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Long-range propagation losses were measured at frequencies from 0.025 to 0.8 kHz to the north 
and south of a receiver at 46 *N, 143'30'W in the Northeast Pacific. To the south of the station, the 
attenuation losses experienced a pronounced minimum near 50 Hz and approached the one-half 
Thorp value at 0.8 kHz. An examination of the behavior of the attenuation coefficient as a 
function of range indicated that a range of at least 700 km would be required to make meaningful 
measurements of attenuation in this area. To the north of the receiving station, focusing of the 
sound due to a rapidly shallowing sound channel prevented reliable measurement of the 
attenuation coefficient at any range. 

PACS numbers' 43.30.Bp, 92.10.Vz, 93.30. Pm 

INTRODUCTION 

As a result of extensive measurements carried out in the 

North Atlantic in the early 1950's, Marsh and Schulkin con- 
cluded that relaxation effects of magnesium sulfate ions were 
the dominant cause of the attenuation of sound in the ocean 

volume. • Some years later, Thorp 2'3 examined additional 
data for the North Atlantic and Mediterranean and found 

that, although the magnesium sulfate ion explanation was 
appropriate for frequencies above 10 kHz, at lower frequen- 
cies a second relaxation mechanism was required to account 
for the anomalously high values observed. In 1973, Yeager et 
al. 4 suggested that boric acid relaxation was probably the 
mechanism responsible. Recent measurements of attenu- 
ation, carried out in a number of oceans, tend to confirm that 
boric acid relaxation could account for most observed values 

of attenuation at frequencies between 0.2 and 10 kHz, al- 
though different concentrations of boric acid would be re- 
quired for different ocean areas. 5 At still lower frequencies, 
attenuation is too high for this explanation to apply and ad- 
ditional mechanisms such as sound scattering from inhomo- 
geneities in the ocean volume have been invoked. 5 Recently, 

67 
Kibblewhite and his associates' have concluded that, al- 
though attenuation losses below 200 Hz are generally inde- 
pendent of frequency, in some areas there is a distinct mini- 
mum near 50 Hz. A number of the above conclusions about 
the attenuation of sound below I kHz have been based, in 
part, on unpublished data provided by DREP. These data 
are presented in this letter along with details of the experi- 
mental and analysis procedures used. 

I. EXPERIMENT AND ANALYSIS 

In September 1973, a major experiment involving 
DREP and a number of U.S. defense laboratories was car- 
ded out to study acoustic environmental parameters in the 
Noaheast Pacific. The primary DREP responsibilities were 
the collection of oceanographic data in the Gulf of Alaska 
and the measurement of sound propagation and ambient 
noise at the location shown in Fig. 1 {46•0'N, 143ø30'W}. 
The sound propagation experiment was conducted along the 
143ø30'W meridian both to the north and south of the receiv- 

er. To the south, SUS charges were dropped at approximate- 
ly 1.85-km intervals by a ship which started at 28ø30'N and 

traveled north towards the receiver. To the north, SUS 
charges were dropped from an aircraft at approximately 15- 
km intervals along a track extending from the receiver to the 
Alaskan Shelf. Thus ranges in excess of 1000 km were real- 
ized both to the north and south of the receiver. 

The experiment covered different oceanic zones with 
Eastern North Pacific water in the south and subarctic Paci- 

fic water in the north. A transition zone separating the two 
water masses extended roughly from 42ø30'N to 47ø30'N. 

The bathymetry and sound-speed profiles along the 
track are shown in Fig. 2. A!ong the southern segment of the 
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FIG. I. Region of experiment in Northeast Pacific Ocean. The propagation 
experiment was conducted along the 143ø30'W meridian from 28øN to 55øN 
with the hydrophone located at 46øN. 
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FIG. 2. Bathymetry and sound-velocity 
profiles along propagation path. 

path, the velocity-depth profile shows the deep sound chan- 
nel axis near 700 m at 40øN rising to 400 m at 46øN. It then 
rises steeply and begins to merge with the surface sound 
channel at a depth of about 100 m near 49øN. From about 
5 IøN northward it remains relatively constant at the 100 m 
depth. There are two notable bathymetric features along the 
pa[h; the Mendocino Fracture Zone near 40øN and the Path- 
finder Seamount near 5 IøN. To the south of this fracture 

zone, the average ocean depth increases abruptly by about 
600 m to approximately 5300 m and it remains relatively flat 
southward. North of this zone, the ocean bottom rises gradu- 
ally from 4700 to 4000 m just south of Pathfinder Seamount. 6o 
The seamount itself rises to a depth of about 1100 m. 

The hydrophone at 46øN was suspended at a depth of 
400 m, near the axis of the sound channel at this latitude. The ,oo 
charges were detonated at a depth of 91 m for both the south- 
ern and northern runs. ,4o 

Acoustic signals from each shot were recorded together 
with a sample of the ambient noise before the shot arrival. 
For analysis, these time series were segmented, fast-Fourier .• ,,o - 
transformed, and squared. Each of the two resulting energy o 

spectra for the shot plus noise and for the noise alone were z 220 
integrated over l/3-octave bands to obtain energies centered 
at the eight frequencies 25, 50, 100, 160, 250, 400, 630, and 
800 Hz. A noise subtraction was carded out to obtain esti- o . 

mates of the received shot energies which, when combined ,oo 
with shot source level values, provided losses in the eight 
frequency bands. 

The accuracy of the propagation loss measurement is 
dependent on the precision with which the noise removal 
process can be carried out. This process is in turn dependent ,,o 
on the variability of the noise sample as well as on the signal- 
to-noise energy ratio (S/N). From an examination of the 
noise variability, it was estimated that the propagation loss 22ø0 
could be measured to within an accuracy of 1 dB provided 
that only data with a S/N ratio exceeding -- 3 dB were used 
in the analysis. The adoption of this criterion had no effect at 

low frequencies but it limited the usable data for the two 
highest frequencies to a maximum range of about 800 km for 
the southern run. 

II. RESULTS 

A. ProPagation loss 

The measured values of the propagation loss in the var- 
ious 1/3-octave bands are shown in Fig. 3. In the southern 
run, the convergence zone structure, about 45 km in zone 
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FIG. 3. Propagation loss versus range with successive 10-dB offset starting 
from 25 Hz. (a) Propagation loss for southern run and (b) northern run. 
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FIG. 4. Attenuation coefficient versus frequency for the southern run. Ver- 
tical bars designate the 95% confidence limit. (1.0} denotes Thorp's formula 
0.1 l f2/(1 +f2) + 0.011f 2 and (0.5) denotes 0.055f2/(1 +f2) + 0.011f 2 (f 
in kHz}. 

spacing, is well defined to ranges of several hundred kilo- 
meters [Fig. 3(a}]. At high frequencies, the propagation loss 
increases rapidly with range, in accordance with the steep 
increase of the attenuation with frequency. 

For the northern run [Fig. 3(b}], the propagation loss 
exhibits considerably different behavior from that observed 
to the south even allowing for the larger spacing between 
charge drops. There is greater loss at close ranges and the 
convergence zones are no longer well defined. Moreover, as 
the range increases the propagation loss remains relatively 
constant and, for low frequencies, actually decreases in val- 
ue. This behavior is attributed to focusing which results from 

the shallowing of the deep sound channel to the north. 
In both the southern and the northern runs, the propa- 

gation loss appears to be unaffected by the bathymetry along 
the path as neither the Mendocino Fracture Zone nor the 
Pathfinder Seamount appears to influence the propagation 
level. This is in agreement with the behavior of long range 
SOFAR propagation in which most of the acoustic energy is 
propagated within the deep sound channel. 

B. Attenuation coefficient 

In the computation of the net volume attenuation, cy- 
lindrical spreading is explicitly removed from the measured 
propagation loss for each frequency band. The residual 
propagation loss is then fitted by linear regression with the 
range to yield the net volume attenuation coefficient. 

For the southern run, the portion of the data ranging 
from 38.9øN to 46øN was selected for this computation, 
where the lower latitude represents the range beyond which 
the data in the high-frequency bands became unusable. The 
resultant attenuation coefficient is shown in Fig. 4. Between 
250 and 800 Hz, the coefficient lies between the full- { 1.0) and 
half-Thorp {0.5) curves. Below 250 Hz, it begins to deviate 
from the Thorp curves. It attains a pronounced minimum at 
50 Hz with a value of about 0.001 dB/km and then increases 
to 0.004 dB/km at 25 Hz. The values at 100 and 800 Hz are 

approximately 0.003 and 0.03 dB/km, respectively. These 
values are comparable to those determined earlier from the 
DREP data. 5 

For the northern run, because of the focusing that oc- 
curred, similar computation would result in meaningless co- 
efficients; in fact, for frequencies less than 250 Hz, the result- 
ing coefficients would be negative. This focusing can be 
demonstrated by a computation of the propagation loss via 
the parabolic equation approximation using experimental 
velocity-depth profiles and bathymetry along the propaga- 
tion path. Figure 5 displays the results of such a computation 
for both the southern and northern runs at 100 Hz. For the 

southern run, well-defined convergence zones and a steady 
increase in propagation loss with range repeat the behavior 
already observed in the corresponding experimental data. 
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FIG. 5. Comparison of the propaga- 
tion loss for the northern and south- 

ern runs computed at 100 Hz via the 
parabolic equation approximation. 
The bathymetry and sound-velocity 
profiles from Fig. 2 were used. 
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FIG. 6. Variation of the attenuation coefficient with range for the southern 
run. 

However, for the northern run, there is little or no increase in 
loss with range to about 1000 km and, other than the few 
zones at close range, there is no convergence zone structure. 
This also mirrors the behavior of the corresponding experi- 
mental data. This atypical behavior is associated with the 
shallowing of the deep sound channel axis to the north. Due 
to this shallowing, successive SUS charges detonated closer 
to the channel axis as the range increased. Thus the propaga- 
tion became progressively more like axis-to-axis propaga- 
tion. The consequence of this is twofold: successive shots 
input a greater portion of the shot energy into the SOFAR 
propagation and signal enhancement results. Also, in axis- 
to-axis propagation, convergence zones become less well de- 
fined than if either the source or the receiver or both were off 
the axis. 

Recently, Hanna and Rost 8 pointed out that range-de- 
pendent environments could adversely affect the measured 
attenuation and that no specific form of geometrical spread- 
ing assumed can be defensible. The strong signal enhance- 
ment in the northern run data and the resultant negative 

attenuation coefficient when cylindrical spreading loss is as- 
sumed reinforce these authors' conclusion. 

C. Spatial variation of the attenuation coefficient 

To look for spatial variation in the attenuation coeffi- 
cient, the propagation loss data for each frequency band in 
the southern run were divided into sets, each having a com- 
mon minimum range but with each successive set spanning 
an increased range interval. For each data set, the attenu- 
ation coefficient was computed and plotted against the maxi- 
mum range of the set. In this manner, the spatial variation of 
the attenuation coefficient with increasing range can be ob- 
served and used as an indication of the range over which a 
reliable value for the coefficient may be determined. 

The spatial variation of the attenuation coefficient is 
shown in Fig. 6. For each frequency band, the attenuation 
coefficient undergoes spatial oscillations to a maximum 
range of approximately 300 to 700 km with a structure some- 
what like the convergence zones in the propagation loss data. 
Beyond 700 kin, the oscillations are almost damped out and 
the coefficients setfie to relatively constant values. For 
greater ranges, there appear to be definite trends with the 
coefficient increasing and decreasing with range for frequen- 
cy bands above and below 250 Hz, respectively. However, 
these variations are within the 95% confidence interval and 

so their significance is unclear. Note that at ranges in excess 
of 500 kin, the attenuation coefficient at 50 Hz is less than 
that for all other frequencies which is in keeping with the 
results displayed in Fig. 4. 
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