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Measurement of acoustic attenuation in South Pole ice

Introduction 1

Experiments to study ultra-high-energy neutrinos 2 have been the subject of increasing interest during 3 recent years [START_REF]Proceedings of the 995 ARENA Workshop[END_REF][START_REF]Proceedings of the 998 ARENA Workshop[END_REF][START_REF]Proceedings of the ARENA 1001 Workshop[END_REF]. As observed by HiRes [START_REF] Abbasi | First observation of the Greisen-1004 Zatsepin-Kuzmin suppression[END_REF] and

4
the Pierre Auger Observatory [START_REF] Abraham | Measurement of the energy spectrum 1007 of cosmic rays above 10 18 eV using the Pierre Auger 1008 Observatory[END_REF], the charged cos-5 mic ray flux decreases steeply above 10 19.5 eV. This 6 is most likely due to the interactions of charged cos-7 mic particles with the cosmic microwave background 8 radiation, known as the GZK effect [START_REF] Greisen | End to the cosmic-ray spectrum?[END_REF][START_REF] Zatzepin | Upper limit of the spectrum 1013 of cosmic rays[END_REF]. The detec-9 tion of neutrinos from this interaction would con-10 firm this explanation. Spectral, temporal, and direc-11 tional distributions of such neutrinos, enabled by de-12 tecting a significant number of them, would address 13 important questions of cosmology, astrophysics and 14 particle physics [START_REF] Ringwald | Extremely energetic cosmic neutrinos: 1015 Opportunities for astrophysics, particle physics and 1016 cosmology[END_REF]. [START_REF] Besson | Simulation of a hybrid 1039 optical/radio/acoustic extension to IceCube for EeV 1040 neutrino detection[END_REF] Estimates of the small flux of GZK neutrinos vary 16 by an order of magnitude. The results from Engel,[START_REF] Barwick | South Polar in situ radio-frequency ice attenuation[END_REF] Seckel, and Stanev [START_REF] Engel | Neutrinos from 1019 propagation of ultra-high energy protons[END_REF] are often used as a standard Germany, (delia.tosi@desy.de). 1 affiliated with Universität Erlangen-Nürnberg, Physikalisches Institut, D-91058, Erlangen, Germany 2 on leave of absence from Università di Bari and Sezione INFN, Dipartimento di Fisica, I-70126, Bari, Italy 3 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA and background separation. This may be overcome 29 in the future by using a hybrid detector. The radio 30 technology could be complemented by adding acous-31 tic detectors, searching for the sound produced by 32 the interactions of neutrinos above 10 18 eV [START_REF] Askariyan | Acoustic detection of high energy particle showers in 1027 water[END_REF][START_REF] Learned | Acoustic radiation by charged atomic 1030 particles in liquids: An analysis[END_REF].

33

Simulations of a radio-acoustic hybrid detector en-34 compassing the optical IceCube neutrino observa-35 tory at the South Pole [START_REF] Achterberg | First year performance of the 1033 IceCube neutrino telescope[END_REF], assuming an attenuation 36 length on the order of a few kilometers as theorized 37 in [START_REF] Price | Attenuation of acoustic waves in glacial ice 1036 and salt domes[END_REF], gave a predicted detection rate of 20 neu-38 trino events per year, half of them detected by both 39 radio and acoustic sensors [START_REF] Besson | Simulation of a hybrid 1039 optical/radio/acoustic extension to IceCube for EeV 1040 neutrino detection[END_REF]. [START_REF] Ackermann | Optical properties of deep glacial 1043 ice at the South Pole[END_REF] 44 and for radio waves by the RICE experimental pro-45 gram [START_REF] Barwick | South Polar in situ radio-frequency ice attenuation[END_REF][START_REF] Kravchenko | RICE limits on the diffuse ultra-1049 high energy neutrino flux[END_REF]. As far as the propagation of acoustic 46 signals is concerned, theoretical estimates [START_REF] Price | Attenuation of acoustic waves in glacial ice 1036 and salt domes[END_REF] have The sound speed has been measured in [START_REF] Abbasi | Measurement of sound speed vs. depth 1052 in South Pole ice for neutrino astronomy[END_REF]. Noise 68 and transients are currently under study. Our mea-69 surement of attenuation by the ice is reported here. in [START_REF] Tosi | Measurement of acoustic attenuation in south 1058 pole ice with a retrievable transmitter[END_REF]). This prevented the stage from swinging and 232 stabilized the acoustic pulse transmitted in the ice.

233

The centralization of the pinger (and the generally for each channel, is shown in Table 1. 

363

In this way we can turn the previous nonlinear equa-

364
tion into a linear one: 3. Waveforms recorded by the same channel when the pinger was stopped while lowering and while raising, for two different holes at a distance of 243 m (top) and 336 m (bottom). Clock drift correction and averaging of the 180 recorded pulses have been applied. In the top plot, one of the waveforms has been shifted in time to overlap with the other one. This slight shift is due to a slight difference in the pinger depth between the two runs (see [START_REF] Tosi | Measurement of acoustic attenuation in south 1058 pole ice with a retrievable transmitter[END_REF]).

365 y = ln A 0 -αd = -αd + b, (3 
A ef f = m Ŝm 2 , (6) 
-The sensor output is linear in amplitude with nificantly affect the final result (see [START_REF] Tosi | Measurement of acoustic attenuation in south 1058 pole ice with a retrievable transmitter[END_REF]).

556

Taking into account the statistical and systematic 

579 w i = 1 σ 2 α,i i 1 σ 2 α,i (7) 

580

where σ α,i is the 1-σ error on the value of α in the 581 measurement i obtained from the fit. We then build a 582 histogram using all the weighted entries and we take 583 the mean and the standard deviation (indicated by 584 the dashed line in Figure 5) as final value and error:

585 α = 3.20 ± 0.57 km -1 . ( 8 
)
586

In Figure 6 can be written as:

605 x l (t k ) = s l (t k ) + n l (t k ). ( 9 
)
606

The discrete Fourier transform yields the complex

607 numbers 608 X l (ω m ) = S l (ω m ) + N l (ω m ) (10) = 1 √ M M k=0 x l k e -iωmt k , (11) 
where (k = 1, ..., M ) is the sample number within 

627 Ŝm 2 = 1 N l X l m 2 -Nm 2 ( 12 
)
where the sum extends over the pulses and applies in 

631

The weighted mean of α for the available channels 632 from the frequency domain analysis is

633 α = 3.75 ± 0.61 km -1 , (13) 

634

where the uncertainty is given by the width of the 

691

The ambient acoustic noise conditions at the 692 South Pole have been determined by SPATS to be 693 very stable [START_REF] Karg | Acoustic noise in deep ice and environmental 1075 conditions at the South Pole[END_REF]. In particular we checked that they The results from the various analyses described 888 above are summarized in Table 2.

A ij = T i S j d ij e -αdij , (15 
790 ln(R A R d ) = ln A ij A kl A il A kj d ij d kl d il d kj = -αD x + b, (16) 
889 which expressed as an attenuation length is:

913 λ = 312 +68 -47 m. ( 20 
)
914

The results of all analyses are consistent with an cient is an order of magnitude larger than expected.

922

In [START_REF] Price | Attenuation of acoustic waves in glacial ice 1036 and salt domes[END_REF], it was estimated that South Pole ice grains 

18 for

 18 the discussion of possible detector scenarios. In 19 all cases, detector effective volumes of 100 km 3 or 20 larger are required. 21 Several past and current experimental projects 22 seek to detect GZK neutrinos. The best limits cur-23 rently come from searches for radio signals from 24 neutrino interactions. Presently the most stringent 25 flux limit is from the ANITA project [10]. However, 26 all experiments searching for weak particle fluxes 27 must contend with challenging systematic effects 28 * Corresponding author. Address: DESY, D-15735 Zeuthen,

40

  Ice seems to be a favorable medium for the ap-41 plication of the optical, radio and acoustic detec-42 tion techniques. Ice properties have been measured 43 for optical signals by the AMANDA experiment

  47 indicated low absorption and scattering correspond-48 ing to an attenuation length greater than 1 km. 49 To test the theoretical estimates, the South Pole 50 Acoustic Test Setup (SPATS) was deployed in Jan-51 uary and December 2007 in the shallowest 500 m of 52 IceCube holes at the South Pole. SPATS is used to 53 study the following four properties: 54 -the speed of sound as a function of depth in the 55 ice, important for the expected neutrino signal 56 strength, event localization and reconstruction 57 -the acoustic noise level at the South Pole, deter-58 mining the energy threshold of a future neutrino 59 detector 60 -the rate and nature of transient acoustic signals 61 which could mimic neutrino interactions, present-62 ing a serious background source 63 -the attenuation of acoustic signals by the ice, 64 which determines the necessary density of acous-65 3 tic sensors in the ice for a reasonable detection 66 efficiency for neutrino interactions.

  67

1 .Figure 1 Fig. 1 .The

 111 Figure1shows the geometry of the acoustic in-

Fig. 2 .

 2 Fig. 2. Spectrum of the acoustic pinger pulse, calculated as the convolution of the electrical high-voltage pulse and the Transmitting Voltage Response of the ITC-1001.

234 3 . 3 . 1 .

 331 longer distances between pinger and sensors in 2008-235 2009 than 2007-2008) minimized the appearance of 236 shear waves in the 2008-2009 data set; consequently 237 it has been possible to measure the attenuation of P 238 waves without the complication of S waves. 239 Data processing and analysis techniques 240 Data sets 241 Three different types of data were acquired and 242 analyzed to measure the acoustic attenuation: 243 244 (i) Pinger data: multiple acoustic pulses were 245 emitted from several water-filled IceCube 246 holes and recorded by sensors of the SPATS 247 array. For each pinger depth, 180 (144 in hole 248 37) single acoustic pulses were recorded by 249 each sensor channel. 250 (ii) Inter-string data: transmitters of the SPATS 251 array emitted acoustic pulses that were 252 recorded by the SPATS sensors. For each 253 transmitter 500 pulses were recorded by each 254 single sensor channel. 255 (iii) Transient data: sound produced in re-freezing 256 IceCube holes at depths of about 250 m was 257 recorded by the sensors of the SPATS array. 258 An overview of hardware components involved in the 259 analysis, together with the corresponding range of 260 distances (baselines) and number of pulses recorded 261

262 3 . 2 .

 32 Data processing 263For each of the analyses described below, N p con-264 secutive acoustic pulses from one source (transmit-265 ter or pinger) are recorded by one sensor channel 266 Table1Overview of data used for the attenuation measurement. The last column gives the number of pulses in each sensor recording. to improve the signal-to-noise ra-267 tio. Each string uses a single clock to drive both its 268 analog-to-digital converters (ADCs) and its digital-269 to-analog converters (DACs). The ADCs are used 270 to record the sensor waveforms with a sampling fre-271 quency of 200 kHz. The DACs are used to pulse 272 SPATS transmitters. The clocks drift at a rate that 273 is typically several parts per million, or tens of µs 274 over the duration of a single sensor recording. This 275 cumulative amount of drift is on the order of one 276 signal oscillation period and therefore can cause se-277 vere decoherence in pulse averaging if the nominal 278 rather than true sampling frequency is used. On the 279 sensor side we correct the clock drift effect by us-280 ing the IRIG-B GPS signal (which is recorded syn-281 chronously with each sensor channel) to determine 282 the actual sampling frequency at the time of the 283 recording. We then use this actual sampling fre-284 quency to average the recorded pulses. 285 The pinger pulse emission is driven by the GPS re-286 ceiver and by the frequency multiplier. The GPS re-287 ceiver provides the PPS pulse with a delay of about 288 1 µs relative to the GPS signal which drives the 289 String PC ADCs. The frequency multiplier synchro-290 nizes the train of electric pulses with the PPS pulse, 291 but introduces some jitter in time which we mea-292 sured in the laboratory to be ± 5 µs over the recorded 293 duration for a single channel. Time jitter smears out 294 the amplitudes contributing to each single point in 295 the averaged sensor waveform, the effect of which is 296 automatically included in the statistical uncertainty 297 of the average pulse amplitude. 298 Inter-string data (recorded with the frozen-in 299 transmitters rather than the retrievable pinger) 300 have the additional complication that the transmit-301 ters are not synchronized to GPS. These transmit-302 ters pulse at a rate which can drift relative to abso-303 lute time. Therefore in this data, in addition to the 304 drift of the recording sensor, we must correct for the 305 clock drift on the transmitting string, which causes 306 the actual transmitter repetition rate to be different 307 from the nominal one. For each run we measured 308 the actual repetition rate using IRIG-B GPS signals 309 in the same way as described above for the sensors. 310 The true repetition rate varied from string to string 311 but was constant on each string at the few-percent 312 level over the course of the two-day inter-string data 313 taking campaign. Therefore for each string we used 314 the mean value of the transmitter repetition rate in 315 averaging the recorded pulses. The effect of residual 316 clock drift due to using the average drift rate at each 317 transmitting string rather than using the instanta-318 neous drift rate is < 0.3 sample over the duration of 319 a 20 s sensor recording, much less than a single sig-320 nal oscillation period and therefore not sufficient to 321 cause any residual decoherence in pulse averaging. 322 After correcting the sample times for clock drift, 323 we wrap the waveform samples in time modulo the 324 pulse repetition period, in order to overlay all N p 325 pulses recorded in a single sensor recording. We then 326 time-order the samples and bin them in groups of 327 N bin consecutive samples. The number of samples 328 per bin N bin was chosen to be one-half the number 329 of pulses for the inter-string data, and equal to the 330 number of pulses for the pinger data. The choice 331 of bin size was made independently for the inter-332 string and pinger data because they have different 333 frequency content and signal-to-noise ratio. For each 334 bin j, we compute the mean voltage V j and the stan-335 dard error of the mean σ Vj , which we use as an es-336 timate of the uncertainty on the sample amplitude 337 because the noise is observed to be stable and Gaus-338 sian. The resulting average pulse is one repetition 339 period in duration. For a detailed description of the 340 algorithm used see [22,21]. 341 3.3. Analysis techniques 342 The basic quantity measured by the sensors is a 343 pressure wave exciting their piezo-ceramics for a du-344 ration which depends on the sensor construction, 345 the signal strength and the distance between emitter 346 and receiver (see Figures 3(a) and 3(b)). The signal 347 amplitude A recorded by a sensor is proportional to 348 the input acoustic pressure. For a point source with 349 spherical emission, A depends on the distance to the 350 source and the amount of attenuation by the ice: 351 A = A 0 d e -αd = A 0 d e -d/λ . (1) 352 where A 0 is constant for a given transmitter and 353 sensor channel and depends on the amplitude of the 354 sound emitted at the source and the sensitivity of 355 the receiver; d is the distance to the source; α is the 356 acoustic attenuation coefficient and the attenuation 357 length λ is its inverse. We assume here that α is 358 independent of frequency, position, and direction. 359 We multiply both sides of Equation 1 by the known 360 distance d and take the natural logarithm to define 361 a new variable y: 362 y = ln(Ad)

404 1 .Figure 1 ,

 11 Figure 1, in the 2008-2009 season. The pulse repeti-426

471 4 . 2 .

 42 Fig.3. Waveforms recorded by the same channel when the pinger was stopped while lowering and while raising, for two different holes at a distance of 243 m (top) and 336 m (bottom). Clock drift correction and averaging of the 180 recorded pulses have been applied. In the top plot, one of the waveforms has been shifted in time to overlap with the other one. This slight shift is due to a slight difference in the pinger depth between the two runs (see[START_REF] Tosi | Measurement of acoustic attenuation in south 1058 pole ice with a retrievable transmitter[END_REF]).

496-

  respect to the input amplitude. This has been 497 demonstrated in the laboratory for signals which 498 are within the range of amplitudes considered 499 here. Waveforms which are saturated are ex-500 cluded. 501 We also make two additional important assump-502 tions, which are supported by the similarity of the 503 waveforms recorded by each channel for multiple 504 pinger distances and by the analysis of the received 505 signal in the frequency domain (see section 4.2.2 and 506 in particular Fig. 8): 507 -The pinger emission is constant throughout all 508 sets of measurements taken. 509 The sound transmission in the medium is not af-510 fected by dispersion, i.e., the frequency content of 511 the pulse is independent of the traveled distance. 512 Two types of analyses have been performed on the 513 pinger data: the energy of the full waveform calcu-514 lated in the time domain and the energy calculated 515 in the frequency domain.

516 4 . 2 . 1 . 11 Fig. 4 .

 421114 Fig. 4. Example fit of effective amplitude vs distance for sensor channel BS6-0 installed at 320 m depth. Error bars include the statistical and systematic uncertainty, estimated as explained in the text.

1 )Fig. 5 .

 15 Fig. 5. Attenuation coefficients (with standard error) obtained by energy analysis in time domain. The three channels of each module are indicated by the three data points at and to the right of the corresponding label on the horizontal axis.

Figure 4 . 561 AFig. 6 .

 45616 Figure 4.561

609Figure 7 .

 7 Figure 7.619

628 the region 5 -

 5 30 kHz. Next we compute the effective 629 amplitude A ef f via Equation 6 and apply the same 630 fit procedure as in the time domain analysis.

635Fig. 7 .Fig. 8 .

 78 Fig. 7. Example of frequency spectra of signal plus noise, pure noise and signal after noise subtraction

658 5 .

 5 Inter-string measurement 659 In addition to the measurement performed with 660 the retrievable pinger operated in water, we mea-661 sured the acoustic attenuation using the frozen-in 662 SPATS transmitters. Two independent analyses of a 663 single data set were performed. The processing tech-664 niques used to average the waveforms and estimate 665 the noise-subtracted signal energies use the same al-666 gorithms, in the time domain (see Section 3.1) but 667 were implemented independently to cross-check one 668 another. The signal energies determined by the two 669 analyses are consistent.

670 5 . 1 .

 51 Inter-string data acquisition and processing 671 Data were taken for each transmitter recorded by 672 each sensor in the SPATS array. In each run, one 673 transmitter was pulsed at a 25 Hz repetition rate for 674 40 s. Data from all inter-string transmitter-sensor 675 combinations were collected over a two-day period 676 (April 1-2, 2009). The transmitters require several 677 seconds to reach steady pulse-to-pulse performance, 678 likely due to self-heating of the electronics during 679 initial operation followed by temperature equilibra-680 tion. The initial acoustic pulse amplitude is some-681 what larger than in the steady state, followed by de-682 cay to the steady-state amplitude with a time con-683 stant of ∼2 s. To be sure we are recording in the 684 steady state, we start the sensor recording 11 s after 685 the transmitter begins pulsing. In each run, all three 686 channels of a single sensor module are recorded con-687 tinuously for 20 s, enough time to record 500 trans-688 mitter pulses. The three channels are sampled syn-689 chronously, at 200 kilosamples per second on each 690 channel.

2 .

 2 694were stable during the two-day inter-string data-695 taking period. Several raw noise runs were taken on 696 each channel, interspersed among the transmitter 697 recordings, using the same sampling frequency and 698 time duration but with no transmitter pulsing. The 699 noise runs were processed with the same waveform 700 averaging algorithm as the transmitter runs. From 701 this data the DC offset (µ) and the standard de-702 viation of the noise samples (σ) were calculated 703 for each sensor channel. Each of µ and σ, on each 704 sensor channel, was stable at the few-percent level 705 during the two-day period. 706 For each sensor recording, the mean waveform 707 was processed to determine the noise-subtracted sig-708 nal energy following the algorithm described in Sec-Inter-string single-depth direct analysis 711 This analysis uses a single transmitter recorded by 712 all sensor channels at the same depth as the trans-713 mitter. A single transmitter is used because the dif-714 ferent transmitters are known to have different in-715 herent transmittivity and perhaps different coupling 716 to the ice with respect to one another. Only those 717 sensor channels at the same depth as the transmit-718 ter were used in order to mitigate effects due to the 719 unknown change of transmittivity with varying po-720 lar angle.

Fig. 9 . 5 . 3 .

 953 Fig. 9. Compilation of attenuation fits for the 12 transmitters used in the single-depth inter-string analysis. The weighted mean is shown as a solid horizontal line, and the one-sigma uncertainty of the global fit is indicated with dashed lines.

791whereRFig. 10 .

 10 Fig.10. The 2-level inter-string ratios as a function of Dx. The spread on the points is an indication of the residual polar and azimuthal systematic dependencies. The solid line shows the best fit; the dotted line shows y = 0 for reference.

Figure 10 shows834Fig. 11 . 7 .

 10117 Figure10shows all 172 ratios with the estimated

915

  attenuation length of ∼300 m ± 20 %. 916 Up to 30 kHz no strong frequency dependence of 917 α has been found. There are also no indications of 918 depth dependence of the attenuation up to 500 m 919 depth. 920 Our measured value for the attenuation coeffi-921

923

  are sufficiently small that Rayleigh scattering is neg-924 ligible and attenuation is dominated by absorption 925 due to proton reorientation. However, new data[27] 926 from the SPRESSO site near the South Pole indicate 927 that the ice grains are larger than previously esti-928 mated. Because Rayleigh scattering increases with 929 the cubic power of the grain length, it could be that 930 the attenuation we have measured is dominated by 931 scattering. Another possible mechanism of absorp-932 tion, not previously considered, is internal friction 933 at linear crystallographic dislocations. 934 The weak frequency dependence observed in our 935 measurements below 30 kHz disfavors the Rayleigh 936 scattering hypothesis. New pinger measurements 937 have been taken in the 2009-2010 South Pole sum-938 mer in order to clarify the situation. A modified 939 pinger, emitting a sequence of acoustic pulses at 940 three different frequencies up to 60 kHz, was de-941 ployed up to 1000 m depth in three additional bore 942 holes. Analysis of these data is currently under-943 way, and should allow for a more conclusive study 944 of both the frequency and depth dependence of 945 acoustic attenuation in South Pole ice. 946 Given some of the inherent advantages of the 947 acoustic technique relative to the radio technique 948 (such better shielding from anthropogenic surface 949 backgrounds), this study was undertaken primarily 950 to determine whether the acoustic method could be 951 a basic ingredient of a 100 km 3 hybrid detector for 952 ultra-high energy neutrino detection at the South 953 Pole. The design chosen in [15] with horizontal 954 string distances of order 1 km will not reach the 955 necessary sensitivity, given the 300 m attenuation 956 length reported here. New geometries are under 957 study to assess whether detectors with closer string 958

  the average attenuation coefficient is

	597	of the methodology. Moreover the analysis software
	598	used for the two methods was completely separate,
	599	allowing for an independent cross-check.
	600	For each channel a series of pinger pulses (l =
	601	1, ..., N p ; N p =180 or 144) is recorded. Each pulse
	602	is the sum of signal s and an additive stationary
		noise component n (uncorrelated with the signal),
		587
		588	shown for each depth. No clear depth dependence is
		589	observed.
		590	4.2.2. Frequency domain pinger analysis
		591	The data selected for the frequency domain anal-
			ysis are the same as in the previous analysis, i.e.
		596

592 the attenuation coefficient is obtained from the 593 horizontal pinger-sensor configuration. However, 594 the differences in the method, including averaging 595 and background handling, allow for a cross-check 603 therefore the amplitude x of a sample k at time t k 604

  ) If we then take two transmitter-sensor 787 pairs, transmitters T i and T k heard both by sensors 788 S j and S l , it is possible to construct a ratio[START_REF] Böser | Acoustic detection of ultra-high energy 1055 cascades in ice[END_REF] of

	783	
	784	where A ij is the recorded amplitude of the pulse
		transmitted by transmitter i as detected by sen-
	789	
		amplitudes:

785

sor j and d ij is the distance between transmitter i 786 and sensor j.

Table 2

 2 Summary of results from various attenuation analyses. All of the analyses yield consistent results. How-894 the different effects are summarized and attributed 895 to the individual studies they affect. The pinger ap-896 proach uses the same sensor and the same transmit-897 ter at the same zenith angle and nearly the same quote this result as our best estimate of the attenu-

		Analysis	Measurements α [km -1 ]
		Pinger (time dom.)	48	3.20 ± 0.57
		Pinger (freq. dom.)	39	3.75 ± 0.61
		Inter-string direct	12	3.16 ± 1.05
		Inter-string ratio	1	4.77 ± 0.67
		Transients	13	3.64 ± 0.29
	898		
	899	azimuthal angle at different distances, thereby mit-
	900	igating all effects connected with unknown sensi-
	901	tivities of emitter and receiver. For this reason we
	902	believe it provides the most reliable result. Relying
	903	on the same data set, the pinger analyses in time
	904	and frequency domain are not independent but cross
		check one another using different signal and back-

890 ever, we cannot simply average them, due to the 891 quite different systematic effects (as well as corre-892 lations among them) which affect each of them as 893 discussed in detail in previous sections. In

Table 3 905 ground averaging and subtraction methods. Because 906 there is a higher number of measurements passing 907 selection criteria in the time domain analysis than 908 in the frequency domain analysis (see Table 2), we 909

For each transmitter there are typically three sen-722 sor modules, each with three channels, located at 723 the same depth as the transmitter but on other 724 strings. The acoustic attenuation was measured for 725 each transmitter in the array, after applying the fol-726 lowing two quality cuts to the data. First, the statis-727 tical uncertainty of the effective amplitude at a given 728 channel was required to be 20% or smaller, in order 729 to be considered a "good" channel and included in 730 the fit. Second, there had to be at least one good 731 channel at each of at least two distances from the 732 transmitter, at the same depth as the transmitter, 733 in order for a fit to be performed for a given trans-734 mitter. Note that only five of the nine instrumented 735 depths are instrumented on all four strings. 12 of 736 the 28 SPATS transmitters met these two selection 737 criteria.

738

For each good sensor channel, the quantity y (de-739 fined by Equation 2) was determined following the 740 procedure described in Section 4.2. We performed