Seabed reflection measurement uncertainty
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The seabed reflection coefficient is a fundamental property of the ocean waveguide. Measurements
of the frequency and angular dependence of the reflection coefficient can provide information about
the geoacoustic properties of the seabed or can be used as an input to propagation models. The
uncertainty of the measurements must be known in order to determine prediction uncertainties for
the acoustic field and/or the geoacoustic properties. Analysis indicates that the reflection
measurements have a standard deviation frobn5—1 dB at full angular resolution depending on
frequency and experiment geometry. The dominant contribution to the error is source amplitude
variability, and a new processing approach was developed that reduces the error for frequencies
above a few hundred Hz. Further reduction in the uncertainty can be obtained by averaging in angle,
for example, at1° angle averaging leads to a standard deviation of lesstiah dB. Errors in the

angle estimate are a few tenths of a degree from 0—34° grazing angle: the crucial angular range for
predicting long-range propagation or for geoacoustic property inversion20@3 Acoustical
Society of America.[DOI: 10.1121/1.1605388

PACS numbers: 43.30.Ma, 43.20.El, 43.30.XwWiLS]

I. INTRODUCTION sity. In both cases, errors associated with the reflection data
Acoustic interaction with the seafloor often dominates® required. The objective of this research is to quantify the

. o . llmcertainty associated with the direct path reflection tech-
and controls propagation and reverberation in continental .

shelf environmentée.g., Urick, 1970; Jensen and Kuperman,n quleJ.ncertaint or error analysis is important for several
1983, Eller and Gershfeld, 1985espite the availability of reasons. First yit iS necessar yin order t?) enerally interpret
high-fidelity modelge.g., Porter, 1991; Collins, 1993; Wein- . ' y 9 y P

berg and Keenan, 199coustic predictions may have large the results. For example, if the data are employed to estimate

. . eabed geoacoustic parameters, the uncertainty of the reflec-
error bars because the seafloor geoacoustic data required;10 . ) S
: Do tion data must be known in order to predict the uncertainty in
drive the models have large uncertaintigsg., Ferla and

Jensen, 2002 The impact of seabed variability on acoustlcthe res“'“‘?g geoapousﬂcs. Secqnd, a caref_ul error analysis
. . . can sometimesas it does hepepoint to ways in which the
predictions can be studied by analyzing fundamental acousti¢

: . error can be reduced.
measures that control seabed interaction: the seabed reflec- : . I
In any experiment the total error is a combination of the

tion coefficient and scattering strength. These two quantities . : .
: S : . random or precision error and the systematic or bias error.
in principle, permit study of the seafloor independent of

oceanographic variability. In this study, uncertainties associ:rhe approach to error estimation taken here is two-pronged.

ated with the reflection coefficient are examined. First, the error is treated analytically and the uncertainty is

- . . derived where possible from known and estimated distribu-
Many existing techniques to estimate shallow-water sea-. . S

: . : tions of the measurement error. This analysis gives the ran-
bed properties, or equivalently the seabed reflection coeffi- o .
. . . 'dom or precision error. Second, the measurement error is
cient, measure long-range propagatie., Rubano, 1980; analyzed experimentally, i.e., by comparing multiple mea
Frisk and Lynch, 1984; Beebe and Holland, 1986; Collins Y P Y: d paring P

et al, 1992; Chapmaret al, 200). These techniques and surements made at nearly the same I.ocatlon.' These two
o . complementary approaches give a consistent picture of the
similar generally spatially average over km to tens of km. A

recently developed local measurement technique for reﬂecqncertalnty in the reflection measurements and roughly cor-

tion (Holland and Osler, 20QGverages over a much smaller respond to Secs. Ill and IV, respectively.
footprint, ~100 m, permitting the spatial variability in the

vertical and horizontal to be probed at much higher resolu-

tion. In addition, problems of intermingled geoacoustic vari-

ability with spatial-temporal ocqanqgraphic variability in | t1E MEASUREMENT TECHNIQUE
long-range measurements.g., Sideriuset al, 2001 are

greatly diminished because of the short distances and the The measurement technique is reviewed first, followed
short time interval over which the local measurements OCCURyy nertinent details regarding the data processing. Measure-

'I;he reflection measurements can be used as “grounfhents have been conducted at a wide variety of seabed types
truth” for long-range methods or to extract sediment geoaj, the Mediterranean Sea and the North Atlantic Ocean. Mea-
coustic properties, such as sound speed, attenuation, and deiements referred to in this paper were conducted on the
North Tuscany Shelf, NTS, and the Malta Plateau, (d&e
3Electronic mail: holland-cw@psu.edu Fig. ).
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FIG. 1. Location of measurements employed to examine uncertainty in the reflection loss measu@ritahigs littoral region, the two sites are marked by
®; (b) North Tuscany shelf; antt) Malta Plateau.

A. Measurement geometry ied over the experimenisee Table)l Prior to May 1999, a

The measurement geometry was specifically designeaz'bIt A/D converte_r was used that rgqUIred ma_nual gain
for shallow water, but could also be used in deep wétee cha_ngeg as a funct|or_1 of source—receiver offset in o_rder to
Fig. 2. A broadband source is towed close to the surfacefivo'd clipping of the direct path. Subsequently, a 20-bit A/ID

typically at a depth of a few tens of cm, and a fixed SingleC(r)]nverterTvr\]/asd ?m.plo)fd‘ ell_mlna;ung thet lneedt ford ?a't':]
receiver is placed far enough away from the seabed to pre 2 des. 1he gatain ai experiments were telemetered 1o the
IV ALLIANCE via radio link. Other details about the experi-

vent interference from the direct- and bottom-reflected paths. .
One of the challenges in making single bounce reflectiod"€Nt geometry can be found in Holland and O¢800).
measurements in shallow water is the presence of multipath.
Towing the source close to the surface has the advantage that
the surface-reflected multipaths arrive very close in time and. Reflection processing
angle and thus do not degrade the ability to associate time, g magnitude of the pressure reflection coefficient can
range, and angle. At least two disadvantages of a neag, jefined as
surface source are that the surface is always changing, ang
that small changes in source depth can have relatively large &
impact on source spectrum. Po(X, )|’
Two geophysical sources haye been psed in the eXper\'K/herepr is the received pressure from the bottom-reflected
ments, an EG&G model 265 Uniboom prior to 1999 and a . .

ath at rangex and p, is the received level of a bottom-

GeoAcoustics model 5813B Geopulse boomer after 1998 .
(see Table )l The sources are mé)tal plates driven with areflected path ax for a perfectly reflecting half-spadsee

high-energy impulsive signal resulting in a beam patterr{;ﬁ';for measurement geometrhe denominator is writ-

similar to piston source. Pulse repetition rate was generally
pulse per second. Both source trigger and data acquisition |po(X,f)|=|ps( s, )| vo, (2
e T s oo e L o nerep s he soure pessre ampltuka ot
The I[r)eceiver r;\nd acquisi'F[)ion confiygpuratign has also var-’S ource, o is the transmls_smn factor_ from_source o receiver
along the bottom-reflecting path including the effects of
spreading, refraction, and absorption, multiple paths.,
surface path and bottom reflectiorfwhich for a perfectly
i reflecting bottom is unity If the source were omnidirec-
tional, ps could simply be obtained measuring the pressure
amplitude of the direct path ab; and correcting it back to
the source. However, since the source is directional, the di-
rect path amplitude at the same angle must come from a
different rangexgq

(%, f
R0y, 1)) =| D)

Receiver —— _
h ps(0s,f)|=da(Xg,f)vg ", ()
whereqyq is the amplitude of the direct path at launch angle
0s and heighth. The finite range interval of the measure-
ments(approximately 2 mmeans that in practicgq is in-

FIG. 2. Measurement geometry showing the direct and bottom bounce paﬂf?rpOIated rather than measured .direcﬁy.is the transmis'
ray paths along with the associated surface reflections. sion factor from source to receiver along the direct path

Xq
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TABLE I. List of reflection experiments with source and receiver characteristics. NTS is the northern Tuscany
shelf; MP is the Malta Plateau; NJS is the New Jersey Shelf and SS in the ScotianEBhglhumber of
elements in the receiver string afglis sampling frequency.

Cruise Location Date Source Receiver
SCARAB97 NTS June 97 EG&G 16 el, 12 bit, fs=24 kHz
SCARAB98 MP April 98 EG&G 16 el, 12 bit, fs=24 kHz
Boomer99 NTS January 99 GeoAcoustics 4 el, 12 bit, fs=48 kHz
Malta99 MP May 99 GeoAcoustics 4 el, 20 bit, fs=48 kHz
Geoscat99 NTS October 99 GeoAcoustics 4 el, 20 bit, fs=48 kHz
Boundary00 MP April 00 GeoAcoustics 4 el, 20 bit, fs=48 kHz
GeoClutter NJS April 01 GeoAcoustics 4 el, 20 bit, fs=48 kHz
Boundary01 NJS, SS May 01 GeoAcoustics 4 el, 20 bit, fs=48 kHz
Boundary02 MP May 02 GeoAcoustics 4 el, 20 bit, fs=48 kHz

including the effects of spreading, refraction, absorption, anaf the experiment geometry. The uncertainties in the experi-
multipath. ment geometry come from uncertainties in source depth, re-
Thus, the expression for the reflection coefficientis  ceiver depth, water depth, and range. We assume that errors
in the model itself(\Westwood, 198)are small with respect
|pr(X:f )| Yd ;
=0 7L (4)  tothe errors in the geometry and thus can be neglected.
du(Xa,f) 7o In the data processing, the transmission ratio is com-
where the first factor is a ratio of measured and interpolate@uted using the measured ocean sound profile and attenua-
pressures and the second factor is a ratio of modeled tranon. However, in order to estimate errors, the analysis is
mission factors. It will be convenient to refer to these twosimplified using a lossless isovelocity profile, where the
ratios in the following analysis as the “pressure ratio” and transmission ratio can be written independent of rafwe
“transmission ratio,” respectively. angle as

IR(6y,1)|=

[(D-S+h)?+x?]Y? D-S+h
o [1+x*(D—S+h)"?]*? D-S-h’
The propagation of errors in the data processing and in (5)
the geometric factors that produce uncertainty in angle are
computed using a Taylor series expansion around the meamhereD is water depthSis source depth, anll is receiver
values(Bevington and Robinson, 1992 height above the seaflodsee Fig. 2 The attenuation is
ignored for the error analysis because its contribution is
small (less than 3%even at the highest frequency, 10 kHz,

The transmission ratio of E@4) has uncertainties asso- and longest range, 1 km.

ciated with the modeling of the transmission factors for the = Water depth is measured acoustically using a 12-kHz
direct- and the bottom-reflected paths, which are a functiorfathometer, a swath mapping system, and/or the near-normal

IIl. UNCERTAINTY ANALYSIS EZ(D—S—h)fl

A. Uncertainties associated with transmission factor
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FIG. 3. Tank measurements of GeoAcoustics boomer at various energy (288land 100 joulesand source depths at normal incidence. Each panel has
three pulses.
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FIG. 4. Energy spectral density source level measureni@tsvith polynomial fits(gray line for various 1/3-octave frequency bands at MP site 7.

incidence bottom reflection on an array towed near the, =15m, op=1m, 05=0.25m, o,=0.3 m) the resulting
source. This estimate has a standard deviation of order a fepglative errors are less than 1%, or 0.05-dB absolute error.
tens of cm. The greater source of error Boccurs because

the source is mounted on a surface-towed catamaran, so th@t Uncertainties associated with the source level

the effective water depth varies with the passing waves, . . .
which may be up to of order 1 meter. The variability associ- The pressure ratio o) has no uncertainty associated

ated withS, which has a mean depth of 0.35 m, is associate(Y"ith the calibration, since the bottom-reflected signal and the

with the nonconstant drag forces on the catamaran includin irect path signal are influenced by the hydrophone calibra-
n and receiving electronics in precisely the same way.

small changes in instantaneous ship speed, wake turbulen 4 h tio h aint ted
unsteady surface currents, and surface waves. It is believed OWEVET, the pressure ratio has uncertainty associate
that instantaneous changes in ship speed and wake eﬁeé’ﬁéth the source amplitude and is ‘h? major c_on';r_|but|on 0
dominate the variability inS. Receiver height is measured the error budggt. The source .am.phtu.de var|§b|llty comes
onboard before deployment; the length of the Kevar rope}‘rom two factors:(1) inherent variability in the drive voltage
attached to the sea anchor fixes its height. Receiver heig d the s?#rce tplate responze,b @ nlcl)n(;]onstant. drar?_
errors occur because of rope stretchipgesumed very small orcejlé)_n t'e ca ar:at[e(mk;alljlse y s(;na cl angeidlqr; ; P
for Kevlar), displacement due to currents, and sinking of the>Pe€ea/direction, waxe turbulence, and passing Wavdsc

sea anchor into the seabed. result in variability of the source plate depth and angle from

Assuming that the errors in water depth, source depth'?ing to ping. Tank measurements of the source show it to be

and receiver height are independémhich seems reasonable hlghly repeatablds_ee Fig. 3 Th_ere_fpre, the Iarge_st contn_-
given that the processes that govern them are independen?u“on to the error is source variability due to motion. While

the standard deviations,, associated with the transmission small vanatlons.ln_solu.rce plate depth few te’?s 0 fcm
ratio [Eq. (5)] can be written played a nearly insignificant role for the transmission factor,

they can lead to significant variations in amplitug@e few

dB) both because of the sensitivity of plate response to hy-

% e )L ©) drostatic pressure and sensitivity of the received pressure to
(Mo = ps™pn) the sea surface multipath.

where u, is the mean transmission factor. For reasonable Figure 4 shows 1/3-octave averaged source measure-

mean and standard deviationg.=120 m, us=0.35m, ments at various frequencies along with the fitted polynomi-

o= ((0B+ 08 (1— p)?+ oh(1+ p)?) 2
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FIG. 5. Residual erro(®) associated with polynomial fits of Fig. 3 with standard deviatigray line at MP site 7.

als. The data have been screened for signal-to-noise ratioemrmalizing by the same ping for the direct path as the
greater than 6 dB, and outliefgreater than @ have been bottom-reflected path and correcting by the ratios of the fit-
removed. The residual errors of the polynomial fits areted average

shown in Fig. 5. Note that the errors appear to be random,

which means that the polynomial fit is appropriate. The dis- da(xa,f) 4

tribution of the errors is approximately Gaussian. The stan- [Ps(fs.,T)=[pa(x, )| Qq(x,T) Ya 0
dard deviations of the fits are relatively independent of angle . .

but are dependent upon frequency ranging from a minimunNoW the reflection coefficient becomes

of 0.5 dB at low frequencies to a maximum of 1.4 dB at 5000 b, (%, f )‘ Qa6 )

Hz (see Fig. 6. Although these are reasonably typical, the  |R(6,,f)|=|—— o d (8)

frequency dependence of the standard deviation varies from Pa(X,f)|da(Xa.f) ¥’
run to run. As a general rule, the standard deviation is pro-

portional to sea state: the higher the sea state, the larger the
deviation. Measurements are generally conducted in sea state &
3 or less. Assuming that the variability at rangesndx, are T
uncorrelated, the standard deviation in the reflection coeffi- 5
: ~ : B
cient ranges from about 1-2 dB, depending on frequency. g
E
3
C. Source variability normalization g
While the errors associated with the data processed by
Eq. (4) are reasonably small, error analysis suggested a novel 0 = .
way to reduce the error associated with source variability. If 10 10 10
the source variability is predominantly due to amplitude fluc- Frequency (Hz)

tuations rather th_an beam'patte_m 'f!UCtuati(ﬁe@-v caused [, 6. Standard deviation of source level fits: MP sifsalid), an example
by source plate ti){ then the variability can be reduced by from a single run in 1998dotted, 2000 (dasheg, 2002 (chain dashed
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where the first factor is a ratio of measured pressures for theeflection coefficient must be known. That is, the apparent
same ping, so that ping-to-ping amplitude variability is com-fluctuations in the reflection coefficient could be real, for
pletely normalized. In this form, the variability of the reflec- example due to resonant interaction between layers, or at the
tion coefficient only depends upon the variability in the fitted higher frequencies, due to scattering. In order to estimate the
source level and thus should be about 0.5-1.5(g#2 Fig. change of(8), we make the assumption that the exact reflec-
6). tion coefficient at this site is perfectly smooth. Then, the
The form of Eq.(8) requires no more computational standard deviations show that while some of the lower fre-
load, and provides a fully normalized reflection coefficient.quencies are degraded slightly, the midfrequency deviations
If there is significant ping-to-ping rotation of the source are reducedsee Fig. 8 These standard deviations are an
plate, then the errors associated wi actually are larger upper bound, given the foregoing assumption.
than(4). However, for most of the measurements conducted
to date,(8) appears to reduce the error budget. As an ex-D Anal . q lut
ample, Fig. 7 shows reflection data processed using4q. hgle uncertainty and resolution
and Eq.(8) at MP site 7(same site as Fig.)4The fluctua- The first step in determining the angle uncertainty is to
tions do appear to be smaller f@). In order to obtain the determine the uncertainty in range. In the data processing,
quantitative difference in the standard deviation, the exactange is estimated by fitting modelé@/estwood, 198y to
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2 reasonable estimate of the standard deviation from these in-
struments iso.=0.25 m/s. An estimate of the standard de-
viation in the direct arrival isr,.=0.1 ms or about 1 pulse
width (see Fig. 3. Assuming the same means and standard
deviations as in Sec. Illl A, the resulting mean and standard
deviation of the range are shown in Fig. 9. Note that near
normal incidence, there is a bias error in the mean rd@pe
and that the standard deviati@h0) becomes infinite. Near

1.5}

Approx. Standard Deviation (dB)

0.5 normal incidence X—0), the mean and standard deviation
can be estimated as
. 21/ 2 .2, 2 2 2 2 2
302 e o px=0=2" pepi(otuct oops) + (mp— ps— pn)
Frequency (Hz) X (a’% + o-é-i— a’ﬁ)]m, (11
FIG. 8. Effect of source amplitude normalization; Ed) (dotted and Eq. oo~ 02022 ul+ P ul) + — e 2
(8) (solid). Bottom angles from 25—90° are included in the statistics. x=0= 2 popi( 07 et oeut) (o~ s~ i)
X (0B +og+ o) (12

measured arrival times, which are obtained by amplituderhe angle at the seabef,and its associated standard devia-
thresholding the direct path arrival. Although the measuredion (in radiang are given by

sound-speed profile is used in the data processing, an isove-

. . . . . " _ —1
locity profile is used to simplify the error analysis. Thus,  ¢=tan “((D—S+h)/x), (13
range,x, and2|ts standard Si\:atmn are given by UH:M;lcosz ,LL,j(O'%"‘O'%"‘ ffﬁﬂfi tart Mﬁ)llz_ (14)
x=|(ct)*—(D—-S—h , 9 o .
[(en*=( ] © At normal incidence(i.e., 6= 7/2) the mean angle and the
oy=pg L pip(o?ué+ au?) + (up— ps— mn)? standard deviatior{13)—(14) have bias errors, but can be
) LN estimated as
X(op+ostop)]'? (10 .
. , . : —mp=tan ((up— st mn)! mx=0), (15)
wherec is sound speed angdlis travel time of the direct path. Ho=mi2 Ho st fn)l =0
Sound speed is measured generally with a CTD and XBT; a  0g_,»=0y_o(tp— st mn) * (16
50 50
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FIG. 9. Theoreticalsolid), simulated(dotted ling and approximatédashed ling solutions for:(a) mean of range estimate, E@) is solid line, Eq.(11) is
dashed linefb) standard deviation of range estimate, ELD) is solid line, Eq.(12) is dahsed line(d) mean of angle estimate, E(L5) is dashed linefe)
standard deviation of angle estimate, Ety) is solid line, Eq.(16) is dashed line. The histograms show simulation results at normal incideng® fange
and(f) angle estimates.
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The part of the angular range that is the most crucial for
minimizing errors is dictated by where the critical angle ortion. In addition, there is a-2—3-m uncertainty in the dif-
angle of intromission is expected, since these angles contréerential GPSDGPS estimate, so that the receiver position
long-range propagation. Hamiltof1980 indicates that for is generally known to withint3—8 m. The isovelocity ap-
unconsolidated sediments on the continental shelf, criticgbroximation for the echolocation data is reasonable since the
angles vary from 0—34°. In that range the standard deviatiotransponder data are generally at grazing angles greater than
of the angle uncertainty is quite small, from about 0.01-0.3°about 30 deg.
At normal incidence, the errors are considerably larger; how-  The source is towed from a crane. The position uncer-
ever, the increase in errors is mitigated, in part, by the factainty of the source relative to the ship is abat® m, and
that the reflection coefficient itself is often nearly constantwith the DGPS uncertainty o2—3 m, the overall source
between 70-90°fe.g., Fig. 7. position accuracy is about4 m. Since range is estimated

The angular resolutiofdifference in angle between two acoustically and is more precise than the positions, and
adjacent measuremepts a function of the ship speed source position standard deviatian,, is less than that of
pulse repetition rates, and the geometry. Since the pulse the receiver, the source position and the range is used to
repetition rate is constant, the resolutiépis a function of  estimate absolute position. The standard deviation of the ab-
angle. For an isovelocity sound-speed profile, the angle ressolute position is
lution is o= (a'gp+ (o3+od)tan 2 0

— -1
89=vw ty  COS wo((pp— pst mn)/ py).- (17) t 2o ) sin* )12 19

G!ven typical parameters;=2m/s andw =1 pulse_ PET S, The absolute positional uncertainty should be considered in
with the geometry as above, the angular resolution is Ies& : . . .
than 1°(see Fig. 10 ght of the size of the region on the seabed illuminated by
g the acoustic field. The radii of the first Fresnel zdsee Fig.
E. Absolute position uncertainty 11) are useful metrics for estimating that size. In Fig. 11, the
A reflection experiment vyields four measurementsIarger radius of the Fresnel ellipse was _uﬂemdthe plane of
the source—receiverNote that the positional errors are of

around the fixed receiver, typically two aligned with the the same order or smaller than the Fresnel zone radius excent
bathymetric contourgi.e., an incoming and an outgoing . rs : shetz us excep
at high frequencies and high angles.

and two perpendicular. The region of the bottom that is
sampled by each measurement depends on water dep 'Other errors
sound-speed profile, and receiver depth, but generally ranges$
from about 70—150 m in length. The uncertainty of the ab-  There is another potential source of error that may con-
solute position of each measurement is due to uncertainty itribute to the reflection coefficient related to assumptions in-
the location of the fixed receiver and location of the sourceherent in the measurement and data processing. It is implic-
The location of the receiver is determined by a leastditly assumed that the bathymetry, sediment layer geometry,
squares fit to echolocation data. Transponders operating ahd sound velocity profile are independent of sp@exeral
9-11 kHz mounted on the hull of the ship and on the fixedhundred metejsand time(5—-10 min during the measure-
hydrophone string a few meters above the bottom providenent. Bathymetry and normal incidence seismic reflection
the echolocation data. A typical echolocation run consists oflata are always collected and analyzed to ensure that the first
an “X” pattern, attempting to place the center of the “x” as two assumptions are met. Generally a conductivity—
close as possible to the location of the drop position of theemperature—deptliCTD) cast is taken before the experi-
array. The least-squares fit to a model assuming straight-linment commences and an expendable bathythermograph
ray paths gives fits of-2—7 m depending on how close the (XBT) is collected during the actual measurement evolution
estimated drop position was to the actual hydrophone posinear the hydrophone position. The temperature data from the
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XBT cast with the salinity data from the CTD are employed conditions. Only changes inherent in the source-receiver
to represent the sound-speed structure over the minutes aoeler time-space contribute to variation in the results. First-
hundreds of meters of the experiment. If sound-speed varierder replication means repetition with identical instrumen-
ability exists within this time/space scale, the effect wouldtation but with variation in the experimental conditions, so

probably be a small shift in grazing angles. that the observed variability in the data would be a combi-
nation of variability of the instrumentation and the condi-
IV. OBSERVED UNCERTAINTY tions. Nth-order replication is when both the instrumentation

Multiple reflection loss measurements in the same are8nd the experimental conditions change. By completely
provide the opportunity to analyze the uncertainty from thethanging both the instrumentation and the experimental con-

measurement standpoint. Since the measurements are céhtions, nth-order replication permits an estimate of the total

ducted under varying conditions, it is desirable to define inffTor.

Coleman and Steeld 999 draw a useful distinction be- are never instances of pure replication of any order, i.e.,
tween the words “repetition” and “replication” of measure- where the same seabed is measured multiple times. There are
ments that is adopted here. Replication implies that the meanstances, however, when nearly the same portion is mea-
surements are repeated in a particular fashion. Zeroth-ordeured multiple times. For example, seismic reflection data
replication means that the measurements are repeated wittfiten indicate that the seabed on the ingoing and outgoing
identical instrumentation and perfectly constant experimentadiegs has a similar character. This roughly corresponds to the
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FIG. 14. NTS site 2 mean and standard deviation of the reflection loss difference: between south and north legs Junest®8ii leg June 1997, and south
leg January 1999x).

first-order replication, where the source and receiver aréi.e., south of the array positipavere analyzed and reported
identical, but with the passage of time between the experiin Holland and Osle(2000. Since seismic reflection data
ments, the conditionge.g., sound-speed profilare allowed  show that the layering structure changes little over the north-
to vary. Actually, though the source itself is the same beern leg, data from the two legs can be compared. In addition,
tween the incoming and outgoing legs, the source charactefeasurements were made in the Boomer99 experiment in
istics change measurably because of an inherent tilt in thganuary 1999 with the receive array ¥0Dm north of the
source plate, so it could be argued that this replicatiartlis 1997 array positiofisee Fig. 123)]. The source and receiver
order. Another replication is where the source and receive&epthS in 1997 were 0.35 and 138 m, and in January 1999
are completely different, and the sound-speed profile is comy 11 and 136 m. The source used in the 1997 experiment was
pletely different. This roughly corresponds to thth-order an EG&G model 265 Uniboom and in 1999 a GeoAcoustics
replication. In both cases the observed variance will be anniboom with higher source level, but the shallower tow
ou_ter bou_nd because the region of sampled seabed bsepth meant higher source level va,lriability.

(slightly) different. These three data sets provide the opportunity to examine

In order to determine if the replication results were a L . - L
. the uncertaintyincluding the variability over quite different
function of seabed type, repeated measurements were ana-

lyzed in two very distinct seabed environments: Site 2 inexperimental conditions; the sound-speed profiles for the two

150-m water depth in the North Tuscan shelf in the northerrpeasons are shoyvr! in. Fig.(b?. The'reﬂection d.ata in Fig.
Tyrrhenian Sedsilty-clay host with random thin shelly lay- 13 show strong similarities. A statistical comparison was per-

ers, and site 7 in 107-m water depth on the Malta Plateauformed by forming the difference between data seifser

Straits of Sicily (fine sand over limestone; see Fig. 1 for interpolation and computing the mean and standard devia-
locations. tion of the difference(see Fig. 14 The mean of the data

_ difference indicates whether or not there is a bias; the stan-

A. North Tuscany observations dard deviation gives an indication of the variance between
Multiple measurements at site 2 permit comparison ofthe data sets. Frequently, at low angles, the data rapidly os-
reflection results under various conditions. During thecillate in angular increments that are at or below the uncer-
SCARAB97 experiment in June 1997, measurements werkainty of the measurements. Out-of-phase oscillations can
conducted on a nearly N-S track. Data from the southern legroduce very large variances; this effect was reduced by per-
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FIG. 15. Comparison of three data sets at 630 Hz for(éhdirst peak andb) first minima.
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FIG. 16. MP site 7 comparison of reflection loss: south (leg) and north legblue).

forming the statistics on data greater than 25°. amining the angular offset between maxig@a minima in

The mean difference between the 1997 measurementbe reflection data. The 1997 data were processed with a
(Agp) is about 1 dB or lesgFig. 14), with the greatest dif- decimation factor of 31 pulse every 3)sthe 1999 data have
ference being at the highest frequencies. The mean differen@decimation of 4 s. For a strict comparison, the decimation
between the 1997 and the 1998.,) measurements is also should be equal and as low as possible; however, even the
less than 1 dBA, is somewhat smaller thaa, below 2  data as they are permit an upper bound estimate of the error.
kHz but larger above 2 kHz. The reason for this is unknown|n order to try and minimize possible differences due to spa-
but is probably related to the fact that the signal-to-noisetial variability (the measurements sampled different parts of
ratio of the northern path was considerably smaller than thathe seabed, of order 100 m apathe lowest frequency, 630
for the incoming. The important point of this figure is that Hz, is used for this comparison.
the measurements are repeatable within 1 dB or less and At 630 Hz, the first peak and minima are convenient
there is no apparent consistent bias in the measurements. points at which to compare the angles from the various ex-

The angle error inherent in the measurement predicted iperiments. A plot of the resulting first peak angle and first
Eqg. (14) can be compared against the measurements by exainima is shown in Fig. 15. The theoffq. (14)] indicates
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FIG. 17. MP site 7 mean and standard deviation of the reflection loss difference between the south and north legs.

that at 25°, the standard deviatiory=0.15° for the first resulting standard deviation, compared with the full angular
peak, the observed,=0.12°. For the reflection loss mini- resolution(see Fig. 18is significantly reduced te-0.1-0.5
mum at about 32°, the theory indicatesrg=0.18° and the dB.
observeds,=0.22°. Thus, the predicted angle errors seem  The advantage of decreased variance may or may not
to be quite reasonable. The site specific parameters used foffset the loss in resolution depending on the particular prob-
the predictions wereup=150m, us=0.35m, u,=13m, lem. However, given the very high resolution in angle, espe-
op=1m, 05s=0.25m, 0,=0.3m, 0.=0.25m/s, ando, cially at low angles(see Fig. 10 angle averaging should
=0.1ms. provide a useful reduction in variance for many situations.
The data can also be used to compare the uncertainty &ome situations suggest a strategy of a variable window size,
the peak levels; however, this is a rather stringent test givene., a window that is a function of angle. For example, in
that the amplitude of a narrow peak will not be well esti- obtaining geoacoustic properties in fine-grained sediments
mated for various sampling intervals as is the case here. Neysee Holland, 2002a low variance near 90° with a high
ertheless, a comparison is useful as a guide; the standaeshgle resolution near the angle of intromissiamthat case
deviation of the peaks at 25° and 32° are 0.6 and 0.5 dB15°) would yield the highest precision in the resulting veloc-
respectively, which are well within the estimated standardty and density estimates. That could be easily accomplished
deviation. with a large window size near 90° and a sm@al zerg
window near the angle of intromission. Obtaining high-
) precision velocity and density estimates from sandy sedi-
B. Malta Plateau observations ments(with a critical angl¢ suggests a similar strategy.
Multiple reflection experiments at site 7 permit compari-
son at a different location. These experiments were con- ) ) o
ducted during Boundary2000 in May 2000. A combination of B- Reducing uncertainty by modifying the source
the source(GeoAcoustics Uniboomegiand the seabed type, Another way to reduce the variance would be to use an
thick sand over consolidated limestone, allowed a compariomnidirectional source, which would eliminate sensitivity to
son over a broader frequency band than possible on the noriburce rotation. Practically speaking this is difficult, since a

Tuscany shelf. Figure 16 shows the reflection measurementarge bandwidth is desirable. A sparker source was investi-
for the southern and northern legs of the experiment. The

agreement is generally good, although there are some clear

; . . . . 2
differences that are believed to be due to slight differences in
sediment fabric. Even including the variability due to sedi- &
ment inhomogeneity, the mean difference between the two 3 15}
runs is quite smal(Fig. 17), less than 1 dB. 5
V. REDUCING UNCERTAINTY S o
Although the uncertainty in the reflection data is modest, ‘é o5l ]
there are several ways in which the variance could be further % '
reduced: by averaging in angle or by modifying the source.
. . . 0 L
A. Reducing uncertainty by averaging 102 10° 10t

Given that resolution can be traded for variaresy.,
Menke, 1989, averaging over angle space can be done to
r?duce the variance. As an ?Xample: the source level data @fg. 18. Reduction in variance achieved by angle averaging: no angle av-
site 7 were reprocessed with 21° sliding window. The eraging(dotted liné and +1-deg angle averagingolid line).

Frequency (Hz)
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