
  
Paper Number 49, Proceedings of ACOUSTICS 2011                                                        2-4 November 2011, Gold Coast, Australia 

 

Acoustics 2011 1 
  

Recent Developments in Modelling Acoustic Reflection 
Loss at the Rough Ocean Surface 

Adrian D. Jones (1), Alec J. Duncan (2), David W. Bartel (1), Alex Zinoviev (1) and 
Amos Maggi (2) 

(1) Defence Science and Technology Organisation, P.O. Box 1500, Edinburgh, SA 5111, Australia 
(2) Centre for Marine Science & Technology, Curtin University of Technology, GPO Box U1987, Perth WA 6845, Australia 

ABSTRACT 
The transmission of sonar signals in a surface ducted environment, or in a shallow ocean, is affected by reflection 
losses at the ocean surface, when wind action or swell causes the surface to be roughened.  Under these circum-
stances, the amplitude of the specular reflection of sound at the ocean surface is reduced by a number of complex 
phenomena, including: the sea surface shape; acoustic shadowing of parts of the surface to sound incident at small 
angles; diffraction of sound into the shadow zones; and bubble formation from white-caps.  Recent work has shown 
that the inclusion of these effects within a ray model of transmission is a formidable prospect, as ray theory cannot 
describe all the phenomena explicitly, and the inclusion of acoustic wave effects in combination with a ray model is 
required.  This paper addresses several of the complexities, in the search for a comprehensive solution to this model-
ling issue.  In particular, the appropriateness of the Small-Slope Approximation roughness model used by Williams et 
al. (JASA, 116, Oct. 2004) is investigated, using a Parabolic Equation (PE) model.  Also, the refraction near the 
ocean surface caused by wind-induced bubbles (e.g. Ainslie, JASA, 118, Dec. 2005) is investigated using the PE 
model.  Lastly, the surface loss values obtained for received coherent sound pressure are compared with those rele-
vant to received root-mean-square sound pressure.  The paper speculates on the prospects for the future development 
of a surface loss model that includes all relevant effects. 

INTRODUCTION 

There has been much work relating to surface acoustic reflec-
tion loss, however the subject persists as one for which there 
is no recognised complete solution.  Much of the earlier work 
(e.g. Marsh et al., 1961), plus more recent work (e.g. Wil-
liams et al., 2004), was focussed on descriptions of loss due 
to the roughness of the surface.  The added complication of 
shadowing of the surface (e.g. Wagner, 1967) had been ex-
pected to be relevant, due to the small incidence angles pre-
dicted at the surface for ducted transmission (e.g. the angle of 
a limiting ray as shown in fig. 6.5, Urick 1983) and the fact 
that sea surface slopes would exceed these angles for all but 
low sea states.  More recently, Ainslie (2005, 2010) showed 
the transformative effects of incorporating the result of wind-
induced bubbles, both refractive effects due to the air fraction 
distribution near the surface, and the absorption and scatter-
ing effects.  In earlier work by the present authors (Jones et 
al., 2010, 2011), the refractive effects due to bubbles were 
also studied briefly.  Ray-theory modelling showed that this 
refraction caused surface-ducted sound to be incident at the 
surface at a very small span of angles, so that a single angle 
of surface incidence could be assumed for each wind speed.  
However, it was also shown (Jones et al. 2011) that Snell’s 
Law refraction could not necessarily be assumed within the 
bubbly region, so the adoption of a simplified modelling 
solution was by no means straightforward. 

This paper commences with a brief review of the models of 
surface roughness loss under consideration.  Particular atten-
tion is given to the Kirchhoff model and its relativity to the 
small-slope model used by Williams et al. (2004).  Next, the 
Snell’s Law-based inclusion of the refractive effects due to 
wind-induced bubbles in ray-based modelling is reviewed.  
The need to consider full acoustic wave effects within the 

bubbly region, that is, non-adherence to Snell’s Law, is then 
indicated.  The relevant effects are demonstrated using sto-
chastic, numerical techniques based on the application of a 
Parabolic Equation (PE) model.  Lastly, a theoretical analysis 
(Brekhovskikh, 1960) is used to derive a correction to the 
Snell’s law refraction, and the utility of this correction is 
demonstrated by means of stochastic simulations of the 
acoustic field for a particular surface duct scenario.  The use 
of this correction may be anticipated to be an inclusion within 
a practical modelling approach.  To maintain comparison 
with the work of Williams et al. (2004), the acoustic frequen-
cies selected for study are 3200 Hz and 6000 Hz. 

SURFACE ROUGHNESS LOSS MODELS 

The models considered in this study describe the coherent 
surface reflection coefficient at the specular angle, due to the 
roughness of a sea surface caused by wind action.  These 
include:  (i) the small-slope approximation (SSA) model as 
used by Williams et al. (2004), for which the sea surface is 
assumed to have a Pierson-Moskowitz (PM) surface wave 
spectrum; (ii) the model presented by Ainslie (2005, 2010) 
which was based on the perturbation method of Brek-
hovskikh and Lysanov and (iii) the Kirchhoff model for a sea 
surface with a Gaussian distribution of surface heights (KA) 
(e.g. Lurton, 2002, section A.3.3).  Ainslie produced a model 
for each of PM and Neumann-Pierson surface wave spectra – 
the former is considered here. 

Kirchhoff Model 

The Kirchhoff, or tangent plane, approximation is based on 
the assumption that the reflection at every location on the 
surface occurs as if the surface was locally flat.  As stated by 
Ogilvy (1987) section 6, for example, the requirement for 
flatness implies that the radius of curvature of the surface ρ , 
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in metres, must be sufficiently large that βρ 3sink >> 1, 
where β is the acoustic grazing angle with the mean surface 
plane, radians; k is acoustic wavenumber wcfπ2 ; f is cyclic 
frequency, Hz; wc  is speed of sound in seawater, m/s.  The 
Kirchhoff approximation is thus expected to fail for appropri-
ately small grazing angles.  A further assumption usually 
applied to closed-form evaluations of surface loss is that a 
direction normal to the surface is assumed approximately the 
same as a normal to the mean plane (e.g. Ogilvy (1987) sec-
tion 6.2).  This will be accurate for small slopes. 

The determination of reflection loss thus proceeds by the 
assumption of a phase coherent addition of the specular re-
flection contributions from sections of surface which are 
displaced vertically by differing amounts.  In application of 
the technique, the distribution of surface heights is the key 
input, whilst spatial correlation and movement of surface 
features are ignored.  The model assumes (i) an incident 
plane wave of infinite extent, (ii) a reflected plane wave of 
infinite extent which is sampled at large distance from the 
mean plane of reflection, (iii) a plane scattering surface of 
infinite extent, with local surface displacements, (iv) con-
tinuous insonification of the surface.  There is no net energy 
loss, and a reduction in intensity in the specular direction is 
balanced by energy scattered to other directions.  As the ex-
tent of the reflecting sea surface is assumed infinite, the loss 
is identical for all possible realisations of the sea surface 
shape that match the prescribed distribution of heights. 

The Kirchhoff roughness model for a sea surface with a 
Gaussian distribution of surface heights (KA) is usually ex-
pressed in terms of rms height σh  of the sea surface.  The 
coherent reflection loss (RL) for a single surface reflection, in 
terms of the Rayleigh parameter ( ) wchf βπ=Γ σ sin4 , is 

 

dB  log20
25.0

10 ⎟
⎠
⎞

⎜
⎝
⎛−= Γ−eRL  per bounce. (1)

By taking the well-known relation ( )25.19
3103.5 wh −

σ ×≈  
for a PM surface wave spectrum (e.g. section 13.1 of Medwin 
and Clay, 1998), where 5.19w  is wind speed measured 
19.5 m above sea level, RL for the KA model becomes 

 

( )[ ]22
5.19 sin019.0 wcwfRL β≈  dB. (2)

Ainslie Model 

Following the perturbation method used by Brekhovskikh 
and Lysanov (2003), section 9.6, Ainslie (2005) derived ex-
pressions for the coherent sound pressure reflection coeffi-
cient for sea surfaces with a PM wave spectrum.  Ainslie’s 
expression is equivalent to a reflection loss per bounce as 

 
( ) β×≈ − sin1060.2 3

5.19
237 wfRL  dB. (3)

Small-slope Approximation Model 

The algorithm for the small-slope approximation (SSA) 
model used by Williams et al. (Williams et al., 2004, equa-
tion 14) has been implemented by the Defence Science and 
Technology Organisation (DSTO).  Although not shown 

here, in this work it has been established that the SSA func-
tion for small grazing angles 0→β  is 

( ) βα≈ 2312.3 LKkRL , where ( )25.19wBgKL =  is a 
surface wave-number expressing a correlation length, 

0081.0=α  and 74.0=B  are parameters of the PM surface 
wave spectrum, and g = 9.81 m/s2 is gravitational accelera-
tion.  The reflection loss per bounce for the SSA model is 
thus a linear function of grazing angle for small angles, and 
in terms of wind speed 5.19w  and acoustic frequency f is 

 
( ) β×≈ − 3

5.19
2371079.2 wfRL  dB. (4)

For small β≈β sin , the Ainslie PM model and the linear 
approximation to SSA are identical, apart from a 7% differ-
ence in the constant.  Figure 1 shows a typical comparison of 
the key models (KA, SSA, linear approximation to SSA) for 
an example for which Γ has a maximum value of about 1.3. 

 
Figure 1. Reflection Loss per bounce, 7.5 m/s wind speed 

5.19w , 3000 Hz 

At low grazing angles, the linear approximation is close to 
the full SSA result, but at steeper angles the loss described by 
the full model rises more steeply.  Earlier work (Jones et al., 
2010, and Figure 4 below) achieved a measure of validation 
of the SSA model in stochastic simulations mentioned later in 
this paper.  Here, the loss values obtained via stochastic 
simulation for grazing angles from 1º to 7º for 3200 Hz and 
wind speeds 5.19w  5 m/s and 10 m/s were very close to those 
predicted by the SSA model at all the grazing angles consid-
ered, with values of Rayleigh parameter Γ as much as 1.7 for 
the steepest angle and higher wind speed.  The authors intend 
to extend this validation by similar means but at present have 
accepted the SSA model as accurate. 

From numeric calculation, it has been found that the loss 
from the SSA model tends toward that from the KA model 
when the result from Equation (2) exceeds that from Equa-
tion (4).  A reasonable approximation to the SSA model is 
then to take the maximum value of the linear approximation 
and the KA model.  This has been found suitable for frequen-
cies 1 kHz to 7 kHz for wind speeds from 3 m/s to 12.5 m/s.  
At frequencies 8 kHz to 10 kHz the approximation is valid 
for wind speeds 3 m/s to 10 m/s, and at 500 Hz for wind 
speeds 5 m/s to 15 m/s.  Additional examples are included as 
Figure 2 (5 m/s wind speed, 6000 Hz), and Figure 3 (7.5 m/s 
wind speed, 6000 Hz) for which this proposed simplification 
of the full SSA model appears to be appropriate. 
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Figure 2. Reflection Loss per bounce, 5 m/s wind speed 

5.19w , 6000 Hz 

 
Figure 3. Reflection Loss per bounce, 7.5 m/s wind speed 

5.19w , 6000 Hz 

STOCHASTIC MODELLING OF REFLECTION 
LOSS 

In earlier work (Jones et al., 2010, 2011), values of coherent 
surface reflection loss per bounce were determined via nu-
merical simulations of transmission in an ocean with sea 
surface boundary shapes based on samples of a stochastic 
process that satisfied the PM wave spectrum.  The PE trans-
mission code RAMSurf (NRL n.d.) was used, and thus all 
physical effects including acoustic shadowing of segments of 
the sea surface and diffraction of sound into shadowed zones 
were implicitly included.  Each surface ducted scenario was 
devised so that the incidence angles at the surface were con-
fined to a small span around a preferred nominal value, with 
each scenario thus providing data for that angle.  For each 
scenario, the field was computed, first for a smooth surface, 
then with the surface described as rough, with, typically, 40 
random replications of the rough sea surface, with the coher-
ent field determined for each.  The stochastic process that 
was used to generate each surface shape ensured that vertical 
displacement and horizontal spatial correlation was appropri-
ate to the PM wave spectrum.  The total loss of coherent 
transmission, in dB, was determined by referencing the am-
plitude of the mean of the coherent pressure fields obtained 
for the rough surface to the amplitude of the field obtained 
with the smooth surface.  Loss per bounce was then deter-
mined.  This modelling described a one-dimensional sea 
surface with transmission for cylindrical symmetry. 

Values of reflection loss per bounce from this stochastic 
modelling were compared with the SSA model for wind 
speeds 5 m/s and 10 m/s at 3.2 kHz.  Figure 4 shows the latter 
set of data, with the loss values from stochastic modelling 
shown by rectangles for which the height represents ±2 stan-
dard deviations of the mean loss, and the width represents the 
span of angles over which the trapped beam of rays from the 
source impinged on the ocean surface (Jones et al. 2010).  As 
Figure 4 shows, this work was supportive of the SSA model.  
There was no evidence of effects due to surface shadowing, 
for which loss values in excess of the SSA model would have 
been expected.  Presumably, at 3200 Hz the shadow zones 
were fully insonified by diffraction. 

 
Figure 4. Reflection Loss per bounce: blue - KA, red dashed 
- SSA, boxes - stochastic; 10 m/s wind speed 5.19w , 3200 Hz 

Coherent and Incoherent Reflection Loss 

The RAMSurf model was used to compute the coherent pres-
sure field referenced to the pressure one metre from the 
source, across a grid in range r and depth z.  One run was 
executed for each of },,1{ nk ⋅⋅⋅∈  realisations of the rough 
surface.  Denoting the coherent pressure kp  at grid point (r, 
z), using complex arithmetic we have kkk iyxp +=  for the 

kth surface realisation.  The arithmetic mean cp  of the com-
plex pressure values was determined as 
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and represents the coherent average, across all surface reali-
sations, of the pressure values at (r, z).  In a practical sense, it 
accounts for the average effect of the reflection from a rough 
surface, across equivalent but independent surface bounces, 
when the received signal is processed as coherent pressure, as 
is typical with processing returns from linear FM sonar 
pulses.  Transmission Loss (TL), as a positive quantity, for 
the averaged coherent field is cc pTL 10log20−= . 

Taking uuu iyxp +=  as the coherent pressure at (r, z) when 
there is an unperturbed sea surface, the corresponding TL is 

uu pTL 10log20−= .  In general, a metric for the component 

of loss due to surface reflection loss is then 
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ucc TLTLTL −=∆ . (6)

An alternative expression of loss may be based on the inco-
herent average of the pressure values kp  as 
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leading to the metric for reflection loss as 

 
uii TLTLTL −=∆ , (8)

where ii pTL 10log20−= .  Use of the incoherent, or energy, 
average is relevant to processing returns from CW pulses, as 
these are commonly processed by a square-law detector (e.g. 
page 385 Urick 1983), for which output is proportional to the 
square of sound pressure input.  Also, a diffuse component 

may be defined as 
2122 ⎟

⎠
⎞

⎜
⎝
⎛ − ci pp . 

Figures 5 and 6 show TL based on averaged received signal 
levels, across range and depth points, for a test scenario with 
an omnidirectional source at 18 m depth, with a 64 m iso-
thermal surface duct overlying an isovelocity ocean of infi-
nite extent.  Here, the RAMSurf model has been run for a 
large number (40) of random replications of a sea surface 
displaced vertically such that the PM wave spectrum was 
satisfied.  Each RAMSurf run simulated a bottomless ocean 
through the inclusion of a highly absorbent region at depths 
200 m and greater.  The data in the figures has been averaged 
coherently for Figure 5 and incoherently for Figure 6.  This 
scenario (3200 Hz for 10 m/s wind speed) causes a high TL.  
Note that the refractive effects of the wind-induced bubbles 
have been included through the incorporation of the changes 
to the sound speed profile discussed in the following section, 
and shown in Figure 7.  As is evident from these figures, the 
coherent average of the received signal values shows a 
greater loss relative to the incoherent averaging. 

 
Figure 5. Transmission Loss TLc for averaged coherent field, 

source at 18 m, 10 m/s wind speed 5.19w , 3200 Hz 

As RAMSurf must be run with every field point being at zero 
or greater depth, for these simulations the field has been dis-
placed downward by 5 m.  Thus the bottom of the surface 

duct, shown by the dashed line, and the position of the 
source, shown by a symbol in each figure, are each displaced  
in this way.  The reverse of this displacement was made be-
fore comparisons were achieved with the field for the unper-
turbed surface.  Of interest is that the energy scattered from 
the surface reflections may be seen in these figures. 

 
Figure 6. Transmission Loss TLi for averaged incoherent 
field, source at 18 m, 10 m/s wind speed 5.19w , 3200 Hz 

INCLUSION OF REFRACTION DUE TO WIND-
INDUCED BUBBLES 

Ainslie’s (2005, 2010) simulations of surface reflection loss 
involved the incorporation of the Hall-Novarini model of 
bubble population as a function of depth and wind speed.  
The presence of bubbles reduces the sound speed through an 
increase in the compressibility of the bubbly water versus 
bubble-free water.  The result is a departure of the sound 
speed versus depth function from that appropriate to an iso-
thermal mixed layer.  Figure 7 shows this variation near the 
ocean surface for a range of wind speeds.  It is evident that 
the effect is confined to the top few metres of the ocean, and 
that the resultant sound speed gradients are very large, being 
of the order 10 s-1, in comparison to the isothermal gradient 
of 0.017 s-1 from the depth (pressure) effect.  The effect of 
the bubbles on sound speed extends, in depth, to just several 
acoustic wavelengths, at most, for frequencies of interest. 

 
Figure 7. Sound speed near surface, with bubble effects, 

wind speeds 5.19w  5, 7.5, 10, 12.5 m/s, after Ainslie (2005) 

Typically, for an isothermal surface duct, the change in sound 
speed at the ocean surface due to wind-induced bubbles ex-
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ceeds the 0.017D m/s sound speed variation that exists over 
the entire duct depth D due to the depth effect.  For a 64 m 
duct, the latter results in a 1.09 m/s sound speed difference 
across the duct depth, whereas the effect from bubbles is 
much greater, as shown by the data in Figure 7.  If refraction 
follows Snell’s Law, the grazing angle at the ocean surface, 
for sound travelling in an isothermal surface duct with a re-
gion of wind-induced bubbles, will be almost completely 
determined by the bubble phenomena.  Based on the resultant 
surface sound speed, the angle of incidence at the surface for 
all surface-ducted energy is ( ) 23

5.191 0042.0 w≈β  radians, 
for wind speed of the order of 5 m/s or more.  Although it is 
beyond consideration in the present paper, it may be stated 
that the wind-induced sound speed reductions near the ocean 
surface will cause the formation of a mini-duct within the 
mixed layer duct.  Simplification of the models of roughness 
loss described by Equations (2) and (4) become feasible by 
substituting for surface grazing angle 1β  with the above ex-
pression.  This results in the following expressions for the 
KA model and the linear approximation to the SSA: 

For KA model 

 
( )75.19

213105.1 wfRL −×≈   dB. (9)

For linear approximation to SSA model 

 
( ) 29

5.19
2391016.1 wfRL −×≈   dB. (10)

For a particular situation, the larger value from these two 
expressions would be used, as explained earlier for the case 
of Equations (2) and (4).  The results from Equation (10), for 
wind speed 5.19w  = 10.6 m/s (same as 10w  = 10 m/s), are 
similar to those in Ainslie’s fig. 8.2 (2010), as the analyses 
are similar.  For some frequencies, however, the loss value 
from Equation (9) exceeds that from Equation (10), indica-
tive of the increase of the KA model (and SSA model) away 
from the linear approximation to the SSA model for relevant 
angles of surface incidence.  The simplifications of Equa-
tions (9) and (10) are, of course, based on the ray approxima-
tion to transmission through the bubble zone and so are con-
tingent upon the refraction in that zone occurring in accord 
with Snell’s law. 

Adherence to WKBJ Approximation 

Ray models are based on a number of assumptions, and are, 
at best, convenient approximations to a more complete solu-
tion of the wave equation.  As is well known, a plane wave 
ray solution is limited in the shallowness of the angle at 
which sound may impinge upon a zone of high sound speed 
gradient.  Here, the Wentzel-Kramers-Brillouin-Jeffreys 
(WKBJ) approximation must be satisfied.  This may be 
shown to require (e.g. Frisk (1994) equation 7.27) 
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where ( ) ( )[ ] ( )zzczk wx βω= sin  and z is depth.  Figure 8 
illustrates the zones of range and depth, in red, for which the 
approximation is not valid at 3200 Hz for the test scenario 
with a source at 18 m depth in a 64 m isothermal duct, for 

which the bubble-caused sound speed variations appropriate 
to 7.5 m/s wind are included.  In approximating the require-
ment for the left-hand side of expression (11) to be <<1, fail-
ure was judged to occur when it exceeded 0.05.  For clarity, 
Figure 8 shows the rays to the first surface bounce, only. 

 
Figure 8. Adherence to WKBJ approximation for ray calcu-

lation, 7.5 m/s wind speed 5.19w , 3200 Hz 

Clearly, ray modelling and Snell’s Law may fail in the region 
near the surface in which the wind-induced bubbles are lo-
cated.  It may be noted that the WKBJ approximation also 
fails near ray turning points, as is well known (e.g. Frisk 
(1994)).  Although not shown here, calculations similar to 
that in Figure 8 show that the extent of the violation of the 
WKBJ approximation is reduced for higher frequencies. 

Wave Model of Refraction 

In order to better describe refraction phenomena in the bub-
bly zone, a wave-based solution was obtained for the angle of 
incidence at the ocean surface as a function of the angle of 
incidence at the bottom of the bubbly zone.  This was based 
on Brekhovskikh’s analysis (1960) for plane waves in lay-
ered-inhomogeneous media.  Ainslie (2005) achieved an 
alternative wave description, however, that relied upon nu-
merical simulation not suited to convenient calculation.  The 
essence of the problem is that, in the region of strong SSP 
gradient, the direction of the phase velocity follows Snell’s 
Law, whilst the direction of the intensity vector, does not. 

One of Brekhovskikh’s example cases (the transitional layer) 
contained a sound speed variation with depth which closely 
resembled that implied by Ainslie’s use of the Hall-Novarini 
model of bubble population.  From use of Brekhovskikh’s 
analysis, through techniques not detailed in this paper, the 
desired solution to the surface incidence of the intensity vec-
tor was then found.  Figure 9 shows the closeness of the 
sound speed variation achieved using Brekhovskikh’s “transi-
tional” scenario to that obtained from Ainslie’s analysis 
(2005) for the case of a wind speed at 19.5 m above the sur-
face of 7.5 m/s. 

Examples of the derived functions of grazing angle of the 
intensity vector at the ocean surface, based on this approach, 
are shown in Figures 10 to 13.  Each figure shows a curve 
(the solid line) giving the Snell’s Law result, for which the 
angle of incidence of at the surface 1β  is related to the angle 
of incidence at the bottom of the bubble zone 2β  by the well 
known expression 

21 21 coscos ww cc β=β (e.g. Lurton 
(2002) page 42).  Each figure also shows, as a dashed line, 
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the result from the application of Brekhovskikh’s analysis as 
mentioned above.  In the examples in Figures 10 and 12, the 
“Brekhovskikh” result gives a relatively small difference 
between angles 2β  and 1β .  That is, for these cases (3200 Hz 
for 7.5 m/s wind, 6000 Hz for 5 m/s wind) there is little re-
fraction of the intensity vector in the bubbly zone.  For higher 
wind speeds, however, the situation is changed.  Figure 11 
shows that with 12.5 m/s wind, at 3200 Hz the surface graz-
ing angle of the intensity vector is greatly different to that 
below the bubbly region.  Similarly, Figure 13 shows that a 
wind speed of 7.5 m/s gives rise to greatly increased refrac-
tion of the intensity vector at 6000 Hz. 

Now, from ray acoustics, for an isothermal duct, 

wh cgd21 =β , where hd  is the depth at which a ray is 
launched in a horizontal direction, and g is sound speed gra-
dient.  Hence, for a source at 18 m depth in a 64 m duct for 
the test scenario, surface angles of incidence in bubble-free 
water will be confined to between 1.2° and 2.2°, the latter 
corresponding with a limiting ray.  Clearly, these angles will 
be nearly the same as incident angles 2β  below the bubbly 
zone in the with-bubbles case.  As the “Snell’s Law” and 
“Brekhovskikh” curves in Figure 13 are not greatly different 
for this span of angles incident below the bubbly zone, this 
indicates that the wave solution has a similar effect to the ray 
(Snell’s Law) result for 7.5 m/s wind at 6000 Hz. 

 
Figure 9. Sound speed variation in bubbly region (i) after 
Ainslie (2005), (ii) modelled with Brekhovskikh’s “transi-

tional” scenario, 7.5 m/s wind speed 

 
Figure 10. Grazing angle of intensity vector at surface vs 
incidence angle at bottom of bubbly region, 7.5 m/s wind 

speed, 3200 Hz 

 
Figure 11. Grazing angle of intensity vector at surface vs 
incidence angle at bottom of bubbly region, 12.5 m/s wind 

speed, 3200 Hz 

 
Figure 12. Grazing angle of intensity vector at surface vs 
incidence angle at bottom of bubbly region, 5 m/s wind 

speed, 6000 Hz 

 
Figure 13. Grazing angle of intensity vector at surface vs 
incidence angle at bottom of bubbly region, 7.5 m/s wind 

speed, 6000 Hz 

STOCHASTIC MODELLING OF DUCTED 
TRANSMISSION 

Acoustic transmission for a surface ducted scenario was 
modelled, using the stochastic modelling regime outlined 
earlier.  In this way the field was computed, first for a smooth 
surface, then with the surface described as rough, with 40 
random replications of the rough sea surface.  The averaged 
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coherent field was determined from the rough surface runs.  
The ocean scenario was the same as that used previously by 
the authors (Jones et al., 2010):  isothermal surface duct over 
an infinitely deep isovelocity ocean; duct depth 64 m; source 
depth 18 m; frequency 3200 Hz.  Wind speed 5.19w  was set 
to 7.5 m/s, and the resultant variation in sound speed due to 
wind-induced bubbles was based on the Hall-Novarini bubble 
population model, as mentioned earlier (see Figure 7). 

Figure 14 shows the component of TL, TL∆ , due to surface 
reflection loss, computed for the test scenario by: (i) the ray 
model Bellhop incorporating the SSA model of RL; (ii) the 
stochastic modelling method based on averaged received 
coherent pressure.  In each case the sound speed profile ex-
plicitly included the effect of isothermal water plus wind-
induced bubbles for wind speed 5.19w  of 7.5 m/s.  The values 
of TL∆  were obtained by subtracting the corresponding 
rough surface TL data from the TL data for a smooth surface 
in the case of the RAMSurf modelling, and from the TL data 
when surface loss was set at zero for the Bellhop modelling.  
For this work, Bellhop was run in phase coherent mode. 

The value TL∆  based on ray modelling is clearly much 
greater than that from the stochastic modelling.  This may be 
understood by reference to the angles of incidence expected 
at the surface by (i) ray modelling, (ii) wave modelling.  
From Figure 10, making the earlier-mentioned assumption 
that a limiting ray (or wave) will be incident on the bottom of 
the bubbly zone at 2.2°, Snell’s Law and ray modelling will 
describe the grazing angle at the surface as about 5.3°, 
whereas for full wave modelling a grazing angle of the inten-
sity vector of about 2.8° is expected.  Each modelling ap-
proach incorporates reflection loss as described by the SSA 
model: the ray model incorporates it explicitly, and the 
RAMSurf stochastic modelling does so implicitly by virtue of 
the stochastic modelling matching the SSA loss values, e.g. 
Figure 4.  Hence, loss values per bounce may be expected as 
shown in Figure 1, notwithstanding the slight difference in 
frequency (3000 Hz vs 3200 Hz).  Loss per bounce values of 
about 2.2 dB (5.3° incidence from ray modelling) and 1.0 dB 
(2.8° incidence from RAMSurf modelling) are expected.  
Assuming 5 surface bounces to 30 km range for the limiting 
ray, the total expected values of surface loss are very close to 
those values of TL∆  shown in Figure 14.  Significantly, the 
results for the RAMSurf modelling are consistent with that 
expected based on the wave nature of refraction described 
earlier, and as shown in Figure 10. 

 
Figure 14. TL component due to Reflection Loss; 7.5 m/s 

wind speed 5.19w , 3200 Hz, test scenario 

This modelling was repeated for the same wind speed and 
frequency combination, using a different implementation of 
RAMSurf, and using a different Gaussian beam ray model, so 
that the results in Figure 14 might be confirmed.  Here, 
RAMSurf was used with a different spatial sampling regime, 
and the alternate ray model was run in phase-incoherent 
mode.  The result from this repeat modelling, shown in Fig-
ure 15, is very close in its replication of that shown in Fig-

ure 14 thus giving confidence in the modelling approaches, 
and in the wave model of refraction.  The 2nd of these model-
ling approaches was used for the additional work described 
below. 

 
Figure 15 TL component due to Reflection Loss; 7.5 m/s 

wind speed 5.19w , 3200 Hz, test scenario 

Additional examples of calculation of the component of TL, 
TL∆ , due to surface reflection loss, were made for other 

wind speed/frequency cases for which the result might be 
anticipated.  Firstly, RAMSurf and Gaussian beam ray model 
calculations were carried out for wind speed 5.19w  of 5 m/s 
and frequency 6000 Hz.  From the expectations of refraction 
in the bubbly zone shown in Figure 12 for the limiting ray 
incident below the bubbly zone at 2.2°, the ray model will 
describe a surface arrival at about 3.4°, whereas RAMSurf 
modelling is expected to describe the wave-model result at 
about 2.8°.  From Figure 2, surface loss values expected per 
bounce are about 1.1 dB and 0.8 dB, respectively.  Bearing in 
mind that the limiting ray exhibits 5 surface bounces to 
30 km, the TL∆  values shown in Figure 16 are well matched 
to expectations. 

 
Figure 16 TL component due to Reflection Loss; 5 m/s wind 

speed 5.19w , 6000 Hz, test scenario 

A further example calculation of the components of TL, 
TL∆ , due to surface reflection loss, is shown in Figure 17 

for wind speed 5.19w  of 7.5 m/s and frequency 6000 Hz.  In 
this case, from Figure 13 for the limiting ray incident below 
the bubbly zone at 2.2°, both the ray model and RAMSurf 
modelling are expected to describe a surface arrival at about 
5.3°.  From Figure 3 surface loss values expected per bounce 
are about 7 dB for each modelling approach.  Bearing in 
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mind that the limiting ray exhibits 5 surface bounces to 
30 km, the TL∆  values shown in Figure 17 are consistent 
with expectations.  Note that the TL∆  value from the Gaus-
sian beam ray model reaches a limit at about range 15 km.  It 
is believed that this is an artefact of the model for scenarios 
with high transmission loss. 

 
Figure 17. TL component due to Reflection Loss; 7.5 m/s 

wind speed 5.19w , 6000 Hz, test scenario 

DISCUSSION 

The modelling of the wave nature of refraction, using Brek-
hovskikh’s analysis (1960) for plane waves in layered-
inhomogeneous media, for which all aspects and results are 
not shown in this paper, has revealed those combinations of 
wind speed and frequency for which the refractive effects of 
wind-induced bubbles are negligible.  Using the model of 
wind-induced bubbles published by Ainslie (2005), for wind 
speed 5 m/s the effect of bubbles is negligible for frequencies 
3 kHz and less; for wind speed 7.5 m/s it is negligible for 
frequencies 2 kHz and less; for wind speed 10 m/s it is negli-
gible for frequencies 1 kHz and less.  In these situations, 
surface loss per bounce may be modelled using either the full 
SSA result or the greater of Equations (2) and (4).  Con-
versely, there are combinations of wind speed and frequency 
for which the refractive effects of wind-induced bubbles may 
be adequately described by Snell’s Law and ray modelling, 
and loss values per bounce may be obtained from the greater 
of Equations (9) and (10).  For wind speed 5 m/s this is the 
case for frequencies 10 kHz and more; for wind speed 
7.5 m/s it is for frequencies 6 kHz and more; for wind speed 
10 m/s it is for frequencies 3 kHz and more.  For intermediate 
combinations of wind speed and frequency, the wave nature 
of refraction in the bubbly zone must be modelled.  This is, 
however, feasible using an approach similar to that used for 
this paper, and it is quite conceivable that such a calculation 
of sea surface incidence angle may be incorporated within a 
conventional ray model of transmission.  Once the grazing 
angle of the intensity vector at the surface is known, the loss 
per bounce follows from the greater of Equations (2) and (4).  
In this way, a physics-based model of surface reflection loss 
is achievable within an existing ray model. 

CONCLUSIONS 

Stochastic modelling of the component of Transmission Loss 
due to sea surface roughness appears to confirm the expecta-
tions from the application of the small slope model of coher-
ent surface loss used by Williams et al. (SSA).  This model, 
in turn, may be readily approximated by simple algorithms.  
The refractive effects of wind-induced bubbles have, how-

ever, potential to cause significant difficulty to the way in 
which this modelling of sea surface reflection loss may be 
included in conventional ray models, but a solution is now 
within reach.  Based on the modelling of the wave effects of 
refraction within the zone near the surface in which wind-
induced bubbles exist, it appears that for some low combina-
tions of wind speed and frequency the bubble effects are 
negligible, whereas for other higher combinations the refrac-
tion in the near-surface region may be described simply by 
Snell’s law, combined with the refraction expected with the 
bubble model which is employed.  The bubble model adopted 
for this work is that which has been used by Ainslie.  For 
intermediate combinations of wind speed and frequency, the 
result from a wave-based model of refraction in the bubble 
zone may be used to describe the incidence at the surface, 
and a loss value may be determined by application of the 
SSA model or its simplified alternative.  In this way, a phys-
ics-based model of surface reflection loss is expected to be 
achievable within existing ray models. 
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