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LOW-FREQUENCY ACOUSTIC SOURCE LEVELS OF
LARGE MERCHANT SHIPS

INTRODUCTION

The importance of shinping noise as a contributor 10 ambient noise levels in the ocean has long
been recognized. In the .ast two decades. increases in the amount of shipping. and changes in
engineering characteristics of the world’s merchani fleet have combined 10 make shipping noise levels
higher than ever before. As sizied by Ross. ...one must conclude that in the last 25 vears ambient
noise has probably risen about 10 dB in those areas where shipping noise dominaies. furthermore. ship
noise must now have become a dominant factor in some areas where 1t did not previoasly control {1}

BRI L L I LS 2

Models of surface-shipping noise must 1ake into account the newer and larger merchant ship
tyoes. such as sup2riankers. since these ships can be expected to be prime contributors 1o ambient
noise levels in areas where they operate. To gei reliable data as input 10 such models. the Naval
Pesearch Laboratory conducted two experiments (in 1973 and 1977) 10 measure source-level spectra of
large merchani ships [2] In both experiments sonobuovs were deploved in the paths of ships found
: under way in major shipping lanes in deep water. This report consists of an analysis of the data
abtained from 14 subject ships—half of them supertankers—and comparison of ihe data with available
modzls of the ship noise spectra.
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s " We believe that this set of nois2 measurements is a unigue data base for large merchant ships.
E : The measurement geometry was arranged to make the determination of source-receiver range and
transmission foss as straightforward and nearly unambiguous as possible. in cach case a row of five
sonobuoys. at 926 m spacing. was air-dropped across the ship’s track. The sonobuoy deptin was 3053 m
Usually the drop was successful in centering the buoy line across the track, so that there were receivars
cn each side of the ship with ranges at closest approach (CPA) between about 400 and 1300 m. At
these ranges from the source. sound reception uncontaminated by either bottom reflections or Liovd's
mirror interference fringes. for the frequency range 2 1o 128 Hz. could be achieved. Aopendix A,
which is extracted from Ref. 2. describes the conduct of the aircraft operations and sound recording in
more detail.
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The daia base consisis of a st of 14 3-channel acoustic recordings. each about 20 min long. and
also z fairly complete sct of acoustically important cagineering parameters for tne subject ships. Each
‘ ship was identified. and in most cases the operating companies responded to inquiries with information
Z X about ship dimensions. propeller characteristics. and operating conditions at the time of obsenaton.
Table 1 summarizes the experimenial parameters and the operating characterist'cs for cach ship.
Appendin B contains photographs of several of the ships at the time of measure.nent. Vabdle 2 15 2
summary of the measured source ievels for the first three blade frequencies and broadband levels for
two selected frequencies in the continuum.

SN Vg
s treep R

s,
it e

DATA PROCESSING

The 2coustic recordings were initially digitized at a frequeney resolution of 1 Hz, with 73% over-
lap: i.e.. spectra representing 1 s of integration time were generated at intervals of 1/4 5. A hardware
fast Fourier transform with Hanning tapering was used in this mitial stage. The digital data base thus
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Table 1 — Characteristics of Subject Ships

S tas A A S,

-

1S - Estimated
; R Ship Type* :;:ff Flag Built Date  |Latitude [Longitude Dc‘:x:c(:n) Wave
: N Height (f0)
3 Australian Endeavour Cont {2ST | Austzalia | 1969 (W Germ) | 1/16/77 132 25N | 14 39W 4350 3
3 R Belcargo Ore | DD | Norway | 1975 1723/77 {33 12N | 13 13W 4250 3
H X Blumenthal Refr {2DD | W Germ | 1974 1719/77 |{3705N | 00 ioW | 2650 3
3 = Chasc Venture Tank {2ST | Liberza | 1975 Uapan) 1716/77 {32 20N | 14 29W 4350 3
3 ;’: Esso Kagoshima Tank {2ST | Liberia | 1973 Uapan) 8/29/75 |3939N | 11 18W | 4500 3
. s 3 Flora N Bulk | DD | Grecoe | 1973 (Taiwan) | 1719777 |37 26N | 02 18E 2700 2
: Lagena Tank | ST | W Germ | 1974 8/31/75 |3905N | 1124w | 4000 2
Lottia Tank |2 ST |W. Germ.| 1975 1715777 {33188 ] 1334w | 4400 3
i > Manhattan Prince Tank | DD 'Singapore | 1974 (Japan) 1719777 |372IN | 02 17E 2700 2
: Mostoles Tank | DD ! Sain | 1970 8/27/75 |34 26N | 09 54W | 4300 2
2 Sea Sain Tank {2ST | Sweden | 1974 172477 |3358N | 1405W | 3950 1
3 3 Takara Bulk | DD | Norway | 1968 Uapan) 1723777 |32 59N | 1333w | 4300 3
i B Thor Bulk | DD |W.Germ.} 1973 172477 {31 18N | 14 14W | 3600 1
e e World Dignity Tank |2ST | Liberia | 1975 UJapan) 8/29/75 |36 04N | 1234w | 5000 3
; * Cont : High-Specd Container Ship
H - Ore : Ore Cargo Ship
{3 H Refr : Refrigerated Cargo Ship
i - y Tank : Oit Tanker
3 R Bulk : Bulk Cargo Ship
% H +ST : Steam Turbine
E: : DD : Direct-Drive Dicsel
3 =
S
% Table 1 — Characteristics of Subject Ships (Continued)
i : . Speed Tonnage |Length{Beam lDrafl Shaft Propelier l
: g Ship Courset (k1) [P™1(1000 DWTH{ (m) | (m) | (m) [Depth (m) [Diameier (m) [BladES
. Austratian Endeavour | 199 | 200|122 14 217 | 29 |100] 62 63 4
R g: Belkargo 044 | 150|111 109 266 | 38 {139 99 6.8 4
: Blumenthal 255 119.7]128 12 146 | 22 {95 35 6.0 4
i Chase Venture 199 | 1195 &1 280 340 | 53 216 41 36 5
. 2 Esso Kagoshima 022 | 145} 83 257 338 | 52 {203 144 92 5
: k- Flora N 251 | 136|117 29 181 | 25 1104 16 6.0 Xl
Lagena 019 | 146 78 3imn 351 | ss {221} 152 92 1
& Lontia m | 155] 721 3 321 | 56 j123F 58 92 3
£ Manhattan Prince 085 | 162107 85 245 38 [137 80 60 5
Mostoles 042 | 12614 103 26 139 1196 146 63 4
; Sea Saint 197 | 132 66 356 362 | 60 {131 71 91 5
= Takara 015 | 15.1 104 57 24 132 {116 76 39 5
£ Thor 19 | 1551100 146 303 143 {122 79 74 7
A 3 | World Dignity 022 [ 177 86 b 31| 337 | ss j210f 130 $6 3
3
; <
3
3 : ) 2
i
H
X
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Table 2 — Summary o

f Experimental Results

Measured Mcasured Monopole Blade Monopole Broadband
Esti d [CPA Ranges]Line Frequencies Line Levels Levels
Ship Cavitation {m) (Hz) (dBre uPa @ Im) {dB re uPa/Hz @ Im)
Depth (m); R L iShaft; Blade Mcasared Model Predictions] Measured |Model Predictions
NH1L A AL fi 1501|100 He jso Hz] 100 12
Ausiralian Endeavour 40 473 1 4713 | 20 8.0 197 | 185 | 182 178 172 159 173 169
Belcargo 16 472 1 262 1 19 15 189 | 174 | 168 176 164 156 173 169
Blumenthal 24 400 | S99 | 21 8Ss 185 | 173 | 165 175 163 157 174 169
Chase Venture [ 470 | - 10 s1 197 {189 | 177 178 172 164 16S 160
Esso Kagoshima 1.1 400 | SS3 | 14 6.9 196 | 181 | 179 182 169 164 174 170
Flora N 28 390 | S3 18 1.7 185 | 186 | 181 173 170 162 17t 16?7
Lagena 120 430 | s18 | 1] 52 200 | 182 | 174 m 166 161 172 167
Lottia 26 408 | 445 | 1.2 48 197 | 188 | 180 176 166 183 170 16S
Manhatian Prince 59 179 | 00 | 1.8 89 190 | 180 | 176 176 166 166 170 16S
Mostoles 124 444 | 444 | 19 7.8 193 | 175 | 14 174 166 165 172 167
Sea Saint 39 950 | 929 | 1. sS 192 { 183 | 180 178 i 160 168 164
Takara s 170 | 638 | 1.7 86 184 | 174 | 170 18 165 160 169 164
Thor $3 m 16217 116 187 | 173 | 169 186 161 161 175 17
World Dignity 100 405 | 492 | 1.4 1.2 193 1 183 | 178 181 163 161 174 169

created was used as the input to second-stage Fourier analyses (zoom FFTs) at finer frequency resolu-
tions. Most of the zoom-FFTs, such as those used for the source-level spectra of Appendix C. were
done at a frequency resolution of 1/4 Hz, in the frequency barnd O to 128 Hz. The finest resolution
used, in analyzing blade-line widths, was 1/64 Hz. In all cases, a sofiware FFT with Hanning tapering
was used in the zoom processing. il :

Figure 1 shows typical spectra, in which discrete lines are seen well above the continuum at fre-
quencies up 10 100 Hz. The logarithmic plot versus frequency accentuates the periodic nature of the
discrete line structure. These spectra satisfy one essential condition for making reliable source-level
measurements at all frequencies: the levels rise above background, over the whole band, during time
of ship passage. This condition was satisfied for all 14 ships analyzed. The highest curve is a beam-
aspect spectrum (at CPA): the srern and end spectra are at angles of 82° and 87° beyond beam. The
15-dB rise in level as the ship passes was typical for all ships. The lowest curve is a system noise spec-
trum in the absence of signal, calibrated as a received level for comparison.
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Fig. | — Received-leve! spectra for a large diesel tanker
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B The rise in received level is used to esamate the time of the closest approach of the ship (CPA).
and 1o determine between which iwo buoys the ship passed. In Fig. 2, received level versus time for a

spectral line (blade-rate line) and for a 1-Hz region of the broadband spectrum are shown. Evidently.
the time of CPA can be determined to within 10 s.
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Fig. 2 — Received-level time histories for a large sicam-powered tanker. showing the peak a1 CPA
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TRANSMISSION LOSS DETERMINATION

P N
rat 9 paet

N The inertial navigation sysitem of the aircraft was used to track the target ship. and 10 record the
, g locations of the buoys. Figure 3 shows a typical ship track, with some of the fixes from which the track

: was estimated. The computed track is a constant-speed rhumb line oblained by a least-squares fit to the
) =3 fixes. The track estimates generally agreed well with uperator reports of course and speed, but they
’ ) were not accurate enough in relation to the buoy locations 1o be used for source-receiver ranging.
Examination of the acoustic recordings generally showed unambiguously where in the buoy line the
ship passed: therefore. we have used the acoustic data for source-receiver ranging, and have based the
: ; calculation on the closest receivers 1o the ship’s track; i.e.. those for which bottom returns can be
’ neglected. We assume that the source of radiated noise is propsller cavitation, and that this scurce is
lncalized at a point between the propeller shaft and the 10p of the propeller disk. This means that all
source depths in the measurements were less than about 12 m below the surface. so that surface
interference effects are important.  Accordingly. the transmission-loss calculation adopted was 2 simple
A . isovelocity calculation of the direct and surface-reflected path lengths, and coherent addition of ihe two
rays. The ranging and transmission-loss calculation procedure is summarized as follows:

RN A O A T E M U Y it

M - 2ihee GA%

L] Determine the two closest buoys and the CPA times (the ship track data is helpful in
determining whether CPA occurred simultaneously at all buoys).
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Fig 3 — A computed ship track with arrcraft fiv locations and buoy iocations
from incriual navigation data

®  For the two closest receivers, compute the mean received levels for the first three blade
lines. Since transmission loss varies approximaiely as 40 log r. where ris the slant range.
preliminary estimates of the two CPA ranges can be made.

Using thess estimates. compute mean source levels for the first three biade lings at the
two buoys. Correct the range estimates and repeatl the source level computation uniil
these mean levels agree. In each step. a rwo-minie mean source level about CPA is com-
puted by calculating transmission loss separately for 30 focations on the track. 4 s apart in
the data record.

7Y 49 A v rartana®innd (AP R b s o

PO

This procedure assumes that the blade lines are produced by an omnidirectional point source (we have
assumed right-left symmetry and no dependence on depression or horizontal aspect angles: the Liovd
' mirror dipole pattern is built into the transmission loss calculation). The resultant specira are for a
monopoic source at | m. One measure of the validity of the assumptions is how well the curves
correspond over the whole frequency range, for different buoys. Figures 4 and 3 show some compari-

: sons for buoys within the 200 10 1300 m range window and give an idea of the variability of the results.
H In addition to these source level specira—essentially broadside measurements—we saow in Figs. 6
F 10 9 some polar plots of source level versus horizontal aspect angle for four blade lines of the World

Dignity. Cybulski [2] computed these levels from the NRL data by using a wave-theorstic tFFPY pro-
gram [3] for transmission-loss determination, and comparing the results obtained when the botiom was
assumed to be (a) completely reflecting. and (b) completely absorbing. As the angle from broadside
increases (along with the range from ship 1o receiver). a point is reached where the two FFP
calculations differ by more than 6 dB: at this point the ¢ffect of the boitom is assumed 1o be uskaown
and the plot is cut off. For smaller angles the mean of the two transmission-loss calculations is used.
In the figures bow aspect is on the positive ordinate axis (top of figure), and corresponding pairs of
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Fig. 4 — Source level spectra for Takara at three CPA ranges
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receivers on right .und left are plotted together. The plots mostly show increasing levels for aspest
angles approaching bow and stern but 1t should bz borne in mind that the computed transmission loss
) had Lioyd-misror interference from s perfectly reflecting surface built in. This condition may not be
3 satisfied for the higher aspect angles because the ship’s hull gets in the wav. or because scattering from
the ship’s wake aad at longer ranges (smaller angles of incidence at the surface} reduces the amplitude
of the image source. In any case, the plots show no sysiematic directionality within the 2-min segment
: of the data that was used for the broadside source level calculation. This segment includes angles up to
1 about +53° from beam aspect for the closest receiver, and up 1o about +21° for the farthest.

X

) : Appendix D is an outline of an error analysis of the procedure. Estimates of errors in the param-
eters used in the calculation are used in propagation-of-error formulas to estimate the uncertainty in the
computed levels. The analysis shows that, of the sources of error considered, uncertainties in hydro-
phone caltbration and source depths are dominant sources of error in the measured levels. Because of
the large number of hydrophones used, they were not calibrated individually; instead an average cali-

weay Prren ¥

£ .

? 2 bration curve was used. The standard deviation of the calibration curve was about 2 dB. The source
E depth used for each ship was an estimate of the depth of maximum cavitation on the propelier: the
‘ : shaft depth minus 35% of the propzller diameter. The transmission loss varies as 20 log y,. where ), is
i ¢ the source depth, so that the computed source levei is quite sensitive 10 errors in this estimate, espe-
E : cially for smaller ships or for tankers not fully ballasted.

{

{ LINE STRUCTURE
¢ Appendix C consists of a set of source-level specira for all 14 ships processed for this report. The
3 spectra are clearly dominated, up t¢ about 60 Hz, by a series of discrete lines. These are harmonics of
b : the propeller shaft frequency n. If Bis the number of blades on a ship’s propeller. the blade frequency
R 1 = nB. The blade frequency line and its harmonics are invariably higher in level ihan the rest of the

shaft-rate harmonics. For the diesel ships. a firing-rate line, typicaliy /= 9n, 1s comparable it level
with the blade lines.

R L S R AL

i We compare our biade-iine results with the semi-empirica! model of Gray and Gre=ey [4;. This
b is a cavitation model which relates monopole line level, L., for the first few blade lin. > only iwo
3 parameters. f,. the blade fundamental frequency, and ¥,,. the maximum cavitation voiume on a pro-
R H. peller blade during a revolution:

h >
k| 3 lﬂ’ fipV,
: g L;=20log =
= i 2V2r
iR B
; . where p is the density of the medium and r is the reference range The maximu  cavitation volume is

estimated by the emvirica! relation

T

v, = 30105 D%,

: where the propeller diameter Dis in melers.

¥ os Ha T it § .

It is cften desirable to characterize merchant shirping as distributed in two fundamental parame-
- 12rs: ship length and speed. empirical formulas to relate blzde frequency and propelier diameter to ship
- length in meters in the Gray-Greeley model are:

fi=8Hz. D=0.12L%3,

where the propeller diameter D and ship I=ngth L are in meters. In comparing the NRL measurements
with the Gray-Greeley model 141, we can use the actual known propeller parameters. Figures 10, 11,
and 12 arc plots relating measured and predicted levels for the first three dlade lines for all 14 ships.
The mean and standard deviation of the difference is shown for each graph. These measured-predicted
differences are very large for the blade fundamental, and decrease markedly as the harmonic number

i
‘
Y

E
b
Fy

&

2

&

&

<

P2

poe

§

4

i

s




TR LTI e e T R

MEASURED LEVEL INdBre uPa @ { m

MEASURED LEVEL INdBre uPa®im

B e R A s e

LI ST e,

NRL REPORT 8677

200 -

s 4

b4 7/
Vs
® s
. /
1904 : /
/
b4
s s
-4 7
Vs
1804 7
7/
/
/
/
7/
1704 y
d =147dB
g=62dB
s
180 r - -
160 170 180 190 200

PREDICTED LEVELINdBre uPa @1 m

Fig. 10 — Measured source levels vs model predictions for dladz

fundamentats of 14 ships

200 -
Ve
4
Ve
1904 s
s ,
s ’
4 | 3 Y
® E
s ‘/
180 s 7
s
s
] ./
28
/s s
y
1704 ,
d=34dB
o=73d8
/s

160 — T T

160 170 180 199 200

PREDICTED LEVELINdABr . yPa @1 m

Fie. 11 — Measured source levels vs modsi predxctions for first blade

harmonics of 14 ships

PR A S e T i T P T R s 3




A JAR Wb @ 7

9

PRMBaaitvr-Are ot g

dipr s § me e By w1 e

s b

L
27

ey

21y WAL EL Y P

-

iy, e

L TR 28 T I A B LA e

IO F03 A SATTgPL A < £ 0 Ss g e sl SAXTARIRT I LS,

)

YONY FApatIN EN AP

e

TR BRI w A R

L
YR e denth ves So ey

peyTreasraryey

CLarpwye)

¥
54
3
.
B
o
)

PN o S A e A I e e o s

WRIGHT “ND CYBULSK!

200
E 7/
- /s
g /
o Vs
Q. 1904 4
31 ’
o s/
m /s
T . /
z ]
< 1e0- s 7
A 7 o*

/
Z .
/
o /
Gl 4170 s
o 170 7 . _ s
a 4 d=-19dB
/s

< s
m s og=68dB
= 7/

160 Y T T

160 170 180 190 209

PREDICTED LEVELINdBreuyPa 2 1m
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increases, while the standard deviation is about 6 dB for each comparison. This standard dewviation is
about the same as that attributed in Ref. 3 10 the empirical formula above, relating maximum cavitation
volume io propelier diameter.

The model predicts that the first three biade lines of a given ship will have equal source level. It
is evident that our measurements disagrec markedly for frequencies below about 13 Hz. or approxi-
mately for the first two dlade iines. For the third biade line. the differences between measurement and
model are within the variances esitmated by Gray and Greeley. about 8 dB [4]. The measured ievels
suggest sirongly that the caviitation model is inadequate for lzrge ships. below about 15 Hz.

A uscful way of presenting source-level data is in the form of a probability distribution of source
ievels. Grav and Greeley applied their semiempirical model to an estimated distribution of ship param-
elers in the world merchant fleet, and produced estimated source-icvel distributions as functions of ship
size class and source depth. The appropriate comparison for the NRL data samplie is their 2stimated
distribution for ail world merchant ships over 700 ft in length, with source aepth taken as 32 f:. Figure
13 shows the distribution of the NRL data (12 ships over 700 ft in length) plotted as solid bars. with
the G:ay-Gieeley distribution plotted as dashed bars. The NRL data set is for the second blade har-
monic; i.c.. for the frequencies above about 153 Hz. Our sample peaks at about the same Isvel as the
model distribution, but has less variance about the peak.

The discrete lings in a ship spectrum are of a complex nature. Figure 14 is a plot of a time-series
of recenved-leve! spectra in a 1-Hz interval about the blade fundamental of the World Dignity. 4 large
stecam-powered tanker. Time increases down the page :t 8-s intervals. An arbitrary floor level
simplifics the plot except in the high-intensity time window near CPA. The frequency of the blade har-
montc oscillates 1n sawtocth fashion about 1ts me o value of 7.2 Hz. with a period of about 2 min. The
amplitude of this oscillation. about 0.1 Hz. 1s la.ec cnough 1o obscurs the doppler-shift ance on the
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cunne. The other blade lines of this ship show the identical oscillation. with amplitude proportional 1o
, line frequency, indicating that the propeller shaft rate varies about +1.0%X about its mean »alue,
presumably because of long-term shaft depth or wake variations for a ship under way. Most ships
; showed this kind of long-term line frequency variation, with the median amplitude 0.3> of mean ling

sy owal Iy pesa, /vt Mty i St Hetnang ek

POTERN

: §
; frequency.
k- In addition io a long-term frequerncy variation, the discrete lines in the ship spectra have compli-
: caied structures, which appear 1o include sidebands. 1t is not possible 10 characierize the spectral lines
i : adequately by simpic 3-dB bandwidths: we have selected the weighted rooi-mean-square bandwidth as
. i the meihed of computing line width. This is defined, as by Shooter et al., [3] by the equation:
: £ N,
: e Y (C - N)-(f,— /)
‘ § BW= = < . where
: 1 T(C-N)
3 -
K J, is the frequency corresponding 10 the 2h Fourier amplitude C, of the frequency spectrum. N is a
g 2 noise floor estimate for the Fourier amplitudes in the summation window from i =110 V.. and fisa
N weighted mean frequency:
- '\-.
; Y (G- N,
4 N - e
H f= -~ -
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The computed rms line widths depend. of course, upon the width of the summation window. We have
tried to select the summation windows and noise power estimates objectively 1o enclose the eatire line
structure. but it is not always possible to choose values unambiguously. We have used a basic max-
imum summation window width given by:

W =15 5 < 12,
W=5+02x (fy—12) 12< f, < 49.5, and
W=15 £ > 4935,

where f, is the nominal value of the line frequency. For steam-powered ships appearing to have a
pedestal structure about the blade lines. this was increased by an arbitrary factor of 2.0, but the window
was never broadened enough tc enclose adjacent shaft lines.

Noise floor estimates are compuied by considering a frequency window of width M’ centered at
the line frequency. and searching the 1.5-Hz interval just below this window for the 0.25-Hz subinterval
of lowest power. (This subinterval contains 16 samples at a binwidth of 1/64 Hz.) A similar upper
noise-floor estimaie, for a subinterval jusi above the summation window. is also compuied. The mean
of the upper and iower values is used as the noise-floor estimate.

[E2ARRY AR TLIRSI T AU SIS0 @ s o -t teagy Prenten

Figure 135 is a composite plot of rms blade-line widths for sev=ral ships. plotied as a funciion ¢f
blade-line number. Evidently, the rms widths are roughly proportional to harmonic number. which is
predicted by an analysis of cavitation power spectra [6].
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THE CONTINUOUS SPECTRUM

! P

e X 2 As the measurements indicate. merchant ships produce both discrete hinss and a broadband con-
¢ / : tinuum. This continuum is altributed. according 1o theory. io the same propeller cavitation that pro-
\ } duces the blade and shaft lines. and the broadband level should reach 2 mavumum between 30 and 160
Bs Hz
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WRIGHT AND CYBULSKI

An analytical model for broadband source level in the continuous spectrum is that of Ross [1],
which relates monopole source level, Ly, to propeller tip speed. U,. and aumber of blades. B. by the
formula

U B
— + 101 -,
25 m/s %% 3
where Ly(f) is an empirical function of frequency. In Figs. 16 and 17, measured broadband levels are
plotted against levels predicted by the Ross model for two frequencies, 50 and 109 Hz, the mean
difference and standard deviations for these curves are comparable with those for the discrete-line com-
parisons.

Theoretically modeled broadband source levels invariably decrease monotonically on either side of
a peak frequency generally between 350 and 100 Hz. The measured source level spectre tend t6 have
peaks in this frequency range, but they also show a sharp rise with frequency decreasing below about 13
Hz. One possible czuse which was considered for these large low-frequency values was induced flow
noise in the turbuient boundary laver on the ship’s hull {7]. To test whether this dipole radiation might
have been detzcted in our short-range measurements, the flow-noise-induced levels were computed as
functions cf time for exiended sources simulating all 14 ship hulls passing the sonobuoys. The com-
puted r<ceived-level spectra agree well in frequency dependence with the measured levels. down to
abou! 4 Hz. but they are 10 dB or more lower than the measured levels. Also. the measured shafi- and
blade-line levels appear to increase with decreasing frequency in the same fashion. A tentative
nivpothesis is that the lines excite hull vibrations which reradiate energy detectable at short range, and
that the broadband energy detected consists of pedestals and sidebands of the lines.
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CONCLUSIONS AND RECOMMENDATIONS

In the NRL experiments. air-dropped sonobuoys were used successfully for source-level measure-
ments of 14 ships. With our receiver depth of 305 m, measurements in the frequency range of 15 10
128 Hz can be made with two buoyvs 2t about 300 10 600 m and 800 1o 120G m from the ship’s track.
The method of dropping an equally spaced line of five buovs produced this result in almos! alf cases
The error analysis indicates that our measured source levels are valid to within +6 dB in the frequency
range 1510 128 Hz.

The observed increase in blade-line level with decreasing frequency. below about 13 Hz. is not
predicted by a recently formulated shipping noise model {4]. Above this frequency. our measured
monopole dblade-line levels are comparable with model predictions. withir an estimated variance about
equal 10 that predicted by the model. The rising levels at the lowest frequencies may be caused by rera-
diation {rom the ship’s hull: this question should be investigaied further. Root-mean-square blade-line
bandwidths are approximately proportional 10 blade-line number, and this is fikewise consistent with
current mode! predictions.

Our measured broadband leveis at two sclected {requencies are about 6 dB below ine monopole
levels predicted by the Ross model. with variance also abour 6 dB.

It is recommended that further studies be conavcied of biade-line width and line structure. The
NRL shipping roisc data base is a uniquely appropriafe 2nd convenieat resource for such studies.
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OPERATIONAL CONDUCT OF EXPERIMENTS
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Sensor Hydrophone and Environmental Constraints

ST vty

Acoustic instrumentation was asailable in the form of AN/SSQ-57A (XN-3) sonobuoy, modified
[A1] for very low frequency (VLF) response to 1 Hz with a 305 m hydrophone. This unit is air deploy-
able from the NRL EP3A research aircraft. A deep hydrophone sensor was selected to receive signals
unconiaminated by a botiom return for range separations as great as possible, to awcuire reliable data
approaching bow and stern ship aspect angles. However, the modification of the buoyvs was such that
they were considered 10 be seif-noise limiting at about sea state 3. generaliv characterized by whitzcaps
of 1.5 m wave height.

A oL ARl

{vheanit

B [t eeaeda o

Thus. an important consideration was the daily Fleet Weather Center (FWC) forecast of wave
height contours over the areas of interest. Personnel of FWC ROTA. Spain provided a real wave
height 2 to $ ft contours in 1 fi intervals. With this chart daily operations were logically restricted 1o
those regions of a 3-ft wave height and less. Generally the prognostications were found to be accurate.
although generally higher by about 1 fi.

E | EAETTACAr S Lan i

;
%
i.
L

Aircraft Platform—Typical Gperations

Staging out of ROTA permits the aircraft 1o reach the farthest operating area selected with 2 hours
transit. This allows 6 hours 1o search for ships, ships’ screening and acceptance. rigging (ships’ course,
speed and photographs) and acoustic data acquisition procedures before a transit back 1o base while
maintaining flexibility as to aliernate landing fields. The Lition Inertiai Navigation System (INS)
aboard an aircraft was to be the primary navigational instrument. During the transit 16 the shipping
lane in the area, a calibration is made of the analog and digial systems emploving CW tones and a ran-
dom noisc geacrator with a transmitter test set. After reaching the shipping lane. a scarch either to the
north or south is made. After an acceplable vessel is found it is rigged and at least four mark-on-tops
{MOT) ar2 1aken over a 30 min period 1o ¢stablish course and speed. A check has been made for prox-

{ imity of other ships 0 try 10 maintain a separation of 10 to I3 nmi at the estimated CPA 10 sensor
deplovment. During this period a photograph abeam and astern is taken and an aircraft expendable
bathythermograph (AXBT) drop is made. The navigator dead-reckons an INS position approximaiely
45 min ahead of the ship. and the sonobuoy deplovment .un begins from a point 10 nmi perpendicular
1o the track at an altitude of 91 m and a speced of 180 knots. Five buoys are dropped at 10-s intervals
(0.5 nmi spacing) with the initial buoy scheduled 1 nmi off the ship’s course. After deployment. addi-
tional MOTs are taken and several passes made over the buoy line using the on-top-position-indicator
(OTPD) to mainiain a DRT plotter.

L Sanithernd jorarl SR

Vool beone it

Instrumentation

The aircraft contains all of the instrumentation for reception, monitoring. analog recording and
calibration. The output of the conventional sonobuoy receivers (ARR-32) down 10 2 Hz was obtained
by using the discriminator output jack. Spectral estimates in the 0 1o 20-Hz and 0 10 306-Hz bands

s were made on-line by using a (UA 300) specirum analvzer. A broadband (0 to 400 Hz) sirip chan
recorder provided aaditional monitoring of tape-recorded signals including = time code and a reference
frequency. The primary processing was done on-line where the received signals from five sensors were
sampled. held and multiplexed for simultancous A-D conversion of the input into a Fourier analvzer.
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This system [A2] was under control of a (HP21005) computer which also accepted the INS data.
The thermal structure to 305 m was available from AXBT chart records made during each deployment.

teryy
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YAl

REFERENCES

i Al. Ricalzone, L.C. and J.R. McGrath: "Modification of the AN/SSQ-57A (XN-5) Sonobuoy for VLF
Applications,” J. Acoust. Soc. Am. 60, 1414-1416 (1976).

A2. Steiger, D. and 1.D. Clamons: “NRL’s Oceanographic Computer System: Present Capability and
Future Enhancements,” NRL Memorandum Report 3216, 1976.

d

}

Y S AV AR TLpeD 11 t00r 2033 FAWK AR P "Fu A1 W b 9R0 4

SEHCEER

YRR R A £ ]

Pt Hon !

XL I Tt pid4

e QR A O SR WA AU T

o
ser

utkiigazh

PN

Vs Rweme ot sk
Piatete} s ranEeec I g T A

.
S

[T ME XTI LTy fairateet & Hranyrr as
.

18

Mty Fao A TRESELOTY 3t

e 15yY A g F RPN e des S

A e f I R el e e T T T T



- - - - e e e o s

S ..
o of
ﬂ .
o -
: x m
ﬁ
um, ] T [~ )
¢ X O -
4 a
] <
3 B
7 7
:
7
i
i
;
5
4
v :
{
1
5
5
B
g
i
_w N
!
-hcl‘- t

o e o ——— B IR LSRRI L st A 4 bt S GO T ,mmmww.évq cu.:&u il ~

. L T o T Y L A R T I A A N Ay iy 40T A L ox b ginn e s b L et T ety g b R R N R I N Y TR N T T L T ATt L et
e vl o B N L MMEeALI L2441 Lasaiatel .
o Wit (A ) . )
‘) L T T L P A O S . Lo e e 0 . N [N w
v y N b o e et LN R A LM S Srar e 1t SOOI AN SRR IS (i s 0 AR WL YIS te022/ Parnl ) € v

(RRIEREILT YRR II Y B8 (00 W IR IR TS A.»;..M. s
QA .



T 2 P L AT, wer oL e o, 2o e 2 e gt S w T e

WRIGHT AND CYBUISKI

: e
: E- & - ~’&»«$, X
e ene
3 T a'. '*M—’

| ot
=
]
8
1
= -
14 -
. ca
-

-

.2 =

':..g,:;-_m*«» -
Iy - éf—”_’ N
: 2

IR AT e

'V
o

it
1

AR e e S

23
: B
i e,
k- 3
R 3
E 3
+ S
o« 5
N .
g -
3 : 3
. X
: " {
£ -
pl
:r : o - ‘3
| 3 eI
T a2
=
s
. 5
3
- 5
kS -
g E bg B2 = Hokago
z 3
kS 1
'l
x,
‘} 3
??: &
3 £ 2
B
o >
. &
3 :
3 el
A




A
|

Y ——

S

LR

"

R
otk
M \ :

T

2ToNT

N SNV N

-

B

b

it perra - ms et

o

o5 fat




R R

R e g e ST R e T T TN T T R RS RR

WRIGHT AND ( YBULISKG

L
B >
b
pooc
k=
3 .
E
>

?

o S

P -,
‘.

3

3 -

: KA

5 >
.

z

fage
o)

»

.

75

AT o
(MG
e

o —orett vt e
4

S
P

e

4 Fre By = lagone

Q.o ¥

v '4'5 AaCied LA
r
[35)

by

VAL 71 8

seavnsad




* . - S N . . . - o
e b A T B N = o T s S et et S T o e s O e AT SR RS 5

NRL REPORT 8677

S
#
£
3
i

iz B™ — \Mostoles




'

.

TR K

IR A

R T Ry

LT

A e X

T S AP

S b

b e ™

&

>

-

o

ey

3o AT R TS

e Tl all B AT 3

S,

BTy ™S b

33
T

WRIGHT AND CYBLUISKL

L]

- vy

.
. 4
.
-
L]
"y
Ly
r
e . ﬂt. Zou B bt ek L mliay .d‘- B
o 2EA it 23 ATt B2 A Ay icors
40 ‘ A SR I e

- b TvL.; .,

e i Lol kbt entebiad ol 2 0 0

Tre s o RAZ L (s ek YN
" w1y ) > f.- ¥
RPN WA LB MEM RO TS B ol

P B ~ Taiama

23




e 4 NI ol o, T B s b dn ot e R e e .

NRI REPORT so™"

- 3
.
E .
o
A

.V
o g

E
g
E * Frg B10 — Thor
t
; s
£

&
q
1
, -1
£

o ghpuney

SO A o S3INARIRS FbI ol vl

Frx Bl — Tror

E
.
i . 23

. o po

!+




3 A
3 Sl
£3
E - M
0 4
¢
.

- eS| AT el

4

4

it re-tbsemporvumptioy Gantie

"
ST SN Vs AR PN T 4 T VR SAT A T PER TR Yrvrv e a oy vy N 7

!
H
s
-3
. 3
N
B, 3
>
kS . -
E: .
= »
b3 3
z A
5 3
N
3 7
3 3
3 3
g ol
3
« '3
: =
M %
ks - M
£ 3
3
4 >
= 2
=, >
ted
< N
y 3
¢ -
% *
Be ‘(
X s
¥
“ =
Bt v
b *
ks o
o
Z ¥

-

o i

FRPTF I ENT wTHAT 18 L a1 1h A% AR TE S

yire(ed vl

v

o

A

M,

I wWa o |

L (dB Re

SOURCE

SOURCE LEVEL (dB Re | pPa © | M)

160

140

240

220

200

180

@
it

I’
&)

D e s

TN e LT e T B P T - o
R F o S 2 R TR S T e \Gmﬂfm“rmi@%3¢(<m S O R R P

N\RL REPORT %677

N
8ELCARGD

u
—
-

iC 20 3¢ 420 S0

OFNEL 2 1238 *

i
80 70 8% S0 00 1i0 1}
FREQUENCY (HZ)

n)

G 13C 140 iSO

trbrvrrrrv by by b
2-8  BLUMENTHRL —

]
| lhhﬂ _
L Q'MW\’M‘W'.\JW,-‘J‘ __‘

L Pt S : . v .
G 1@ 20 2 &0 56 ol I 8C 8C GG [iC 20 :13C &2 =l

31

BT a2 it S R




o e g hsem o~ e oine e g o o . ‘,
3£ e e e e 0t 2R e G APPSO iy - A T i T e .
(i o > S R RO

LR

e st g

pttras

QZULEY AN P re g

AT e

RERC R adh PEw AT S WAAP S

pLy 4y

Appeundix C
MEASURED SOURCE-LEVEL SPECTRA

Ted otk snrtd bz

L

This set of source-level curves includes all usable measured spectra with CPA ranges in the 200-
1300-in. window mentioned in the texi. The CPA range appears above cach plot. The hyphenaied
number preceding cach ship name is the phase/run number.

3
< ”
it 3 .
" .,
»y -
5 N
-8
B
22
M
H
g : 2
3
N s L
- £
E
i* 2 L
N : ”
- .
% -
A =




0t S0 1 S A TRy i s Kt et AT T T T P N T e a0 T e e e R R B DR O K TGS oo vy b - oo B

Y . «
g}
: == WRIGHT AND CYBULSK!
: 5
) RN 133 n
: S T T T T T T T T T L I T T T T T T T r1 7
= = b— 2-4  AUSTRALIAN ENDEAVOUR —
: . 220 —
: 3 = "\‘ —
= 2 _\ —_
£ - ‘%
: } :z:, i8¢ — '\\j ”‘k\‘d‘}‘v\}\v —
:‘ z — lj\fv l\w_,\,-\‘,_ -
. ; 1530 5__ —
= - -
: 5 .40 = —
= ]
= § . . . . .
AN S N S T T U N N N A S T T T O I N
|2b
S i0 20 3¢ 40 3C E€EC 70 80 90 100 ii0 120 130 140 iSO
FREQUENCY (HD)
R C0Ee 2 273 v
: 3 P T P P T
g x — 2-4 2037320 1A% INDEAVILR -
; 3 T oo
3 e <2 Y —
oo —-” -
£ T\ i .
- T ]r LN 2 __..
= 18C !”h :,13.";‘«! Ang
Ny —_— WY TR V‘«-m,,,ﬂ —
.""“
: SC — el "‘A.ﬂ —_
z - V“w%.,‘c-‘\.@-\ _
5 o1e — —
5 — i
‘J‘-izoi;!12!4iiili!lélllljiilllli=%!
0 10 20 : 40 50 S0 ¢ S0 90 100 1i0 120 i30 140 iS50
: FREGUENCY (HD)

.

.
AJ
ey

28

{

4
i




SOURCE LEVEL (dB Re | pPa © | M)

M,

b #

1

(3 Re

SOURCE L VEL

“ﬂﬁﬂﬁ@wummnauw

LT P AL TR DT TS vty W% 4

160

140

120

o
(4}

Gy 7
B ik U TR

AR e e e

NRL REPORT 8677

—

STRAL IAN SNOEAVOUR

I

l

%“W\.ﬁwﬂ

1.

I O
i0 20 30 40 S0 60
FREQUENCY (HZ)

I I O

7 -
4]

>

)
(o
1)
<
!
(8]

UENCY (2

It e

i

ol

A

«




T Dt g PN g T T o e - 133 e s i » . R "
R R R e e 2 e T A e b et P e e o ot T N e

L0 bt ; 0D

26

WRIGHT AND CYBULSK!

o0t d o
Pk o0

Fa UG R g AN KR Fa b S
.

Riad R

; ? CsaeEL 2 1138 M
: 3 .. 240 NN EEEE
- = — 2-13 BELCARGE —
- - |
: 3 o 220 -
= % [ie] —
3 %
= 2 200 —
3 E ) —
£ o
; o 180 !
5 T 160 “W B
& k-t > ‘
Z w! 1
% 2 — — —
3 w140 —
= = @
: 5 2 — , —
? 12 NN
Es E 8 I0 20 30 40 SO0 60 70 80 90 100 110 12C 130 :40 is2
3 & FREQUENCY (HD)

OragL 3 a2 u

] 2 R A T T T T T T T T O IO

L x PAR A

# = 2-13 BELCARGD —

': ‘ o 220 1

Es > © —

: 3

3 o - B

= [+ 4

E 2 = 18C ——\ —

£ o - |

4 4

b ; 150 {_ M'M —x
< - |
= i = B
= - !
B e b ittivgrr b g bbb bt

S iC 20 3¢ 4 S0 60 ¢ 8G SO 1C0 110 120 13C i40 150

FREGUENCY (H2)




A 1 SRRSOt A 2350 e D SRR SR iy U T L 2 e

- ] TN :.,.-w,;w:-jm.» —‘LT
¥
NRL REPORT 8677
. T URNEL 4 22 N
. <40 rttr Pttt ribtrirriirytiirtrrui
= 2-13 BELCARGO —
o 220 —
> © —
= e
% - ~ 200 —
=z 7 [ ) -—
3 3 a
B ': @<T 180 ]
‘ ’t B —
3 - 160 -
: 5 140 —
3 o :
R = =] — -
2 E n ti i vt b bt it b bbb il
ks £ 120
£ E G 10 20 30 40 S50 60 0 80 90 100 110 120 130 140 150
: FREQUENCY (HZ)
E
oREL 2 128
.. 240 Tttt ttrrrvyir by v b vy T 1T hbd
5 4 = 2-8  BLUMENTHAL —
4 ° 220 -
z © —
=1
~ 200 —
© —
a
o 180 —
° —_
o 160 —
Y 140 - —
o
5 — _
© i BEEEEEEEEE NN NN

G 10 26 30 40 50 6C 7¢ 8C 90 100 110 120 130 14C :»U0
FREQUENCY (HZ)

31

miesowed;
ﬁgﬁ;ﬁqy SRLAL A panitr - e




jeprs b

A W Vg AT T AT

3k

o1 § Haspbbd Ao LN

At

Ruaugs

LY

et

i

b

b

Z
P
%
=3
Y
£
&)
£
3

’p\"'.w“;“n‘( 'l"; W

O MY {55

e 13
THOA

da e

SR T B

¥ " N {,
AR Y AIDAK? Gk AL

e

LA TV IAT
2 SRk

SOURCE LEVEL (dB Re | ywPea © 1 M)

SOURCE LEVEL (dB Re | uPa © | M)

240

220

200

18C

160

140

120

240

220

200

160

160

140

120

CHINEL

e

400 "

o

- O A
R R b b R b SR TR e o

WRIGHT AND CYBULSKI1

I 11

IRERERERERRERR

3
REEREERR
2

-8

BLUMENTHAL

i I

1

MMWWMM

p—

I T N N U T T Y I I O 0 A A O A B

-3

BEE

0 10 20 30 40 SO 60 70 80 30 1060 11v 120 130
FREQUENCY (HZ)

140 150

OreeL ¢ S99 =
FTTTITTTIT I T P o T T i T il il

2-8  BLUMENTHAL

_Jlillillllllllll!lll!llll

[
0 10 20 30 40 S50 60 7C €0 90 100 1iC 120 13C
FREQUENCY (HD)

32




Ry

5 it

AR A

T

od e st

SIMBIANTR

FY ST S ks e,

S

IR

R H

xoshipiuiy

- il

L e v n»-ﬁﬂﬁ”si

T

s sew

HY)

T N b

ey
at

AT P T N

PPRR oAy B 48] Ve RIS

),
23
2

é‘

SOURCE LEVEL (dB Re | pyPa © 1 M)

SOURCE LEVEL (dB Re | pFa © 1 M)

240

220

200

180

160

140

120

240

220

200

18C

160

140

i20

CHANNEL 4 1655 M

NRL REPORT 8677

IT1T 1T 1T P PP T T TP P T T YT TP T T 71T i
2-5  CHASE VENTURE —
_é
- i
- _
M_‘*‘ !
HENEEE RN e '
0 10 20 30 40 S50 8C 70 &% 80 IS¢ iis 120 3G i3
FREQUENCY (+23
OFMEL S 3 =
tTiPiri1rrriirvr bbby rpvr by o
2-5  (HASE VENTURE —
i _
—%Vu\/\ -
B v’f\.%‘a -
BEEEEEEEEEEEEE e
0 10 20 30 40 S0 80 ¢ 8¢ a0 i 12D iR 1sn
iC

33




T N TGO Ppe— : " Ny ; . o
e A S e e L o o T R S e S, Y Ao oy T S S S A s i 0 S B

WRIGHT AND CYBULSKI
CHANNEL. 2 133 M

SRS T T I Y T D O O I I

= — 1-7 ESSO KAGOSHIMA 0957-10 —
o 220 -
8 —
> 200 -
e B —
? i : VA\JW :
g’.n 160 — —
w140 — ]
% - —
@ g LIt Uil br b bbbyttt

0 10 20 30 40 SO0 60 76 80 S0 100 110 120 130 140 150
FREQUENCY (HZ)

CHRNNEL 3 400 M
A2 T T T T T T I T T T I T T I T T T T T I T T T T
= — 1-7  ESSOD KAGOSHIMA 0957-10 -
e 220 -
i —
[+ 88
2 200 _
[+3] p—
[s «f
o 180 —
B —
v z |
|
H S 140 —
- . x _
5 L \ @ oo LA b LI L1 PV LU e b by bbby
E= - ‘ 0 i0 20 30 40 S50 60 70 8C SO 120 110 120 130 140 150
= FREQUENCY (HZ)
] S
’ s/ o . g e




- " i - ) . -
; R REAC T L E S SV UMY 5 oo i Ty vich i oz e O e
-

T

Rl A e e > Lo s, o, e A s
e S GEER LR RS R T Iyt v R R EA R a7 S v T g g 20 ,n-_f;i

Je s

o
i,
S 2

»

’M-Al

NRL REPORT 8677

2y 3e s edyhaniE it e

L3P aha kA it
(BEEEAMEHA Y G

CRANNEL 4 553 n

240 PP 1Ty rTrT T T I T T T T PP i I T i il by
— -7 ESSOC KAGOSHIMA 0957-10 —

2 er A N

220

200

180

160

st e T gt b

N e

140 —

5 A

5 f

SOURCE LEVEL (dB Re | yPa e 1 M)

P T O O T T T L AT 0 B
0 10 20 30 40 SO 80 70 80 ©SC 106 1iC 12C :3C i4C .5C
FREQUENCY (+2>

GReE. | 1333

20 TTTTTT TITT I T T T T T T i rTTrr]

3
el
a
i
&
3
E]

200

oy

180

L

160

R s

I

140 —

N

N

\MtﬁJ\NFﬁ““meyﬁﬁ"Jkﬁkam ~
\AAVH\ !

—

-

SOURCE LEVEL (dB Re | pPa © | M)
!

oo LA LD U114 d b p bbb eiiis i
0 10 20 30 40 SO 60 70 8G 90 100 135 :20 i30 i4C 130
FREQUENCY (HZ)

MRl caiiim e Ui ey T T e

35

RLUphrthdiimnta howm L

i TN R TS, G R T Y SR
N R R e T R S AT R Ze e ~ — p
k - et = = . - gy - hiiadi i - ~
— -~ - v e
— e - e ~ —~ - — " - _ - -
Py P =~ P — g



- s . . . .

3 - N . . Co . s . - n— . . tchines, P S~ o SR L o (T g i E g g oo e AU AT Rl A

M o e S e T AT ot g e Rt s P B S SR e L S0 X, e~ e s e i e RS G A e e e B
S 7 s = . _—— 2 -~ .-

WRIGHT AND CYBULSKI

CHANNEL 2 O N
. <240 YT T TP T T T T T T T TP i 7T T T Y T T T T T T T
= - 2-6 FLORA N ~
o 220 —
£ -1
2 200 —
3 o -
% @
o 180 Pt -
3 ° M J\,“‘"/ ;
3 o 160 th \ MM%A*“AﬂPunAfmhu¢n —
‘, & MW"MJM i
b J = —_
3 w140 —i
3 iy i
P 8 — —i
i S opp LU L LUV LN by ]
& 10 26 3¢ 40 SC 60 70 80 S0 100 112 120 130 140 iSO

4 EIA A

EREQUENCY (HD

oy
&
3
4
r
e

ORNEL 3 S43 4

e I Tt s e
2-6 FLORA N .

220 —
200 —
i80 —

- Mg

160 VMM
- Lk e S g WON

140 —

o0 AL LT LUV VL g

3 10 20 30 40 SO 60 7 80 S0 00 ig
FREQUENCY (HD)

SOURCE LEVEL (dB Re | pPo © | M)

o
N
()
(%Y

g b . e iop ox
- ety 5 Lirya e R '
At - ’ P ! .
. .
I \AgM\-—-r?{" ,'; ! )
! ' winh ‘/.l'!’:t:.‘\"..molA . Wﬂmmm.nq

|
I



-

AT RENT amn . e A T e e Y. JO S
2 o 4 T N I D M o e

M Y . s . - A N -
il oot T P I, S P sy S -+ e A AL

S22

O

.'Q :
NRL REPORT 8677
NN, 2 1378 M
SRS S N T T O T S O O O O O
z — 1-10 LAGENA —
e 220 Lk —
0 —
S
- 200 —:f —
g B -
- 188 = } —
S T g §
= 18l 2l %‘Jw’:vw ]
z B W?/M\w _
soo1es B —
o .
= i _ _
o bt bR bR el
o iC 20 3¢ 40 SO 80 70 80 S0 100 :10 120 130 140 isC
FRECUENCY (B2
n UL 3 4 ="
SRS S O O N N I T S T B O A e e A R I A
x — 1-10 LAGENR —
228 —]
o
o i _
o
< 200 —
o —
[+ 4
o 180 —
T _
3 3
o« 160 \f b R —
g e - ' f oo MWW"MW‘ 7
: S 140 — —
£ o
3 — . i -
3 B oo LLL UL UL bbb p g g b bg byl
’ ) 1 20 30 40 S0 SC 70 80 S0 100 1:G 120 130 140 158
FREQUENCY (M2
3; 3

A L e ———a— S —————— — - N




-

A e

R

G ww-'v'

eI

I N e PP B e T P P e P

3

-

S e

i

SRR Ty v T i s B8, TN,

WRIGHT AND CYBULSKI

I

I

5i8

HEIRERE

i-10 LAGENR
MWMW"‘WWW

| O I

- . u- ...
"} \\ww —
m N e I
[an] Q) (g} o [on) [w] (9]
<r o (o] i) W L) (8%}
(V] N (Y] ] oo m— v

(W [ o gt t uygby VAT 394008

. . : T 4 Ryaen
R n.:&( vau..,cvkﬂ,u RS L RN

110 120

¢ 80 30 109

SC 50

20

20 36

FREQUENCY (HZ)

1211 ®»

3

S

- s

- z
bt =T L L L1 ||

P TTTT ]

¢ R 8 8 8 9
e ~ N - e )

.
W
)
"1
)
- (P
©
c N
i
15
Y
(%]
—-e. nb
el
()
=1 &
— mW
oeed m
)
(T4)
- @
1w
-y
- ©
7
e
)
5]
)
4"
-2
Lo}
(@)
~

(w | @ 8gdrl | 3y 8P) T3IAYT INN0S

B L




« S1a%s 33

+pr A

£2TAY ey

gty

A et RN bty o {1

bac 5 g

A g8 cpraghyt B8 SLL SNy

X
k<
>
“3
B
S
—

o "
G gttt

o

£y

b s

EAlS

IOk

<o A o
SRR

1 ik

y
S

iy

.
3

é
- E
2]
e
ﬁ‘:

240

220

SOURCE LEVEL (dB Re | pPa © | M)

220

200

(dB Re | yPa ® 1 M)
@
«

160

S{IURCE LEVEL
rs
o

oA S e IR NI 8 o0 .- A

T et B Y G N T o e

NRL REPORT 8077

3
$

RREEREREE rrrr T T bl
2-2 LOTTIA —

I N U T T T T O O O O D O O O

Voo 5 e
x!!'J:!

v

4 |
i0 20 30 40 S50 6C 7¢ 83 90 100 119 120 130 i4Q i3

FREQUENCY (HZ)

|

FrTrT 1 TrrirIirrryrriri et
2-2 LOITIA

Y R I R W A ) s

l

l

1 T T 1 T T T O O O O

iG 20 30 40 5SC 890

FREQUENTY (HZ)

! i ! i
70 80 139G 0O 110 120 i3 120 ISC

T A Pt A A e T TR BT w1 T,

458y deat e o

Ao

PR 2N

‘)
H

H



o

PF N o
G
0

‘| B I B I HL A A s e g
i -19 N Bl
o - g - g
i 19 — ~ 8

e
.

s

s
-
=
L3R

]
!
¥
|

o
i
!
i
5
'
7

s

P
2
40 50 80

}-\
V4
LY.
;b
!2

i i e TP TS A S S R o Rt ST P T P
WMRIGHT AND CYBULSKI
RN T 1
HATTAN PRINCE
xMuf“hJVk,ﬁv*/V‘”“$-Awhv¢ﬁNNV
I O T I I I P
¢ 8 9C 110C i1C 120
FREQUENCY (M2?
T 3 L R4 T T T 1 | S S
I LR U D L D I T A | tog
HATTAN PRINCE
W\’VNMMN
| A T R S S O I I O O
70 8% 985 100 120
REQUENCY (HZ)
9

BRI

)

FRLAES sl w L D T -

[0 e

et bna

M 1
}
ivi
A4
¥ W5
! Pl
g
2 1R =
I
1
30

2t 30

g
Wy

i
i

W“\}w
| i
2C

:‘ ,:. e

!
W,
i

cgr
SN L

Y e e m

Dt ol

[Sv] Q (&)

o ) o) ,
; W 1o edrt | sy 8 TIAIT 398N0S (W1 oedt 1 oy 8P T3AIT 3UN0S

.

o B e e T M el £k it ot ol et

4 . | + ’ TN

t . .

b A et A A g A X

Yol Yo A e R ok

5 i
LI iRy uc X RN K A K YR LA M I AN ST s e e T NI S R S SR e
Ces
+



. )
S CHIAR AR 4

k3

P
TR s o

EY T

(AT

»

R TP

T 'f" V‘\“"A'r- 51,

ALy Ch il o'y

=
P

Fc

T
Fx

Poliaga < .

rrgd b

PR

SOURCE LEVEL (dB Re | yPa © | M)

SOURCE LEVEL ¢(dB Re | wPa o | M)

PR A e WERSEIARE S g o o v # S s W YD LS

240

220

200

160

140

240

220

200

180

160

140

120

TSI Bt i Tt e A Rt B N D Y SRS

N 2 g R . 3 o
A A S B s e g I S A TS N

- e e,

NRL REPORT 8677

GresL 3 0 n

s .»&W = £

| 2-

NEEEEREEREENNERREEEEEEEEE
7  MANHATTAN PRINCE

i Y VYL W

I T U S T T (O O I O O O

FREGUENCY (HIDD

[~ T Wk :

0 10 20 30 40 S0 60 720 80 90 100 110 120 130 140 iSO

tr PPt TP rT i rTT e PrriTrhd

— I-5

b

MOSTOLES

i WWWW*

e

N S U T N T O T T N S O O O

FREQUENCY (H2D)

41

iC 20 30 40 S0 €0 70 80 90 100 1i0 120 i3C i4C 150




A

L

g,

A it i
sl
L

¢

9 R . .
A Y] ot
by, 5 . .

¥ o «
) - - ™ {

14 o -~ Ce

s
'
Y

(o)

¥,

|
2
N

>

TR
.
i
.
v

e
iy
meﬁ‘.'m
1
i
ks

£ . ’\' ] :
A3 * - \\‘l L
i .. 18 = . _
’ Py ‘v .. ]
18 - a.a- )
. % |
M o avenid M.WN —~ M" M_. .
s - N mm.L . m . i
e 7 o - ¢, "
- ol -1 @ >. w a .,
y E — L) o
1 -~ - Fd !H v’
« - e 4O - .nhv w:.. o s ot
i o P ‘i
m /7 fer. . @] ) <3 <9
-ty auball o N () i
@ - (] W N
< - ) e &2 2l b
H = £ ~ w ) |
4 = . mmm .- >
, x )
, z - e mug v8)
1 M . C_J - :._
= | § Pl
J » . (4] ‘
W gl = o 7 )
: YA tn\ﬁ o e
X g r V
: i - R B
’ \ PO B8 rave - {
h -4 ot )
X . * N v ,
Ry l |
J R T VR TR B FY IS _ I B _ It
g V ") (B} [} (%} <) ) [ )
mm ,n/w mw M.m M.uu m ! .l, ] ¢ an «» ~1 [
i\ [ Y] (9] - -t .. . [ \) [4Y] .o "o .. .o
i Lo gt oAy gy THIAST NN Choa Rt b e s LA v
.a..
£
m,.
il
ﬁ‘“« - ve o nemT oAb s BT W ‘Eﬁgww.‘;ﬁif.\zuh.;mm.mw
iR
9 ' N

L,
) .

o L R A R 1 P R T T e O BT T P Y 11 D Gl L T 2 RIS RIS

SPIEATEIENTY Mioge g 4 MV IO MY AL LA o FLLEL ST DL Lt o) 1 PRAALIELT PR ey

i

LS beanivpardyit by 1 easesi



)

,
P 4 2 I e » et ”
AP N AT AT S I T N e L R AT N A T

£2)

=
=
b
2
=

LRy

]

E |
s ¢

SUURLE LEVEL (0B Ke )| s ® | M)

SOURCE LEVEL (dB Re | (Pa @ | M)

240

220

160

160

140

120

240

220

180

160

140

120

., P e N N YNNI - B .- oo . 90 SO

NRL REPORT 8677

WL e g I I i T

T L
R e

et

e — il
N A Xt el s 0 o

_

9  SEA SAINT

2-

I T T A N A A O O S

HEURREREEREE

Frrrrii

|

il

I

|

0

10 20 30 40 SG 60 70 80 90
FREQUENCY (HZ)

ameEL 4 29 n

180 110 120 130 14C 150

EEEEEEEREENENEEEEEEEEEREREEE
— 2-2 SERA SAINT -—
N MM -
- M —d
FEEEEENEEEEENE SRR EENEE NN
0 10 20 30 40 SO0 60 70 80 90 100 10 i20 i30 i4C isC

FREQUENCY (H2D)

43




s

sutia

SAVL 504,

by %)

Y LAY

BRI 3 A gt

Ay

L]

AU RAT - -
A AR 1) i N s

¥
T

™
%
ki
7y
i
]
Zo]
el
¥

14 B,
B3

AR

,uh">.‘t o

ks ‘i &

w o TREN

LTI S Kk e g e o e S A N TR Py

(B Re | pPa @ | M)

SOURCE LEVEL

SOURCE LEVEL (dB Re | wPa © | M)

24GC

220

200

i60

140

RN
Lew

240

220

200

166

140

120

WRIGHT AND CYBULSKI

6.2 SN 13i9 %

pn " .y A 2 i N
- T o W IR e AT SRS Py PR T L B R _; Pt

..... Gy

Frrr it ITiiirrlni
— 2-12 TAKARA

ISR S S N N A S N S S A I

]

- swﬁﬁAyA%qI“”“Wﬂ*rnnu~r~wh?Nv«v*ni\.qwkkﬂ’un'“‘vk’ —

i
i

Frirriretitl

T T T S I O

0 % 20 32 40 S¢ 6 ¢ 80 9O
FREQUENCY (HZ)

oneEL 2 1o

100 1i0 120 130 i4C

RN
2-12 TAKARA

TTTT 1

1 T T T T T S O O

B J“jUA“hﬂhqu'“““”“vvnwvhf*uh* B

REREEREREEEREERERR

Vg —

0 10 20 36 4 S50 80 7 8 90

FREQUENCY (HZ?

[oe)
[$+]
»
[
(o]
.t
N e
«Q
b
(¥
o
’
N
o
o
(VA

i50

(]



Y

ZAE AT TR A 8 oy " S e > o e
=EEE e e X Teh M i AP e D At B i L M ey ysv s

£
NRL REPORT 8677
OsseEL 3 6% N
A~ T T T T T T T I T T T I T I T T I T T T T T I T 0]
= — 2-12 TAKARA ]
o 220 N
8 —
2 200 -
(.z’ u—
B _— —
'E"IGO — —
g 140 —
= 2 .
@ o LLLLTIVEG P vt bbb gyt
e 10 20 30 40 SO0 60 70 80 90 100 110 12C 130 14G 150
FREQUENCY (HZ)

‘ Z, omeEL 1§ R "

3 4 A~ rTTTT I T T I I T I I T I T I T T T T T T T T T

3 ‘ x — 2-11 THDR —
o 220 ]
0 —
?200 —
o ]
o 180 —
E - —
glso — —
w140 — —
% | —
@ o LLLLLLEi1 P il i b iy piitell

0 10 20 30 40 S0 60 760 8C 90 100 it 120 130 140 150
FREQUENCY (HZ)

45

[ S AR T ST A 50 W I TP g, e
o nmie 4



&R 2 ey

i es

sttt et g 4

T
eyt

‘Swf-" ‘N%}Tm%&;»-"WBW‘ -t

i

Fozen

poiy trdvesa stz A ]

Hopprpany

SOURCE LEVEL (dB Re | pyPa © 1 M)

SOURCE LEVEL (dB Re | yPa e 1 M)

240

220

206

180

i60

140

120

248U

220

200

140

120

WRiGHT AND CYBULSKI
Oreegr 2 A2 N
1 T T T T T T T I T T T TTI T T T T T I T iTrTId
- 2-11 THER ]
1 S I T T 1 T T A A O I O O O

0 10 26 30 40 S50 60 70 80 90

FREQUENCY (HD

i00 110 120 130 140 150

OoRe€. 3 620 ™
i EERRERE

it rrrrrrriraid
2-11 THOR

_LJLllilillllllLJllLilllllJlJi—

—

—

0 0 20 30 40 SO 60 70 8 90
FREGUENCY (HZ)

100 110 120 130 140 130




AR

C i

»

y 255 W 2 T IIN e, NN oxt,
;,a‘\f\;‘.‘- HUSE R T LR ot [UE s sty grats,

1
| JETAN

'
Claas.: M "
Y YIS RS T R "TF’ TR a [T

e Ty e e AR, SRSt o2, vt oot

PR et g

SOURCE LEVEL (dB Re | pPa e | M,

SOURCE LEVEL (dB Re | pPa © 1 M)

R

240

220

200

180

160

14C

120

240

220

200

180

160

140

120

JRNRARE s piit-tarme I

P e, I

CREDL e T e n

NRL REPORT 8677
CeseEL 1 1202 ®
rrriretyrritirrriry by e '
— 1-9  WORLD DIGNITY —
0 1 T T O U O T W A O T O A T S I T D
C 10 20 30 40 S0 S50 70 8C SC 100 110 :12C 3¢ 14C 30
ZREQUENCY (7}
oneEL 2 a5 n
TTTTT T T I 7T T i YT I T T T Tyl
— 1-8  WDRLD DICNITY —
VLT PR I S ]
N T N T I I N N N I TN N I O OO I

o

10 20 30 40

50 60 70 8C SO
FREQUENCY (HZD)

10C 110 120 130 140

49

150

4 e e et




A Lo e

o

o g P

A %

KT I s

g B S e

X

N ~=_—~~T"p-:‘3t“{
WRIGHT AND CYBULSKI

5.
%
M x
u, o
i $
-
5

TR

v

X

RTEEES

gphnban ey
CreEL 3

Py

il Mt

AN AT A

WO ,
,.3 b2t il

ot AW f O L AR DA S I

o]
N
o~

DAL s L S ORI

T

T

[ A A

Pk T aad
P

A

A\
[

LY LW
o

-
i
i

220

RO M Y

(W1 oegli

FEATsgINy

(o}
o)

160
140

3y gy AN A%N0s

oA

[9=]
N

vae

Q
\n

v

<
(32

L=

80

70
U

10 20 30 40 30 60

0

Y (HZ)

JENC

FRE

»

H

r

240

o B

}. .
[e}}
T

L.

- -

o]
()}
~N

B
: 3

et

<
[0}
N

noe

]
)

(W1 o eqd | oy g

Nogeed

-

o

"F\,‘. N N‘b\’-_'

A an

-

PRV N

-
L)

s

3
rl

~Y \.\!

2
\
! \

2

W

r

BELEN]

<)
\N

[
b




*

ok - I pes o~ - ; opiddl .. - o 2 .
3 ARG, ~ e N TN T N RN A A LA o ; S A B
WA IR " a0 P AL T AN e e pen ST RS 3 %3 BEZD B i £ g e 3, gt < T L ST e " Ry, @ e e 2
~ i 5 GBS S T R S A AN R e e A P R S M N T A M LA AT e MR TR P e =
& o
& = e
4 A

gix oL ER AF L IT A ¢,

R TR ARTAN

(PN
T T S

£de

R ARSI

MRCTY AN ER A (

Appendix D
ERROR ANALYSIS

3y

To assess the relative :mportance of crrors in the various measured and estimated parameters
uscd in computing acouslic source level, we derive some propagation-of-error equations in these param-
cters. The gencral technique is:

EYY PO

®  Express the computed gquantily as a function of the statistically independent variables.

®  Compute its total differential as a funciion of the differential of these independent vari-
ables.

®  Square this equation and substitute standard esrors in the variables for differentials,
assuming cross-terms in statistically independent errors vanish in the mean.

hd ¥ Ay

Ar s

%

First, define a set of symbols for the independent variables and their standard errors:

® Source depth (m) ¥ Ss :

: ® Receiver depth (m?} r Sk

® Receiver spacing (m) D Sp ;
k ® Ship speed (m/s) v A
® Observation time (s) ! S,
® Time of CPA (s) 1o Se

® Receivad lavel at hvdronhone
with calibration error (dB) RL; S,

g

ord

® Peak estimate of RL
with measurement error (dB) RL, S

-
Lt

thEd L4 RN N Y

e

Also define some symbols for derived quantities, with their standard errors:

® Source-receiver slant range (m} r S,
® Range t0 buoy k at closest approach (m)  x; Sa ]
® Source leve!l (dB) SL S :

Next. we show the computation of the range at CPA for one of the closest buoys, and compute its
standard error, under the general assumpiion that the ship constitutes an omnidirecticnal point source,
and passes between buoys 1 and 2 with 200 m < x. x» < 1200 m. For frequencies below 20 Hz. the :
transmission loss is then on the 40 log r portion of the Llovd-mirror curve, and we can wrile approxi- :
mately

RL;, = SL — TLy(y,. yg. J) — c log r;. where ¢ = 40.
Now

=+ B+ v — ). where b= yp — ve. i
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Put £ = »° - 1, where

. ) 12

‘ 2 n= Xzz_‘*'/_f_ ~ 10'RLI-RL e

: 4 xi + K

% i.e.. 9 is the slant-range ratio for buoys 1 and 2 at CPA. Then solving for x,.
:
§ xi= +~ WE+ DD — &1 - D).

W
W

The standard error for x, can then be «..x zuted by

s 2 _ e p? ol ., (o-xp) _, =252
| p-xn  x SE.,,I xll . _ &

s = s, E+ D+ K
1 26(tx; + Dj £ &Ex+D o (x, + D)?

+ S3.
SS (§X| + D)Z *

where, for convenience, the coefficients are in terms of £ and x,. as defined above, and

3
-

¥ €+ D¥(S + S +S5F+352).

S;g 2in 10
c

Note that the receiver depths of buoys 1 and 2 are treated as statistically independent in the
differentiation step.

A general equation for the standard error on source level, as a functica of time 7and slant range r
; (or, equivalently. aspect angle}, is derived from
K, E SL=RL+TL
Y ITL

7L oTL
= dRL + + 5 4 R
3 : dSL RL ar dr s dys Fy dvp

: ‘ 1 2x; l§+1 D? - 2% 1? ]I 2
1 S =ll = ez py Nt Si
=3 — T ‘ [} * 1 - e ’l

~

SRIE st

' 2 e+ 1|} D - 2K ~ 2 2
— - F+ 87 +57)
N WE T R R
& Eh 2 x 2 D-x |
< 1 2 ! —_ 2
+ + - +
sini0 210 &+ D 5 'rzln 10] £x;+D %
+ < _ o (§+l)h2+ &y h zlsz
2%xm10 2m10 £x,+D|  |Pmi10 éx, +D||*

[ cv ? 2 CVI ?
+ -1’82 + | — 10)2(S? + §3).
Zin 10 (1 lo) S, In 10 (r 'o) S, SO

wh- ‘¢ we have used

97L ~ c
o, 2y Inl0°
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QTL __ c
dyr 2yxIn10°
, 9TL _ _ ¢
r rinl0’
_, - As a numcrical example, for the ship Lagena at CPA we insert the following values for the
8 observable parameters and estimates of their standard errors:
28 D =948 m Sp=34m x; =430 m §,=05s
3 s =12m Ss=23m x;=518m So=31s
E yr=305m Sy =30m 5 =5,=21dB
2 v=15m/s S, =0lm/s S/ =5;=05dB
ke
: The first few terms of the formula are evaluated as:
S2=101dB?+1.33dB2+2.79dB* + ...
so that, under these assumptions, hydrophone calibration error and svurce depth estimation error each
contribute about 1.5 dB to the measurement error. The rest of the terms are negligible.
;
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