


































the residual error reduces. The usual difficulty is to decide when to stop. Certainly, 
the addition of greater degrees of freedom is unwarranted if the NRE does not de- 
crease correspondingly. One often-used criterion is to stop when the residual reduces 
to the noise level, or becomes white. Since the data is limited by calibration and 
other errors, rather than by noise, these indicators are inappropriate. It would be 
more reasonable to stop adding arrivals when the residual error no longer reduces 
appreciably and/or when the NRE closely approaches the expected minimum error 
of 4%. 

The exhaustive parameter optimisation computation for more than one delta pulse 
rapidly becomes expensive. Ehrenberg et al. [4] showed that for N arrivals with 
parameters of lag and amplitude, the 2N parameter search can be reduced to finding 
the maximum of the likelihood surface in an N-dimensional space. Even this rapidly 
becomes unwieldy and a sub-optimal optimisation such as the E-M algorithm [5] 
must be applied. For this memorandum, a simply adapted E-M algorithm was used 
to examine many arrival scenarios. The program, which we shall call estimate- 
maximise adapted (EMA), used the E-M algorithm of Feder and Weinstein [5] with 
three main differences: 

The first adaptation was that arrivals were added singly between each estimation 
cycle, before maximising. The estimation was repeated if a pulse was added. The 
effect was to replace the estimation-maximising (E-M) cycle by an estimation- 
addition/estimation-maximise cycle until all allowed pulses had been placed. The 
algorithm was started with one pulse, at the matched correlator peak. This allowed 
the algorithm to quickly converge with one arrival to the dominant arrival feature, 
and to pick up remaining signals in order of importance. Secondly, further peaks 
were not introduced by randomly assuming some starting amplitude and lag, but by 
using the position and amplitude of the output from the matched-filter correlator 
run on the residual error. This provides a robust and simple f is t  estimate which 
tends not to de-stabilise the algorithm. Thirdly, if any arrival amplitude falls below 
a threshold, chosen to be 0.0001 for this memorandum, it is removed. 

We begin by examining the effect of allowing the IRF to consist of two arrivals. Three 
examples were calculated: the bottom, centre and top hydrophones for event 9. The 
EMA results are shown in Figs. 10a-c. In each case, the second arrival consists of a 
peak some 10-20 times smaller than the main peak, placed 0.49-0.67 ms afterwards. 
The NRE reduced to less than 7% in each case, very close to the expected optimum 
performance of 4%. It is not known if this pulse is an artifact of the equipment 
or an oceanic feature. It may be no more than a fortuitous coincidence that one 
extra pulse can explain, for the very limited number of three examples, most of the 
remaining information in the residual error. 

The next step was to allow three arrivals. Again, the three examples for event 9 
were chosen. Unsurprisingly, the EMA algorithm declined to place a third arrival 
for the top and bottom hydrophones. This indicates that no third arrival could be 
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Event number 009 Hydrophone number 02 
rms error = 0.065 Transmission amplitudes= 0.1 17 0.006 Lags = 1 81 

Residual error signal 
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Figure 10a The leflhand panel shows the observed distant signal (solid 
line), and the predicted signal (dotted), obtained from the E M A  algorithm 
for an  IRF consisting of two pulses for the bottom hydrophone of event 9. 
The two lines are so close that they become indistinguishable over most of the 
signal. The residual error is shown i n  the righthand panel. 
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Event number 009 Hydrophone number 16 
rms error = 0.068 Transmission amplitudes= 0.1 13 0.01 1 Lags = 1 59 

Residual error signal 
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Figure lob A s  Fig. 10a except for the centre hydrophone of event 9. 
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Event number 009 Hydrophone number 32 
rms error = 0.067 Transmission amplitudes= 0.1 17 0.009 Lags = 1 80 

Residual error signal 
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found with an amplitude greater than 0.0001, corresponding to 60 dB below the 
main arrival amplitude. Clearly, allowing any number of arrivals greater than two 
has no effect on these signals. The centre hydrophone was fitted with a third peak 
of amplitude 0.004 (30 dB below the main peak) which was predicted to anticipate 
the main arrival by 0.1 ms. The third peak only reduced the NRE from 6.8 to 5.6%. 
Dashen et al. [6] showed that precursors do not occur unless there has been a caustic 
event. This result is then certainly spurious. The indication is that any more than 
two arrivals are superfluous, since the expected error of 4% is then almost reached 
and little improvement can be gained by additional pulses. 
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Figure 10c As Fig. 10a except for the top hydrophone. 
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Conclusions 

The NAPOLI '85 acoustic data shows that the impulse response function for the 
lower refracted path is, to first order, a simple delayed delta pulse. The classical 
inverse filter can be applied with frequency filtering to reveal the essential features of 
the IRF. Pulse spreading is expected to be extremely small and, in any case, far below 
the resolution of the data given the available bandwidth. There is no indication of 
any significant changes in the shape of the IRF peak over the 3-day period of the 
experiment. Amplitude Gariations certainly occur. Multiple arrival structures are 
not observed, with the possible exception of a second pulse of amplitude less than 
one-tenth of the main arrival. The residual error obtained by fitting the simplest 
model IRF, a single delta pulse, is seen to be very small and approaches the expected 
error if two pulses are allowed. Given the very low residual error of the simplest 
IRF model, it is doubtful whether significant further information can be obtained 
by more complex algorithms. 
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