o
of the relative roughness or smoothness of the bottom and
can be presented for a ripple bottom as®
G ~' = (300/7)B *k *nQ*?, 4)
where B is the beam width between e~ ' points in radians of 0

the array beam pattern, k is the operating wavenumber, and
{1is the rms roughness, i.e., rms ripple height in the current
study. i

Figure 2 shows that the most narrow PDF is at the low- 00

est operating frequency, 4 kHz for sand ripples. At the same
frequency, the PDFs are broader for clay and silt due to
higher rms roughness and, hence, more scattering. In gen- 9
eral, the PDFs are Gaussian at the lowest frequency and -
become Rayleigh-like as the frequency increases. An in- &
crease in fluctuation, with frequency as well as roughness, is g 50+
also supported by the calculated values of G with the help of 2
Eq. {4), which is presented in Fig. 2. It can also be observed g
?hat the effect of narrow beams [ B *in Eq. (4) ] is dominated =
In the present observation, i.e., even at the most narrow
bea:rns (5.3°) at 20kHz, by the fading effect due to roughness
(0%) as well as frequency (X *) of operation. 0
S~ —T» 00F . RELATIVE ECHO AMPLITUDE
_AB_ Depth
= sy’
o Sof N\
‘ o /N T6=8.80
2 D S
z N
t——Insonified Areo g vy 3 ™6=0.35
(4 ; N
AT ~,
7
2 A.// \\\QM
——  Seabed ripple 0 {0 210
RELATIVE ECHO AMPLITUDE
F . :
G.1. Opcmtmg conditions of the coaxial circular array. FIG. 2. PDF for different rippled sediment types.
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FIG. 3. Linear system approach towards diffraction problem.

B. Time decay of echoes

The corrugated bottom better suits our studies to pre-
dict the mean echo pattern for sonar performance in deeper
water (5000 m) where current generated ripples (with
rounded sawtooth relief *) are formed. Therefore, we as-
sume that the ripple varies periodically along x axis and
there is almost no variation along y axis, with thisin Eq. (2),
77 can be chosen equal to 5. In order to predict the reflected
waveform from such a bottom, we apply an expression from
Tolstoy and Clay®:

E= HKBXY po=28"Y" o 0,J(2yQ)e—2X*
nr,

+ i (N"(6,,6,), 2y, Q)e” (2a, —~ nK)x/y

n=1

+ 3 (D616, 2y, Qe R
n=1
where k = 277/4 and 4 is the transmitted wavelength. Hoy,.
ever, a term B related to source power is considered to be
unity. For circular insonification, x, y are distances along the
X and Y axes; x = y = the radius of the isonified area. For,
coaxial circular array transducer, 7, =7, at normal inci.
dence. The plane-wave/plane-interface reflection coefficien
is R=(p,C, — p,(3)/ (9, Ci + p2(3), where p,C, is the
product of density and velocity of the sediment materia)
respectively, and p,C, is the product of density and velocity
of the water.
The term in the above expression shows that £,(6,.8,)
= 1.0 at the normal incidence direction, where 8, = 0, ang
&, is the diffraction angle. The vertical component, , of the
reflected and the incident wavenumber is equal to — & /2,

FIG. 4. Plot of O(:) for differen!
types of rippled bottom for pulst
lengths of 2.12 and 4.2 ms.
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and Qi the rms ripple height. Similarly, other horizontal
components of reﬁec_ted‘wavenumbers areq = Oand3=0
for vertical angles of incidence and. reflection for the normal
incident direction. Here, J,(2y0}) is the zergth-order Bessel
function of argument 2y42 and J, (2y,Q) is the nth-order
BESSCI function szyn Q HCX'C, 7/.11 [ = k(l + cos 62:1 )s 92:1 is
<he diffraction angle] is the vertical component of the wave-
qumber at different diffraction angles. Here, X is the ripple
wavenumber along x axis, a,, is equivalentto + n K /2, and
1is the number of diffraction angle; the summation is carried
out up to 71 = 8, depending upon the angle of diffraction
(8, =sin” '( F nK /k), where k is the operating wavenum-
ver and K is already mentioned]. ,

According to system transfer theory, in the frequency
domain (Fig. 3), formation of the output O(/) is a multipli-
cation of source response E(f) of the input at a direction 8
with the response of the receiver system F(f). In our present
analysis, at normal incidence 8 = (°, the array response is
equivalent to having F(f) =1, which leads to O(f) = E(N.
Source response, i.e., reflected pressure response E(f) at
4= (", is calculated from Eq. (5) by changing the operating
frequency, to a range according to selected pulse length. The
output response is then sampled and converted to the time
domain by inverse Fourier transform (IFT) and plotted
(Fig. 4) for different frequencies for sand, silt, and clay rip-
ples. The normalized echo waveforms for pulse lengths of
2.12 and 4.2 ms are also presented. It is shown that the peak
waveforms are maximum when the PDFs are Gaussian
(Fig. 2) and slowly decaying toward a minimum when it is
Rayleigh distributed for both pulse lengths. The sharpest
peak is obtained at 4 kHz for sand ripples, for which the rms
roughness is also the lowest.

Use of short pulses for high-resolution sonar systems is
well known.’® An echo waveform study was carried out at
two different pulse lengths (2.12 and 4.2 ms) and observa-
tions show that the sidelobes are extended in time and higher
echo peaks are obtained for the shorter pulse length (2.12
ms). The decayed echo may be an acausal effect generated
due to the plane-wave reflection from ripple bottom bound-
ary by sonar.!! But unlike the 2.12-ms data, the peak return

from silt ripples is higher than that for clay ripples for the:

4.2-ms pulse length. The relative energy density output of
the reflected echo waveforms are presented in Table III. The

TABLE 111 Energy calculated at different pﬁlse lengths for various sedi-
ment type.

Calculated relative energy density

Sonar  Sediment Frequency
Number type kHz .2.12ms 4.2ms
! sand - 4 0.335%10™°  0.130x107°
12 0.316X 107" 0.123%10~%
20 0.980x10~""  0.384x107"
2 clay 4 - 0214X107°  0.208Xx107'°
12 0444%x10~"  0.173%107"
\ 20 0.743x10™"7  0.289% 10~ "2
* silt 4 0.869% 10~ ' 033810~
12 0.608% 10" 0.238%107*
20 0.599x10™"2  0.233x107*?
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relative energy density was calculated form echo patterns of
different bottom types by using the following expression:

E=L("pa, | (6)
pc o

where pc (1.5X10° g/cm?s) is the specific acoustic resis-
tance of the seawater and p is the echo from Fig. 4. A close
look at the values reveals that the energy reflected is maxi-
mum for both pulse lengths at 4 kHz for sand ripples. Only.
slight variations in energy density are observed for clay and
silt ripples at other frequencies like 12 and 20 kHz.

Il. CONCLUSIONS

An observation is made to determine the amount of in-
teraction effect of circular beams on ripple bottoms of sand,
silt, and clay at different operating frequencies. Analyses,
including calculation of PDFs, echo waveforms (at pulse
lengths of 2.12 and 4.2 ms), and energy densities reflected
from the different ripple bottoms, clearly demonstrates that -
the scattering effect is more prominent at higher frequencies
as well as greater rms roughness, i.e., ripple height. It is also
clear that scattering and, hence, echo fluctuation are affected
more dramatically by the roughness and sonar frequency
than by the different beam widths transmitted by the coaxial
circular array at various frequencies [e.g., fading effects are
higher even at the narrow beam widths (5.3°) for 20 kHz}.
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