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Abstract

BELLHOP is a beam tracing model for predicting acoustic pres-
sure elds in ocean environments. The beam tracing structue leads
to a particularly simple algorithm. Several types of beams ae imple-
mented including Gaussian and hat-shaped beams, with both gomet-
ric and physics-based spreading lawsBELLHOP can produce a vari-
ety of useful outputs including transmission loss, eigenrgs, arrivals,
and received time-series. It allows for range-dependenca ithe top
and bottom boundaries (altimetry and bathymetry), as well as in the
sound speed pro le. Additional input les allow the specic ation of
directional sources as well as geoacoustic properties fohé¢ bounding
media. Top and bottom re ection coe cients may also be provi ded.
BELLHOPis implemented in Fortran, Matlab, and Python and used on
multiple platforms (Mac, Windows, and Linux). This report d escribes
the code and illustrates its use.
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1 Sound speed pro le and ray trace

As a rst example, we consider a deep water case with the Munk sund
speed pro le. Usually one should start by plotting the sound speed pro le
and doing a ray trace. The input le (called an environmental le) is cre-
ated using any standard text editor and must have a '.env' exension. It
is usually easiest to start from one of the example les. Herewe consider
at/tests/Munk/MunkB _ray.env

MunkBray.env

'Munk profile' I TITLE
50.0 | FREQ (Hz)
1 I NMEDIA
'SVF' I SSPOPT (Analytic or C-linear interpolation)
51 0.0 5000.0 ! DEPTH of bottom (m)
0.0 1548.52

200.0 1530.29

250.0 1526.69

400.0 1517.78

600.0 1509.49

800.0 1504.30
1000.0 1501.38
1200.0 1500.14
1400.0 1500.12
1600.0 1501.02
1800.0 1502.57
2000.0 1504.62
2200.0 1507.02
2400.0 1509.69
2600.0 1512.55
2800.0 1515.56
3000.0 1518.67
3200.0 1521.85
3400.0 1525.10
3600.0 1528.38
3800.0 1531.70
4000.0 1535.04
4200.0 1538.39
4400.0 1541.76
4600.0 1545.14
4800.0 1548.52
5000.0 1551.91

L

'A' 0.0
5000.0 1600.00 0.0 1.0 /

1 ! NSD

1000.0 / I SD(1:NSD) (m)
51 I NRD

0.0 5000.0 / I RD(1:NRD) (m)



39
40
a1
42
43
44

1001 ' NR

0.0 100.0 / I R(L:NR ) (km)

'R' I 'R/IC/IIS'

41 I NBeams

-20.0 20.0 / I ALPHA1,2 (degrees)

0.0 5500.0 101.0 I STEP (m), ZBOX (m), RBOX (km)

The input le is read using list-directed i/o, so the data does not need
to be precisely positioned on each line. As a convenience wédsa append
comments, preceded by 'I'. These are optional and are not rahby the
program.

The source frequency (line 2) is not terribly important for t he basic ray
trace. The rays are frequency independent; however, the fouency can have
an impact on the ray step size, since the code assumes more acate ray
trajectories will be needed at higher frequencies.

NMedia (line 3) is always set to one inBELLHOP . This parameter is
included for compatibility with other models in the Acousti cs Toolbox, which
are capable of handling multi-layered problems.

The top option (line 4) is next specifed as 'SVF' indicating that a spline
t should be used to interpolate the sound speed pro le; that the ocean sur-
face is modeled as a vacuum; and that all attenuation valuesrg speci ed in
dB/mkHz. We chose the spline t here knowing that the pro le i s smoothly
varying. In such cases, the spline t produces smoother lookg ray trace
plots.

The only important parameter in the next line (5) is the botto m depth
(5000 m), which indicates the last line that needs to be readn the sound
speed pro le. The rst two parameters are not used by BELLHOP.

Next we see a sequence of depth-soundspeed pairs de ning tloeean
soundspeed pro le. The last value in the soundspeed pro le rast start with
the previously speci ed value for the bottom depth. To ensure compatibility
with the other models in the Acoustics Toolbox, we normally terminate each
line with a '/'. The other models are expecting attenuations, shear speeds
and a density as additional parameters and the '/' tells them to stop reading
the line and use default values.

Next we have two lines specifying the bottom boundary. The opion
letter "A" indicates that the bottom is to be modeled as an Acousto-Elastic
halfspace. The lines following specify that halfspace as lving a sound speed
of 1500 m/s and unit density (which is not very realistic).

The next 6 lines specify the source depths, receiver depthgnd receiver
ranges. Depths are always specied in meters and ranges in lkimeters.
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For our rst run, we are producing a ray trace so the receiver bcations
are irrelevant; however, they do need to be provided. Note &o that 51
receiver depths have been speci ed. Often the user simply wds a uniform
distribution of receiver depths to display the acoustic eld. To avoid forcing
the user to type in all those numbers one has the option of simly putting

in the rst and last values and terminating the line with a '/ . The code
detects the premature termination and then produces a full &t of receivers
by interpolation. The sources and receivers must lie withinthe interior of

the waveguide.

The choice of units is motivated by typical ocean acoustic senarios.
However, fundamentally the code is simply solving the wave guation so
any self-consistent set of units could be used.

Next is the RunType (line 41). For a raytrace run, we select ogion 'R’
The following lines then specify the fan that will be used, given as a number
of rays, together with the angular limits in degrees. We folbw a convention
that the angles are speci ed in declination, i.e. zero degres is a horizontally
launched ray, and a positive angle is a ray launched towardshe bottom.

For a ray trace run, the plot usually becomes too cluttered ifwe use more
than about 50 rays. This is a matter of taste. Likewise, the argular limits
are determined by what part of the eld the user is interested in seeing.

The last line (44) speci es the step size in meters used to tree a ray,
along with the depth and range of a box beyond which no rays ardraced.
Usually, a step size of 0 should be selected and theBELLHOP will make
an automatic selection of about a tenth of the water depth. Reyardless of
what step size is selected BELLHOP dynamically adjusts the step size as
the ray is traced, to ensure that each ray lands precisely onladepths where
a sound speed is given. Thus, the sound speed pro le itself ugally provides
controls the ray step size. Thus, if you provide more sound sped points
than are necessaryBELLHOP will similarly run slower. On the other hand,
for a given sampling of the sound speed pro le, you may be abléo obtain
a more accurate ray trace by specifying a speci c, small stefsize.

Now that the input le has been created, we can start by plotti ng the
soundspeed pro le, using the Matlab routine plotssp.m The syntax of the
Matlab command to run this is:

plotssp 'MunkBray'

where 'MunkB _ray.env' is the name of the BELLHOP input le. This pro-
duces the plot in Fig. ().
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Figure 1. The Munk sound speed pro le.

We started rst with the sound speed pro le plot, to introduc e the sce-
nario in a logical fashion. However, in practice it is recomnended to do a
trial BELLHOPrun on the input le rst. BELLHOPwill produce a print le
as show below, which echoes the input data in a clear format.n addition, it
will stop at the rst place it encounters something unintell igible. Thus, by
examining the print le one can usually see clearly any formadting errors.
MunkBray.prt

BELLHOP- Munk profile
frequency =  50.00 Hz

Dummy parameter NMedia = 1
SPLINE approximation to SSP
Attenuation units: dB/mkHz
VACUUM

Depth = 5000.0000000000000 m

Spline SSP option

Sound speed profile:

0.00 1548.52
200.00 1530.29
250.00 1526.69
400.00 1517.78



19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
a4
45
46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

600.00 1509.49
800.00 1504.30
1000.00 1501.38
1200.00 1500.14
1400.00 1500.12
1600.00 1501.02
1800.00 1502.57
2000.00 1504.62
2200.00 1507.02
2400.00 1509.69
2600.00 1512.55
2800.00 1515.56
3000.00 1518.67
3200.00 1521.85
3400.00 1525.10
3600.00 1528.38
3800.00 1531.70
4000.00 1535.04
4200.00 1538.39
4400.00 1541.76
4600.00 1545.14
4800.00 1548.52
5000.00 1551.91
( RMS roughness =
ACOUSTO-ELASTIC half-space
5000.00 1600.00 0.00 1.00 0.0000
Number of sources = 1
Source depths (m)
1000.00
Number of receivers = 51
Receiver depths (m)
0.00000 100.000 200.000 300.000
500.000 600.000 700.000 800.000
1000.00 1100.00 1200.00 1300.00
1500.00 1600.00 1700.00 1800.00
2000.00 2100.00 2200.00 2300.00
2500.00 2600.00 2700.00 2800.00
3000.00 3100.00 3200.00 3300.00
3500.00 3600.00 3700.00 3800.00
4000.00 4100.00 4200.00 4300.00
4500.00 4600.00 4700.00 4800.00
5000.00
Number of ranges = 1001
Receiver ranges (km)
0.00000 0.100000 0.200000 0.300000

0.00

)

0.0000

400.000
900.000
1400.00
1900.00
2400.00
2900.00
3400.00
3900.00
4400.00
4900.00

0.400000




68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
920
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

0.500000 0.600000 0.700000 0.800000 0.900000

1.00000 1.10000 1.20000 1.30000 1.40000
1.50000 1.60000 1.70000 1.80000 1.90000
2.00000 2.10000 2.20000 2.30000 2.40000
2.50000 2.60000 2.70000 2.80000 2.90000
3.00000 3.10000 3.20000 3.30000 3.40000
3.50000 3.60000 3.70000 3.80000 3.90000
4.00000 4.10000 4.20000 4.30000 4.40000
4.50000 4.60000 4.70000 4.80000 4.90000
5.00000
100.000000

Ray trace run

Geometric beams

Point source (cylindrical coordinates)

Rectilinear receiver grid: Receivers at rr( : ) x rd( : )

Number of beams = 41

Beam take-off angles (degrees)

-20.0000 -19.0000 -18.0000 -17.0000 -16.0000
-15.0000 -14.0000 -13.0000 -12.0000 -11.0000
-10.0000 -9.00000 -8.00000 -7.00000 -6.00000
-5.00000 -4.00000 -3.00000 -2.00000 -1.00000
0.00000 1.00000 2.00000 3.00000 4.00000
5.00000 6.00000 7.00000 8.00000 9.00000
10.0000 11.0000 12.0000 13.0000 14.0000
15.0000 16.0000 17.0000 18.0000 19.0000
20.0000

Step length, deltas = 500.00000000000000 m

Maximum ray Depth, zBox = 5500.0000000000000 m

Maximum ray range, rBox = 101000.00000000000 m

No beam shift in effect

CPU Time = 0.781E-01s

The Matlab command to run BELLHOP is:
bellhop 'MunkB.ray'
where 'MunkB _ray.env' is the name of the input le. Assuming a successful
completion, BELLHOP produces a print- le called 'MunkB _ray.prt' and a

ray le called 'MunkB _ray.ray'. One should carefully examine the print le
to verify that the problem was set up as intended and that BELLHOPran to
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BELLHOP- Munk profile
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Figure 2: Ray trace for the Munk sound speed pro le.

completion. The latter can be veri ed by checking that there are no error

messages in the print le, and that the last line of the print le shows the
CPU time used.

The next step is to plot the rays using the Matlab command:

plotray ‘MunkB_ray'

This produces the plot in Fig. (). Notice that the range axis is in me-

ters. If kilometers are preferred, then one simply sets the lgbal Matlab
variable:

units = 'km'
The rays have are plotted using di erent colors depending onwhether the
ray hits one or both boundaries. The number of surface and babm bounces

are written to the ray le so it is simple to modify plotray to color code the
rays in whatever way best illustrates the propagation physcs.

11
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2 Eigenray plots

BELLHOP can also produce eigenray plots showing just the rays that ao-
nect the source to a receiver. To do this, one simply changeshe RunType
to 'E'. However, to run this reliably one should understand the way this is
implemented. The code does exactly the same computation as idone for a
regular ray trace; however, it only saves the rays to the ray le, whose as-
sociated beams makes a contribution to the speci ed receivepoints. There
are many implications in this statement. First, one should be aware of which
beam type is used. For a true eigenray calculation one shouldse the default
beam, which has a beamwidth de ned by the ray tube formed by agacent
rays. We call that a geometric beam. The default beam also has hat-
shape in the traditional nite element style, so that it vani shes outside the
neighboring rays of the central ray of the beam. Other beam tpes, such as
the Cerveny, Popov, Psencik beams are generally much broadbeams, and
so one would get lots of additional rays that pass at greater ttances from
the receiver. When we use the default beam type, the rays thatare written
will be only the bracketing rays for the receiver location.

Second, one typically needs to use a much ner fan. For instace, if
one used 41 rays as we did in the previous example, then the rayare quite
spread out at long ranges. Then when we save the bracketing ya, they
may still miss the receiver location by a wide margin. For this example, we
therefore increase the number of rays to 5001. The more rayssed, the more
precise the eigenray calculation will be. However, the runime will increase
accordingly.

Finally, one should generally do an eigenray calculation vih just a single
source and receiver. Otherwise, the resulting ray plot woud be too cluttered.
The input le MunkB_eigenray.enwvith these changes is shown below. The
eigenrays are plotted using the usuablotray command, yielding the plot in

Fig. (B).

MunkBeigenray.env

'Munk profile' I TITLE
50.0 | FREQ (Hz)
1 I NMEDIA
'CVF' I SSPOPT (Analytic or C-linear interpolation)
51 0.0 5000.0 ! DEPTH of bottom (m)
0.0 1548.52

200.0 1530.29
250.0 1526.69
400.0 1517.78
600.0 1509.49

~ — — ~— — ~

800.0 1504.30

13
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13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

1000.0
1200.0
1400.0
1600.0
1800.0
2000.0
2200.0
2400.0
2600.0
2800.0
3000.0
3200.0
3400.0
3600.0
3800.0
4000.0
4200.0
4400.0
4600.0
4800.0
5000.0
‘A" 0.0
5000.0
1

1000.0 /

1

800.0 /
1

100.0 /
e
5001

1501.38
1500.14
1500.12
1501.02
1502.57
1504.62
1507.02
1509.69
1512.55
1515.56
1518.67
1521.85
1525.10
1528.38
1531.70
1535.04
1538.39
1541.76
1545.14
1548.52
1551.91

B e e T e e e L

1600.00 0.0 1.0 /

-25.0 25.0 /
0.0 5500.0 101.0

! NSD
I SD(1:NSD) (m)
I NRD
! RD(1:NRD) (m)
' NR
I R(1:NR ) (km)
I 'RIC/IS
! NBeams
I ALPHA1,2 (degrees)
I STEP (m), ZBOX (m), RBOX (km)
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3 Transmission Loss

We can calculate transmission loss by selecting RunType = ‘Cas shown
in the listing below. As we will discuss in more detail shortl, 'C' stands
for Coherent pressure calculations. The pressure eldp, is then calculated
for the specied grid of receivers, with a scaling such that Dlog;y(jpj) is
the transmission loss in dB. One may also select multiple sage depths, in

which caseBELLHOP does a run in sequence for each source depth. The

frequency (here 50 Hz) is now a very important parameter, sige the inter-
ference pattern is directly related to the wavelength. The fequency also
a ects the attenuation, when present.

The number of beams, NBeams, should normally be set to 0, ale
ing BELLHOP to automatically select the appropriate value. The number
needed increases with frequency and the maximum range to a ceiver. To
understand this one may imagine a point source in free spaceThe beam
fan expands as we go away from the source. Meanwhile, the eldt a given
point is essentially an interpolation between adjacent beas. To accurately
interpolate we need the wavefronts of adjacent beams to be stiently close.

MunkBcoh.env

'Munk profile, coherent' I TITLE
50.0 | FREQ (Hz)
1 I NMEDIA
'CvVW I SSPOPT (Analytic or C-linear interpolation)
51 0.0 5000.0 ! DEPTH of bottom (m)
0.0 1548.52

200.0 1530.29

250.0 1526.69

400.0 1517.78

600.0 1509.49

800.0 1504.30
1000.0 1501.38
1200.0 1500.14
1400.0 1500.12
1600.0 1501.02
1800.0 1502.57
2000.0 1504.62
2200.0 1507.02
2400.0 1509.69
2600.0 1512.55
2800.0 1515.56
3000.0 1518.67
3200.0 1521.85
3400.0 1525.10
3600.0 1528.38
3800.0 1531.70

~ e e e e e e e e e e e e e~~~
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
a4
45

4000.0 1535.04 /

4200.0 1538.39 /

4400.0 1541.76 /

4600.0 1545.14 /

4800.0 1548.52 /

5000.0 1551.91 /

‘A" 0.0

5000.0 1600.00 0.0 1.8 0.8 /

1 ! NSD

1000.0 / I SD(1:NSD) (m)

201 ! NRD

0.0 5000.0 / ! RD(1:NRD) (m)

501 I NR

0.0 100.0 / I R(L:NR ) (km)

'C' I 'RIC/IIS

0 ! NBEAMS

-20.3 20.3 / I ALPHA1, 2 (degrees)
0.0 5500.0 101.0, ! STEP (m), ZBOX (m), RBOX (km)

BELLHOP tends to be conservative in selecting the number of beams,
assuming that the details of the interference pattern in the acoustic eld
are important. That makes sense for benchmarking applicaibns, or often
for lower frequencies. However, as we go to higher frequerd, e.g. 10 kHz,
the environmental uncertainty in a real world case, makes itimpossible to
replicate these patterns (as they would be observed in a seast) in detail.
You may then wish to experiment with reducing the number of beams to
save run time.

The next step is to plot the eld using the Matlab command:

plotshd ‘MunkB_Coh'
However, we can also do a multipanel plot using:
plotshd( 'MunkB_Coh', 2, 2, 1)

where 2, 2, 1' tells Matlab that we wish to use the rst panel in a 2x2
set. We repeat for several other cases discussed shortly, fwoduce the plot
in Fig. (). The lower two TL plots are reference solutions céculated by
KRAKEN and SCOOTERrespectively, which are other models in the Acous-
tics Toolbox. They may be considered exact. Most people wodl consider
the agreement betweenBELLHOP and the other models to be excellent.
People are also usually surprised to see that this occurs at®bHz, which is

18



considered a low frequency in a certain taxonomy. Ray/beam rathods are
based on high-frequency asymptotics so the incorrect prejdice is that they
are not suitable for this sort of problem. We observe that ne details of
the interference pattern are reproduced correctly. That irterference pattern
results from the ensemble of propagating beams and they mustll add up in
the right place and with the right phase. Thus, this case provdes a rigorous
test of the numerics.

Nevertheless, we can identify some well-known artifacts o€lassical ray
theory, namely the perfect shadows and the caustics. Thesaa places where
the eld goes to zero of in nity, respectively. For better ac curacy, we invoke
the Gaussian beam option.

The specic type of beam used is selected using the second tet in
RunType. If, as in the above, we omit the second letter, the cde uses
option 'G' for geometric beams. By selecting RunType ='CB' (B for beam),
yielding the result in the upper right panel. This produces me leakage
energy in the shadow zones and smooths out the caustics. In geral, we
nd this option produces more accurate TL plots. However, the geometric
beam option is left as the default since people are usually s familiar with
that approach.

19



BELLHOP- Munk profile, coherent BELLHOP- Munk profile (Gaussian beam option)

Freq =50 Hz Sd=1000 m Freq=50Hz Sd=1000m
0 50 0 50
1000 60 1000 60
E 2000 70 £ 2000 70
S =
3 3000 80 2 3000 80
4000 90 4000 90
5000 100 5000 100
0 50 100 0 50 100
Range (km) Range (km)
KRAKEN- Munk profile SCOOTER-Munk profile

Freq=50Hz Sd=1000m Freg=50Hz Sd=1000m
Of

50 0F 50

60 1000 60
E 70 E 2000 70
£ 5
o o
g 80 & 3000 80
90 4000 90
100 5000 100
50 100 0 50 100

Range (km) Range (km)
Figure 4. Transmission loss for the Munk sound speed pro le ging a) geo-

metric beams, b) Gaussian beams, dKRAKEN normal modes, d)SCOOTER
wavenumber integration.
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3.1 Coherent, Semicoherent, and Incoherent TL

As discussed above, RunType = 'C' produces a so-called cohent TL calcu-
lation. By simply changing that rst option letter to 'S', or 'I' we produce
semi-coherentand incoherent TL calculations, respectively. For each of these
options one may use the second letter to select the type of bea(geometric
or Gaussian). The full set of combinations is shown in Fig. (5.

The motivation for the incoherent TL option is that sometime s the de-
tails of the interference pattern are not meaningful. For instance, if we
consider an acoustic modem operating in the 10-15 kHz bandhen the in-
terference pattern will vary widely across the band. It will also be very
sensitive to details of the sound speed pro le that are not masurable. The
individual TL plots are representative samples of what migh be seen at a
given frequency, but cannot be considered as deterministiforecasts. With
that in mind, one may be just as happy to get a TL averaged (loogly speak-
ing) across all the frequencies.

There are many ways to get such averaged TL surfaces. In ray nuels,
we typically throw away the phase of each path, while in mode nodels
we throw away the phase of the individual modes. The e ects ae not
the same. However, these are both reasonable approaches tapturing a
smoothed energy level. Hence, the very smoothed gures seatthe bottom
of Fig. (5). The user must decide for herself which display cptures the
relevant information for her particular application.

The middle panel shows a semi-coherent calculation which mserves
some, but not all of the interference e ects. The motivation for this op-
tion is that one may have a mid-frequency source near the suaice. The
frequency is su ciently high that many of the interference e ects are not
signi cant or reliably predictable. However, a core feature is the interfer-
ence with the surface image, i.e. the re ection of the sourcén the mirror
formed by the ocean surface. Because the source is close teethurface this
basic radiation pattern is a stable feature even at higher fequencies. The
semi-coherent option captures this e ect by putting a Lloyd mirror pattern
in for the source beam pattern, but throwing away the phase ofthe rays. In
practice, we have rarely used this option.

The incoherent and semi-coherent TL options attempt to capture less of
the detail of the acoustic eld. As a result, BELLHOP can be run with less
stringent accuracy requirements (fewer beams and larger ep sizes). This
in turn can save on the run time.
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BELLHOP- Munk profile, coherent
Freq=50Hz Sd=1000m

= 0

é 2000 60

ey

a2 80

< 4000

[a} 100
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BELLHOP- Munk profile, semi-coherent

Freq=50Hz Sd=1000m

= 0

é 2000 60

o

= 80

< 4000

[a 100
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Range (km)
BELLHOP- Munk profile, incoherent

Freq=50Hz Sd=1000m

= 0

é 2000 60

ey

a 80

< 4000

[a} 100
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Range (km)

BELLHOP- Munk profile, coherent, Gaussian beam
Freq=50Hz Sd=1000m

= 0

€ 2000 60

e

= 80

& 4000

a 100
0 50 100

Range (km)

BELLHOP- Munk profile, semi-coherent, Gaussian beam
Freq=50Hz Sd=1000m

= 0

£ 2000 60

<

& 4000 80

a 100
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BELLHOP- Munk profile, incoherent, Gaussian beam
Freq=50Hz Sd=1000m
0

€ 2000 60

e

= 80

& 4000

a 100
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Figure 5: Transmission loss for the Munk sound speed pro le ging (top to
bottom) coherent, semi-coherent, and incoherent TL calcuhtions; and left
to right geometric and Gaussian beams.
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4 Directional Sources

We consider rst a point source in free space (in a homogeneaumedium).
The BELLHOP environmental le uses a sound speed prole going from

10000 m in depth. The depth interval is selected there to covethe range
over which we are interested in seeing the eld, sincEBELLHOP will only
calculate the eld within the waveguide.

To make sure there are no boundary re ections, we use the Acaato-
Elastic halfspace option with a sound speed and density présely matching
that within the water column. We set NBeams and Step to zero, ktting
the code automatically select appropriate values. The envbnmental le for
this case is shown below and the resulting TL plot is shown in he upper
panel of Fig. (6).

omni.env
'Point source in free space'
100.0 I Frequency (Hz)
1
'CAF
-10000.0 1500.0 0.0 1.0 /
1500 0.0 10000.0
-10000.0 1500.0 0.0 1.0 /
10000.0 /
‘A" 0.0
/
1 I NSD
0.0 / | SD(1:NSD)
501 I NRD
-5000.0 5000.0 / ! RD(1:NRD)
501 I' NR
-10.0 10.0 / I R(LINR ) (km)
'c’ I Run type: 'Ray/Coh/Inc/Sem’
0 I NBEAMS
-180 180 / I ALPHA1,2 (degrees)
0.0 10001.0 10.0 I STEP (m), ZBOX (m), RBOX (km)

Directional sources are commonly used in underwater acousts. Often,
the directional patterns are generated by adjusting the phae and amplitude
of a discrete set of omni-directional projectors. One may mdel such sources
using BELLHOP or any of the other models in the Acoustics Toolbox, by
simply running the model for each source position and then smnming up
the resulting acoustic elds using that same phase and amptude weighting.
This is often the most faithful approach; however, it has thedisadvantage of
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BELLHOP- point source in free space
Freq=100Hz Sd=0m

-5000 T T T 1 50
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S o R
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Range (m) x 10°

BELLHOP- shaded point source in free space
Freq=100Hz Sd=0m

-5000 T T T — 50
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= or b
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90
5000 : : : : : — 100
-1 -0.5 0 0.5 1
Range (m) % 10*

Figure 6: Upper panel: transmission loss for a point sourceni free space.
Lower panel: same as upper panel but with a source beam pattarapplied.
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requiring eld calculations for multiple sources, as well & the post-processing
to combine the elds.

An alternative is to use the option of providing a source beanpattern to
BELLHOP . To do this we simply provide an additional le with the ".sbp '
extension, which contains angle-level pairs de ning the bam pattern. The
rst line speci es the number of such pairs that are being provided. Ideally,
the code should be able to gure this out itself; however, regiring the user
to provide it at the beginning facilitates the dynamic memory allocation.
On the following lines, the angles are given in degrees and thlevels are
speci ed in dB.

shaded.sbp

37
-180 10
-170 -10
-160 O
-150 -20
-140 -10
-130 -30
-120 -20
-110 -40
-100 -30
-90 -50
-80 -30
-70 -40
-60 -20
-50 -30
-40 -10
-30 -20
-20 0
-10 -10
0 10
10 -10
20 0
30 -20
40 -10
50 -30
60 -20
70 -40
80 -30
90 -50
100 -30
110 -40
120 -20
130 -30
140 -10
150 -20
160 0
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37 170 -10
38 180 10

To instruct BELLHOPto read such a source beam pattern le, we simply
set the third letter of the RunType to *' as shown below. The roots of the
lenames (in this case 'shaded’) for the environmental and surce beam
pattern should match. The resulting TL plot is shown in the lower panel of

Fig. (6).

shaded.env
1 |'Shaded point source in free space'
2 |100.0 I Frequency (Hz)
3 1
4 |'CAF
5 |0.0 1500.0 0.0 1.0 /
6 |1500 0.0 5000.0
7 |-5000.0 1500.0 0.0 1.0 /
8 5000.0 /
9 ['AY 0.0
10 |/
11 1 I NSD
12 |0.0/ 1 SD(1:NSD)
13 | 501 I NRD
14 |-5000.0 5000.0 / ! RD(1:NRD)
15 | 501 I NR
16 |-10.0 10.0 / I R(L:NR ) (km)
17 |'C* I Run type: 'Ray/Coh/Inc/Sem'
18 | 361 I NBEAMS
19 |-180 180 / I ALPHAL,2 (degrees)
20 |0.0 5001.0 10.0 I STEP (m), ZBOX (m), RBOX (km)
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5 Range-dependent Boundaries

5.1 Piecewise-Linear Boundaries: Dickins seamount

As a rst example, we consider the Dickins seamount case. Thédyottom
bathymetry is idealized as being at at 3000 m in depth, apart from where
the seamount rises to a depth 500 m at a range of 20 km. The seamt is
modeled as a triangle with a base of 20 km. The bathymetry is daed in a
separate le with a ".bty' extension as shown below. The rst line species
‘L' for a piecewise linear t or 'C' for a curvilinear t. Sinc e we want a
triangular seamount, we select the piecewise linear t. Lire 2 is the num-
ber of bathymetry points, and the lines following that are the range-depth
pairs de ning the bathymetry. Following the usual BELLHOP convention
the ranges are in kilometers and the depths in meters. The bdiymetry
must be de ned starting from zero range (or a negative 'rangeif we are
interested in the backscattered eld) to the maximum range df interest for
the eld calculation.

DickinsB.bty

L
5

0 3000
10 3000
20 500
30 3000
100 3000

The environmental le for this case is shown below. On line 4 ve see the
top option 'CVW'. The 'C' indicates that we wish to interpola te the sound
speed, c, in a piecewise linear fashion. The 'V' is the standd vacuum
option for the ocean surface. The 'W' indicates the attenuaion will be
speci ed in dB/wavelength, since those were the units usedn providing the
environmental description.

The water depth for the environmental le is specied as 3000 m. For
such cases with a range-dependent bathymetry, this depth isiot directly
used. However, it is part of the de nition of the ocean sound peed pro le
and therefore it must be deep enough to cover the deepest ddptin the
range-dependent bathymetry le.

On line 36 we see the bottom option is set to 'A*. The 'A' indic ates an
acousto-elastic halfspace for the bottom, which is the typtal choice. The
"' is introduced here as the ag to tell BELLHOPto read the supplemental
bathymetry le 'Dickins.bty' for the range-dependent bath ymetry.
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DickinsB.env

'Dickins seamount' I TITLE
230.0 I FREQ (Hz)
1 ! NMEDIA
'‘CvwW' I SSPOPT (Analytic or C-linear interpolation)
525 0.0 3000.0 ! DEPTH of bottom (m)
0 1476.7 /
5 1476.7 /
10 1476.7
15 1476.7
20 1476.7
25 1476.7
30 1476.7
35 1476.7
38 1476.7
50 1472.6
70 1468.8
100 1467.2
140 1471.6
160 1473.6
170 1473.6
200 1472.7
215 1472.2
250 1471.6
300 1471.6
370 1472.0
450 1472.7
500 1473.1
700 1474.9
900 1477.0
1000 1478.1
1250 1480.7
1500 1483.8
2000 1490.5
2500 1498.3
3000 1506.5
'‘A* 0.0
3000.0 1550.0 0.0 1505/
1 1 NSD
18.0 / ! SD(1:NSD) (m)
201 I NRD
0.0 3000.0 / I RD(1:NRD) (m)
1001 I NR
0.0 100.0 / I R(2:NR) (km)
'CB' I 'RICNIS
0 I NBEAMS
-89.0 89.0 / I ALPHA1,2 (degrees)
0.0 3100.0 101.0 I STEP (m), ZBOX (m), RBOX (km)

~ o e e e e e e e e e e e e~ ~
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BELLHOP- Dickins seamount
Freq=230Hz Sd=18m
T
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Figure 7. Transmission loss for the Dickins seamount using)aBELLHOP b)
RAM (parabolic equation model).

The resulting TL plot is shown in Fig. (7) with the upper panel being the
BELLHOP result and the lower panel being the RAM PE result, which we
consider the reference solution. Note the bathymetry has @o been plotted
using the Matlab command:

plotbty 'Dickins'
The agreement is satisfactory; however, the arti cially sharp point of the

seamount causes a lot of di racted energy. This can be furtheimproved by
inserting additional bathymetry points to round the discon tinuity.
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5.2 Plotting a single beam

BELLHOP computes the eld by summing up the contributions of a fan of
beams. It is sometimes useful to be able to plot an individualbeam in the
sum. We invoke this option by setting the fth letter in the to p option
to 'I' as shown below (line 4). Then we must also add a second teger
after NBeams (see line 45) to indicate the speci c beam we arenterested in
displaying. In this case we have selected beam 12 out of a farf 81 beams.
We have speci cally selected a small number of beams, so thatach beam
would be wider and show up better on the plot. The resulting TL plot is
shown in Fig. (8).

DickinsB _oneBeam.env
'Dickins seamount' I TITLE
230.0 I FREQ (Hz)
1 I NMEDIA
'Cvw I I SSPOPT (Analytic or C-linear interpolation)
525 0.0 3000.0 ! DEPTH of bottom (m)
0 1476.7 /
5 1476.7 /|
10 1476.7
15 1476.7
20 1476.7
25 1476.7
30 1476.7
35 1476.7
38 1476.7
50 1472.6
70 1468.8
100 1467.2
140 1471.6
160 1473.6
170 1473.6
200 1472.7
215 1472.2
250 1471.6
300 1471.6
370 1472.0
450 1472.7
500 1473.1
700 14749
900 1477.0
1000 1478.1
1250 1480.7
1500 1483.8
2000 1490.5
2500 1498.3
3000 1506.5

~ e e e e e e e e e e e e~~~
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Figure 8: Transmission loss with the option selected to plota single beam.

'‘A* 0.0
3000.0 1550.0 00 1505/
1 I NSD
18.0 / ! SD(1:NSD) (m)
201 ! NRD
0.0 3000.0 / I RD(1:NRD) (m)
1001 I NR
0.0 100.0 / I R(LINR) (km)
'CB' I 'RIC/IIS!
21 12 I NBeams, IBeam
-15.0 15.0 / I ALPHA1,2 (degrees)
0.0 3100.0 101.0, I STEP (m), ZBOX (m), RBOX (km)
'MS' 1.0 100.0 I BeamType, epmult, Rloop (km)
15'F I NImage IBWin

5.3 Curvilinear Boundaries: Parabolic Bottom

In the previous example, the bathymetry was de ned in a piecewise linear
fashion. However, in some cases a smoother shape is desirédd. an example,
we consider the parabolic bottom pro le described by McGirr et al. [?]. The
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Figure 9: Ray re ecting from a piecewise linear boundary.

depth is given by D (r) = 500 P 1+ 4r where ranges are given in kilometers
and depthsD are given in meters. A source at the origin is at the focal poit
so the bottom-re ected rays should, ideally, emerge parakl to the surface,
much as the re ector in a ashlight produces a uniform beam. As we go
out to 20km in range, the position of the rays is extremely sesitive to
the tilt of the bottom facets, and therefore an interesting metric on how
well the bathymetry interpolation works. With the bathymet ry sampled
every 25m in depth, and using the piecewise-linear option, & derive the
ray trace shown in Fig.9. The aws are obviously revealed in he irregular
ray structure.

To get a smoother ray trace, we invoke the curvilinear optionby simply
change the rst letter in the bathymetry le to 'C'. As shown i n the upper
panel of Fig. 10, this improved boundary interpolation provides a set of
perfectly (as far as the eye can see) parallel rays, as expect. As a point
of interest for the reader, we also present the correspondinTL for a 10 Hz
source frequency.

Given the improved results, one may wonder why we do not simpl stan-
dardize on the curvilinear option. An answer is obvious fromthe previous
Dickins seamount case. There the bottom was speci ed spectally to be
piecewise linear, so a curvilinear interpolation would yiéd erroneous results.
For bathymetry pro les provided by standard databases we donot typically
see a great sensitivity to the type of interpolation used. Havever, passing
to rough ocean surfaces generated by standard models or mesements of
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the surface wave spectra we have generally found more satiftory results
using the curvilinear option.

Rough ocean surfaces may be incorporated in exactly the sameay.
BELLHOP looks for a *.ati le containing the range-depth pairs describing
the surface. Note that depths in the altimetry le are positi ve-downward,
following the standard convention.
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Figure 10: Curvilinear boundary interpolation for the parabolic bathymetry
prole. (a) Ray trace and(b) transmission loss.
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6 Tabulated Re ection Coe cients

Surface and bottom re ection coe cients are often provided in a tabular

form so BELLHOP provides an option to read a le containing this data.

The extensions for these les are '.trc' and ".brc' for a top and bottom re-

ection coe cient respectively. It is important to note tha t this also allows
BELLHOP to incorporate a more complicated bottom model, since an arb

trary strati ed sub-bottom is perfectly represented by an angle-dependent
re ection coe cient. In fact, mixtures of elastic and acous tic layers with

gradients, attenuation, and density are all exactly repregnted by a complex
re ection coe cient depending on the angle of incidence. Thus, in a full-

wave model such akRAKEN or SCOOTERone may calculate an equivalent
re ection coe cient for the sub-bottom and read that into th e model in
tabular form with essentially perfect accuracy. The only degradation is due
to the sampling of the re ection coe cient in angle.

Unfortunately, BELLHOP s not able to exploit such a le with the same
level of delity, partly due to its ray-theoretic underpinn ings. This is too
complicated to get into here, but BELLHOP does not implement ray shifts
and ray splittings that would be necessary to provide a bette treatment
of the re ection coe cient. Nevertheless, one can still do a reasonable job
of treating complicated layered bottoms through the tabulated re ection
coe cient.

An example of the use of such a coe cient is given in the test cae
tests/TabRefCoef. We consider a sub-bottom consisting of ehomogeneous
layer of material, overlying ...
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7 Range-dependent Sound Speed Pro les

Range-dependent sound speed pro les are easy to treat IBELLHOP. As an

example we consider the test case from at/tests/Gulf, whichis based on a
Gulf Stream scenario with a mesoscale eddy. The basic inputle is identical

in form to one for a range-independent SSP, except that we useption letter

'‘Q' for the rst letter. ('Q' is for 'quadrilateral’ SSP inte rpolation.) The

input le for this case is shown below.

Gulf _ray _rd.env

"Topgulf'
50.0
1
QVW!
0 0.0 5000.0
0.0 1536.00 /

200.0 1506.00 /

700.0 1503.00 /

800.0 1508.00 /

1200.0 1508.00 /

1500.0 1497.00 /

2000.0 1500.00 /

3000.0 1512.00 /

4000.0 1528.00 /

5000.0 1545.00 /
'A* 0.0

5000.00 1800.0 0.0 2.0 0.1 0.0
1 1 NSD
300.0 / I SD(1:NSD) (m)
101 I NRD
0.0 5000.0 / I RD(1:NRD) (m)
1001 I' NR
0.0 125.0/ I R(L:NR ) (km)
'R' I 'RICNIS!
29 I NBeams
-14.0 14.0 / I ALPHA1,2 (degrees)
1000.0 5500.0 126.0 I STEP (m), ZBOX (m), RBOX (km)

The required SSP must be provided on a rectangular grid in a ke with
the extension '.ssp":

Gulf _ray _rd.ssp
8

0.0 125 25.0 37.5 50.0 75.0 100.0 125.0
1536 1536 1536 1536 1536 1536 1536 1536
1506 1508.75 1511.5 1514.25 1517 1520 1524 1528
1503 1503 1503 1502.75 1502.5 1502 1502 1502
1508 1507 1506 1505 1504 1503 1501.5 1500
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1508 1506.6 1505 1503.75 1502.5 1500.5 1499 1497

1497 1497 1497 1497 1497 1497 1497 1497
1500 1500 1500 1500 1500 1500 1500 1500
1512 1512 1512 1512 1512 1512 1512 1512
1528 1528 1528 1528 1528 1528 1528 1528
1545 1545 1545 1545 1545 1545 1545 1545

The rstline indicates the number of pro les, i.e. the number of columns
in the SSP matrix. The second line gives the actual ranges int of those
pro les. Subsequent lines provide the actual sound speed Vaes in m/s, so
that each row corresponds to a xed depth. The actual depths wsed are
taken out of the original environmental le, in this case, lines 6 { 15 of the
env |.

To get your best calculation with a 2D SSP, you should make sug the
rays step on and not over the pro le ranges. To do this, incluce a bathymetry
or altimetry le that has those pro le ranges amongst its samples. Those
les will then dictate the range stepping during the ray trac e. In this case,

we have included the following bathymetry le:
Gulf _ray _rd.bty

L
8

0.0 5000
12.5 5000
25.0 5000
37.5 5000
50.0 5000
75.0 5000
100.0 5000
125.0 5000

Note that we have also used the *' option in line 16 of the envl to tell
BELLHOP that there is bathymetry le to be read.

Now that the input le has been created, we can start by plotti ng the
soundspeed pro le, using the Matlab routine plotssp2d.m The syntax of the
Matlab command to run this is:

plotssp2d 'Gulfray_rd'

where 'MunkB_ray_rd.env' is the name of the BELLHOP input le. This
produces the plots in Fig. (11) and Fig. (12) rendering the S® both in
slices at xed ranges and as a color surface. The e ect of theange depen-
dence may be seen by comparing Figs. (13) and (14). The formeshows the
ray trace with a range-independent SSP, using the pro le at 2ro range. In
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Figure 11: Range-dependent sound speed pro le for the Gulf tleam sce-
nario.
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Figure 12: Range-dependent sound speed pro le for the Gulf teeam sce-
nario.

the second, the range-dependence has been included, causirays trapped
in the upper duct to transition into the main sofar duct.
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Figure 13: Range-dependent sound speed pro le for the Gulf teeam sce-
nario.
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Figure 14: Range-dependent sound speed pro le for the Gulf teeam sce-
nario.
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