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Sound Propagation Modeling, Turnagain Arm, Cook Inlet 

EXECUTIVE SUMMARY 
Explosives at four sites are needed for highway realignment at Windy Corner, Turnagain Arm, Cook 
Inlet, Alaska.  Flat-weighted 90% root-mean-square Sound Pressure Level (SPLrms-90%, sometimes called 
RMS pressure, sometimes abbreviated to SPLrms) is the acoustic output needed to determine the effect on 
Beluga whales and other marine mammals in the vicinity. 
 
The Turnagain Arm of Cook Inlet is extremely shallow (maximum of 20 m depth, sometimes as shallow 
as 2 m depth), with a silt bottom.  The shallow depth makes it a challenging environment for ray-trace 
acoustic models such as BELLHOP (Porter and Bucker, 1987; Porter, 2014; Porter and Liu, 1994), which 
is our standard for explosives modeling.  Therefore we also present comparisons of our BELLHOP results 
to Parabolic Equation (PE) model(s) to benchmark the calculations. 
 

 
 



 
 

 

 
Figure 1. Source locations, with radials showing where the models were run. 



 
 

 

INTRODUCTION 
The explosive to be used during construction is ANFO, which can be modeled as TNT, with 1.35 kg 
ANFO the equivalent of 1 kg TNT.  TNT has been extensively modeled and measured both on land and in 
the ocean bottom.  Figure 1 shows the sort of frequency range that TNT blasts exhibit in the ocean 
environment.  The peak energy occurs at around 100 Hz.  Near-shore on-land explosives produce a 
reduction of source level (SL) when the energy reaches the water, especially at the higher frequencies.  
For this reason we have modeled the source positions of the construction explosives as the nearest point 
in the water, with a reduced SL. 
 
Nedwell (1989) showed that the peak source pressure for a charge embedded in the ocean sub-bottom 
(rock in that case) is reduced substantially relative to in-water blasts, to approximately 5 percent. 
Meanwhile, the duration of the blast wave is increased tenfold over that for an equivalent freely-
suspended charge, typically to 1-2 ms. The rise-time of the wave is also greatly extended to the order of a 
millisecond. The resulting blast wave is therefore likely to contain a higher proportion of low frequency 
energy components. There is, however, no bubble pulse. One should also note that the very shallow water 
in the Turnagain Arm yields an optimum frequency of propagation that is above 500 Hz.  (Typically the 
optimum frequency occurs roughly where a few acoustic wavelengths fit into the water column).  Lower 
frequencies are coupled to the ocean sub-bottom and incur a lot of attenuation in that medium. Higher 
frequencies intrinsically have higher attenuation due to absorption in the water column. 
 
The peak pressure due to TNT in water is: 
 
 P = 5 x 107 W0.37 R-1.13, 
 
with P in Pascals, W in kg of TNT, and R (range) in meters. The corresponding peak pressure for an 
underwater TNT explosion in rock, typical of that during borehole blasting, can be estimated from: 
 
 P = 2.5 x 106 W0.37 R-1.13. 
 
Thus the peak pressure is reduced substantially, approximately 25 dB [ 20 log10( max pressure )  ], for 
the explosive in the sub-bottom vs.in water. Taking the most conservative approach, we model the sound 
as if the source were in water. 
 
For BELLHOP, we used a time-series input file for 10 kg of TNT in shallow water.  Borehole blasting 
operations typically use individual charge weights of approximately 10-20 kg. 
 



 
 

 

 
Figure 2. Representative frequency spectrum of TNT in the ocean. 

 
We have no information about the exact weights of explosives to be used, nor their exact placements.  
Because there will presumably be a range of explosive sizes used, which will be deployed at various 
distances from the shore, we will produce results for a nominal size and distance, and provide tables for 
adjusting the SL and resultant SPLrms-90% for the actual weight of ANFO and distance from shore. 



 
 

 

ACOUSTIC MODELING  
 

Environmental Inputs and Other Sound Sources 
 
After exploring numerous possibilities for the environmental inputs, we used bathymetry from NOAA at 
a resolution of ~24 arc-sec or 0.7150 km, and an isovelocity Sound Speed Profile (SSP) based on 
June/July data from the World Ocean Atlas 2013 database (WOA2013).  The sediment type is medium 
silt (personal communication, Tamara McGuire, from sample collected at site Aug 2014).  We used the 
compressional wave speed and attenuation for silt from Jensen et al., 2012. 
 
Due to the magnitude of the explosives blasts, there is assumed to be no masking by local ambient noise 
(AN), which in this shallow area away from shipping lanes, is mostly due to winds and breaking waves.  
Measurements of AN in the Knik Arm of Cook Inlet and at Port Possession were made by Blackwell and 
Greene, 2002.  They attempted to measure AN away from all human or industrial activity.  One of the 
quietest areas was Birchwood, where the narrowband received level (RL) at their instruments varied from 
about 90 to 30 dB re 1 µPa2/Hz between 5 and 20,000 Hz.  One of the noisiest areas was Anchorage 
Harbor where AN RLs varied from 118 to 40 dB re 1 µPa2/Hz over the same frequency range.  One must 
be careful about adding SLs and RLs, and matching frequency bands, but it’s important to remember that 
60 dB + 60 dB is not 120 dB but 63 dB.  If we were to add the effect of AN of 65 dB at 500 Hz in the 
noisiest area in the Cook Inlet to a SL of 240 dB at 500 Hz, the result would be 240 dB. 
 
A klaxon will issue a warning in air before each episode of blasting.  We expect that the noise 
contribution from the klaxon in the water will not be significant for several reasons.  First, the impedance 
contrast between air and water is such that there is only limited coupling of the sound waves.  Second, 
what sound does penetrate the water is limited to a cone 13o from the vertical (this is the maximum, which 
occurs when the in-air sound is directly above the water).  This cone of sound is spread out over 180o 
inside the water column, and the part traveling in the horizontal direction is miniscule. 
 

Comparisons of Acoustic Models 
 
In preparation for using PE models for explosives, we have first made comparisons between BELLHOP 
and the PE models RAM (Collins, 1984) and FirePE (Porter, 2014), in order to estimate the accuracy of 
the BELLHOP SPLrms-90% results.  In this section we show 

o Plan-view Sound-Exposure Level (SEL) for BELLHOP and the two PE models. 
o Empirical formulae for SEL 
o Side-view Transmission Loss (TL) for BELLHOP and the two PE models. 
o Comparisons to the exact solution model SCOOTER with a range-independent approximation. 

 
The inputs for all the SEL and TL comparison figures are:  

• A source of 10 kg of TNT positioned just south of Gorilla Rock at 0.5-m depth 
• Blast duration of  0.1 sec 
• SL at 500 Hz (1-Hz band) is 241 dB 



 
 

 

The outputs are: 
• Received Level is shown at a depth of 0.5 m 
• SEL is in a 1/3-octave band centered on 500 Hz 
• TL is at 500 Hz (1-Hz band) 
• The TL plots are all along the radial bearing N120oE. 

 
Sound Exposure Level is usually for plane waves: 
 

SEL = 10.log10( ∫T P(t)2 dt ) 
 
But for impulsive sounds such as explosions, the noise energy is integrated over the duration of the blast. 
 
Soloway and Dahl (2012) made some measurements with various sizes of underwater explosives and 
determined an empirical formula for SEL based on weight of TNT (or equivalent) and range.  Their 
environment had a virtually flat bottom, and their formula does not take into account the effects of sound 
being cut off by submarine hills.  The sub-bottom consisted of fine to coarse grained sand and therefore 
should be more reflective than what we expect in the Turnagain Arm. The water depth was also generally 
higher (about 15 m). Finally, their explosive source is located in the water column. As a result of these 
factors, we expect their ranges for a given received level will generally be much higher than in the 
Turnagain Arm. However, they nevertheless provide a useful comparison. 
 
We present results of their formula for 1, 10, and 100 kg of ANFO (Figure 6).  Because of the flat bottom, 
the SEL levels will always remain higher at distance.  Their peak levels near the source for 10 kg match 
our modeled results well.  Note that the maximum SEL near the source increases by only about 6 dB each 
time the weights of explosive are increased by an order of magnitude.  
 
An additional test was done to compare the PE models to the model SCOOTER (Porter, 2014).  
SCOOTER gives an exact solution for range-independent cases but does not take into account the effects 
of bathymetry.  Comparisons of the PE models to SCOOTER give another indication of how well they 
are functioning in this challenging environment.  The TL results should be identical to SCOOTER in the 
flat-bottom approximation.  
 
Finally we show preliminary SPLrms-90% results from BELLHOP, with the understanding that these results 
may not be the final answer; they will likely be superseded by the results from one of the Parabolic 
Equation models.  SPLrms-90% is computed by integrating the squared pressure from the time between 5% 
and 95% on the cumulative energy curve (the sum of P2.dt). 
 

Comparisons of Sound Exposure Level at 500 Hz (1/3-octave band) for 10 kg of TNT at Gorilla Rock. 
As can be seen in the next three figures of SEL, BELLHOP predicts sound propagation to a larger range 
than either of the two PE models, which look fairly similar to each other.  



 
 

 

  
Figure 3. BELLHOP SEL. 

 

Figure 4. FirePE SEL. 



 
 

 

 
Figure 5. RAM SEL. 



 
 

 

Additional check with empirical formula for SEL (Soloway and Dahl, 2012) 

 
Figure 6. SEL from empirical formula for 1, 10, and 100 kg ANFO. 

 

The empirical formula for ANFO in an unobstructed water column shown in Figure 6 agrees well with 
our calculated SEL for 10 kg ANFO near the source.  The fall-off with range when the noise interacts 
with actual bathymetry and a somewhat absorptive bottom is of course greater.  The formula also shows 
that there is about a 6 dB increase in SEL each time one increases the weight of TNT ten times, all other 
inputs being equal. This is consistent with standard theories that predict an increase in proportion to the 
cube root of the charge size. 

Comparisons of Transmission Loss at 500 Hz for 10 kg of TNT. 
 
Looking at Transmission Loss in side view can be instructive for comparing models and looking at the 
effect of bathymetry.  Note that in figures 7-9 there is an enormous amount of vertical exaggeration: the 
range is 15 km and the maximum water depth is only 7 meters.  Again we see that BELLHOP tends to 
show higher levels as a function of range, FirePE is intermediate, and RAM shows a cut-off of sound 
after about 10 km. 



 
 

 

 

Figure7. BELLHOP TL along bearing N120oE. 
 

 

Figure 8. FirePE TL along bearing N120oE. 



 
 

 

 

Figure 9. RAM TL along bearing N120oE. 

 
 
 
 
 



 
 

 

Additional comparisons using flat-bottom approximation. 

 

Figure 10. SCOOTER TL (The exact solution). 
 

 

Figure 11. FirePE TL in flat-bottom approximation. 



 
 

 

 

Figure 12. BELLHOP TL in flat-bottom approximation. 

Conclusions about Model Comparisons 
 
SEL is a bit higher for BELLHOP than either PE, and TL is a bit lower.  Another way to put it is that 
sound propagates farther according to BELLHOP.  The SEL results are similar for the PE models. 
 
As mentioned above, SCOOTER gives an exact solution for range-independent cases but cannot take into 
account the effects of bathymetry.  The TL results of the other models should be identical to SCOOTER 
in the flat-bottom approximation (although this does not truly reflect the influence of the environment).  
In this case, FirePE is identical, BELLHOP is very good, and RAM (not shown here) shows differences. 
 
Therefore, FirePE is considered to be the best model for this area, with BELLHOP a fairly reliable 
backup.  However, BELLHOP is the only model capable of producing the full time series and is 
conservative in the sense that its predicted levels are slightly higher. Therefore, we will first show results 
for SPLrms-90% from BELLHOP. 
 

BELLHOP SPLRMS-90% FOR 10 KG TNT WITH BLAST DURATION OF 0.1 SECOND. 
As discussed above, the BELLHOP ray-trace model is our current standard for explosives modeling.  
However, this is an extremely shallow environment where BELLHOP may be less accurate. 
 
Because the studies discussed above show that BELLHOP predicts farther propagation than FirePE, the 
distances shown from the sources should be considered a maximum.  The area in the map in the next four 
figures is 34 km east-west and 23 km north-south.  The distance from the source to the 180 dB contour is 
less than 0.4 km.  The distance to the 160 dB contour is less than 1.5 km.  



 
 

 

Figure 18 is a simplified, zoomed-in summary plot showing the maximum radii to 160 dB and 180 dB 
SPLrms-90% due to 10 kg blasts of ANFO as perfect circles.   

 

Figure 13. SPLrms-90% for 10 kg TNT at Gorilla Rock. 

 

Figure 14. SPLrms-90% for 10 kg TNT at MilePost 109. 



 
 

 

 

Figure 15. SPLrms-90% for 10 kg TNT at Windy Corner. 
 

 
Figure 16. SPLrms-90% for 10 kg TNT at MilePost 104.  Note: there is no 180-dB contour because 
the SPL_rms90% has already fallen below that value by the first modeled grid point away from 
the source. 



 
 

 

 
Figure 17. SPLrms-90% for 10 kg TNT at all four sites. Note: there is no 180-dB contour on the 
farthest east site (near MP 104) because the SPL_rms90% has already fallen below that value by 
the first modeled grid point away from the source. 
 
 



 
 

 

 
Figure 18. Seward Highway 105-107 Summary of maximum Harassment Zones per 10 kg blast 
of ANFO.  Note: there is no 180-dB contour on the farthest east site (near MP 104) because the 
SPL_rms90% has already fallen below that value by the first modeled grid point away from the 
source. 



 
 

 

 

APPENDIX 

In-Rock SPLrms-90% for 100 kg TNT with blast duration of 0.1 second. 
 
Here we show some figures of SPLrms-90% where we have used the lower source levels due to an explosive 
in rock rather than water.  In this case the SL was reduced by 19 dB; that is, reduced by 25 dB for an 
explosion in rock, and increased by 6 dB to convert our time-series of 10 kg of TNT to 100 kg.  As noted 
above, we chose earlier to use a source level for a blast in water to err on the conservative side. These 
results with the source in rock provide a less conservative estimate of the impact range. However, we also 
considered a larger charge. 

 
Figure A-1. SPLrms-90% for 100 kg TNT (explosive in rock) at Gorilla Rock. 



 
 

 

 
Figure A-2. SPLrms-90% for 100 kg TNT (explosive in rock) at MilePost 109. 

 

 
Figure A-3. SPLrms-90% for 10 kg TNT (explosive in rock) at Windy Corner. 

 



 
 

 

 
Figure A-4. SPLrms-90% for 10 kg TNT (explosive in rock) at MilePost 104. 

 

 
Figure A-5. SPLrms-90% for 10 kg TNT (explosive in rock) at all four sites. 
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