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1. INTRODUCTION

Baker(ref.1) has systematically tested the validity of a formula for
calculation of acoustic propagation loss given by Saxton(ref.2), and as a result
has suggested a revised coefficient for describing leakage from a surface duct.

The formula is

Loss (dB) = 20 log R + 59.3 + (a + (1)

(for R ~ 0.221(H)°5 )

Loss (dB) = 10 log R + 5 log H + 53 + (a + ~ )R (2)

(for R > O.221(H)°’5)

where R is range in kilometres

and H is duct depth in metres.

a is the volume absorption coefficient (discussed in Section 4) and P is
Baker’s high frequency duct leakage coefficient

29.l f n(dB/km) = ((4762.6 + 11.5t)H)°5 (1.4) (3)

where t is temperature (degrees C)

f is frequency (kHz)

H is duct depth (m)

n is sea state

Baker’s term is empirically derived and is only applicable with confidence
to frequencies in the 3.25 to 7.5 kHz range and ducts generally deeper than
25 m .

For the frequencies and duct depths involved, a number of modes will be
strongly trapped, and scattering due to duct roughness, particularly at and
near the sea surface, will be the dominant leakage mechanism.

As the frequency is decreased the commonly encountered range of duct depths,
from 10 m to 40 m, traps less and less modes. Whereas the scale of duct
roughness may be less significant as wavelength increases, a new and more
fundamental duct leakage phenomenon becomes increasingly significant.

A surface duct still enhances near surface propagation even when it supports
only one mode. As the duct depth decreases, or the frequency decreases, the
trapping of the mode will become weaker, and leakage of the mode energy more
significant. The important point is that ducted propagation is not a simple
stop or go state. Between the extremes of no duct at all and a strongly
trapping duct there is a full spectrum of partial trapping which may still be a
major factor in propagation between two points.

Any acoustic propagation prediction model which uses a wave theory method can
adequately demonstrate this. In the present study the parabolic equation
propagation loss model(ref.3) has been used to predict propagation loss as a
function of range for frequencies in the range 200 Hz to 2.0 kHz, and for
constant duct depths from 10 a to 100 a.

A comparison of the predictions enables the functional form of the partial
trapping leakage coefficient (7) to be established (see Section 3). Since the
leakage coefficient ~ determ ined by Baker becomes insignifican t in the region in
which the 7 becomes significant , and vice versa , t he two terms can be simply
added to provide a useful extension of the general formula down to 200 Hz.

~~aI ~~~~~~~~. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ _ _ _ _ _ _
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2. PROPAGATI ON LOSS PREDICT I ONS

Propagation loss predictions for simple isotherma l ducts over a typical
thermoc l ine gradient to a totally absorbing bottom were made for a range of duct
depths from 10 in to 100 m and frequencies from 200 II: to 2 000 U:.

Figure 1 shows the resultant predictions at 1 400 II: for a source at 20 m and
a receiver at 30 m for ducts ranging from 20 m to 60 m. The 20 in duct curve is
almost ident ical to one with the receiver at 10 a even though in one case the
receiver is 10 a above the duct bottom and in the other case It is iø in below.
The source in this example is of course only on the edge of the duc t at 20 m.
The 25 a and 30 in duc t s show signif icant ly better propa gat ion , with the source
now properly in the duct , a l though the receivers are respectively just below ,
and on the edge of the duct. Curves for receivers at 10 in depth for the latter
two cases show identical slopes but about 5 dB less loss. This clearly
illustrates that the mode amplitude distribution associated with a duct extends
well beyond what in ray theory would be regarded as the bottom of the duct.
The 40 m and 60 a ducts strongly enhance the propagation between 20 m source and
30 a receiver. Comparison of the propagat ion loss curves for the 60 a duct and
the 100 in duct shows little average difference in range , but a significant change
in structure. In the 60 m duct case we can see a periodic interference structure
at short range which dies out to leave a smooth curve af t er about 20 kin. This
represents interference between the first and second modes. The second mode is
only weakly trapped and dies out quickly, leav ing the first mode. Extending the
duct depth to iø~ in preserves the second mode w it h l itt le appar en t leak age out to
the 50 kin maximum range of the model study, since the interference pattern in this
instance is well developed over the entire range.

\lttto ugh the presence of the second mode periodically reduces the propagation
loss 1w about 2 to 3 dR . the range averaged loss does not show any significant
improvement over the 60 m case. The relative amplitudes of the different modes
excited depend on the depth of the source within the duct .

Figure 2 shows propagation loss from a 20 in source to a 150 in receiver. Ihe
curves  for 20 in , 25 n , 30 in and 40 in ducts  are se l f  exp l anatory. The ~O n duct
curve shows some interference structure , but very hig h loss due to the strong
t rapp ing of the first mode and partial trapping of the second . The 100 in duct
curve shows a more complicated behaviour . In this case because of the depth of
the duct , the mode tail extending below the duc t is still significant at 150 m.
The interference pattern below the duct differs markedly from that at the 30 m
depth within the duct and probably involves the leaky third motle. Figure  3 shows
f ield in ten sit y diagram s for duc ts w it h depths rang ing from 30 n to 100 in for
1 400 11:, and close inspection of these diagrams clearly explains all the curves of
f igure s 1 and 2. The in tens ity d iagram s vary from less than “0 dB loss for pure
white , through 9 grey shades each representing a five dB step , to greater than
110 dB loss represented by the darkest tone. Range in the diagram runs from 0 to
SO kin, and depth in water from 0 to 300 a. Below 300 in the model is given a
hig hly absorbing non-reflective bottom to ensure that only the original surface
duct energy contributes to the field.

3. DETERMINATION OF TUE DUCT LEAKAGE COEFFICIENT

For each in-duct propagation loss curve , such as those for the 40, 60 and 100 a
ducts of f igure 1, there is a region near the source where the loss approximates
spherical spreading , and at a greater range where the average loss would he
determined by cyl indr ical spread ing , apart from volume absorption and duct
leakage. By subtracting the cylindrical spreading and volume absorption loss
factors which have been Includ ed in the prediction curves , we are left with a
residual loss which Is attributable to duct leakage. Figure 4 plots curves of
constant duct leakage so determined against frequency, wi th a commonly used
for.ula for calculation of duct cut-off depth plo tt ed for compar ison:
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where f i s  t requencv in II: . and II is duc t dep th  in met yes
1h i ~. fo r m u l a  i s  derived t rom one g iven in lngl sh un it s hv Lii ic k rei . 1) .uhI

as~eunes a nomi nal value for sound speed in water of 1 500 m s~~
1

Above and to the rig ht of a family of curves denoted 1w ,3 ) t o e  se.i ~ t a t e — ~
it to S on the same figure , Baker ’s duct leakage coefficient ~l )  l ’ec omc’~
dominan t . Conversely be Low the appropriate cu r v e  the t r a p p i n g  duct l e ak age
term ~ d o m i n a t e s , Since B ak er ’ s t cnn has not been v erifi ed in  t h i s  r e g i o n
t t  t~ not clear whet h e r the  be st  course of act ion is simpl e .td~t i t t ~ i i o t  t h e ’ tWo
terms • or ju s t  choosing the  max imum . Sinc e  the  two term s seei~ t o  r ep r e s en t

i fferen t  e f f e c t s  • and choosing to  er r  on t he s ide ~f caut ion  i t  i s  suggest eti
t h a t  the ’ terms a r e ’ simply added Lint I empir ical ev ideii ce in~t t cat e~ ot herW so

Figure S giv es a tiumber of curves of constant ~
$ for sea stjte~ ~ to 5 . l eo-

w h e c h  t he ~ ~ curves of f i g u r e  4 wo re  calcul ated .
F i g u re 6 shows the’ curves of f i g u r e  4 , hut this time ith a log.ii’ thin ~c

frequency s ca l e . Jemonst rat ing  t h a t  the curves may be approximat ed by t h e  s et
o f s t r a i g ht l ines of f i gu re  — .

The rd at i onsh ip  between the  l i n e s  of f i gur e  — is then t t ted 1w a p
~ 

I iio~ i i i
Th e l owest  order polynomial pros’ L d i n g  a reasonable fit over the range ~~s of
order 3, yielding t h e  formula for duc t leakage coefficient

~~dB kin) = a bx + cx + dx ’ i S )

wh er e  a
=

c 0. ~~~~~~
d = 0. 0O~lOt ) i t) .’

and

1. 1’~~’(D — 14.5)x = (110 + -
~ 

- -  )
l o g i o t  - 0 .4

where 0 i s  duc t depth (ml

F i s  frequency (kE: )

Ihi s expres ~ ion i a easily coded for comput 1mg. and may s impl y be added to
the coefficients for absorpt ion (it ) and empiric al hig h frequency leakage ~~)to extend the a p p l i c a b l e  range of the surface duct propagat ion formula usefu l lv
down to 200 II: and to sha l low ducts.

4. TI lE EXTENDED PROPAGAT I ON LOSS F0RMLIL\

While Baker adopts an expression for volume absorpt ion coefficien t determined
by LLall (ref.5), particularly at lower frequencies there has been found to be a
regional variation in absorpt ion coofficient(ref.t-’.’), and the user may be bet te r
served by an expression which takes into account the intended reg ion of
appl ication .

For propagat ion at low frequency the modif ied Thorp formu l a ~t’ reference ‘ ,

is far simp ler than the h a l l Formula of reference 5, and in addition takes into
accotm t regional variation.

_ _ _  _ _ _  _ _ _ _ _ _ _ _  
L~~~~~
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~ ~c can t hi s formul a i s

~~~
k:  dB km ) = 

~ l • ~ 
+ 0 .0 ! ~ s. I •~~ I i~i

where f is t roquencv in kilohert :.
the overa l l  surf.ice duct p r op a g a t  ion t o r m u l a , t o l  101, lu g  ret erence 1 , m.t v

then be expressed a-~

L os s  (U B ) .~~~) log R • ~~~~ ÷ ~ ‘~) R (51

( f or  sh or t  r~i ii ~~es (R -~ 
f) , 1(11 ) 0 . )

or

loss ~dB) = ft lo g  R S log I I ’  5 3  + ÷ ,
~ ,i }~

for  long ranges (l~ 
‘ t~. 22 £ ~l1)

t)

where R ts range in kiiometre~

11 a duc t depth in met re’s

a , 3 . and ) ire detined by e~lua t  j o i l s  (3) , ~~:s)  . o~ and ~~~

5. ONC I I T S

Si m p l e  a :oust i c  p r e d i c t  ~ou fo rmul ae’ can be ot great ~ssist ance in est  m a t  ing
so n ar  s vst  e~ per formanc e . Some term s in such f o r m u l a e , such as Baker ’s h i g h
frequency duc t 1 eakage t e rm • are b~’ at  ~let cnn i ned emp ii’ i call v . Baker ’ s t cnn ‘L s
m a i n l y  concerned w i t h  n e a r — s u r f a c e  phen omena. h owev er  . e m p i r i c a l  e \t  ens ion of
th e formula  to t he  lowest fr equenc i e s  ot• s ig n i f i c a n c e  f or  duct eel p ropa gat  ion is
not an easy task . -\t these frequencies the bottom of t h e  diic t becomes
i n c r e a s i n g ly  importan t . The bottom of the duct w i l l  t r e qu en t  lv be I r r e g t i l ar  in
depth on a l a rge  s c a l e’, both spat ial lv and t empora liv , and propagat  ion loss
measurements w i 11 cons c~lUen t  I 

~ 
be quite ’ var i .tl ’ Ic .

For th i s re~ison the ’  low t’requencv l e a k ag e  coefficient is most s im pl y
determined by comput or mo de l  1 i ng .  in model !  ing t h e  term this way , however , we
should remember that the  d u c t s  encountered in prac t ice .ire lik el to be v a r i a l ’ l ~‘

in depth , and that the at  r o n g e st  leak.ige w i l l  be •t s soc  i at ed w i t h the shal lowest
duct region . ~\ relat ivelv s ma l l  proport ion of shallow duct m a y effect ive lv
domin ate  the  leakage o~ or a pa th  cons ist ing otherw i so of m ainl y well est.tb l ished
surface duc t .

Provided such pr act  icah rea l i t ~t’s art’ borne’ in mind , the inc lus ion of th~’ lowfrequency duct leakage term pro~ ides a u s e f u l  ext ens ion o t the Baker fc’rmnu 1 a
down to the lowest Frequencies of signi ficance for norma l surt’acc duc t
propagat ion .
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